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Abstract 

 

 

 

 

Estuarine habitats are unique components of coastal areas, vital throughout the life history 

of many ecologically and economically important fish species. The present study aimed to 

determine the structural and functional roles of several estuarine habitats for fish assemblages, 

using a multi-tool approach, based on sampling surveys conducted in the main estuaries of the 

Portuguese coast. When assessing fish species variability at different scales, factors varying at 

larger scales, as well as environmental heterogeneity within systems, affected species-

environment relationships and each estuary’s role was strongly related with the dominant saline 

zone. Fish assemblage structure was also analysed at habitat level and shown to vary with 

latitude and between habitats amongst and within estuaries. No single habitat type was 

exclusively selected by all species, but some were more associated with certain habitat types 

revealing the importance of these areas for the whole estuary functioning. A stable isotope 

approach showed no clear pattern of dependence of fish species to certain habitats. 

Connectivity between distant estuarine areas was low as fish species take advantage of 

movement of carbon between adjacent habitats in the areas they occupy. Stable isotopes also 

showed that fish used mostly saltmarsh-derived organic matter as nutritional sources, which is 

transferred to higher trophic levels through benthic pathways. Habitat loss constitutes a major 

threat to estuarine functioning and in the case of Portuguese estuaries, nutrient input and 

changes in river flow were the main factors accounting for potential habitat loss. Several of the 

most threatened habitats presented critical functional and ecological roles for important fish 

species. Variables such as salinity and temperature were important in determining fish species 

richness and abundance in estuarine habitats, as were often retained in the predictive models 

built. The effect of habitat was significant in larger estuaries, where habitat heterogeneity is 

defined in clearer mosaics. 

 

 

 

Key-words: estuary; estuarine habitats; fish assemblages; stable isotopes; modelling
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Resumo 

 

 

 

 

Os habitats estuarinos constituem componentes únicos das áreas costeiras, 

desempenhando funções vitais para as espécies de peixes que os utilizam. No presente 

trabalho analisou-se o papel estrutural e funcional dos habitats estuarinos para as associações 

de peixes, considerando diferentes abordagens metodológicas, e com base em campanhas de 

amostragem realizadas nos principais estuários da costa Portuguesa. Na análise da 

variabilidade das associações de peixes a diferentes escalas, tanto factores que variam entre 

estuários, como a heterogeneidade ambiental de cada estuário afectaram as relações entre 

espécies de peixes e o ambiente, e a função do estuário está fortemente relacionada com a 

área salina dominante. A estrutura das associações de peixes ao nível do habitat variou com a 

latitude e entre habitats, dentro de e entre cada estuário.  Algumas espécies de peixes foram 

particularmente associadas a determinados habitats, demonstrando a importância destes no 

funcionamento do estuário. Utilizando isótopos estáveis demonstrou-se que não existe um 

padrão de dependência das espécies de peixes em relação a determinados habitats. A 

conectividade entre áreas distantes no estuário foi baixa, já que os indivíduos tiram vantagem 

do movimento de carbono entre habitats adjacentes. A mesma técnica demonstrou que os 

peixes usam maioritariamente matéria orgânica originária das zonas de sapal, que é transferida 

para níveis tróficos superiores pela via bentónica. A perda de habitat constitui uma ameaça ao 

funcionamento dos estuários e, nos sistemas da costa Portuguesa, são particularmente 

importantes na potencial perda de habitat o aumento de nutrientes e as alterações no caudal 

fluvial. Alguns dos habitats ameaçados desempenham papéis ecológicos e funcionais cruciais 

para muitas espécies de peixes. A salinidade e a temperatura foram importantes na 

determinação da variação da riqueza específica de peixes e abundâncias nos habitats 

estuarinos, sendo o habitat fundamental nos estuários maiores, onde a heterogeneidade de 

habitats é definida em mosaicos claros.  

 

Palavras-chave: estuário; habitats estuarinos; associações de peixes; isótopos estáveis; 

modelação 
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Resumo alargado 

 

 

 

 

Os sistemas estuarinos estão entre os ecossistemas mais produtivos e valiosos do planeta 

e o papel que desempenham como área de viveiro para algumas espécies de peixes é 

amplamente conhecido. São sistemas dinâmicos e complexos, tipicamente compostos por um 

mosaico de diferentes tipos de habitat. No entanto, o conhecimento sobre importância dos 

habitats estuarinos na dinâmica destes sistemas é ainda incipiente. Tem sido demonstrado que 

as funções ecológicas que um estuário desempenha, como por exemplo a função de viveiro, 

variam consoante os tipos de habitat estuarino disponíveis, não existindo muitos estudos sobre 

o grau de dependência em relação aos mesmos. A quantificação da conectividade entre 

habitats (dentro de um mesmo estuário e entre estuários) e questões relativas às escalas de 

variabilidade, espaciais ou temporais, carecem igualmente de desenvolvimento em estudos de 

ecologia estuarina. Todos estes conceitos são de extrema importância para o conhecimento e 

preservação da biodiversidade e funcionamento dos estuários, e representam elementos 

fundamentais para o desenvolvimento de ferramentas preditivas dos efeitos da perda e 

degradação de habitat. Neste contexto, o presente estudo tem como objectivo determinar a 

importância estrutural e funcional dos diferentes habitats, presentes nos principais estuários da 

costa Portuguesa, para as associações de peixes que utilizam estes estuários. Este objectivo 

será cumprido através da utilização de diferentes metodologias, numa perspectiva integradora.   

A presente tese é composta por oito capítulos, seis dos quais correspondem a artigos 

científicos, produzidos para responder directamente aos objectivos propostos, que estão 

publicados ou em revisão em revistas internacionais com arbitragem científica, incluídas no 

Science Citation Index. Estes capítulos são precedidos de um capítulo de introdução geral e 

seguidos de um capítulo de discussão geral e considerações finais.  

Na introdução geral, Capítulo 1, foi realizado um enquadramento teórico do tema da 

presente tese, nomeadamente no que diz respeito: às funções ecológicas que os sistemas 

estuarinos desempenham, com ênfase na função de viveiro; na forte pressão antropogénica a 

que estão sujeitos e nos aspectos que podem contribuir para um maior conhecimento do papel 

dos diferentes habitats estuarinos no funcionamento global do ecossistema e sua dinâmica.  

A variabilidade inter- e intra-estuarina das associações de peixes ao longo de nove 

sistemas estuarinos da costa Portuguesa foi explorada no Capítulo 2. A variação destas 

associações foi analisada a diferentes escalas espaciais, considerando todos os estuários 

amostrados, através do uso de modelos lineares generalizados. A variação espacial da 

estrutura das associações de peixes foi definida em parte por factores que actuam a escalas 

espaciais maiores (i.e. entre estuários), assim como pela heterogeneidade ambiental intra-
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estuarina. Por outro lado, o papel funcional atribuído a cada estuário apresentou-se 

maioritariamente relacionado com a área do gradiente salino dominante.  

O padrão de uso do habitat pelas associações de peixes foi igualmente explorado, nos 

mesmos estuários, no Capítulo 3. Para tal, os habitats estuarinos foram mapeados com recurso 

a um Sistema de Informação Geográfica (considerando nove tipos de habitat) e as associações 

de peixes a eles associadas foram descritas com base em diferentes métricas de comunidade, 

estruturais e funcionais. Foram encontradas diferenças nas associações de peixes com a 

latitude e entre habitats tanto inter- como intra-estuarinas. Algumas das espécies de peixes 

foram associadas a habitats em particular, o que evidencia a sua importância para o 

funcionamento global do ecossistema estuarino.  

A dependência de espécies de peixes relativamente a habitats estuarinos, constitui uma 

medida importante do uso funcional dos habitats. No Capítulo 4, através da análise de isótopos 

estáveis, foi feita uma avaliação do grau de dependência e conectividade entre habitats para 

algumas espécies de peixes em dois estuários da costa Portuguesa (Tejo e Mira). Os 

resultados revelaram que não existe um padrão claro de uso dos diferentes tipos de habitats 

pelas diferentes espécies. O movimento de carbono a escalas menores, entre habitats 

adjacentes, foi evidente. Por outro lado, a conectividade de indivíduos entre áreas distantes 

dentro do estuário foi baixa, principalmente para espécies bentónicas, indicando que estes 

podem beneficiar do movimento de carbono que ocorre a pequenas escalas, não necessitando 

dispender energia em migrações intra-estuarinas.  

No Capítulo 5, e ainda com recurso à análise de isótopos estáveis, foi estimada a 

contribuição relativa de várias fontes nutricionais para a base da cadeia trófica nos estuários do 

Tejo e do Mira. O foco foi sobre o suporte nutricional de algumas das espécies de peixes mais 

abundantes, que usam estes estuários em permanência ou de forma oportunista, com recurso 

ao modelo IsoSource. As relações tróficas entre os principais produtores e consumidores foram 

identificadas, bem como as diferenças espaciais e sazonais nestas teias tróficas. A maior parte 

das espécies de peixes parece usar a matéria orgânica com origem no sapal, sendo esta 

transferida para níveis tróficos superiores através de vias bentónicas. Os níveis tróficos das 

diferentes espécies de peixes variaram a diferentes escalas: inter-específica, espacial e 

temporal, indicando a flexibilidade das espécies no que diz respeito à partilha de recursos e 

aproveitamento de picos de densidades de presas. 

Sendo a perda e degradação de habitat uma das maiores ameaças ao funcionamento dos 

estuários, no Capítulo 6 foi determinada a vulnerabilidade dos habitats presentes nos estuários 

da costa Portuguesa face a diferentes ameaças que poderão conduzir à perda de habitat. Esta 

caracterização foi feita com recurso à avaliação de peritos. Simultaneamente, foi determinado o 

papel funcional e estrutural destes habitats para as associações de peixes. O aumento da 

entrada de nutrientes nos estuários e as alterações nos caudais fluviais foram consideradas as 

ameaças com maior impacto na potencial perda de habitats estuarinos. As plataformas 

intertidais foram identificadas como os habitats mais vulneráveis a estas ameaças e 

consequentemente mais susceptíveis à perda de área e degradação. Alguns dos habitats mais 
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vulneráveis desempenham funções muito importantes, nomeadamente, como zonas de viveiro 

para algumas espécies, e deverão ser objecto prioritário de conservação.  

Dada a importância de alargar o conhecimento sobre a distribuição das diferentes espécies 

de peixes e tendo em vista a gestão ambiental destes ecossistemas, o desenvolvimento de 

modelos preditivos tem tido uma marcada evolução. No Capítulo 7 foram desenvolvidos 

modelos aditivos generalizados para vários estuários da costa portuguesa, relacionando a 

riqueza específica e abundância em diferentes habitats estuarinos com as características 

ambientais dos habitats. Os modelos explicaram grande parte da variação observada, e apesar 

das diferentes combinações de variáveis preditivas nos modelos finais para os estuários, a 

temperatura e salinidade foram incluidas na maioria dos modelos. O tipo de habitat revelou-se 

importante para a estrutura da comunidade sobretudo nos estuários de maiores dimensões, 

onde os diferentes habitats ocupam áreas maiores formando verdadeiros mosaicos. Os 

modelos construídos tiveram um sucesso preditivo bastante elevado quando aplicados a dados 

diferentes daqueles com que foram construídos, reforçando a sua robustez e aplicação futura, 

nomeadamente para a previsão de alterações no sistema (por exemplo, decorrendo de 

alterações climáticas). Esta abordagem preditiva pode ser considerada uma ferramenta de 

gestão de grande utilidade, com especial contributo para a identificação das variáveis 

ambientais-chave que determinam a resposta das comunidades ictíicas. 

Por fim, no Capítulo 8 é apresentada uma discussão geral que engloba as principais 

conclusões dos capítulos anteriores, e onde se realiza uma breve análise comparativa com 

estudos prévios. São igualmente tecidas considerações finais acerca da relevância do presente 

estudo para o conhecimento geral sobre o papel desempenhado pelos diferentes habitas 

estuarinos, sendo sugeridos trabalhos futuros para o seu aprofundamento através de diferentes 

ferramentas e metodologias. 
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General introduction 
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General introduction 

Estuaries have long been recognized as one of the most biologically productive and 

valuable natural ecosystems in the world, playing a crucial role in maintaining biodiversity in 

aquatic systems, particularly for fish (Costanza et al. 1997; Beck et al. 2001). They have long 

been regarded as important habitats for fish, where species may benefit from the high food 

availability, provided by these systems’ productivity, as well as from the low predation pressure 

within those areas, which emphasizes their potential as feeding grounds and refuge for fish, 

comparatively with other coastal systems (Miller 1985). Thus, estuarine systems are notably 

known for providing nursery grounds for juveniles as well as overwintering areas or migration 

routes, and naturally supporting large abundances of fish (Jenkins et al. 1998).  

In contrast with their ecological importance, estuaries are amongst the most modified and 

threatened aquatic environments (Blaber et al. 2000). Numerous anthropogenic perturbations, 

such as land reclamation, drainage of waste, industrial and agricultural activities, shipping and 

dredging, affect estuarine environments worldwide, contributing to habitat alteration and 

changes in the structure and dynamics of biotic communities, which may compromise an 

estuary’s global functioning, viability and health (Kennish 2002; Vasconcelos et al. 2007). 

Communities of fish inhabiting these systems present a relatively low species diversity but 

high abundance of some dominant species, mainly because species living in such environments 

need to tolerate their typical fluctuating environmental conditions (Mathieson et al. 2000; 

Magurran and Henderson 2003). 

In order to better understand the functioning, internal and hierarchical structure of estuarine 

fish assemblages, the use of functional guilds has been proposed as an alternative to the 

traditional analysis of taxonomic community (Elliott and Dewailly 1995; Mathieson et al. 2000; 

Franco et al. 2008). The assignment of each taxa to a set of functional guilds allows a 

description of fish assemblages in terms of ecological, reproductive, vertical zonation, habitat 

and dietary preferences (Mathieson et al. 2000). Elliott and Dewailly (1995) first introduced the 

concept of classifying fish species in functional guilds, as a result of a comparison of the 

structure and composition of fish assemblages in estuaries throughout European Atlantic 

coasts. The authors identified a typical European Atlantic estuarine fish assemblage and 

showed that regardless of the location within that geographic area, patterns of fish ecological 

use of estuarine systems are similar and can be grouped in the following categories: estuarine 

resident, marine adventitious, diadromous migrant, marine seasonal migrant (which use 
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estuaries as nursery grounds) and freshwater adventitious species (Elliott and Dewailly 1995). 

More recently, Elliott et al. (2007) reviewed the guild approach by categorizing fish species 

worldwide, and standardized concepts used and their applications. A specific guild classification 

was also derived from this one, in order to apply the fish guild approach to European temperate 

estuaries (Franco et al. 2008). 

As transition areas, estuaries are unarguably more complex than other coastal ecosystems, 

with highly inter-related processes between physical, chemical and biological components 

(Molles 1999; Elliott et al. 2002). Estuarine fish communities have been studied notably well 

worldwide, and generally in European estuaries communities are largely structured by 

temperature, salinity and substratum (Henderson 1989; Hamerlynck et al. 1993). For instance 

the timing of fish migrations from/to adjacent aquatic ecosystems seems to be related mainly 

with temperature and results in clear seasonal trends within the fish community. On the other 

hand, the salinity gradient, which varies with typical hydrodynamic fluctuations of freshwater 

flow and seawater intrusion, and different substratum types determine primarily the spatial 

distribution of fish communities within estuarine waters (Thiel et al. 1995; Maes et al. 1998; 

Whitfield 1999; Kimmerer 2002). Many of these factors are focused at particular spatial scales 

and produce characteristic patterns of faunal distribution (Azovsky 2000). Assessing the pattern 

and extent of the variability of these processes as well as the scales at which they operate is of 

great importance to understand the structure and function of estuarine fish communities 

(Sheaves 2006).  

Most studies on estuaries focus on the systems as a whole or on their salinity gradient 

(Barlletta et al. 2005; Martino and Able 2003; Costa et al. 2007; Sosa-Lopez et al. 2007). 

Nonetheless, when assessing the structural and functional importance of estuaries it is 

noteworthy that they consist of a complex mosaic of many distinctive habitat types that do not 

exist in isolation (Pihl et al. 2002). These different habitats present physical, chemical and 

biological links between them, both temporally and spatially, established by proximity or at 

distance promoted by tidal flow (Rozas and Zimmerman 2000; Elliott and Hemingway 2002).  

The relationship between the distribution of organisms and habitats provides an initial 

insight into the types of ecological processes that regulate populations and assemblages. 

Habitat use by individuals of a given species may be associated with size- or age-specific 

habitat preferences and the spatial availability of suitable habitats (Able and Fahay 1998). The 

selection of a specific habitat within an estuary may be related to its availability and structural 

complexity, the prey and predator fields, physical transport processes and local environmental 

conditions (Blaber and Blaber 1980).  

The relative value of some of the most productive habitats such as tidal flats, saltmarshes, 

seagrass beds, oyster reefs and mangrove, commonly present in shallow estuarine areas, have 

been estimated in numerous studies through nekton density patterns (Rozas and Minello 1998). 

A common assumption of these comparisons is that high animal densities (facilitated by either 

active selection or higher survival rates relative to other habitats) indicate high habitat quality 

and preferred habitat (Sogard and Able 1991; Rozas and Minello 1998; Minello 2003). 
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Fluctuations in environmental conditions among other factors must be taken into account when 

determining spatial or temporal variability in habitat use. Recent investigations over larger 

spatial scales have found both intra- and inter-estuarine differences in fish abundance in 

different habitat types (Elliott and Hemingway 2002). Comprehensive observations in multiple 

estuaries may be necessary to adequately determine habitat use patterns (Goldberg et al. 

2002). 

Most studies focusing on fish assemblages in estuarine habitats compare, e.g. fish 

densities, between vegetated and non-vegetated habitats (Sogard and Able 1991; Sheridan 

1992) and have generally found significantly higher species richness and densities of fish and 

invertebrates in vegetated areas, regardless of the type of vegetation considered (Connolly 

1994; Gray et al. 1996; Catellanos and Rozas 2001). While density patterns provide insight on 

habitat value, functional relationships also need to be examined (Heck et al. 1995). For most 

estuarine species, the functional role of different habitats and the links between them are 

complex and not well known (Miller and Skilleter 2006). Many estuarine fishes use a variety of 

habitat types as putative nursery grounds throughout their ranges and may use several types in 

a single location (Rozas and Minello 1998; Rozas and Zimmerman 2000).  

Understanding whether and how communities differ among these habitats and the 

movement of individuals among them (connectivity) is crucial to determine habitat value and 

species dependence on them. However, knowledge of fish movement patterns within estuaries 

constitutes a missing link in our understanding of the community dynamics as few studies have 

addressed this topic. These complex patterns may include obligatory movement among habitats 

(in species that must recruit to estuaries to survive) or facultative (involving active selection of a 

specific habitat type) (Polis et al. 1996). This knowledge is critically important namely for 

predicting the consequences of habitat loss and environmental degradation at the level of 

biodiversity and ecosystem structure and functioning (Connolly et al. 2005). 

Extremely productive estuarine habitats such as seagrass meadows, marshes and 

mangrove forests may act as important nursery areas for several fish and invertebrate species, 

contributing with higher recruitment to adult stocks (Beck et al. 2001). Consequently, 

understanding this movement between juvenile and adult habitats is fundamental to the study of 

population dynamics, management of fish stocks, design of marine protected areas and 

determining whether populations are open or closed, thus contributing for effective conservation 

and management strategies (Gillanders 2005).  

Quantifying rates of exchange of marine organisms is one of the most difficult measures in 

ecology and has been inferred predominantly from temporal and spatial abundance estimates, 

coupled with analysis of size-frequency distributions and various tagging methods (Gillanders 

2003). More recently, vast improvements in technology allowed researchers to interpret 

biological markers such as stable isotopes, genetic markers and otolith microchemistry, and 

consequently to track and infer individual’s movements and their connectivity between habitats 

(Beck et al. 2001; Gillanders et al. 2001). 

Stable isotopes have also been used in estuarine food web analysis, representing an 



CHAPTER 1 

22 

integrative record of the food that has been assimilated by fish (Peterson and Fry 1987; Le 

Loc´h et al. 2008). This technique allows estimating trophic position of different estuarine 

organisms, capturing simultaneously complex trophic interactions and track energy from 

multiple estuarine pathways, and different estuarine compartments (Deegan and Garritt 1997; 

Post 2002; Melville and Connolly 2003; Doi et al. 2005). Thus, food web analysis has been used 

to examine structure, dynamics and functioning of estuaries worldwide (Garcia et al. 2007; 

Pasquaud et al. 2008). Moreover this approach can provide evidence on which estuarine 

habitats tend to display a high degree of primary productivity, contributing with nutrients to 

higher trophic levels (Alfaro et al. 2006). 

Until recently, estuarine management strategies did not take into account important 

ecosystem functions, and were mainly based on economical interests. Nowadays, estuarine 

management tries to incorporate the functioning of the ecosystem. This, however, requires 

knowledge of the functional processes and structure of communities in estuaries. The use of 

ecological models to identify habitats critical for survival of estuarine species is also of great 

importance because they indicate some of the parameters that might be related to habitat 

suitability; and in addition they provide a useful first step toward the design of studies to define 

and measure the effects of specific environmental variables on fitness components 

(Niklitscheka and Secor 2005). 

 

Aims and importance of the thesis 

The present study aims to determine the importance as well as the structural and functional 

role for fish assemblages of several habitats present in the main estuaries of the Portuguese 

coast. This main objective will be addressed through a comprehensively applied multi-tool 

approach. 

According to Pihl et al. (2002) there are up to nine habitat types in European estuaries: tidal 

freshwater, reed beds, saltmarsh, intertidal soft substratum, intertidal hard substratum, subtidal 

soft substratum, subtidal hard substratum, subtidal seagrass beds and biogenic reefs. 

Saltmarsh, intertidal soft substratum (mudflat) and subtidal soft substratum habitats were 

identified as the most common and representative estuarine habitats present in the analysed 

Portuguese estuaries, and most chapters of this thesis focus on these three habitats. 

Spatial and temporal variation patterns of habitat use by fish assemblages within and 

among these estuarine systems represented one of the main aspects explored. This evaluation 

was based upon observed fish distribution and sets of hypotheses aimed at explaining the 

dependence of this distribution in view of environmental parameters, mainly water quality and 

physical features (Wang et al. 1998). However, these distributions represent integrated 

responses which may also relate to anthropogenic and natural impacts, including overfishing, 

habitat degradation, regime shifts, recruitment cycles and multispecies interactions (e.g. 

competition and predation). 

After identifying the most representative habitats present in the selected estuaries from the 

Portuguese coast, the functional role they play in the whole functioning of the estuary needs to 
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be assessed. One of the most important aspects to be measured is the dependence of fish 

species on these habitats and if they are able to move between them. This is a vital step, which 

combined with the information about habitat’s vulnerability to major human impacts, namely in 

terms of habitat loss, will indicate species viability and ability to explore new habitats, if the 

present ones tend to be continuously degraded.  

The combination of all this information should allow ranking these habitats according to their 

functional value, and should also greatly contribute to knowledge on the scale of energy transfer 

between adjacent habitats which may be useful in evaluating the areas where priority 

management is necessary. Furthermore, assessing these relationships is extremely useful, 

because there is a growing interest in determining how human-induced change in ecosystem 

structure will affect ecosystem services (Costanza 1997). Nowadays it is becoming clearer that 

ecological research needs to find a common ground with other decisive areas of natural 

resource management. Therefore, different ecosystem services may help to provide a clearer 

focus for the formulation of appropriate conservation and management policies. 

 

Thesis outline 

This thesis comprises six scientific papers published or in review in peer reviewed 

international journals. Each paper corresponds to a chapter. 

Inter- and intra-estuarine variability of fish assemblages along the nine most representative 

estuarine systems of the Portuguese coast was evaluated in Chapter 2. Although a high inter-

estuarine variability of fish communities has been previously observed in the analysed 

estuaries, the specific scales of variability of these assemblages were evaluated for the first 

time, through a multiple estuary comprehensive approach.  

The spatial patterns of habitat use by fish assemblages within and among nine of the main 

estuarine systems along the Portuguese coast are explored in Chapter 3. Estuarine habitats 

were mapped and the associated fish assemblages were described based on several 

community descriptors. The evidence of common links between similar habitats in different 

estuaries and species’ ecological guilds was discussed. 

Fish species specific habitat use or dependence may constitute an important measure of 

the functional value of estuarine habitats. In Chapter 4, a stable isotope approach was used to 

evaluate to which degree the association between certain fish species and different habitat 

types occurred in two important estuaries of the Portuguese coast: Tejo and Mira. The degree 

of connectivity of fish species among the same habitats is also analyzed.  

In Chapter 5, a stable isotope approach was also used to estimate the relative contribution 

of the most important dietary sources contributing to the base of food webs of the Mira and Tejo 

estuaries, which will provide nutritional support for some of the most abundant fish species in 

these estuaries. Additionally, trophic interactions among dominant producers and consumers 

were identified, as well as spatial and seasonal differences in these estuaries’ food web 

dynamics. 

The vulnerability of estuarine habitats to main human activities in five main Portuguese 
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estuaries, namely in terms of habitat loss and degradation, was assessed through expert 

judgement in chapter 6. Simultaneously the structural and functional use of these habitats by 

fish communities was determined. This approach provided a combined assessment of the 

vulnerability of estuarine habitats and their value for different fish species and ecological guilds 

inhabiting them. 

In chapter 7, a model was developed for each of five main Portuguese estuaries, relating 

the variations of fish species richness and fish densities in the most representative estuarine 

habitats, with variations in several environment variables and habitat physical characteristics.  

In the final chapter, a general discussion of the major results from the different studies is 

presented. The main conclusions regarding the functional value of estuarine habitats to different 

fish assemblages are presented, including future research perspectives. 
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Abstract: Estuaries along the Portuguese coast differ considerably in terms of their structure, 
geomorphologic and hydrologic characteristics. They play an important ecological role for 
different fish species, namely acting as important nursery areas. The fish assemblages of nine 
estuaries of the Portuguese coast were investigated in order to evaluate their main inter- and 
intra-estuarine variability patterns. Fish sampling surveys were conducted in May and July 
2006, covering the full estuarine gradient. The different saline areas in each estuary were 
mapped using a Geographic Information System and fish assemblages’ were described and 
compared using a functional guilds approach. Generalized linear models were used to relate 
fish species richness to geomorphologic, hydrologic and environmental characteristics of the 
estuaries considered and correspondence analyses were performed to evaluate similarities in 
fish assemblages’ structure. At a large scale, river flow was the most important factor explaining 
the variability in species richness in estuaries along the Portuguese coast. At a regional scale, 
different abiotic factors explained the occurrence and abundance of fish species in the 
estuaries. Nonetheless, the overall role of the estuary was strongly related with the dominant 
saline zone within each estuary. 
 
Key-words: estuaries; fish assemblages; ecological guilds; oligohaline; mesohaline; polyhaline; 
GLM; Portugal 
 

 

 

1. Introduction 

The importance of assessing which factors influence the number of species and their 

abundance patterns in an assemblage has been a central aim in studies of community ecology 

(Sosa-Lopez and Mouillot 2007). The effect of sampling scale on the observed patterns of 

community structure may be a confounding factor and is taken into account in many of these 

studies (Wiens 1989; Levin 1992). This topic of scale has received some attention in freshwater 

(Kennard et al. 2007; Wilson and Xenopoulos 2008) and marine fish studies (Rose and Leggett, 

1990; White and Warner, 2007). Contrarily, and despite the widely and commonly recognized  

value of  estuarine ecosystems (Costanza et al. 1997), studies on estuarine fish community and 

their abundance patterns rarely deal explicitly with issues of scale (Bacheler et al. 2009). 

Major biological and physical processes are focused at particular spatial scales and 

produce characteristic patterns of faunal distribution (Azovsky 2000). In order to understand the 

structure and function of estuarine fish communities it is of great importance to consider the 

pattern and extent of the variability of these processes and assess the scales at which they 

operate (Sheaves 2006). Such knowledge is crucial for determining if management measures 

can be applied at a regional level or whether estuaries must be managed on a case by case 

basis (Sheaves 2006). 

Many factors have been proposed as responsible for determining estuarine fish 

assemblages’ structure and composition and these may occur at different scales and in various 

ways: at a global scale fish species richness and abundance may be strongly influenced by 



INTER- AND INTRA-ESTUARINE FISH ASSEMBLAGE VARIABILITY 

32 

factors such as the latitudinal gradient, size of the estuary, habitat diversity and estuarine mouth 

configuration (Pease 1999; Hillebrand 2004; Ley 2005; Harrison and Whitfield 2006; Nicolas et 

al. 2010); while at a regional scale other factors may have a more pronounced impact on 

species distribution and abundance patterns namely salinity, temperature, habitat type or river 

flow (Thiel et al. 1995; Marshall and Elliott 1998; França et al. 2009; Vasconcelos et al. 2010). 

Estuaries along the Portuguese coast differ considerably in terms of their structure, 

geomorphologic and hydrologic characteristics (Cabral et al. 2007). These systems play an 

acknowledge role as nursery areas for several commercially important fish species (Cabral et al. 

2007; Leitão et al. 2007; Pombo et al. 2007; Vasconcelos et al. 2010, Vinagre et al. 2010). 

Although a high inter-estuarine variability has been observed along the Portuguese coast in 

estuarine fish communities (Pombo and Rebelo 2002; Veiga et al. 2006; Leitão et al. 2007), 

there has been no investigation of scale specific variability of these faunas. Most studies of 

Portuguese estuarine fish communities have concentrated on single estuaries, and when 

multiple estuaries were addressed, a single scale was included (Cabral et al. 2007; França et al. 

2009).  

The present study aims to evaluate the inter- and intra-estuarine variability of fish 

assemblages along the most representative estuarine systems of the Portuguese coast and 

whether there is a characteristic scale of variability in fish assemblages’ composition.  

 

2. Materials and methods 

2.1. Study area 

Nine estuarine systems located in the Portuguese coast were sampled: Minho, Douro, Ria 

de Aveiro, Mondego, Tejo, Sado, Mira, Ria Formosa and Guadiana (Fig. 1).  

These systems differ considerably in their geomorphologic and hydrologic characteristics 

(Table 1), as well as in the level and type of anthropogenic pressures they are subjected to 

(Vasconcelos et al. 2007). Briefly, the Tejo and the Sado estuaries are the largest systems, 

while the Mira estuary has the smallest area (5 km
2
). Ria de Aveiro and Ria Formosa are 

shallow coastal lagoon systems with large intertidal areas. Mean depth varies between 1 and 

6 m, which indicates that shallow areas predominate in all estuaries. River flow varies strongly: 

the Minho, Douro and Tejo have mean flow values higher than 300 m
3
s

-1
, contrasting with the 

low freshwater flow into estuaries such as the Mira and Ria Formosa. 

 

2.2. Sampling surveys 

The fish assemblages of the nine estuarine systems were sampled in May and July 2006 

(each month constitutes a temporal replicate). The spring and summer months were chosen as 

they have been reported to present the highest number of estuarine fish species and 

abundances in these systems (Vasconcelos et al. 2010). Sampling covered the whole estuarine 

salinity gradient through the oligohaline (0.5 - 5), mesohaline (5 - 18) and polyhaline (18 - 30) 

areas. 
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Figure 1. Estuarine systems sampled in the Portuguese coast. 

 

Sampling took place during the night, using a beam trawl (2 m wide beam, tickler chain, net 

with 5 mm mesh in the cod end). A GPS was used to record geographic coordinates at the 

beginning and end of each tow. Trawls were towed at a constant speed, had a standard 

duration of 10 min and covered a mean area of 862 m
2
. Ten replicate tows were made per site 

during ebb tide. All fish caught were stored and transported on ice to the laboratory and 

preserved frozen. Subsequently, individual fish were identified, counted, measured (total length 

with 1 mm precision) and weighted (wet weight with 0.001 g precision).  

At the beginning of each trawl, salinity, dissolved oxygen (%) and temperature (ºC) were 

measured with a multi parameter probe (WTW). Depth (m) was also registered. In each 

sampled area three replicates of sediment were collected using a Van Veen grab (0.05 m
2
) for 

the determination of mean percentage of mud in the sediment (percentage of dry sediment not 

retained in a 0.063 mm calibrated sieve), and additional three replicate samples were collected 

for determination of the mean density of the most abundant taxonomic groups of 

macrozoobenthos (individuals retained in a 0.5 mm calibrated sieve): Annelida, Arthropoda and 

Mollusca. These groups’ densities represent an adequate measure of prey availability as they 

constitute the main prey for the most abundant estuarine fish species (Stoner et al., 2001; 

Nicolas et al., 2007) (see Vasconcelos et al. 2010).  

Estuary maps combined with data on salinity from literature and from previous studies were 

used to map the limits of three saline zones (oligohaline, mesohaline and polyhaline). Within 

each estuary, the area of each saline zone was determined using ArcGIS 9 (ESRI Inc.).The 

percentage of intertidal areas in each estuary and the presence of other habitat types (mudflat, 

saltmarsh, seagrass and subtidal channels) were obtained from França et al. (2009). The 

relative distance to the estuary’s mouth (from 0 at the estuary’s mouth to 1 at the most distant 

site) was determined in ArcGIS 9 (ESRI Inc.). 
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Table 1. Main geomorphologic and hydrologic characteristics in several estuarine systems along the 
Portuguese coast. 
 

 

2.3. Data analysis  

Fish species’ density and biomass were determined individually for each tow and expressed 

in individuals.1000 m
-2

 and g.1000 m
-2

, respectively. Root (1967) defined guild as a group of 

species that exploit the same class of environmental resources in a similar way. In the present 

study, each fish species was classified into a functional guild according to Elliott and Dewailly 

(1995). The ecological guilds considered truly estuarine resident species (ER), marine 

adventitious visitors (MA), diadromous (catadromous/anadromous) migrants (CA), marine 

seasonal migrants (MS), marine juvenile migrants (“nursery” species) (MJ) and freshwater 

adventitious visitors (FW).  The proportion of each guild was calculated according to species 

number and the number of individuals from each species.  

Generalized linear models (GLM) were conducted in R software (R Development Core 

Team 2005), to investigate: (1) the variation of fish species richness throughout the nine 

estuaries, in relation to their main geomorphologic and hydrologic characteristics, using as 

predictors: total estuarine area (m
2
), mean annual river flow (m

3
 s

-1
), mean depth (m), residence 

time (days), volume (10
6 

m
3
), anthropogenic pressure index (according to Vasconcelos et al., 

2007), percentage of intertidal area, latitude, percentage of oligohaline area, percentage of 

mesohaline area and percentage of polyhaline area and; (2) the variation of fish species 

richness within each estuary in response to a set of predictor environmental variables measured 

locally and important characteristics of the system. Each tow corresponded to a sample in the 

analysis and the predictors used were: dissolved oxygen (%), salinity, temperature (ºC), depth 

(m), and percentage of mud in the sediment, distance to the estuary’s mouth, prey density and 

habitat type (mudflat, saltmarsh, seagrass and subtidal channels). As some of the hydrologic 

and geomorphology characteristics of the estuaries were highly correlated (r >0.80), not all were 

used in the analyses.  

GLM are an extension of linear models which allow the incorporation of non-normal 

distributions of the response variable and transformations of the dependent variables to linearity 

(McCullagh and Nelder 1989). A gamma distribution (only positive densities) with a log link 

function was used to model the non-zero catches. The GLM was built with an additive 

methodology: predictors were tested independently for significance and subsequently, 

Estuaries 
Total area 

 
(km

2
) 

River flow 
 

(m
3
.s

-1
) 

Mean  
depth 
(m) 

Residence 
time 

(days) 

Volume 
 

(10
6
 m

3
) 

Latitude 
 

(ºN) 

Intertidal 
area 
(%) 

Minho 23 300 3 2 70 41.9 9 

Douro 10 450 4 2 59 41.1 11 

Ria de Aveiro 74 40 2 17 84 40.6 87 

Mondego 10 79 2 3 22 40.1 64 

Tejo 320 300 5 25 1900 38.7 40 

Sado 180 40 6 30 500 38.5 44 

Mira 5 3 4 15 27 37.7 42 

Ria Formosa 91 2 1 2 92 37.0 81 

Guadiana 20 80 3 12 100 37.2 24 
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significant predictors were added to the model to determine the residual deviance, the 

percentage explained by each predictor and the total percentage of the deviance explained by 

the model. The final model was fitted only with the significant variables. A significance level of 

0.05 was considered in all test procedures. Percentage of total deviance explained and relative 

contribution of each factor were evaluated for each model.  

In order to investigate the distribution patterns of species in the areas and estuaries 

considered, a correspondence analysis was performed with fish abundance and biomass data 

of the most abundant species, using CANOCO 4.5 software (Ter Braak and Šmilauer 2002). 

 

3. Results  

3.1. Estuarine characterisation and fish assemblages 

The proportion of each saline area varied considerably among estuaries (Fig. 2). The Douro 

estuary presented the largest oligohaline area of all the estuaries studied. The mesohaline area 

was dominant in the Minho, Mondego, Tejo and Mira estuaries, while for the Ria de Aveiro, 

Sado and Ria Formosa estuaries, the polyhaline area comprised almost the total area of the 

estuary (Fig. 2).  

 

Figure 2. Proportion of each saline area in the estuaries sampled along the Portuguese coast (      - 
polyhaline;       - mesohaline;       - oligohaline). 

 

A total of 71 fish species were caught in the nine estuarine systems although density was 

dominated by only a few. The occurrence, density and biomass of the several different fish 

species varied markedly amongst estuaries (Table 2). Only three species occurred in all nine 

estuaries: Pomatoschistus microps, Pomatoschistus minutus and Dicentrarchus labrax. 

Nevertheless species like Atherina sp., Diplodus sargus, Diplodus vulgaris, Gobius niger, Liza 

ramada, Solea senegalensis and Solea solea were present at least in seven estuaries. Certain 

species such as Platichthys flesus were mainly caught in northern estuaries and contrarily 

species such as Halobatrachus didactylus were caught only in southern estuaries. The most  
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Table 2. Fish species found in the nine estuarine systems sampled along the Portuguese coast: ecological guilds (EG), mean density (D) (individuals.1000 m
-2

) and mean 
biomass (B) (g.1000 m

-2
). 

 

 

Species EG 
Minho Douro Ria Aveiro Mondego Tejo Sado Mira Ria Formosa Guadiana 

D B D B D B D B D B D B D B D B D B 

Alosa alosa (Aalo) CA - - - - - - - - - - - - 0.04 0.06 - - - - 

Anguilla anguilla (Aang) CA 1.64 35.09 0.18 20.58 0.61 35.09 0.74 51.34 - - 0.05 1.00 0.13 7.21 0.64 22.71 0.03 11.45 

Aphia minuta (Amin) ER - - - - - - - - 0.4 0.48 - - 0.03 0.02 - - - - 

Argyrosomus regius (Areg) MA - - - - - - - - 0.76 2.46 - - - - - - - - 

Arnoglossus laterna (Alat) MA 0.07 0.22 - - - - - - - - - - - - 0.21 3.66 - - 

Atherina sp. (Ath) MJ 0.17 0.67 - - 0.03 0.10 0.68 0.38 0.09 0.15 0.91 1.49 2.48 1.90 0.45 0.54 0.14 0.12 

Barbus sp. (Bar) FW - - 0.08 129.10 - - 0.02 35.95 0.13 - 0.03 62.71 - - - - 0.19 146.90 

Bothus podas (Bpod) MA - - - - - - - - 0.01 <0.01 - - - - - - - - 

Callionymus lyra (Clyr) MA - - - - 0.06 0.99 - - - - 0.6 0.55 - - - - - - 

Callionymus maculatus(Cmac) MA - - - - 0.53 6.12 - - - - 0.04 0.09 - - - - - - 

Callionymus reticulatus (Cret) MA - - - - - - - - - - 0.05 0.04 - - - - - - 

Chelidonichthys lucernus (Cluc) MA 0.04 0.04 0.30 5.38 0.02 0.44 0.02 3.51 - - - - 0.02 0.37 - - - - 

Cobitis paludica (Cpal) FW 0.03 0.001 - - - - - - - - - - - - - - - - 

Conger conger (Ccon) MA - - - - - - 0.06 0.10 - - 0.03 3.64 - - - - - - 

Dentex dentex (Dden) MA - - - - - - - - - - - - - - - - 0.04 0.17 

Dicentrarchus labrax (Dlab) MJ 0.03 0.22 0.82 20.49 0.69 28.48 2.53 29.28 1.98 7.76 0.01 0.21 0.43 8.70 0.10 51.28 0.24 10.16 

Diplodus annularis ( Dann) MJ - - - - - - - - - - - - - - 22.22 16.37 - - 

Diplodus bellottii ( Dbel) MJ - - - - 0.01 0.06 - - 0.42 5.68 9.05 31.51 - - 4.56 15.38 0.16 0.05 

Diplodus puntazzo (Dpun) MJ - - - - - - - - - - - - 0.02 0.64 0.16 2.65 0.44 26.7 

Diplodus sargus (Dsar) MJ - - - - 0.05 0.12 0.43 8.49 0.02 0.01 0.11 2.17 4.96 8.11 3.95 8.10 0.24 13.68 

Diplodus sp.(Dip) MJ - - - - - - 0.12 <0.01 - - - - 0.01 <0.01 1.32 11.17 0.02 <0.01 

Diplodus vulgaris (Dvul) MJ - - - - 0.75 2.59 8.85 21.7 0.05 0.30 5.06 62.98 4.25 20.47 87.41 73.37 2.07 14.01 

Echiichthys vipera (Evip) MS 4.24 50.07 1.04 14.66 - - 0.06 0.19 - - - - 0.03 - - - - - 

Engraulis encrasicolus (Eenc) MS - - - - - - 0.05 0.51 0.18 0.01 2.52 8.20 0.43 0.53 - - - - 

Eutrigla gurnardus (Egur) MA - - - - - - - - - - - - - - - - 0.03 0.01 
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Species 
EG 

Minho Douro Ria Aveiro Mondego TEjo Sado Mira Ria Formosa Guadiana 

D B D B D B D B D B D B D B D B D B 

Gobius niger (Gnig) ER - - 0.03 0.10 0.82 9.38 1.39 16.73 0.33 0.96 9.03 44.44 1.02 5.89 3.80 10.91 4.62 22.36 

Gobius paganellus (Gpag) ER - - - - - - - - - - - - - - 0.11 8.92 - - 

Halobatrachus didactylus ( Hdid) ER - - - - - - - - 0.34 47.38 11.26 414.4 2.59 59.25 4.69 93.48 4.70 246.5 

Hippocampus hippocampus  (Hhip) MA - - - - - - - - - - - - - - 0.34 19.41 0.04 0.16 

Hippocampus ramulosus (Hram) ER - - - - - - - - - - - - - - 0.67 <0.01 - - 

Hippocampus sp.(Hipp) ER - - - - - - - - - - 0.27 - - - 0.54 <0.01 0.07 <0.01 

Lipophrys pholis (Lpho) MA - - - - - - - - - - - - - - 0.33 0.05 - - 

Liza aurata (Laur) MS - - - - 0.01 0.09 - - 0.15 23.79 0.10 8.99 - - 0.03 10.90 - - 

Liza ramada (Lram) CA 0.03 0.04 0.04 2.28 0.18 4.35 5.37 172.5 0.16 58.77 0.22 15.14 0.37 4.00 - - 0.10 42.59 

Liza sp. (Liza) CA - - - - - - 0.17 10.17 - - 0.28 0.001 - - - - - - 

Monochirus hispidus (Mhis) MA - - - - - - - - - - 5.76 57.39 - - 0.23 4.43 - - 

Mullus barbatus (Mbar) MA - - 0.05 0.08 0.01 0.03 0.38 0.80 - - 0.03 0.11 0.31 0.39 0.08 1.30 0.44 4.03 

Mullus surmuletus (Msur) MA - - 0.02 0.02 - - 0.12 - 0.02 0.28 0.07 0.01 - - 0.18 7.04 0.12 0.91 

Nerophis ophidian (Noph) ER - - - - - - 0.04 - - - - - - - 0.63 0.02 - - 

Pagrus pagrus (Ppag) MS - - - - 0.34 0.46 0.04 0.17 0.01 0.01 0.14 0.70 - - - - - - 

Platichtys flesus (Pfle) MJ 2.40 45.62 12.4 1056.60 0.24 5.52 2.74 10.28 - - - - - - - - - - 

Pomatoschistus microps (Pmic) ER 1.45 0.53 0.82 0.42 2.81 0.99 2.88 0.87 117,2 32.07 19.57 8.68 6.83 1.90 0.59 0,08 34.1 11.1 

Pomatoschistus minutus (Pmin) ER 0.37 0.06 0.18 0.11 0.55 0.39 1.31 1.14 18.42 7.03 0.67 0.35 0.57 0.21 0.22 0.24 0.80 0.34 

Pomatoschistus sp. (Pom) ER - - - - - - - - - - - - - - 0.09 0.09 - - 

Raja clavata (Rcla) MA - - - - - - - - - - - - - - 0.05 13.27 - - 

Raja undulata (Rund) MA - - - - - - - - - - 0.03 67.22 - - 0.05 1.15 - - 

Salmo trutta (Stru) CA 0.02 1.35 - - - - - - - - - - - - - - - - 

Sardina pilchardus (Spil) MS - - - - 0.24 0.13 - - 0.09 0.34 - - 0.03 0.08 - - - - 

Sarpa salpa (Ssal) MS - - - - - - - - - - 0.03 0.49 - - 6.8 13.75 - - 

Scophthalmus rhombus (Srho) MJ 0.14 1.91 - - - - 0.24 3.55 - - - - - - - - - - 

Scorpaena notata (Snot) MA - - - - - - - - - - 0.02 - - - 0.45 - 0.03 - 

Scorpaena porcus (Spor) MA - - - - - - - - - - - - - - 2.40 - 0.02 - 

Solea lascaris (Slas) MA - - - - - - 0.04 0.12 - - - - - - - - - - 

Table 2. (cont.) 
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Species  

EG 

Minho Douro Aveiro Mondego Tejo Sado Mira Ria Formosa Guadiana 

D B D B D B D B D B D B D B D B D B 

Solea senegalensis (Ssen) MJ - - 0.12 14.07 0.56 4.46 0.15 1.25 0.44 13.36 1.60 20.51 0.18 7.55 0.07 1.91 0.04 1.67 

Solea solea ( Ssol) MJ 0.34 13.48 0.69 40.80 0.94 23.76 9.59 73.37 0.52 4.79 0.61 10.31 5.49 30.09 - - 1.06 16.44 

Solea sp. (Sol) MJ - - - - - - 1.64 <0.01 - - - - - - - - - - 

Sparidae n.i. (Spar) MJ - - - - - - - - - - - - - - - - 0.03 0.001 

Sparus aurata (Saur) MA - - - - - - 0.34 7.29 0.01 0.27 0.14 3.79 - - 0.32 3.34 - - 

Spondyliosoma cantharus (Scan) MJ - - - - 0.05 0.06 1.14 3.75 - - 0.53 6.40 2.73 1.19 6.03 13.88 0.07 0.05 

Symphodus bailloni (Sbai) MA - - - - 0.53 7.17 0.39 11.06 0.01 0.14 0.03 0.90 0.07 0.31 6.11 36.64 - - 

Symphodus cinereus (Scin) MA - - - - - - - - - - 0.09 0.95 - - 3.76 19.54 - - 

Symphodus sp.(Symp) MA - - - - - - - - - - - - - - 0.53 22.73 0.03 <0.01 

Synaptura lusitanica (Slus) MA - - - - - - - - - - - - - - - - 0.02 12.74 

Syngnathus abaster (Saba) ER - - - - 1.43 1.66 - - - - - - - - 0.39 0.14 - -. 

Syngnathus acus (Sacu) ER 0.09 0.16 0.04 <0.01 1.10 2.55 - - 0.24 1.68 - - - - 0.54 2.03 0.10 1.08 

Syngnathus sp. (Syng) ER 0.04 <0.01 - - - - 0.04 0.62 - - - - - - 0.12 - 0.05 - 

Syngnathus typhle (Styp) ER - - - - 0.02 <0.01 - - 0.06 <0.01 0.01 0.01 0.04 0.08 1.68 6.11 - - 

Torpedo torpedo (Ttor) MA - - - - - - - - - - 0.14 19.26 0.11 8.85 - - - - 

Trachurus trachurus (Ttra) MA - - 0.05 0.61 - - - - - - - - 0.01 0.04 - - - - 

Umbrina canarinensis (Ucan) MA - - - - - - - - - - - - - - - - 0.10 0.23 

Species TOTAL  11.1 149.5 16.86 1176.2 12.58 134.9 41.57 465.1 142.0 207.8 69.09 854.6 33.18 167.9 162.8 496.6 50.1 583.5 

Species number  16 16 25 30 25 34 26 40 32 

 
 

 

Table 2. (cont.) 
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common species also accounted for the highest densities through the nine sampled estuaries: 

the common goby, P. microps, had the highest density in the Tejo estuary with 117.2 

individuals.1000 m
-2

, followed by the common-two-banded sea bream, D. vulgaris and the 

annular sea bream, Diplodus annularis, in the Mira estuary with 87.4 individuals.1000 m
-2

 and 

22.2 individuals.1000 m
-2

, respectively (Table 2). The highest biomass values were registered 

for the flounder, P. flesus, in the Douro estuary, with 1056.6 g.1000 m
-2

, followed by the 

Lusitanian toadfish H. didactylus, with 414.4 g.1000 m
-2

, 246.5 g.1000 m
-2 

and 93.5 g.1000 m
-2

, 

for the Sado, Guadiana and the Ria Formosa estuaries, respectively (Table 2).  

Ria Formosa presented the highest species richness (40 species), followed by the Sado 

estuary where 35 fish species were caught. The lowest species richness was registered in the 

Minho and Douro estuaries (16 species). The highest density of all fish species collectively was 

registered at Ria Formosa and Tejo estuaries with 162.9 individuals.1000 m
-2

 and 142.0 

individuals.1000 m
-2

, respectively. The Douro estuary presented the highest biomass value with 

1176.2 g.1000 m
-2

.  

The relative proportion of each ecological guild in an estuary varied considerably regarding 

the number of fish species and the number of individuals in a guild (Fig. 3). The six functional 

guilds considered were present only in the Minho, Mondego and Sado estuaries. Considering 

the number of species in the guilds, the proportion of each guild varied little among estuaries, 

mainly when compared to the variation obtained using the number of individuals. Estuarine 

resident, marine juvenile migrants and marine adventitious fish species dominated estuarine 

fish assemblages (Fig. 3a). Considering the number of individuals in the same ecological guilds, 

their proportion varied considerably between estuaries. Estuarine residents dominated the Ria 

de Aveiro, Tejo, Sado and Guadiana estuaries, and accounted for 55 %, 96 %, 59 % and 89 % 

of the total abundance of individuals present in these estuaries’ assemblages, respectively (Fig. 

3b). In contrast, the highest proportion of juvenile migrants was found in the Douro (83 %), 

Mondego (68 %) and Ria Formosa (77 %) estuaries. Marine seasonal migrant and catadromous 

fish were relatively abundant in the Minho estuary (38 % and 15 % of the total abundance of the 

fish assemblage), when compared with the other estuaries. Similarly, freshwater individuals 

were abundant in the Mondego estuary comprising 15 % of the total abundance of individuals 

from this estuary’s assemblage (Fig. 3b). 

 

3.2. GLM results 

3.2.1. Species richness variation among the nine estuaries 

Results of the Generalized Linear Models (GLM) exploring for factors influencing the 

variation of species richness among the nine estuaries are reported in Table 3. The analysis of 

deviance showed that river flow, anthropogenic pressure index and latitude were significant 

predictors explaining the species richness variation (p < 0.05). The model explained 85.5 % of 

the deviance, with river flow accounting for most of the deviance (63 %) and anthropogenic 

pressure and latitude contributing similarly to the total deviance (13.1 % and 9.4 %, 

respectively). In general species richness decreased with the increase in river flow (Fig. 4). 
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Figure 3. Proportion of the ecological guilds in sampled estuaries of the Portuguese coast according to (a) 
number of species and (b) number of individuals (     - estuarine residents (ER);     - marine juvenile 
migrants (MJ);       - marine adventitious visitors (MA);    - freshwater adventitious visitors (FW);      - 
diadromous (catadromous/anadromous) migrants (CA);       - marine seasonal migrants (MS)) 

 

 

 

Table 3. Analysis of deviance table for the gamma-based GLM fitted to the species richness values for the 
nine estuaries of the Portuguese coast (values of deviance for each factor, residual deviance (Res. Dev.), 
percentage of the total deviance explained by each factor (% Expl.) and p-values are presented). 
 

    Predictors p-value Res. Dev. Deviance % Expl. 

Species richness Null 

Main effects 

River flow 

Anthropogenic pressure 

Latitude 

Total explained 

 

 

<0.001 

0.002 

0.001 

 

 

0.590 

0.381 

0.231 

 

 

1.006 

1.215 

1.364 

1.59 

 

63.01 

13.12 

9.35 

85.50 
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Figure 4. Relation between river flow and species richness in the sampled estuaries of the Portuguese 
coast. 

 

3.2.2. Species richness variation within each estuary 

The GLM fitted for the different estuaries varied in the significance and percentage of 

deviance explained by the different predictors (Table 4).  

For the Minho estuary the percentage of dissolved oxygen and the percentage of mud in 

the sediment were the most important predictors in the variation of species richness. These 

predictors contributed similarly with 11.3 % and 13.7 % of the deviance explained, respectively. 

The model explained 25.0 % of the deviance. 

Species richness in the Douro estuary was mostly explained by the salinity (21.0 % of the 

variance explained). The other significant predictors for this model (p < 0.05) were the first-order 

interaction between temperature and the relative distance to the estuary mouth, explaining 

11.0 % of the variance. The model explained 32.0 % of the deviance. 

The significant predictors in explaining species richness variation in Ria de Aveiro were 

percentage of dissolved oxygen, mean depth and relative distance to the estuary mouth and 

they explained 5.2 %, 1.9 % and 2.3 % of the deviance, respectively. The first-order interaction 

between salinity and the percentage of mud in the sediment was also significant (p < 0.05), 

explaining 2.9 % of the deviance. The model explained 12.3 % of the deviance. 

For the Mondego estuary, the analysis of deviance indicated that temperature, salinity and 

the first-order interaction between salinity and relative distance to the estuary mouth were 

significant predictors (Table 4). The model explained 31.7 % of the deviance, with temperature 

being responsible for the majority of the deviance (16.4 %). Species richness in the Tejo estuary 

was mostly explained by habitat type and the interaction between the percentage of mud in the 

sediment and prey availability (9.3 % and 7.9 % of the deviance respectively), while the other 

significant predictors, percentage of dissolved oxygen, salinity and prey availability, accounted, 

together, for 15.3 % of the total deviance. The model for this estuary explained 32.6 % of the 

deviance. 

Variation of species richness in the Sado estuary was explained by the following significant 

predictors: salinity, relative distance to the estuary mouth, prey availability, habitat type and 
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Table 4. Analysis of deviance table for the gamma-based GLM fitted to the species richness values for 
each estuary (values of deviance for each factor, residual deviance (Res. Dev.), percentage of the total 
deviance explained by each factor (% Expl.) and p-values are presented). 

 

Estuary Predictors p-values Res. Dev. Deviance % Expl. 

Minho Null    23.38 

 Main effects     

 % DO <0.001 20.737 2.647 11.30 

 % mud 0.002 17.533 5.851 13.70 

 Total explained    25.02 

Douro Null    15.36 

 Main effects     

 Salinity 0.01 12.127 3.231 21.01 

 Interactions     

 Temperature : 

Distance 

0.02 10.441 4.917 11.01 

 Total explained    32.01 

Aveiro Null    57.80 

 Main effects     

 %DO 0.001 54.780 3.016 5.20 

 Depth 0.03 53.640 4.153 1.96 

 Distance 0.02 52.342 5.454 2.25 

 Interactions     

 Salinity : % mud 0.03 50.593 7.103 2.90 

 Total explained    12.30 

Mondego Null    26.02 

 Main effects     

 Temperature <0.001 21.747 4.277 16.40 

 Salinity 0.003 20.087 5.937 6.37 

 Interactions     

 Salinity : Distance <0.001 17.766 8.258 8.91 

 Total explained    31.70 

Tejo Null    41.74 

 Main effects     

 %DO <0.001 38.696 3.044 7.30 

 Salinity 0.004 36.815 4.925 4.50 

 Prey availability 0.006 35.327 6.413 3.60 

 Habitat 0.030 31.458 10.282 9.27 

 Interactions     

 % mud: Prey availabil.  <0.001 28.141 13.599 7.94 

 Total explained    32.58 
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Table 4. (cont.) 
 

    

Estuary Predictors p-values Res. Dev. Deviance % Expl. 

Sado Null    59.16 

 Main effects     

 Salinity <0.001 52.664 6.492 10.97 

 Distance 0.001 50.434 8.722 3.76 

 Prey availability <0.001 47.140 12.016 5.56 

 Habitat 0.002 42.157 16.999 8.42 

 Interactions     

 Salinity : Temperature <0.001 33.936 25.22 13.89 

 Total explained     

Mira Null    66.40 

 Main effects     

 Temperature <0.001 55.527 10.874 16.37 

 Habitat type 0.002 44.051 22.350 17.28 

 Interactions     

 %DO : Depth 0.040 40.930 25.471 4.70 

 Total explained    38.36 

Ria Formosa Null    33.72 

 Main effects     

 Temperature <0.001 29.593 4.129 12.24 

 Interactions     

 %DO : Depth <0.001 9.707 9.707 16.54 

 Total explained    28.78 

Guadiana Null     

 Main effects     

 Distance 0.004 17.584 1.681 8.72 

 Habitat type <0.001 15.032 4.233 13.24 

 Interactions     

 %DO: Depth <0.001 11.680 7.585 17.39 

 Total explained    39.37 

 

interaction between salinity and temperature. The salinity and the interaction between salinity 

and temperature were the most important variables in explaining species richness variation, 

accounting similarly for 10.9 % and 13.9 % of the deviance respectively. The model explained 

42.6 % of the deviance. 

For the Mira estuary, the analysis of deviance showed that habitat type and temperature 

were the most important variables responsible for the variation in the species richness within 

this estuary. These variables accounted for 17.3 % and 16.4 % of the deviance respectively. 

The model explained 38.4 % of the deviance. 

Temperature and the interaction between the percentage of dissolved oxygen and the 

mean depth were the significant predictors explaining the variation in species richness in Ria 

Formosa. Both predictors contributed similarly for the total deviance with 12.2 % and 16.5 % 
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respectively. The model explained 28.8 % of the deviance. 

For the Guadiana estuary, the variation in species richness was mostly explained by the 

relative distance to the mouth of estuary, habitat type and the interaction between dissolved 

oxygen and depth. From these significant predictors, the interaction between dissolved oxygen 

and depth explained 17.4 % of the deviance, followed by the habitat type (13.2 %) and the 

distance to the mouth of the estuary (8.7 %). The model explained 39.4 % of the deviance.  

  

3.3. Estuarine fish assemblages’ structure 

The correspondence analysis performed to explore the structure of estuarine fish 

assemblages throughout the nine estuaries and respective saline zones, using the fish species 

densities values, accounted for 50 % of the total variance in the first two axes. The ordination 

diagram showed that estuaries located in north are clearly separated from the others in the right 

part of the diagram (Fig. 5a) and seemed to be particularly associated with high abundances of 

species such as P. flesus and Anguilla anguilla. Estuaries located in the centre and the south of 

the Portuguese coast were placed together in the lower part of the diagram, mostly associated 

with high densities of estuarine resident species as P. microps and P. minutus, and marine 

juvenile migrants as S. solea and S. senegalensis. Nevertheless and very importantly, fish 

assemblages were similar in each saline zone regardless the estuary. Oligohaline areas were 

placed mostly in the right upper part of the diagram, while mesohaline areas showed similarities 

regarding species abundance and are placed together in the central lower part of the diagram. 

Polyhaline areas are mostly in the left part of the diagram, closely related with high densities of 

several Sparidae species, as well as Atherina sp. and G. niger. Generally these saline areas 

were separated along the first ordination axis (Fig. 5a).  

The correspondence analysis based on species biomass accounted for 51.6 % of variation 

in the first two axes (Fig. 5b). Differences in fish assemblage structure were again found related 

to the latitudinal gradient and to the saline areas. Moreover, northern estuaries are placed in the 

right part of the diagram associated with high biomasses of P. flesus, while several southern 

estuaries are placed in the left part. Nonetheless, saline areas are also well separated in the 

diagram, with the polyhaline areas of several estuaries located in the lower left side of the 

diagram (Fig. 5b). 

 

4. Discussion 

Portuguese estuaries have been studied for a long time and their ecological value is well 

documented, namely their role as crucial nursery areas for several commercially important fish 

species (Cabral et al. 2007; Martinho et al. 2007a; Vasconcelos et al. 2010; Vinagre et al. 

2010). Nevertheless, the present work is the first analyzing differences in structure of fish 

assemblages of some of the most important estuaries from the Portuguese coast, as well as the 

factors mostly related with the variation of species richness, abundance and biomass, at a multi- 

scale level.  
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Figure 5. Correspondence analysis (CA) ordination diagram based on a) fish species densities and b) 
biomass in the nine sampled estuaries along the Portuguese coast. Estuaries and their saline areas are 
aggregated in composite words (estuaries: Minho, Douro, Aveiro, Mondego, Tejo, Sado, Mira, Formosa, 
Guadiana. Saline areas of each estuary: oligo (    ) - oligohaline zone; meso (     ) - mesohaline; poly (    ) - 
polyhaline;      - fish species). 
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In the present study, the composition of estuarine fish assemblages was based on the use 

of functional guilds. Fish assemblage structure of Portuguese estuaries is in accordance with 

the ecological groups common in most European estuaries (Maes et al. 1998; Marshall and 

Elliott 1998; Araújo et al. 1999; Thiel and Potter 2001; Franco et al. 2006; Martinho et al. 

2007b), with an overall dominance of estuarine residents and marine juvenile migrants. In the 

present study the qualitative analyses of the functional guilds, based on the number of species 

did not show marked variations between the estuaries, with the dominance of the estuarine 

residents, marine juvenile migrants and marine adventitious visitors guilds in the fish 

assemblages. Contrarily, a strong variation between the estuaries was obtained when functional 

guilds were analysed quantitatively, based on species abundance. According to Pihl et al. 

(2002) great regional variance exists in the composition and abundance of the ecological guilds 

making up the estuarine fish assemblages, mainly due to particular characteristics of each 

estuarine system. This is in agreement with present results since the sampled estuaries have 

strong differences in their geomorphologic and hydrologic characteristics. Alternatively to the 

traditional community analyses, functional guild analysis can provide more information on the 

functioning, internal, and hierarchical structure of fish communities (Franco et al. 2006). 

Through the use of functional guilds, Elliott and Dewailly (1995) defined the typical European 

Atlantic seaboard estuarine fish assemblage, showing that there were common patterns in 

estuarine usage by fishes, in spite of the differences in specific compositions. 

In the present work river flow was the most important factor influencing the variation of 

species richness at a larger scale, along the Portuguese coast. Many factors and processes 

have been proposed as responsible for controlling estuarine fish assemblages’ structure and 

composition and these may occur at different scales and in various ways. At a large scale, fish 

species richness and abundance may be influenced by estuarine hydrodynamics, 

geomorphology, climate and catchment properties of the estuary (Hillebrand 2004; Nicolas et al. 

2010). Previous studies have shown that the particular case of freshwater flow often has a 

strong impact on physical, chemical and biological characteristics of estuarine environments, 

such as salinity, dissolved oxygen, turbidity and nutrient availability, which in turn have an effect 

on the distribution and abundance patterns of estuarine organisms (Costa et al. 2007). In the 

present study, whilst comparing different estuaries, species richness overall decreased as river 

flow increased. The same results were obtained in previous works (Whitfield and Harrison 

2003), and particularly for the Tejo estuary (Costa et al. 2007). According to Pease (1999) the 

structural complexity created by the diversity of habitats within an estuary may increase the 

survival of many different fish species, either resident or species that use the estuary as a 

nursery ground. High values of river flow in the estuaries possibly impairs habitat heterogeneity, 

as the ideal conditions to habitats such as saltmarshs to establish are more difficult to obtain, 

thus a decrease in the number of species in the estuary is more likely to occur.  

Latitude was also a significant factor in explaining the variation of species richness along 

estuaries of the Portuguese coast. Theoretically, fish species richness decreases with 

increasing latitude and this concept has been verified in many studies for marine (Poore and 
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Wilson 1993), estuarine (Pease 1999; Hillebrand 2004; Harrison and Whitfield 2006) and 

freshwater fish (Oberdorff et al. 1998). Latitude seems to be an important factor for the 

Portuguese coast as this area represents the transition between north-eastern Atlantic warm-

temperate and cold-temperate regions (Briggs 1974). Consequently, several species have their 

north and south limits of distribution along the Portuguese coast, influencing the number of 

species present in the different estuaries. Despite the differences found in the geomorphology 

of the Portuguese estuaries, factors such as the estuary size were not significant in explaining 

variation of species richness at this scale. Contrarily to these results, Pease (1999) showed that 

Australian estuaries could be grouped into three latitudinal regions, and the physical factors that 

contribute most to this regional structure were those related to estuary size and latitude. 

Another study conducted in Europe, focused on the influence of large-scale environmental 

gradients on estuarine fish species richness showed that the estuary size, entrance width and 

continental shelf width were the best explanatory variables of estuarine fish species richness at 

a large scale (Nicolas et al. 2010).  

Analysis at a more local scale takes into account additional descriptors related to proximal 

and stochastic processes (Austin 2007). The distribution of fishes within estuarine grounds and 

their use of particular areas has been demonstrated to result from the responses of individuals 

to multiple environmental variables, which can be either dynamic (e.g. salinity, water 

temperature, food availability) or fairly stable (e.g. sediment type, presence of seagrass) (Stoner 

et al. 2001; Vasconcelos et al. 2010). Fish species distribution showed a differential use of the 

estuarine systems and areas within them. In the present study key environmental features 

influencing species distribution within estuaries varied depending on the system, although there 

were common dominant features, mainly according to the classification of the estuary as oligo-, 

meso- or polyhaline. Only the Douro presented a dominance of the oligohaline area and 

freshwater species could be expected to dominate its fish assemblages. Nonetheless, this was 

not observed and numerically, marine juvenile migrants comprised a significant part of this 

estuary’s assemblage, supporting its important role as a nursery area for these species. The 

same result has been previously obtained for this estuary, particularly for P. flesus 

(Vasconcelos et al. 2008). The GLM performed for this estuary pointed out salinity as the most 

important factor responsible for fish species variation. 

The Minho, Mondego, Tejo and Mira estuaries were considered mesohaline. Overall, the 

marine juvenile migrants guild dominated these estuaries either in terms of number of species 

and individuals. Besides the saline gradient that seems to be important in creating the function 

of these estuaries as preferential nursery grounds (Vasconcelos et al. 2008), the GLM for these 

systems indicated temperature and type of habitat as the most important factors influencing the 

variation of species richness. Vasconcelos et al. (2010) found salinity to be an important factor 

determining the occurrence of several commercially important fish species that use these 

estuaries as nursery grounds. Besides, estuaries have long been considered important 

ecosystems for fish species mainly because they find suitable temperatures for an optimal 

growth and specific habitats which provide important refuge against predators and high 
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abundances of prey (Cabral et al. 2007; França et al. 2009). Even though the distribution of 

prey has been identified as a major determinant of estuarine fish habitat use (Nicolas et al. 

2007; Bacheler et al. 2009), in the present study it was not critical in explaining species richness 

variation within each estuary. 

In addition to the differences in fish species densities and biomasses between northern and 

southern estuaries of the Portuguese coast, specific fish assemblages were associated with 

saline areas, regardless of the estuary considered. This demonstrates the effect of salinity in 

defining the main gradient structuring the fish species into groups in the upper, middle and 

lower estuary reaches. Salinity defines preferential estuarine areas for each species and spatial 

segregation or overlap amongst them, and plays always an important role in structuring 

estuarine fish assemblages (Marshal and Elliott 1998; Akin et al. 2005; Barletta et al. 2005; 

Sosa-Lopez et al. 2007). As described by Barletta et al. (2005) the salinity gradient seems to be 

a key feature for species occurrence as a result of differential tolerance of species to it. Besides 

salinity, temperature has long been regarded as an important structuring factor of estuarine fish 

species assemblages (Araújo et al. 1999) and in the present study the influence of this factor in 

the abundance and biomass of fish species is clearly demonstrated with the differences found 

between the northern and southern estuaries.   

It is difficult to assign a more specific role to physical and environmental factors because 

they tend to be highly inter-correlated and cause/effect relationships are poorly understood 

(Monaco et al. 1992). Patterns of fish assemblage structure of the Portuguese estuarine 

systems seemed to be influenced primarily by species-specific responses to dominant 

environmental gradients. Nonetheless, the models showed that a large part of the variability of 

fish assemblages’ structure remains to be explained. According to several authors, abiotic 

factors operating over large spatial scale are believed to determine coarse community structure, 

whereas biotic interactions refine species abundance and distribution patterns within that 

structure (Marshal and Elliott 1998; Martino and Able 2003; Akin et al. 2005). Thus, biotic 

interactions may account for some of the unexplained variation in fish assemblage structure of 

the sampled estuaries.  

On the other hand, the effect of sampling methodology should also be taken into account 

since recent work has noticed that the structure and composition of fish samples can be 

affected by the choice of gear type (Greenwood 2008) due to different catch efficiencies and 

area sampled (Hemingway and Elliott 2002). According to the latter the choice of sampling 

methodologies should at least take into account the target organisms, the substratum, 

hydrodynamic regime, habitat types and spatial coverage.  In the present study these features 

vary greatly between the nine sampled estuaries, and although beam trawl was already pointed 

out as the one of the most effective sampling method for estuaries (Hemingway and Elliott 

2002), its efficiency may vary according to estuaries’ features. Greenwood (2008) pointed out 

that not all members of the fish assemblage will be collected with any gear and those that are, 

will be caught with differing efficiencies, so the choice of sampling gear must be a compromise 

between catch characteristics, ease of use and the objectives of the study. 
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5. Conclusion 

This study emphasizes the difficulty in determining scale effects for species-environmental 

relationships due to interactions between different aspects of scale and environmental 

heterogeneity. Considering the observed variability, the individual analysis of multiple estuaries 

will be often necessary to identify environmental features decisive in structuring fish 

assemblages and to evaluate consistency of inter- and intra-estuarine use. The results of the 

present study highlighted that both the factors that vary between estuaries and environmental 

heterogeneity that occurs within an estuary do affect species-environment relationships, 

therefore although an overall pattern of estuarine use by fish assemblages was found, many 

environmental variations at small local scales may influence the general structure of fish 

assemblage within an estuary. Further research is needed in order to better understand these 

complex interactions and other factors need to be analyzed, namely biotic factors that might 

also play an importing role in structuring the fish communities. Additional investigations in other 

areas, covering a greater range of spatial (and temporal) scales, will be needed before the 

patterns of variability characterising estuarine fish assemblages can be fully understood and if 

the concentration of variability at the scale of individual estuaries is characteristic of these 

ecosystems. 
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Abstract: Estuaries consist of a complex mosaic of many distinctive habitat types. Each one 
may perform several vital functions in the functioning of the whole system and although its value 
is often based on species density patterns, functional relationships between them also need to 
be examined. Spatial patterns of estuarine habitat use by fish assemblages were determined 
within and among nine estuarine systems along the Portuguese coast. Fish sampling surveys 
were conducted in May and July 2006, covering the full estuarine gradient. All the different 
habitat types were sampled in each estuarine system with a beam trawl. Estuarine habitats 
were mapped with GIS and habitat specific associated fish assemblages were described based 
on several community descriptors, namely richness (S), evenness (J’), and diversity (H’) and on 
an ecological and feeding guilds classification. A canonical correspondence analysis was 
performed to evaluate the relationship between estuarine habitats and fish assemblages in this 
set of estuaries. The intertidal and subtidal soft substratum habitats corresponded to the largest 
areas in all the estuaries and presented higher number of species. Nevertheless the highest 
mean density of fish was registered at the saltmarsh habitat, which occupies smaller areas 
within each estuary. The fact that small vegetated habitats like saltmarsh and seagrass 
supported high densities of fish may be an indication of the important role these habitats play in 
the whole system functioning. Differences in fish assemblage structure were found with latitude 
and between habitats amongst and within estuaries. Some of the fish species were found to be 
particularly associated with certain habitat types which might indicate that each estuarine 
habitat may be related with specific fish assemblages regardless of the estuary. The present 
work provides valuable information for management by identifying the most important habitats 
for species conservation and predicting the possible effects of habitat disturbance or 
destruction, namely by climate change and anthropogenic pressures. 
 
Key-words: estuaries; habitats; fish assemblages; salt marsh; seagrass; intertidal; subtidal; 
Portugal. 
 

 

 

1. Introduction 

Estuaries consist of a complex mixture of many distinctive habitat types that do not exist in 

isolation (Pihl et al. 2002) and can typically contain mangrove forests, saltmarshes, seagrass 

meadows, oyster reefs and nonvegetated areas. Losses of these habitats have the potential to 

affect local ecology and fisheries, as it is widely accepted that estuaries provide habitat for 

numerous fish and invertebrates species, many of which are economically important (Connolly 

1994; Jenkins et al. 1997).  

Within an estuary, the selection of a specific habitat by fishes may be related to its 

availability and structural complexity, prey and predator abundance, physical transport 

processes and local environmental conditions (Blaber and Blaber 1980). The value of estuarine 

habitats is often assessed on the density of fish associated with these habitats as density 

reflects recruitment, mortality, and emigration (Minello et al. 2003).  

Recent investigations over larger spatial scales have found both intra- and inter-estuarine 

differences in fish abundances in different habitat types (Elliott and Hemingway 2002). Many 
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studies have compared the ecology of non-vegetated and vegetated habitats in estuarine 

environments (Sogard and Able 1991; Sheridan 1992). Vegetated areas typically support higher 

values of species richness and higher densities of fish and invertebrates than adjacent non-

vegetated areas, regardless of the type of vegetation studied (Connolly 1994; Gray et al. 1996). 

Non-vegetated habitats may support higher densities of particular species (Castellanos and 

Rozas 2001), indicating that although loss of vegetated habitats (such as seagrass, saltmarsh 

or mangroves) will probably result in reduced overall densities of fish and invertebrates, some 

species may be unaffected (Bloomfield and Gillanders 2005). 

 Previous studies have also found differences in fish assemblages associated with different 

habitats, despite their seasonal and variable nature (Gray et al. 1996; Nagelkerken et al. 2000). 

Although particular species occur in higher numbers in certain habitats resulting in distinct 

assemblages, an organism’s preference and subsequent selection of habitat may change over 

time (Castellanos and Rozas 2001; Bloomfield and Gillanders 2005).  

Studies on multiple habitat comparisons are scarce and most have compared vegetated 

and non-vegetated habitats (Sheridan 1992; Rozas and Minello 1998; Castellanos and Rozas 

2001). Nagerlkerken et al. (2000) compared six habitats, but they used visual censuses along 

belt transects, which are not appropriate for estuarine habitats.   

While these density patterns provide insight as to the habitat value, functional relationships 

also need to be examined (Stuntz et al. 2002). For most estuarine species, the functional role of 

different habitats and the links between them are not well known (Miller and Skilleter 2006). 

Species’ distribution in relation to their habitat can provide initial insights into the types of 

ecological processes that regulate estuarine populations and assemblages (Pihl et al. 2002).  

Understanding whether and how communities differ in or shift among these habitats is important 

for predicting consequences of habitat loss and environmental degradation for biodiversity and 

ecosystem functioning (Connolly et al. 2005). 

Estuaries along the Portuguese coast play an acknowledged role as nursery areas for 

several commercially important fish species (Cabral 2000; Cabral and Costa 2001; Costa et al. 

2002; Cabral et al. 2007; Leitão et al. 2007; Pombo et al. 2007). Some systems have been 

studied for several years (Costa and Cabral 1999) while others have seldom been studied even 

in terms of their fish assemblages. The zoogeographic importance of this area has long been 

recognized, representing the transition between north-eastern Atlantic warm-temperate and 

cold-temperate regions (Briggs 1974). Consequently, several species are found in sympatry in 

this geographical area, which constitutes an interesting and unique ecological context (Cabral et 

al. 2007).  

The present study aims to assess the value of several estuarine habitats within and among 

nine estuarine systems along the Portuguese coast by determining spatial patterns of habitat 

use by fish assemblages. The evidence of common links between similar habitats in different 

estuaries and species’ ecological guilds will also be analyzed. 
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2. Material and Methods 

2.1. Study area 

Nine estuarine systems along the Portuguese coast were considered in this study (Fig. 1). 

Geomorphologic and hydrologic characteristics differ considerably according to estuarine 

system (Table 1). The Tejo and the Sado estuaries are much larger than the others. The Mira 

estuary is the smallest, covering an area of ca. 5 km
2
. Ria de Aveiro and Ria Formosa are 

shallow coastal lagoon systems with large intertidal areas. Mean depth varies between 1 and 

6 m, which indicates that shallow areas predominate in all estuaries. River flow differs markedly: 

the Minho, Douro and Tejo have mean flow values higher than 300 m
3
 s

-1
, contrasting with low 

freshwater flow estuaries such as the Mira and Ria Formosa. 

 

 

 

Figure 1. Estuarine systems sampled in the Portuguese coast. 
 

 

Table 1. Main geomorphologic and hydrologic characteristics in several estuarine systems along the 
Portuguese coast. 
 

Estuaries Location 
Total 
area 
(km

2
) 

River 
flow 

(m
3 

 s
-1

) 

Mean  
depth 
(m) 

Residence 
time 

(days) 

Volume 
 

(10
6
 m

3
) 

Tidal 
range 
(m) 

Number of 
species 

Mean 
 density 

(ind.1000 m
-2

) 

Minho North 23 300 3 2 70 2.0 17 11.4 

Douro North 10 450 4 2 59 3.8 16 16.7 

Ria de Aveiro North 74 40 2 17 84 3.0 27 13.3 

Mondego Center 10 79 2 3 22 3.0 31 42.3 

Tejo Center 320 300 5 25 1900 2.6 27 141.7 

Sado Center 180 40 6 30 500 2.7 37 69.2 

Mira South 5 3 4 15 27 2.4 27 40.6 

Ria Formosa South 91 2 1 2 92 2.0 42 167.8 

Guadiana South 20 80 3 12 100 3.4 31 50.2 
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2.2. Habitat classification 

The habitat classification used in the present study was adapted from Pihl et al. (2002) and 

took into account the following estuarine habitats: tidal freshwater (in tidal estuarine areas, this 

is the zone upstream of saline influence), saltmarsh (intertidal, sediment-based, macrophyte-

dominated, saline-influenced habitats), intertidal soft substratum (areas of unvegetated intertidal 

habitats, lying between the highest and lowest tides, and composed predominantly of sediments 

from fine silt to coarse sands), intertidal hard substratum (areas of unvegetated or vegetated 

intertidal habitats, lying between the highest and lowest tides, and composed predominantly of 

hard substrata ranging from gravels to bedrock), subtidal soft substratum (permanently subtidal 

unvegetated habitats, composed predominantly of sediments ranging from fine silts to coarse 

sands), subtidal hard substratum (permanently subtidal areas of unvegetated or vegetated 

habitats, composed predominantly of hard substrata ranging from gravels to bedrock) and 

seagrass beds (vegetated habitats, based on soft substrata, dominated by halophytic 

macrophytes adapted to complete and continuous submergence in water of low to high salinity). 

In order to assess the habitat composition and variability of each estuarine system, aerial 

photographs were used to map the considered habitats, using ArcGIS 9 (ESRI Inc.). Data from 

literature and from previous sampling were used to better characterize and distinguish the 

different habitat types: data on the grain size was used to distinguish subtidal/intertidal soft or 

hard substratum and data on salinity was used to map the limits of the tidal freshwater habitat in 

each estuarine system.  

 

2.3. Fish collection  

The fish assemblages of the nine main estuarine systems of the Portuguese coast were 

sampled in May and July 2006 (each month constitutes a temporal replicate of the sampling) 

covering the whole estuarine gradient (Fig. 1). All the different habitat types were sampled in 

each estuarine system with a beam trawl. The number of hauls in each habitat varied between 3 

and 5, according to the habitat availability within each estuary. The trawls were restricted to 

each habitat type to avoid overlap between different habitats.  

Fishing took place during the night, using a 2 m beam trawl with one tickler chain and 5 mm 

mesh size in the cod end. Trawls were towed at a constant speed and lasted for 10 min. The 

trawl opening (2 m) and the distance travelled [obtained using the coordinates registered at the 

beginning and at the end of each trawl with a global positioning system (GPS)] allowed us to 

determine the area sampled.  At the beginning of each trawl, water salinity, dissolved oxygen 

(mg l
-1

), conductivity (ms cm
-1

) and temperature (ºC) were measured with a multi parameter 

probe (WTW). Depth (m) was also registered. All fish caught were identified, counted and 

measured (total length with 1 mm precision).  

 

2.4. Data analysis 

Through the analyses of the habitat mapping performed for each estuary, the areas 

occupied by each habitat type were calculated using ArcGIS 9 (ESRI Inc.). 
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Nekton abundance data were expressed in number of individuals per 1000 m
2
. Species 

richness (S) (total number of species), Pielou’s evenness (J) and Shannon-Wiener’s (H’) 

diversity indices were calculated for each habitat.  

The classification of species into functional guilds was taken from Elliott and Dewailly 

(1995). Each species was assigned to an ecological and to a feeding guild. According to the 

abundance of each species, the proportion of each guild was then obtained. The ecological 

guilds contained truly estuarine resident species (ER), marine adventitious visitors (MA), 

diadromous (catadromous/anadromous) migrants (CA), marine seasonal migrants (MS), marine 

juvenile migrants (“nursery” species) (MJ) and freshwater adventitious visitors (FW). The dietary 

preference guilds considered were strictly planktivorous (PS), strictly invertebrate feeders (IS), 

strictly piscivorous (FS), feeding on invertebrates and fishes (IF), carnivorous (CS) other than 

PS, IS, FS or IF or herbivorous/carnivorous (HC) but not omnivorous (OV).  

Differences between individuals’ length, of fish species which were present at least in three 

different habitat types in all estuaries. were evaluated by Kruskall-Wallis tests, using the 

Statistica 6.0 software. A significance level of 0.05 was considered. Pos-hoc tests were 

performed whenever the null hypothesis was rejected.  

Patterns of variation in community structure in relation to the different estuarine habitats 

were investigated performing a Canonical Correspondence Analysis (CCA), using species 

density values for the most abundant species, and the following environmental variables: water 

temperature, salinity, dissolved oxygen and depth. Multivariate analyses were carried out using 

the package CANOCO 4.5 (Ter Braak and Šmilauer 2002). 

 

3. Results 

3.1. Characterisation of estuaries, habitats and fish assemblages 

The total areas of the nine sampled estuaries vary considerably: the Tejo and Sado 

estuaries presented large areas when compared to smaller estuaries like the Mira, Minho and 

Mondego (Table 1). The number of species caught was higher in the most central and southern 

estuaries. The highest value was obtained in Ria Formosa, where 42 fish species were caught. 

The Tejo estuary and Ria Formosa presented considerably higher mean densities of fish 

species than the other estuaries, with 141.7 individuals.1000 m
-2

 and 167.8 individuals.1000  

m
-2

, respectively (Table 1).  

Figure 2 shows the proportion of available habitats for each estuary. Subtidal and intertidal 

soft substratum habitats were the largest available habitats in the majority of the estuaries. 

Estuaries located in the centre of the Portuguese coast presented the same type of available 

habitats in relatively similar proportions. The saltmarsh habitat was available in almost all 

estuaries, although in small proportions when compared to the intertidal and subtidal soft 

substratum habitats. In the contrary, in Ria Formosa, this particular habitat occupied 55 % of the 

total estuarine area. This estuarine system presented 10 % of its area occupied by seagrass 

beds and 5 % of intertidal soft substratum, which made it considerably different from all the 

other estuaries (Fig. 2). 
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Figure 2. Proportions of the total area of estuarine habitats in the sampled estuaries (      - tidal freshwater;  
     - subtidal hard substratum;   - subtidal soft substratum;   - intertidal soft substratum;   - subtidal 
seagrass;       - saltmarsh). 

 

The subtidal and intertidal soft substratum habitats presented the highest number of 

species, with 65 and 60 fish species registered, respectively, followed by the saltmarsh 

(37 species) and the seagrass beds (35 species) habitats (Table 2). The saltmarsh habitat 

registered the highest value of mean densities of fish (116.7 individuals.1000 m
-2

) (Table 2). 

 

 Table 2. Number of species and mean fish densities for each estuarine habitat. 
 

Habitat type Number of species Mean density (individuals.1000 m
-2 

) 

Tidal freshwater 25 107.1 

Subtidal hard substratum 5 2.16 

Subtidal soft substratum 65 104.7 

Intertidal soft substratum 60 52.8 

Subtidal seagrass 35 101.2 

Saltmarsh 37 116.7 

 

A total of 70 fish species were collected during the sampling surveys (Table 3). The most 

abundant species were the common goby, Pomatoschistus microps, the common-two-banded 

sea bream Diplodus vulgaris, the sand goby Pomastochistus minutus and the Lusitanian 

toadfish Halobatrachus didactylus. These four species together accounted for 66 %, in number, 

of the total fishes collected in the nine estuarine systems. The saltmarsh fish assemblage was 

mainly composed by species such as the common goby P. microps and the annular sea bream, 

Diplodus annularis. Both species accounted for ca. 70 % of the total fish registered for this 

particular habitat type (Table 3). The common goby P. microps, accounted for 37 % of the 
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Table 3. Fish species found in the nine estuarine systems sampled along the Portuguese coast: ecological (EG) and feeding (FG) guilds, total mean density (individuals.1000 
m

-2
), and percentage (%) of number of individuals per species collected at each estuarine habitat during all sampling surveys.  

 

Species EG FG 
Mean density 

(ind.1000 m
-2

) 

Tidal 

freshwater 

Subtidal hard 

substratum 

Subtidal soft 

substratum 

Intertidal soft 

substratum 
Seagrass Saltmarsh 

Pomatoschistus microps (Pmic) ER IS 24.59 70.5 36.9 48.5 37.2 7.3 58.5 

Diplodus vulgaris (Dvul) MJ IS 11.81 3.2 0 19.8 10.4 15.4 5.2 

Pomatoschistus minutus (Pmin) ER IS 3.23 0.2 0 3.7 8.0 0.3 0.7 

Halobatrachus didactylus ( Hdid) ER IF 2.91 1.4 0 1.8 3.9 17.6 6.1 

Gobius niger (Gnig) ER IF 2.58 2.0 0 11.2 5.9 9.7 1.5 

Diplodus annularis ( Dan) MJ IS 2.31 4.3 0 0.7 0.7 8.5 10.9 

Solea solea ( Ssol) MJ IS 2.09 2.2 0 2.2 4.4 0 0.6 

Diplodus bellottii ( Dbel) MJ IS 1.91 1.7 0 0.2 3.1 17.6 2.8 

Spondyliosoma cantharus (Scan) MJ OV 1.16 3.1 0 0.7 2.4 2.0 0.4 

Diplodus sargus (Dsar) MJ OV 1.10 0.5 0 1.6 3.4 0.5 0.7 

Platichtys flesus (Pfle) MJ IF 1.05 0.3 0 1.1 2.8 0 0.8 

Monochirus hispidus (Mhis) MA IS 0.89 0.1 0 0.2 1.1 8.7 1.6 

Sarpa salpa (Ssal) MS PS 0.87 0 0 1.3 1.4 0.1 <0.1 

Dicentrarchus labrax (Dlab) MJ IF 0.79 0.9 0 0.6 2.2 0.2 0.6 

Symphodus bailloni (Sbai) MA IS 0.79 2.0 0 0.5 0.7 2.9 1.8 

Liza ramada (Lram) CA PS 0.67 0.1 0 0.6 1.3 0.3 1.3 

Atherina sp. (Ath) MJ IF 0.59 1.2 0 0.2 1.7 1.4 0.5 

Engraulis encrasicolus (Eencr) MS PS 0.46 1.1 12.3 0.1 0.2 3.4 1.4 

Solea senegalensis (Ssen) MJ IS 0.46 1.2 0 0.3 0.7 0 0.4 

Anguilla anguilla (Aang) CA PS 0.42 0.5 0 0.4 1.1 0.2 0.1 

Symphodus cinereus (Scin) MA IS 0.41 0.6 0 0.6 0.2 0.1 0.5 

Echiichthys vipera (Evip) MS IS 0.37 0.1 0 0.1 1.7 0 0 

Syngnathus acus (Sacus) ER IF 0.31 0.1 0 0.5 0.4 0.3 0.2 
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Table 3. (cont.) 

 
         

Species EG FG 
Mean density 

(ind.1000 m
-2

) 

Tidal 

freshwater 

Subtidal hard 

substratum 

Subtidal soft 

substratum 

Intertidal soft 

substratum 
Seagrass Saltmarsh 

Syngnathus abaster (Saba) ER IS 0.30 0 0 0.1 1.2 0.4 0.1 

Scorpaena porcus (Spor) MA IF 0.26 0.7 0 0.2 0.2 0.3 0.6 

Syngnathus typhle (Styp) ER IF 0.19 0.5 26 0.1 0.2 0.4 0.4 

Solea sp. (Sol) MJ IS 0.16 0 0 0 0.9 0 0 

Diplodus sp.(Dip) MJ IS 0.15 0.5 12.3 0.6 0 0.2 0.1 

Mullus barbatus (Mbar) MA IS 0.13 <0.1 0 0.1 0.5 0.1 <0.1 

Callionymus maculates(Cmac) MA IS 0.10 0 0 0.1 0.2 0 0 

Hippocampus sp.(Hipp) ER IS 0.10 0 0 0.1 0.1 <0.1 0.5 

Callionymus lyra (Clyra) MA IS 0.10 0 0 0.1 0.1 1.0 0 

Argyrosomus regius (Areg) MA IF 0.10 0 0 0.2 0.1 0 0 

Sparus aurata (Saur) MA OV 0.09 <0.1 0 0.1 0.1 0.3 <0.1 

Pagrus pagrus (Ppag) MS IF 0.09 0 0 0.2 <0.1 0 0.1 

Hippocampus ramulosus (Hram) ER IS 0.08 0.1 0 0.1 0.1 0 0 

Nerophis ophidian (Nophi) ER IS 0.07 0 0 0.2 <0.1 0 0 

Aphia minuta (Amin) ER PS 0.06 0 0 <0.1 0.3 0 0 

Sardina pilchardus (Spi)l MS PS 0.06 <0.1 0 0.1 <0.1 0 0.1 

Liza sp. (Liza) CA PS 0.06 <0.1 0 0.1 0.1 0 0 

Symphodus sp.(Symp) MA IS 0.06 0 0 0.1 <0.1 0 0 

Mullus surmuletus (Msur) MA IS 0.05 0.1 0 0.1 0.1 0 0.1 

Diplodus puntazzo (Dpun) MJ IS 0.05 0.2 0 <0.1 0.2 0 0 

Scorpaena notata (Snot) MA IF 0.05 0 0 <0.1 0.2 0.1 0 

Barbus sp. (Bar) FW IS 0.04 0 0 0.1 0.1 0 <0.1 

Liza aurata (Laur) MS PS 0.04 0.1 0 <0.1 0.1 0.1 0.1 

Hippocampus hippocampus  (Hhipp) MA IS <0.1 0 0 0.1 <0.1 0.1 0 
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Table 3. (cont.)          

          

Species EG FG 
Mean density 

(ind.1000 m
-2

) 

Tidal 

freshwater 

Subtidal hard 

substratum 

Subtidal soft 

substratum 

Intertidal soft 

substratum 
Seagrass Saltmarsh 

Lipophrys pholis (Lph) MA IS <0.1 0 0 0.1 0 0 0 

Scophthalmus rhombus (Srho) MJ IF <0.1 0 0 <0.1 <0.1 0.3 0 

Torpedo torpedo (Ttor) MA IS <0.1 0 12.3 <0.1 0.1 0.2 0 

Arnoglossus laterna (Alat) MA IF <0.1 0 0 0.1 <0.1 0 0 

Chelidonichthys lucernus (Cluc) MA IF <0.1 0 0 <0.1 0.6 0 0 

Syngnathus sp. (Syng) ER IF <0.1 0.3 0 <0.1 <0.1 0 0 

Gobius paganellus (Gpag) ER IS <0.1 0 0 0 0 0.2 <0.1 

Conger conger (Ccon) MA IF <0.1 0 0 <0.1 <0.1 0 0 

Raja undulata (Rund) MA IS <0.1 0 0 <0.1 <0.1 0 0.1 

Pomatoschistus sp. (Pom) ER IS <0.1 0 0 <0.1 0 0 0 

Umbrina canarinensis (Ucan) MA IS <0.1 0 0 0 <0.1 0 0 

Callionymus reticulatus (Cret) MA IS <0.1 0 0 <0.1 0 0 <0.1 

Alosa alosa (Aalo) CA PS <0.1 0 0 <0.1 <0.1 0 0 

Raja clavata (Rcla) MA IS <0.1 0 0 <0.1 0 0 0 

Trachurus trachurus (Ttra) MA IF <0.1 0 0 <0.1 <0.1 0 0 

Solea lascaris (Slas) MA IS <0.1 2.2 0 <0.1 0 0 0 

Dentex dentex (Dden) MA FS <0.1 0 0 <0.1 0 0 0 

Eutrigla gurnardus (Egur) MA IF <0.1 0 0 0 <0.1 0 0 

Sparidae n.i. (Spar) MJ IF <0.1 0 0 <0.1 0 0 0 

Cobitis paludica (Cpal) FW IS <0.1 0 0 0 <0.1 0 0 

Salmo trutta (Stru) CA IF <0.1 0 0 0 <0.1 0 0 

Synaptura lusitanica (Slus) MA IS <0.1 0 0 <0.1 0 0 0 

Bothus podas (Bpod) MA IF <0.1 0 0 <0.1 0 0 0 
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total number of fishes collected in the intertidal soft substratum habitat. Species like the 

common-two-banded sea bream D. vulgaris, the sand goby P. minutus, the black goby Gobius 

niger and the common sole Solea solea, were also relatively abundant in this habitat 

assemblage (Table 3). The subtidal soft substratum habitat presented a similar fish assemblage 

with the same four species accounting for 81 % of the total fish caught in this specific habitat 

(Table 3). Around 70 % of the total fish assemblage, in number, of the tidal freshwater habitat 

was composed by the common goby P. microps. The same species accounted for 37 % of the 

total fish abundance of the subtidal hard substratum habitat, which was the habitat registering 

the lowest number of fish species (5). For the seagrass habitat the most abundant fish species 

were the Lusitanian toadfish H. didactylus, the Senegalese sea bream Diplodus bellottii and the 

common-two-banded seabream D. vulgaris. 

The Shannon-Wiener diversity index (H’), the Pielou evenness index (J’) and the number of 

species (S) were calculated for each habitat for all the considered estuaries. The intertidal soft 

substratum, the subtidal soft substratum and the saltmarsh habitats were present in large areas 

in almost all the sampled estuaries. When these indices were compared between each of these 

habitat types throughout the nine estuaries, large differences were found. The intertidal soft 

substratum habitat in the Tejo estuary presented high number of species and one of the lowest 

diversity and evenness values, while for the Sado estuary these indices’ values were higher for 

a similar number of species (Fig. 3a). Comparable differences were found for the subtidal soft 

substratum between the Mondego estuary (high number of species and low diversity and 

evenness indices) and Mira and Ria Formosa estuaries (indices’ values higher, with lower 

number of species) (Fig. 3b). For the saltmarsh habitat, Ria Formosa presented a considerably 

higher number of species than the numbers recorded in this habitat in the other estuaries. The 

diversity and evenness values for this habitat, in this estuary, were also high (Fig. 3c). 

Intra-estuarine differences between habitats were also found, namely for the Tejo, the Sado 

and the Ria Formosa estuaries, which presented large areas of different habitat types (Fig. 4). 

For the Tejo estuary the highest number of species was recorded in the intertidal soft 

substratum habitat, while the indices’ highest values were obtained in the subtidal soft 

substratum (Fig. 4a). For the Sado estuary, these two habitats showed similar values for the 

three indices while values obtained for the freshwater and saltmarsh habitats were lower (Fig. 

4b).  Both diversity and evenness indices presented similar values for the four habitats present 

in the Ria Formosa estuary, while the saltmarsh and seagrass habitats registered the highest 

number of species (Fig. 4c). 

 

3.2. Analysis of functional guilds  

The relative proportion of each ecological guild varied between the different estuarine 

habitat types considered (Fig. 5a). Estuarine resident fish species (ER) and marine juvenile 

migrants (MJ) were present in all the habitats considered but their proportions differed in each 

one of them. The highest proportion of juvenile migrants (MJ) was found in the seagrass habitat 

(48 %).  This group also accounted for 36 %, 29 %, 27 %, 23 % and 19 % of the total 



CHAPTER 3 

65 

abundance of individuals present in the subtidal hard substratum, intertidal soft substratum, 

subtidal soft substratum, saltmarsh and tidal freshwater habitats, respectively (Fig. 5a). The 

marine adventitious visitors (MA)  accounted for 20 %  of  the total abundance  present in the 

seagrass habitat (Fig. 5a). The intertidal soft substratum, subtidal soft substratum, saltmarsh 

and freshwater habitats presented similar percentages of the same ecological guilds, with the 

dominance of the estuarine residents (ER) (Fig. 5a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Variation of the Shannon-Wiener diversity index (H’ -     ), Pielou eveness index (J’ -      ) and 
number of species (S -      ) for the habitats: a) intertidal soft substratum; b) subtidal soft substratum and c) 
saltmarsh, in the sampled estuaries.   



HABITAT SPECIFIC FISH ASSEMBLAGES 

66 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Variation of the Shannon-Wiener diversity index (H’-     ), Pielou eveness index (J’-     ) and 
number of species (S -      ) in different estuarine habitats in the a) Tejo and b) Sado estuaries and c) Ria 
Formosa  

 

 

For the feeding guilds composition, fish assemblages in all the different estuarine habitats 

were dominated by strictly invertebrate feeders (IS), followed by species feeding in 

invertebrates and fish (IF). The HC group accounted for 14 % and 9 % of the total abundance of 

fish caught in the subtidal soft substratum and seagrass habitats, respectively. In the subtidal 

hard substratum fish assemblage, 9 % of the individuals were strictly planktivorous (PS), while 

this guild’s contribution in the other habitats was smaller (Fig. 5b).  
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Figure 5.  Proportion of  the  number of individuals according  to  a) ecological ( MA-     ; ER-    ; MS-     ;  
MJ-     ; FW-     ; CA-      ) and b) feeding guilds (OV-     ; HC-     ; IF-    ; FS-     ; IS-     ; PS-     ) for each 
estuarine habitat. 

 

3.3. Variation of individuals’ lengths at different habitats  

Significant differences in the individuals’ length were found for the common-two-banded 

seabream D. vulgaris (H = 61.80; p < 0.05). Individuals’ lengths were significantly different 

between the seagrass beds and the subtidal soft substratum habitat and the intertidal soft 

substratum also differed significantly from the saltmarsh and the subtidal soft substratum 

habitats. Figure 6a shows that all the habitats presented a large proportion of juveniles: 75 % of  

the total number of individuals caught had less than 70 mm. Nevertheless, this species’ 

juveniles were more abundant in the subtidal soft substratum and seagrass habitats. Larger 

individuals were not found in the freshwater habitat. For common goby P. microps, the most 

common species found in all the sampled estuaries, significant differences in the individuals’ 

length were also found (H = 42.84; p < 0.05). Post-hoc comparisons revealed that the lengths of 

saltmarsh individuals were different from all the other estuarine habitats. Figure 6b shows that 

this species’ juveniles presented higher densities in the freshwater and saltmarsh habitats. In 
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both 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Mean densities and variation of individual’s mean length in different habitats for the following 
species: a) Diplodus vulgaris; b) Pomatoschistus microps; c) Solea solea; d) Solea senegalensis (middle 
point - median; box value - 1

st
 and 3

rd
 quartiles; whisker values - minimum and maximum).  
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these habitats 75 % of the total number of individuals caught had less than 35 mm. Larger 

individuals were found mainly in the intertidal and subtidal soft substratum habitats. Individuals’ 

length of the common sole, S. solea, presented significant differences between habitat types 

(H = 43.87; p < 0.05) particularly individuals from the freshwater habitat, which were different 

from the subtidal and intertidal soft substratum ones. Figure 6c shows that this species was 

more abundant in the freshwater, subtidal and intertidal soft substratum habitats. A large 

proportion of the individuals caught in all the estuarine habitats were juveniles, but smaller 

individuals were found in the freshwater habitat. For the Senegalese sole S. senegalensis, no 

significant differences between individuals’ length and estuarine habitat types were found. 

Figure 6d shows that higher densities of this species were found in the freshwater habitat. 

Nonetheless, smaller individuals were present predominantly at the saltmarsh habitat.  

 

3.4. Fish assemblages’ structure 

The CCA performed based on species abundance data revealed that salinity, depth and 

dissolved oxygen were the most important environmental variables influencing the community 

structure. The first two CCA ordination axes accounted for 64.4 % of total variance. 

The ordination pattern presented high intra- and inter-estuarine variability. Figure 7 shows a 

clear separation of certain habitats, namely the freshwater habitat. Nevertheless, a distinction 

within this habitat is also noticed between the northern and southern estuaries. Intertidal soft 

substratum habitats from Guadiana, Sado, Tejo and Ria de Aveiro were placed in the central 

part of the diagram, mostly related with species like P. microps, P. minutus, H. didactylus and G. 

niger. Seagrass habitats from the Ria Formosa and Mira estuary were placed close together, 

mainly related with Sparidae species.  

The separation between the southern and northern estuaries was also evident and salinity 

seems to be the main responsible for this gradient. The northern estuaries, placed in the right 

part of the diagram, presented lower values of salinity and species like Echiichthys vipera and 

Platichthys flesus were most abundant in this part of the coast. The most southern estuaries 

present higher values of salinity and associations with a higher number of species.  

 

4. Discussion 

Very few studies have compared multiple estuaries at a functional level. There are two 

large-scale studies which highlighted the importance of various temperate European estuaries 

by showing that all harbored high densities of juvenile fish (Elliott and Dewailly 1995; Mathieson 

et al. 2000). Nevertheless, these studies did not take into account major differences in habitat 

type, thus detailed knowledge of habitat quality in these multiple estuarine comparisons are 

lacking and important measures of habitat use like fish movements, residency and growth are 

poorly known at a habitat level.  

Portuguese estuaries have been studied for a long time and their ecological value is well 

documented (Cabral and Costa 2001; Cabral et al. 2007; Martinho et al. 2007). This is the first 

work analysing differences in fish assemblages at habitat level. The considered 
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Figure 7. Canonical correspondence analysis (CCA) ordination diagram based on fish species densities at 
different habitats in the nine sampled estuaries (estuaries: Min - Minho; Dou - Douro; Av - Aveiro;  Mo -
Mondego; Te - Tejo; Sad - Sado; Mi - Mira; For - Ria Formosa; Gu - Guadiana. Habitats: fresh - 
freshwater: sub - subtidal soft substratum; inter - intertidal soft substratum; marsh - saltmarsh; seagrass - 
seagrass). See Table 1 for species abbreviations. 

 

habitats varied largely in terms of their availability and diversity throughout the major estuarine 

systems of the Portuguese coast.   

 Although available only at a reduced number of estuaries in very small proportions, the 

seagrass habitat presented a high overall value of fish species density, especially when 

compared with density values registered in more common and much larger estuarine habitats. 

This fact might be an indication of the important role this habitat plays in the ecosystem 

whenever present. Previous studies conducted in Portugal and in several tropical bays showed 

significant differences between species richness, diversity and evenness indices among 

seagrass beds and sandy beaches, with the first habitat always presenting higher values (Costa 

et al. 1994; Nagelkerken and van der Velde 2004). The overall role of this particular habitat,  

sustaining quantitatively important fish assemblages, both in terms of fish abundance and 

biomass was also previously stated (Jenkins and Wheatley 1998; Connolly and Hindell 2006; 

Franco et al. 2006). 

Additionally to the use of the community descriptors, the estuarine habitats fish 

assemblages were also defined through the use of functional guilds. Root (1967) defined a guild 
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as a group of species that exploit the same class of environmental resources in a similar way. 

Functional guilds analysis has been proposed as an alternative or addition to traditional 

community analyses, as it can provide more information on the functioning, internal and 

hierarchical structure of fish communities (Franco et al. 2006) as well as values for metrics to 

describe aspects of habitat use by fish (Elliott and Dewailly 1995; Mathieson et al. 2000). Most 

of the studies using functional guilds aim either to describe the fish assemblage composition of 

a single estuary or to compare fish assemblages across different estuaries, without taking into 

account habitat differences within the estuary (Elliott and Dewailly 1995; Mathieson et al. 2000; 

Pihl et al. 2002; Thiel et al. 2003; Pombo et al. 2007).  

In the present study the estuarine habitat fish assemblages were quantitatively dominated 

by estuarine residents and marine juvenile migrants, with small variation patterns among 

habitats. Nevertheless this variation on the habitat use by the functional guilds may provide an 

insight into the value of each habitat considered. The fact that the largest proportion of marine 

juvenile migrants was found in the seagrass habitat (not available in all the estuaries neither in 

larger proportions) suggests that this habitat might play an important role as a suitable nursery 

area for several fish species. Most of the marine juvenile migrants guild species are 

commercially important and one of the most abundant fish species present in the seagrass, the 

common-two-banded sea bream, D. vulgaris, may use this habitat as a nursery, as this species’ 

juveniles were relatively abundant there. The nursery function of seagrass beds was previously 

described in several studies (Gray et al. 1998; Jenkis and Wheatley 1998; Polte and Asmus 

2005) and is usually attributed primarily to the lowered predation pressure as a consequence of 

the good protection offered by its structural complexity (Hindell et al. 2000; Jackson et al. 2001). 

The saltmarsh habitat was present in almost all the estuaries but generally in small 

proportions when compared with other estuarine habitats. Nevertheless, the highest densities of 

fish species were registered at this specific habitat, showing its importance in the functioning of 

the estuarine systems. In Ria Formosa, where this habitat comprises a large extent of the total 

area, the number of species and diversity and evenness indices registered were high. Similar 

results for this habitat were obtained for other Portuguese estuaries, namely the Mira (Costa et 

al. 1994), Ria de Aveiro (Pombo and Rebelo 2002), Tejo (Salgado et al. 2004) and Guadiana 

(Veiga et al. 2006). The fish assemblages compositions registered in previous works conducted 

in saltmarshes of the Tejo (Salgado et al. 2004) and Guadiana (Veiga et al. 2006) estuaries 

were similar to the one obtained in the present study;  as well as the saltmarsh fish 

assemblages found in other European estuaries (Elliott and Dewailly 1995; Mathieson et al. 

2000; Thiel et al. 2003; Franco et al. 2006). Relatively smaller sized fishes composed the 

saltmarsh assemblages in the present work, which again indicate the suitability of this habitat to 

be considered a potential nursery site. Many authors have reported previously the importance of 

this specific habitat in terms of providing nursery areas, encountering food and providing shelter 

against large predators (Costa et al. 1994; Mathieson et al. 2000; Lazzari et al. 2003; Franco et 

al. 2006; Veiga et al. 2006). Moreover, in the present work the benthic macroinvertebrates 

feeders were the predominant trophic group in the saltmarsh, leading to a potentially lowered 
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predation pressure on small fish inhabiting the marsh areas, which will be an advantage to the 

use of this habitat as a refuge area (Elliott and Dewailly 1995; Mathieson et al. 2000; Paterson 

and Whitfield 2000; Salgado et al. 2004; Franco et al. 2006).  

The intertidal soft substratum habitat comprises a large area in almost all the sampled 

estuaries and in general presents high species diversity. For the Tejo estuary the values of the 

diversity and evenness indices were considered low, especially when compared to the values 

obtained for the same habitat in other estuaries, showing that apart being one of the most 

available habitats in the estuary, its fish assemblages were dominated by high densities of only 

a few species. Contrarily, in Ria Formosa, where only 5 % of the total area is occupied by this 

habitat, the diversity and evenness indices were high, presenting a diverse and balanced 

community. This fact demonstrates that the importance of this habitat does not seem to be 

related with its available area in the whole system. The intertidal soft substratum was dominated 

by estuarine residents and similar results were previously found for this habitat in the Tejo 

estuary (Salgado et al. 2004). Recent studies regarding intertidal mudflats have already 

recognized them as key habitats for the estuarine food web because of their disproportionately 

high productivity when compared to subtidal areas (Elliott and Dewailly 1995) and as important 

nursery areas for different fish species (van der Veer et al. 2001; Pihl et al. 2002; Vinagre et al. 

2006; França et al. 2008). The present study registered a low abundance of piscivorous fish in 

this habitat, which combined with high water turbidity and high abundance of prey species may 

play an important role in determining the suitability of this habitat to small sized fish (Morrison et 

al. 2002; Salgado et al. 2004; Franco et al. 2006; França et al. 2008, 2009). 

Although the present study identified differences in the fish community structure between 

the northern and southern estuaries of the Portuguese coast, the association of specific fish 

assemblages with specific habitats regardless the estuary considered, was also found. 

Environmental variables like salinity, dissolved oxygen and depth were important in determining 

the gradient which creates inter-estuarine differences. Estuaries from the north have a 

considerably higher river inflow, which leads to a decrease in the salinity of these systems. 

According to Thiel et al. (2003) biogeographical factors are likely to be related to the marked 

differences in estuarine fish assemblages, but environmental factors at a regional scale may 

also have an important role at this level. In the present study intra-estuarine differences could 

also be found regarding fish assemblages. Previous works outlined that even on a small 

geographical scale considerable differences in species composition can be found according to 

environmental characteristics of estuarine systems, particularly those relative to habitat 

structure and diversity (Costa et al. 2002).  

Understanding the use of estuarine habitats by fish, their roles and importance to fish 

assemblages is critical towards defining the most important habitats for fish species and for the 

whole ecosystem functioning. Nevertheless, determining habitat quality on the basis of 

population abundance is difficult because linkages between fishes and their habitat are complex 

and dynamic. Further studies on the functional relationships between estuarine habitats are 

required. Moreover, in order to make informed decisions about the consequences of 
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anthropogenic impacts in estuarine fisheries, it is necessary to know which characteristics of 

different habitats are important for promoting the growth and survival of fish and how these 

characteristics vary among the different habitats and at different times of the year. The definition 

of essential fish habitat is a crucial tool in local management plans, establishing priorities in 

estuarine resources exploitation and other land uses. 

 

5. Conclusions 

The present work showed that particular estuarine habitats were characterised by typical 

fish assemblages, which differ in composition in terms of taxa and functional groups. 

Consequently some fish species may be only present or register high densities at one specific 

habitat.  Moreover, results highlighted that some habitats have the potential to play fundamental 

roles in the functioning of the estuary as they had some important characteristics to be 

considered at an ecological level. The results obtained in the present study may be useful for 

future predictions on habitat management at an estuarine level. 
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A stable isotope approach to fish habitat use patterns within estuaries 

 

 

 
Abstract: Stable carbon and nitrogen isotopes (δ

13
C, δ

15
N) were used to assess fish species-

specific use of particular estuarine habitats in two of the main estuaries of the Portuguese coast: 
Tejo and Mira. The degree of connectivity between habitats and patterns of association 
between fish species and habitat types were evaluated. Three estuarine habitats (mudflat, 
saltmarsh and subtidal) from two areas in each estuary were sampled in July and October 2009. 
Stable isotope analysis was performed in water, particulate organic matter, sediment, 
microphytobenthos, saltmarsh halophytes, zooplankton and main prey items for fish (Hediste 
diversicolor, Scrobicularia plana, Crangon crangon and Carcinus maenas) collected from each 
habitat, as well as in fish species Solea solea, Solea senegalensis, Pomatoschistus microps, 
Dicentrarchus labrax, Liza ramada, Diplodus vulgaris and Atherina presbyter. Differences 
between estuaries were found for the 

15
N isotope, with higher values in Tejo, resulting from 

higher levels of pollution in this estuary. δ
15

N and δ
15

C values were within similar ranges in all 
habitats and a clear pattern of species-specific habitat use was not found. Nevertheless, 
movement of carbon at small scales and between adjacent habitats was evidenced. Spatial 
analysis revealed that fish seem to feed preferentially on prey from mudflats and saltmarshes. 
Stable isotope signatures from fishes separate the two areas in both estuaries, indicating low 
connectivity between them. A high variability in energy pathways, with different sources 
incorporated into food webs in several places within the estuary was found. Nevertheless, the 
importance of certain estuarine habitats, either isolated or combined was highlighted as 
preferential grounds for fish species, mainly due to their productivity and potential food sources. 
 
Keywords: estuary; habitat; stable isotopes; fish connectivity; saltmarsh; mudflat; Portugal. 
 

 

 

1. Introduction 

Estuaries represent one of the most productive and valuable ecosystems on Earth 

(Costanza et al. 1997). They have long been regarded as important sites for fish, e.g. providing 

nurseries for juveniles, overwintering grounds or migration routes, and naturally support large 

abundances of fish (Jenkins et al. 1997). 

Whilst assessing the importance of estuaries for fish it is noteworthy that estuaries consist 

of a complex mixture of many habitat types, which do not exist in isolation (e.g. saltmarsh, 

seagrass, tidal flats). Moreover, there are physical, chemical and biological links among them 

(Elliott and Hemingway 2002). The spatial and temporal patterns of occupancy of specific 

habitats within estuarine systems by individuals of a given species may be associated with their 

life history strategy and the spatial availability of suitable habitats (Fry et al. 2008). 

Certain estuarine habitats present high densities of juvenile fish (França et al. 2009a,b; 

Weinstein et al. 2009; Vasconcelos et al. 2010), and may act as nursery areas by contributing 

with a high recruitment to adult stocks. Nevertheless, in order to determine habitat value and 

species-specific habitat dependence, the movement of individuals between different habitats 

(i.e. connectivity) must be measured. Knowledge on fish movement patterns within estuaries is 

a vital step in our understanding of  community dynamics, as these complex patterns involve 

obligatory (in species that must recruit to estuaries to survive) or facultative (involving the active 
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selection of a specific habitat type) movement among habitats (Polis et al. 1996). This is critical 

considering that connectivity links of fish in estuaries may be threatened due to the extensive 

habitat loss, degradation and fragmentation that has plagued estuaries throughout the last 

decades (Herzka 2005). Estuarine habitat loss may have ecological consequences not only 

locally but also in related ecosystems, for instance affecting marine fisheries as many species 

may lose their preferential nursery sites in estuaries (Connolly 1994; Jenkins et al. 1997).  

Movement patterns of fishes within/from estuaries have been predominantly inferred based 

on temporal and spatial abundances coupled with analysis of size-frequency distributions, and 

also on several tagging methods and more recently through the examination of otolith natural 

chemical tracer marks (Gillanders et al. 2003). Although otolith chemistry has allowed fishes 

captured in different areas within an estuarine system to be distinguished (Gillanders and 

Kingsford 2000; Sanchez-Jerez et al. 2002), this approach has seldom been used to track 

movement between habitats over small spatial scales or weak environmental gradients (Herzka 

2005). 

Stable isotopes ratios of carbon and nitrogen (δ
13

C, δ
15

N) of soft tissues have been used to 

examine fish movement to, from and within estuaries (Fry et al. 1983; Deegan et al. 1990; 

Herzka et al. 2002). This approach is based on the premise that specific primary producer 

groups tend to exhibit distinctive isotopes signatures that are propagated through a local food 

web (Michener and Schell 1994). In order to use stable isotopes to trace movement of fishes in 

estuaries, the isotopic composition of available foods must differ at the scale considered. 

However after movement to a new habitat, the new combination will be gradually reflected in an 

organism’s tissue (Herzka 2005). 

Considering the diversity of habitats found in estuaries, an isotopic approach in tracking 

movement of fishes becomes particularly useful (Herzka 2005). Chances of finding habitat-

specific isotopic signatures increases as various sources of primary production such as marine 

and estuarine phytoplankton, microalgae and marsh plants tend to exhibit characteristic carbon 

signatures (Peterson and Fry 1987). Stable isotopes have been successfully applied to study 

the connectivity between habitats (Talley 2000; Fry et al. 2003) and carbon isotope values of 

several species may change over adjacent habitats even at very fine scales (Guest et al. 2004; 

Guest and Connolly 2004; Connolly et al. 2005). 

The present study was conducted at two well studied estuaries from the Portuguese coast: 

Tejo and Mira. Highly contrasting in size, both systems have several important habitat types, 

occupying different areas, which play important roles in the ecosystem function, namely acting 

as nursery grounds for several commercially important fish species (França et al. 2009a). 

According to Vasconcelos et al. (2007), Tejo and Mira estuaries have, respectively the highest 

and lowest level of anthropogenic pressures among the main estuarine systems of this coast. 

These systems provide ideal settings to assess species-specific dependence of particular 

estuarine habitats and the degree of connectivity of fish species among these habitats. Thus, 

the present work aims to evaluate in which degree an association between certain fish species 

and different habitat types occur in both estuaries. For this purpose, the isotopic signatures of 
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producers and consumers of the trophic web in three estuarine habitats (saltmarsh, intertidal 

mudflat and subtidal) from two different areas in each of the Tejo and Mira estuaries were 

determined. Obtained results should greatly contribute to knowledge on the scale of estuarine 

food web processes and the transfer of energy between adjacent habitats which may be useful 

in evaluating the areas where priority management is necessary. 

 

2. Material and methods 

2.1. Study area 

The Tejo estuary, with an area of 325 km
2
, is a partially mixed estuary with tidal amplitude 

of ca. 3 m. This system has a mean depth lower than 10 m and about 40 % of its area is 

composed of extensive intertidal mudflats fringed by extensive areas of saltmarshes dominated 

by Spartina maritima, Halimione portulacoides and Sarcocornia fruticosa (Caçador et al. 1996). 

The mean river flow is 300 m
3 
s

-1
, though it is highly variable both seasonally and inter-annually.  

The Mira estuary is a channel-like system with an area of 5 km
2
. Tidal range in this system 

is similar to that of the Tejo. River flow is ca. 3 m
3
 s

-1
. This estuarine system presents around 

42 % of intertidal area consisting of intertidal mudflats along the margins of the channel and 

saltmarshes with the same halophyte species of Tejo estuary.   

In both systems two areas were sampled: area A, in the upper estuary, presenting lower 

and highly variable salinity; and area B, in the lower estuary, usually with high but less variable 

salinity values (Fig. 1). In each area, three distinct habitats were sampled: two located in 

intertidal (saltmarsh and mudflats) and one in subtidal. 

 

2.2. Sampling surveys 

Samples of water, sediment, saltmarsh plants, benthic microalgae, zooplankton, benthic 

and epibenthic macroinvertebrates and fish were collected in July and October 2009, at both 

estuaries. 

Three replicate water samples for particulate organic matter (POM) analysis were collected 

at high tide in the subtidal habitat, in each area. At the laboratory, immediately after the 

sampling, water samples were filtered through pre-combusted filters until clogged.  

Three replicates of surface sediment were collected at each habitat using an adapted Van 

Veen grab or a hand corer. 

 In the saltmarsh habitat, tissues of the main plants were collected, whenever present: 

Spartina maritima, Halimione portulacoides and Sarcocornia fruticosa. In the laboratory, tissues 

were cleaned of mud with distilled water and when present, epiphytes were removed by 

scraping with a razor blade. Three replicate samples of each species were analysed for stable 

isotope values. 

 Three replicates of microphytobenthos (MPB) were collected at each sampled intertidal 

mudflat. In order to do so, three textile panels of 20 cm by 20 cm were laid on the sediment 

surface during a morning low tide and benthic microalgae were captured in the panel as they 

migrated to the surface of the sediment. The panels were rinsed with distilled water that was 
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Figure 1. Location of the sampled estuaries on the Portuguese coast. Sampled areas within each estuary 
are also shown.  

 

later decanted in order to separate the microalgae from the sediment that was also attached to 

the panels. The supernatant was then filtered onto pre-combusted filters.  

Zooplankton was collected by towing a zooplankton net for 10 minutes in each area. 

Samples were sorted in the laboratory under a binocular lens in order to isolate zooplankton 

individuals from other debris retained in the net. Individuals were then pooled to produce three 

replicate samples for stable isotope analysis. 

Benthic invertebrates, specifically polychaetes (Hediste diversicolor and Nephtys sp.) and 

bivalves (Scrobicularia plana and Cerastoderma edule) were selected as important benthic prey 

for fish species in this study. These species were hand collected from the sediment in saltmarsh 

and intertidal mudflat habitats. For the subtidal habitat, sediment samples were collected with 

an adapted Van Veen grab and were washed through a 0.5 mm sieve, after which the 

individuals were sorted out. Epibenthic prey (green crab Carcinus maenas, and brown shrimp 

Crangon crangon) and several fish species (Solea solea, Solea senegalensis, Pomatoschistus 

microps, Dicentrarchus labrax, Diplodus vulgaris, Atherina presbyter and Liza ramada) were 

collected using a beam trawl (2 m wide beam tickler chain, net with 5 mm mesh in the cod end). 

Epibenthic prey was collected from each habitat, whenever present; and fish species were 

collected from subtidal in areas A and B from each estuary. Upon collection, individuals were 

stored and transported on ice to the laboratory and preserved frozen.  

For the stable isotope analysis of the prey species, different tissues were used after being 

rinsed with distilled water: valve muscles of S. plana, whole individuals of H. diversicolor, gills of 

C. maenas and muscle of C. crangon. Whenever necessary replicate samples were pooled 
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from several individuals of the same species, in order to attain sufficient tissue weight for 

isotope analysis. For sampled fish species, dorsal white muscle samples were taken since this 

tissue tends to be less variable in terms of δ
13

C and δ
15

N (Pinnegar and Polunin, 1999). 

Analyses were carried out on an individual basis, except for the common goby Pomatoschistus 

microps, due to their small size. 

 

2.3. Stable isotope analysis  

The standard preparation of samples for stable isotope analysis consisted of drying 

samples in an oven at 60ºC to constant weight and then grinding samples to a very fine powder 

with a mortar and a pestle.  

Tissue inorganic carbon content might be a source of variation which may bias isotopic 

values (Ng et al. 2007). Since the carbon found in tissue and carbonates are of different origins, 

and hence differ in 
13

C content, it is recommended that carbonates should first be removed in 

samples by acidification prior to analysis (Ng et al. 2007). The acidification procedure was 

carried out with several drops of 10 % Hydrochloric acid (HCl). Subsamples of all sample types 

were subjected to the acidification. The samples were observed under a binocular lens and if 

bubbling occurred, the full sample was acidified, rinsed with distilled water, redried at 60 ºC and 

stored in glass vials. Samples of water POM, sediment, zooplankton, H. diversicolor, C. maenas 

and P. microps were acidified.  

13
C/

12
C and 

15
N/

14
N ratios in the samples were determined by continuous flow isotope mass 

spectrometry (CF-IRMS) (Preston and Owens 1983) on a Isoprime (GV, UK) stable isotope ratio 

mass spectrometer, coupled to an EuroEA (EuroVector, Italy) elemental analyser for online 

sample preparation by Dumas-combustion. Standards used were IAEA-N1 and IAEA-600 for 

nitrogen isotope ratio, and IAEA-CH6 and IAEA-CH7 or IAEA-600 for carbon isotope ratio; δ
15

N 

results were referred to Air and δ
13

C to Peedee Belemnite (PDB).  

 Precision of the mass spectrometer, calculated using values from duplicate samples was 

≤ 0.2 ‰. Isotope ratios were expressed as parts per thousand (‰) differences from a standard 

reference material: 

δX = [(Rsample/Rstandard ) – 1] x 10
3 

 

where X is 
13

C or 
15

N, R is the ratio of 
13

C/
12

C or 
15

N/
14

N and δ is the measure of heavy to light 

isotopes in the sample. The acidified subsamples were used for 
13

C determination, while the 

remaining sample was used for 
15

N analysis. 

 

2.4. Data analysis 

Mann-Whitney tests were used to evaluate differences in δ
13

C and δ
15

N values between: 

estuaries (Tejo and Mira); the two areas (A and B) within each estuary; and the two sampling 

months (July and October). Differences between δ
13

C and δ
15

N values in estuarine habitats 

within each estuary and between fish species were evaluated by Kruskal-Wallis tests. Post-hoc 

tests were performed whenever the null hypothesis was rejected. All the statistical tests were 

performed separately for each stable isotope. All the tests were done using Statistica 9.0 
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software and considering a significance level of 0.05. 

Dual δ
13

C - δ
15

N plots were used to present isotopic signatures of all the potential C and N 

sources and benthic invertebrates from the different estuarine habitats. Fish species isotope 

signatures were also plotted to evaluate patterns of specific associations with certain estuarine 

habitats. Sources of organic carbon assimilated by consumers are indicated by relative 

positions of taxa on the x-axis (δ
13

C values), whereas trophic level is indicated by relative 

position on the y-axis (δ
15

N) (Peterson and Fry 1987).  

To determine if spatial tracking was occurring, we used an adaptation of the method used 

by Melville and Connolly (2003) and mean isotope values were calculated for each fish species 

and also for their main prey items present at each estuarine habitat sampled. Using δ
13

C and 

δ
15

N signatures as Cartesian coordinates, Euclidean distances were calculated between a fish 

species and its prey taxon at each habitat where they occurred. To account for fractioning of 

nitrogen, the assumed 3.4 ‰ was subtracted per trophic level increase from the nitrogen 

isotope signature of the fish (De Niro and Epstein, 1981; Minagawa and Wada, 1984). δ
13

C 

fractionation is close to zero (Peterson and Fry, 1987), so no adjustment was made for this 

element. For this purpose the main prey items for each fish species were selected according to 

published literature: for Senegalese sole S. senegalensis distances were calculated to 

polychaetes (H. diversicolor and Nephtys sp.) and bivalve S. plana (Sá et al. 2006; see Reis-

Santos et al. 2008); for sea bass Dicentrarchus labrax, besides the same polychaete and 

bivalve species considered for S. senegalensis, distances were calculated also to brown shrimp 

C. crangon (Cabral and Costa 2001; Sá et al. 2006; see Reis-Santos et al. 2008); for common 

goby P. microps, distances were calculated to H. diversicolor, S. plana and zooplankton 

(Salgado et al. 2004a; Dolbeth et al. 2008); the common-two-banded sea bream, D. vulgaris is 

considered an omnivorous species, so distances were calculated between this species stable 

isotope values and polychaetes (H. diversicolor and Nephtydae), bivalves (S. plana and C. 

edule) and the brown shrimp, C. crangon (Horta et al., 2004); and thin-lipped grey mullet, L. 

ramada uses directly food resources provided by primary producers (Almeida 2003; Pedro et al. 

2008), therefore, distances were measured to microphytobenthos (mudflat habitat), saltmarsh 

plants (saltmarsh habitat) and POM (subtidal habitat). Differences between the mean Euclidean 

distances from different fish species to their main prey items in different habitats were evaluated 

with Kruskal-Wallis tests.  Post-hoc tests were performed whenever the null hypothesis was 

rejected. All the tests were done using Statistica 9.0 software and considering a significance 

level of 0.05. 

 

3. Results 

3.1. Estuarine and habitat stable isotope composition  

The δ
13

C in producers from the Tejo estuary ranged from -26.88 ‰ to -20.86 ‰ with the 

saltmarsh plant S. fruticosa exhibiting the most depleted δ
13

C signatures and 

microphytobenthos (MPB), the most enriched ones. Mean δ
13

C ratios of the groups considered 

major potential food items for fish varied from -24.88 ‰ (zooplankton) to -14.42 ‰ (for green 
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crab C. maenas, from mudflat habitat). Fish species presented enriched δ
13

C ranging between  

-21.86 ‰ for S. solea to -16.44 ‰ for L. ramada. Mean ratios of the nitrogen isotope in primary 

producers varied between 6.66 ‰ for sediment from subtidal and 16.21 ‰ for the saltmarsh 

plant H. portulacoides. Macroinvertebrates presented mean δ
15

N ratios ranging from 10.77 ‰ 

for the bivalve S. plana from subtidal, to 15.70 ‰ for brown shrimp, C. crangon, from mudflat. 

Mean δ
15

N ratios for fish species ranged from 13.37 ‰ for A. presbyter to 16.86 ‰ for common 

goby, P. microps (Table 1). 

 

Table 1. Mean (standard deviation) δ
15

N (‰) and δ
13

C (‰) values of producers, consumers 
(macroinvertebrate and fish species) collected in three habitats from two sites in both the Tejo and Mira 
estuaries.  
 

   Habitat Components Tejo estuary Mira estuary 

   δ
15

N δ
13

C δ
15

N δ
13

C 

Producers 

 

 

 

 

 

 

 

Consumers 

(macroinvertebrates) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Consumers 

(fish species) 

 

Subtidal 

Mudflat 

Saltmarsh 

Saltmarsh 

Saltmarsh 

Mudflat 

Saltmarsh 

Subtidal 

Subtidal 

Mudflat 

Mudflat 

Saltmarsh 

Subtidal 

Mudflat 

Saltmash 

Subtidal 

Saltmarsh 

Subtidal 

Mudflat 

Saltmarsh 

Subtidal  

Mudflat 

Saltmarsh 

Subtidal 

- 

- 

- 

- 

- 

- 

- 

POM 

Microphytobenthos 

Spartina maritima 

Sacorcornia fruticosa 

Halimione portulacoides 

Sediment  

Sediment  

Sediment 

Zooplankton 

Cerastoderma edule 

Scrobicularia plana 

Scrobicularia plana 

Scrobicularia plana 

Hediste diversicolor 

Hediste diversicolor 

Hediste diversicolor 

Nephtys  sp.  

Nephtys sp. 

Carcinus maenas 

Carcinus maenas 

Carcinus maenas 

Crangon crangon 

Crangon crangon 

Crangon crangon 

Atherina presbyter 

Diplodus vulgaris 

Dicentrarchus labrax 

Liza ramada 

Solea solea 

Solea senegalensis 

Pomatoschistus microps 

10.85 (1.80) 

14.37 (1.90) 

15.06 (1.54) 

14.77 (4.04) 

16.21 (0.79) 

7.42 (1.39) 

7.65 (1.47) 

6.66 (1.81) 

11.98 (1.31) 

- 

13.19 (0.95) 

12.74 (0.57) 

10.77 (2.43) 

13.20 (0.96) 

11.97 (1.58) 

12.03 (0.79) 

- 

13.93 (0.54) 

13.58 (0.40) 

12.91 (1.28) 

13.88 (0.19) 

15.70 (0.35) 

15.18 (0.84) 

15.17 (0.77) 

13.37 (0.78) 

13.66 (0.71) 

15.68 (1.17) 

14.16 (0.32) 

14.69 (1.48) 

15.77 (1.32) 

16.86 (1.05) 

-22.73 (0.73) 

-20.86 (2.39) 

-23.56 (0.41) 

-26.88 (0.93) 

-24.10 (1.27) 

-24.81 (0.46) 

-24.32 (0.32) 

-25.63 (0.52) 

-24.88 (2.55) 

- 

-17.61 (4.12) 

-21.34 (3.10) 

-22.55 (2.15) 

-22.55 (9.08) 

-16.05 (1.31) 

-16.42 (1.03) 

- 

-20.79 (0.76) 

-14.42 (2.90) 

-17.93 (2.79) 

-16.50 (0.87) 

-17.29 (2.46) 

-17.82 (3.07) 

-17.49 (3.91) 

-17.51 (0.88) 

-20.02 (1.52) 

-17.01 (1.30) 

-16.44 (1.66) 

-21.86 (1.63) 

-16.52 (3.45) 

-19.15 (3.45) 

8.97 (1.30) 

- 

7.53 (1.63) 

8.52 (1.71) 

12.40 0.23) 

6.17 (0.72) 

6.67 (1.12) 

4.57 (3.83) 

4.08 (1.67) 

6.23 (1.03) 

8.18 (1.30) 

6.65 (0.48) 

- 

7.84 (1.67) 

7.23 (0.08) 

- 

8.24 (0.46) 

6.40 (0.61) 

6.83 (0.58) 

9.53 (2.19) 

- 

- 

12.50(1.77) 

9.80 (2.10) 

11.50(0.10) 

14.66(0.21) 

9.35 (0.94) 

13.20(0.97) 

12.10(2.48) 

12.60(2.04) 

- 

-23.32 (1.60) 

- 

-14.64 (0.16) 

-28.67 (0.71) 

-23.89 (1.40) 

-23.94 (1.55) 

-22.09 (2.98) 

-12.45 (8.70) 

-22.69 (1.10) 

-19.22 (0.88) 

-18.82 (0.37) 

-18.85 (1.98) 

- 

-21.19 (1.09) 

-20.65 (0.93) 

- 

-20.09 (1.47) 

-18.60 (1.07) 

-17.85 (0.65) 

-20.92 (3.78) 

- 

- 

-23.29 (1.30) 

-18.19 (1.42) 

-20.21 (2.42) 

-22.04 (0.35) 

-14.96 (2.63) 

-24.32 (2.14) 

-19.99 (2.97) 

-16.04 (4.23) 

- 
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In the Mira estuary mean δ
13

C isotope ratios of primary producers presented a broader 

range, from -28.67 ‰ in the saltmarsh plant S. fruticosa to -12.45 ‰ in sediment from subtidal. 

Similarly to the Tejo estuary, primary consumers from the Mira estuary presented mean δ
13

C 

ratios which ranged from -22.69 ‰ for zooplankton to -17.85 ‰ for C. maenas from the mudflat 

habitat. Fish species had mean δ
13

C ratios ranging from -24.32 ‰ for L. ramada to -14.96 ‰ for 

D. labrax. Overall, mean δ
15

N ratios in primary producers from the Mira were lower than in Tejo 

estuary, ranging from 4.57 ‰ for sediment from subtidal habitat to 12.40 ‰ for H. portulacoides. 

The mean δ
15

N ratios for primary consumers in the Mira, ranged from 4.08 ‰ for zooplankton to 

12.50 ‰ for C. crangon from the saltmarsh. Stable nitrogen isotope ratios for fish species varied 

between 9.35 ‰ for D. labrax to 14.66 ‰ for D. vulgaris (Table 1). 

The δ
13

C values obtained were within similar range for both Tejo and Mira estuaries and no 

significant differences were found for this isotope between these systems. Contrarily, significant 

differences were found between estuaries for δ
15

N (U = -7.9; p < 0.05), and overall, higher δ
15

N 

values were obtained in the Tejo estuary.  

No significant differences were found for both isotopes between the two sampling months.   

In the Tejo estuary, significant differences between area A and B were only found for δ
13

C 

(U = 14.01; p < 0.05), with enriched values in area B (Fig. 2). Differences in stable isotopes 

between habitats were significant only for δ
15

N (H = 15.58; p < 0.05). Post-hoc comparisons 

showed that δ
15

N in subtidal habitat differs significantly from saltmarsh and mudflat habitats, 

presenting enriched δ
15

N values. 

In the Mira estuary, significant differences were found for both δ
15

N (U = 45.58; p < 0.05) 

and δ
13

C (U = 37.11; p < 0.05) between area A and B (Fig. 2), with the latter presenting 

enriched δ
13

C and depleted δ
15

N values. Differences between habitats are significant only for 

δ
15

N (H = 31.83; p < 0.05). Similarly to the Tejo estuary, post-hoc comparisons showed that the 

subtidal habitat is significantly different from the others, with enriched δ
15

N values (Fig. 2).  

 

3.2. Spatial and seasonal variation patterns 

In the Tejo estuary, stable isotope signatures of POM varied little in both areas and months 

(δ
13

C between -23.41 ‰ and -21.81 ‰ and δ
15

N between 12.60 ‰ and 14.98 ‰) (Fig. 3).  

Stable isotopes of producers differed greatly between areas and months, mainly regarding δ
13

C 

values. Sediment signatures presented an overall common pattern, distinct from producers and 

consumers in most of the time, in both areas. Saltmarsh halophytes presented a common 

pattern in both estuaries, areas and months with S. maritima enriched (between -15.01 ‰ and   

-14.59 ‰) and S. fruticosa and H. portulacoides (between -27.88 ‰ and -23.19 ‰) more δ
13

C 

depleted. Microphytobenthos presented intermediate values between saltmarsh plants with δ
13

C 

values varying between -22.81 ‰ and -18.19 ‰. Consumer species in area A in July had 

similar isotope signatures across habitats, whilst area A in October, presented an overall 

enrichment of stable isotopes’ signatures, compared to July (Fig. 3a). In October, species such 

as C. crangon presented similar δ
13

C in both intertidal habitats (mudflat: δ
13

C = - 19.39 ‰ and 

saltmarsh: δ
13

C = -18.78 ‰), while for C. maenas similar signatures in these habitats were  
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Figure 2. Mean (+ standard deviation) δ

13
C (‰) and δ

15
N (‰) values of samples collected from mudflat, 

saltmarsh  and  subtidal  habitats  within  the two sampled  areas (A and B) in the Tejo  and  Mira estuaries 
 (       - mudflat;      - saltmarsh;      - subtidal) 
 
 

 

found for both months. Differences in macroinvertebrates signatures were also pronounced at 

the δ
15

N axis (Fig. 3a). 

In area B of the Tejo estuary, in July macroinvertebrate species presented similar stable 

isotopes signatures, regardless of habitat where they were caught. This was the case of the 

brown shrimp C. crangon¸ with similar δ
13

C and δ
15

N signatures in intertidal mudflat (δ
13

C = -

14.57 ‰; δ
15

N = 16.08 ‰), saltmarsh (δ
13

C = -14.37 ‰; δ
15

N = 15.76 ‰) and subtidal (δ
13

C = -

14.85 ‰; δ
15

N = 15.68 ‰) habitats (Fig. 3b). Nevertheless, in certain cases, different species 

caught in the same habitat showed similar isotope signatures: C. maenas (δ
13

C = -15.73 ‰; 

δ
15

N = 10.98 ‰) and H. diversicolor (δ
13

C = -15.98 ‰; δ
15

N = 10.19 ‰) from saltmarsh habitat. 

Overall, fish species were not related to a specific habitat in this area (Fig. 3b). In October, 

similarly to area A, consumer species presented a slight enrichment in their isotope signatures, 
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mainly in δ
13

C and spatial patterns of species stable isotope signatures were similar to the ones 

obtained in July. For instance, macroinvertebrates signatures covered a narrow range, with no 

clear differences related to specific habitat level.  

In the Mira estuary, stable isotope signatures of POM fell in the same range of the values 

found for Tejo for both areas and months (δ
13

C values ranging between  -24.61 ‰ and 

-21.01 ‰, while δ
15

N varied between 7.43 ‰ and 10.53 ‰) (Fig. 4). Regarding other producers 

signatures, saltmarsh halophytes varied within the same pattern and range of values found for 

Tejo, mainly in δ
13

C: S. maritima presented enriched values (varying slightly between -14.78 ‰ 

and -14.47 ‰) and S. fruticosa and H. portulacoides more depleted ones (ranged between 

-29.16 ‰ and -22.82 ‰).  

Stable isotopes signatures of macroinvertebrate species in area A were overall δ
15

N 

depleted when compared to the values obtained for the Tejo estuary (Fig. 4a). In July, different 

macroinvertebrate species from the same habitat presented similar stable isotope signatures:  

H. diversicolor (δ
13

C = -21.98 ‰; δ
15

N = 9.55 ‰) and S.plana (δ
13

C = -19.30 ‰; δ
15

N = 9.32 ‰) 

from intertidal mudflat (Fig. 4a). On the other hand, fish species seemed to be more related with 

their preferential prey items, instead of a specific habitat. A similar spatial pattern was found for 

this area in October. 

In area B of the Mira estuary stable isotope signatures from different species caught in the 

same habitat were quite similar: H. diversicolor, S. plana and C. maenas from the saltmarsh 

habitat presented respectively: δ
13

C = -19.99 ‰ and δ
15

N = 7.29 ‰; δ
13

C = -20.25 ‰ and δ
15

N 

= 6.99 ‰; δ
13

C = -17.85 ‰ and δ
15

N = 6.89 ‰ (Fig. 4b). Despite this, fish species were not 

specifically related to prey from a certain estuarine habitat. Stable isotope signatures from the 

same area in October were similar to the ones obtained in July, with intertidal habitats (mudflats 

and saltmarsh) separated from the subtidal (Fig. 4b).  

In general, a separation between fish species caught in area A and area B in the Tejo 

estuary was observed (Fig. 5a), the latter with higher δ
13

C and δ
15

N values for most of the 

species. Despite some overlap there is a significant difference in isotopic signatures between 

the two areas for δ
13

C values (H = 20.88; p < 0.05). Species such as S. senegalensis and 

D. labrax showed clear distinct isotope signatures, while L. ramada showed some overlap 

between the two areas. As a group, fish species captured in the Mira estuary, both in July and 

October, presented distinct isotopic signatures in the two sampled areas (Fig. 5b). In both 

months, fish species caught in area B had significantly enriched δ
13

C (H = 18.41; p < 0.05) and 

depleted δ
15

N (H = 19.26; p < 0.05) signatures, compared to area A.  
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Figure 3. Dual plots of mean (+ standard deviation) δ
13

C (‰) and δ
15

N (‰) in potential food sources and consumers from three estuarine habitats in (a) area A and (b) area B 
from the Tejo estuary, in July and October 2009 (     - mudflat;      - saltmarsh;     - subtidal;       - POM;     - zooplankton;     - fish species). 
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Figure 4. Dual plots of mean (+ standard deviation) δ
13

C (‰) and δ
15

N (‰) in potential food sources and consumers from three estuarine habitats in (a) area A and (b) area B 
from the Mira estuary, in July and October 2009 (     - mudflat;      - saltmarsh;     - subtidal;       - POM;     - zooplankton;     - fish species). 
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Figure 5. Dual plots of mean (+ standard deviation) δ
13

C (‰) and δ
15

N (‰) in fish species in the (a) Tejo and (b) Mira estuaries, in July and October 2009 (    - area A;       - 
area B). 
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3.3. Spatial tracking analysis 

Results of the spatial tracking analysis differed for fish species and also for estuaries 

analysed (Fig. 6a). In the Tejo, Euclidean distances between S. senegalensis and its prey from 

different habitats were significantly different (H = 11.02; p < 0.05). Post-hoc tests showed that 

the intertidal mudflat was different from the other habitats, presenting the shortest distances. 

Euclidean distances calculated between D. labrax and its prey showed no significant differences 

between the three sampled habitats. No significant differences were found between the 

sampled habitats when Euclidean distances were obtained between P. microps and main prey 

items from the three habitats. For L. ramada, significant differences between habitats were 

found for Euclidean distances calculated between this species and its prey items (H = 13.08; 

p < 0.05). Distances between this species and prey from the intertidal mudflat were shorter than 

the ones obtained for the other habitats.  

In the Mira estuary the main prey items of the selected species could not be found in all the 

three sampled habitats, with the exception of D. vulgaris. Significant differences between 

habitats were found for Euclidean distances from D. labrax (H = 12.13; p < 0.05) and P. microps 

(H = 11.34; p < 0.05) signatures and their main prey items. Shorter distances were found 

between D. labrax and its subtidal prey, while for P. microps shorter distances were obtained for 

prey from the saltmarsh habitat. Euclidean distances calculated between S. senegalensis and 

its prey were similar for the saltmarsh and mudflat habitats, with distances from the first slightly 

shorter. Similar Euclidean distances were also found between D. vulgaris and prey items from 

the three sampled habitats (Fig. 6b).  

 

4. Discussion 

In the present work stable isotope signatures of producers and consumers from distinct 

habitat types in the Tejo and Mira estuaries were characterized, during July and October 2009. 

Despite the marked differences among these estuaries, namely regarding their dimension and 

river flow, the overall pattern of stable isotope signatures found throughout the estuarine 

gradient was similar to the one that is often predicted in the natural environment, with different 

production sources possessing isotopic signatures that are relatively depleted or enriched 

(Leakey et al. 2008). 

Similarities in δ
13

C between the two estuarine systems, with depleted δ
13

C in the upper 

areas (A) in both estuaries is in agreement with the natural patterns of variation for this isotope, 

with an enrichment trend along the terrestrial-estuarine-marine gradient (Fry 2002; Leakey et al. 

2008), as in general, terrestrial organic matter is more δ
13

C depleted than marine organic matter 

(Herzka 2005; Vizzini et al. 2005; Garcia et al. 2007). Contrarily, significantly higher δ
15

N in the 

Tejo estuary likely relates with reported increase of δ
15

N in coastal ecosystems resulting from 

anthropogenic inputs of nitrogen (McClelland and Valiela 1998; Vizzini et al 2005; Abreu et al. 

2006). Vasconcelos et al. (2007) described the main anthropogenic pressures of the most 

important estuarine systems from the Portuguese coast and found that Tejo was the most 

pressured estuary, strongly influenced by the surrounding population and intense heavy 
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Figure 6. Mean (+ standard deviation) euclidean distances between stable isotope signatures of fish 
species and their main prey items from the mudflat, saltmarsh and subtidal habitats from (a) Tejo and (b) 
Mira estuaries. 

 

industry. On the other hand, the Mira estuary, located next to a small village with low intensity 

activities in and around the estuary, was considered weakly impacted. The referred differences 

in the anthropogenic impacts between these two systems, possibly explain different nitrogen 

loads in these estuaries. The greater the relative contribution of wastewater in the N input to an 

estuary, the heavier the δ
15

N stable isotopic signature in water, primary producers and 

consumers. Similar variation was also found in Patos Lagoon estuary, Brazil, where a heavily 

polluted region that receives sewage from a large city and effluents from several industries had 

δ
15

N values ca. 3.5 ‰ heavier than a more pristine bay within the estuary (Abreu et al. 2006). 

Thus, pollution can be an important source of spatial isotopic variation not only for primary 
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producers, but also for consumers of different trophic levels. 

Recent studies pointed out that estuaries form a mosaic of inter-linked habitats that should 

not be considered in isolation (Pihl et al. 2002). Several attempts have been made to assess the 

specific function of each habitat type, as their importance, dynamics and ecological connectivity 

between them is still poorly understood (Elliott and Hemingway 2002; França et al. 2009a,b). In 

order to improve knowledge on this topic, in the present study stable isotopes of carbon and 

nitrogen of producers and consumers from mudflat, saltmarsh and subtidal habitats of two 

estuaries were determined. By comparing the isotopic composition of fishes to the local sources 

of primary production and potential prey, it is possible to identify individuals that have or have 

not been feeding (at least substantially) in a given area (Gu et al. 2001).  

Recent evidence suggested that movement of carbon in estuarine habitats can occur at 

finer scales than has previously been considered (Guest and Connolly 2004). The large scale 

movement of carbon from inshore to offshore habitats has been proved to be negligible for 

some estuaries (Dittel et al. 2000; Connolly et al. 2005) and recent work has pointed towards 

smaller-scale spatial resolution in food webs which might indicate the importance of carbon 

movement between estuarine habitats located close to each other. For example, Hsieh et al. 

(2002) used carbon isotopes to show that the ultimate autotrophic source of nutrition for 

invertebrates on mudflats adjacent to mangroves varied between two sites separated by 

hundreds of meters, suggesting that finer scales of analysis might be useful.  Guest et al. (2004) 

showed that invertebrates derived their carbon predominantly from sources in their immediate 

surrounds, sometimes within the distance of 15 m.  

Overall, a consistent pattern between stable isotope signatures of the producers and 

consumers from the studied habitats was not found. For instance, in area B of the Tejo estuary, 

individuals of the same species presented similar isotope signatures regardless of the habitat in 

which they were collected. Similar results were found by Connolly et al. (2005) in a South 

Australian estuarine embayment: several transects were ran from seagrass to intertidal mudflat 

habitat and no significant relationship was found between δ
13

C of invertebrate species and their 

position along transects. These results might indicate that these invertebrates do not always 

rely on autotrophic sources in their immediate vicinity. In the present study, species that 

presented similar stable isotope signatures across different habitats were predominantly mobile 

species, such as brown shrimp C. crangon. An alternative explanation for these patterns is that 

these species move freely between saltmarsh, mudflat and subtidal habitats. For example, 

individuals collected on mudflats could have been in saltmarsh habitat just prior to sampling, 

and obtained their nutrition whilst in the saltmarsh. 

 On the other hand, the opposite trend was also present and, for instance, in area B of the 

Tejo and area A of the Mira, both in July, different species had similar stable isotope signatures 

such as C. maenas and H. diversicolor from the saltmarsh habitat (in Tejo) and H. diversicolor 

and S. plana from the mudflat (in Mira). Similar results have been commonly found in several 

systems. According to Deegan and Garritt (1997) while there is substantial spatial heterogeneity 

in utilization of organic matter sources within a single estuary, consumers tend to use organic 
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matter produced in the same region of the estuary in which they reside.   

Intertidal mudflats are a dominant habitat in many estuarine systems, often covering a 

considerable part of their area (Morrison et al. 2002). They have long been recognised as a key 

habitat for the estuarine food web because of their disproportionately high productivity in 

comparison with subtidal areas (Wanink and Zwarts 1993; França et al. 2009b). This habitat 

occupies an important percentage of the total area of both studied estuaries and has been 

recognized as an important potential nursery area for several macroinvertebrate and fish 

species in the Tejo estuary (Vinagre et al. 2006; França et al. 2009a,b).  

In the present study, for the Tejo estuary, the degree in which invertebrates and fish 

seemed to rely on mudflats prey varied and no consistent pattern was observed. Nevertheless, 

previous works showed the importance of this habitat, with MPB assimilated by meiofauna 

(Middelburg et al., 2000), macroinvertebrate species present in adjacent habitats like mangrove 

forests and saltmarsh (Wainright et al. 2000) and to some extent by fish (Melville and Connolly 

2003). The spatial analysis performed revealed that distances measured between stable 

isotope signatures of S. senegalensis and L. ramada and respective food items in the Tejo 

estuary were shorter for the extensive intertidal mudflat habitat. These results may indicate that 

S. senegalensis is tracking preys from this specific habitat, which is in accordance to Vinagre et 

al. (2006), which suggested that juvenile S. senegalensis migration to mudflat in this estuary is 

most likely driven by search for food and avoidance of subtidal predators. Also L. ramada 

seemed to preferentially track MPB from the mudflat among all primary producer sources. 

According to Pedro et al. (2008) this species feeds on the extensive mudflats of the Tejo 

estuary, filtering the superficial layer of the sediment and particles in the water column. In 

contrast, intertidal mudflat habitat in the Mira estuary seemed to play a less important role than 

in the Tejo. 

Saltmarsh habitat was present in both estuaries although in smaller proportions when 

compared with the other estuarine habitats. The importance of this particular habitat for the 

whole functioning of both estuaries was already previously stated (Costa et al. 1994; Salgado et 

al. 2004b), namely regarding their suitability as potential nursery specific sites (França et al. 

2009b). Generally, for both estuaries δ
13

C values of saltmarsh halophytes differed greatly with 

S. maritima enriched when compared to S. fruticosa and H. portulacoides.  The range of 
13

C for 

S. maritima is within the range reported for other C4 and Spartina species (Paterson and 

Whitfield 1997; Vinagre et al. 2008). Among the analysed saltmarsh plants, this species seemed 

to play the most important role for consumers in the surroundings. For instance, in the Tejo 

estuary, bivalve S. plana and green crab C. maenas from the intertidal mudflat seemed to rely 

on the carbon from S. maritima, reinforcing the fact that small scale movement of carbon occurs 

between adjacent habitats. For the Mira estuary, both saltmarsh plants S. maritima and H. 

portulacoides were important for different macroinvertebrate species and to a certain extent, 

even for fish species. There is no consensus in the literature regarding the contribution of 

Spartina sp. detritus in supporting the growth and development of species that use salt marshes 

(Dittel et al. 2006). Although in the present study this saltmarsh plant seemed to play an 
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important role for the Tejo food web structure, Galvan et al. (2008) found that the natural 

abundance isotope data of Spartina sp. detritus was of limited dietary importance to fauna in all 

habitats. Certain features such as habitat configuration in the estuary may contribute to this 

variability in the importance of salt marsh carbon to consumers occurring in adjacent habitats. 

For instance, this importance is well established for marshes along the east coast of North 

America (Weinstein et al. 2009), where, as in both studied estuaries, marshes are lower in the 

intertidal zone and frequently inundated. On the other hand, Connolly et al. (2005) 

demonstrated that organic matter from mangroves and saltmarsh higher in the intertidal played 

no role in the nutrition of most of the animals on mudflats. Spatial tracking analysis revealed that 

stable isotope signatures of certain fish species were closer to their prey in the saltmarsh 

habitat. This occurred in the Tejo estuary for D. labrax and in the Mira for species such as P. 

microps, D. vulgaris and contrarily to the results for Tejo, to S. senegalensis.  

The strong differences in the two estuaries’ configurations and dimensions may be related 

to the variation in the functional importance of these intertidal habitats between estuaries. 

Mudflat platforms are more extensive in the Tejo estuary, which enhances their use by several 

fish species. In the Mira estuary, saltmarsh fringes are closer to the subtidal channel, whereas 

mudflat platforms are smaller, and fish species may take advantage of saltmarsh’s productivity 

in an easier way.  

For both Tejo and Mira estuaries, significant differences were found for δ
15

N for the subtidal 

habitat. Subtidal zones are constantly submerged and as water is the primary vector for the 

transport of nutrients, detritus and animals both within habitats and across habitat boundaries 

(Guest et al. 2004), differences in isotope signatures are consequently more likely to occur 

between subtidal zones and those located in intertidal.  

Overall, N and C values varied within a similar range at all habitats and a clear pattern of 

specific habitat use was not found through the analysis of the isotopic composition of 

macrobenthos invertebrates. Previous studies have shown that variation in stable isotope 

signatures of macroinvertebrate species and the relative contribution of the different producers 

may be more strongly related with the functional feeding groups than with the differences 

between habitats (Richoux and Froneman 2007; Choy et al. 2008).  

Distinct isotope signatures between areas were found in both estuaries, for several fish 

species. Inter-specific differences identified suggested variation in feeding preferences, mobility 

and physiological capabilities between those species.  

In the Tejo estuary, fish species from area B had higher δ
13

C and δ
15

N values. Vinagre et al. 

(2008) found the same pattern when analysing nursery fidelity of juvenile S. senegalensis in the 

Tejo estuary and suggested that low connectivity between the two sites of the Tejo for this 

species 0-group occurred due to high site fidelity exhibited by those fish. In the present study a 

clear separation also occurs between this species. Similar patterns of strong and consistent 

relationships between the stable isotope signatures of sole individuals and the invertebrates 

from the areas where they were caught were also found elsewhere (Leakey et al. 2008), 

suggesting that this is likely to be indicative of the low mobility of this flatfish. Pelagic species 
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like L. ramada presented intermediate stable isotope values, suggesting that they might move 

and explore these two areas.   

In the Mira estuary, the distinction between fish species signatures from areas A and B was 

even stronger, which might suggest a lack of movement of individuals between them. The 

exception seemed to be P. microps: in July, individuals caught in area A presented enriched 

δ
13

C values, closer to isotope signatures of species caught in area B. As P. microps is a 

common estuarine resident species, that spends its entire life cycle in the estuary, it may be 

perfectly adapted to both areas and move freely between them. No previous studies using 

stable isotopes were conducted in Mira, which makes it difficult to compare our results with 

similar studies in this area.  

Present results demonstrate the difficulty in assessing species-specific association or 

dependence on particular estuarine habitats. Assessing trophic relationships and carbon 

utilization patterns in estuaries is challenging due to the variable nature of detritus and to the 

large variety of potential carbon sources available (Richoux and Froneman 2007). Nevertheless 

this study showed that the two areas within each estuary, composed by a specific combination 

of important habitats, act as key sites for the whole functioning of these ecosystems, and fish 

species seem to use these mosaics of habitats to find suitable conditions that allow them to stay 

there for long periods, avoiding energy demanding migration across the estuary. Although no 

specific habitat was found to be essential for a fish species, mudflat and saltmarsh habitats 

seemed to present favourable conditions in what concerns fish preferable prey items. Vinagre et 

al. (2008) already stated that there was a different reliance of fish species on different energy 

pathways, according to the area within the Tejo estuary where they were caught from. This 

probably relates to the complex hydrology of this estuary, which might influence the spatial 

variability of the food supply to benthic invertebrate consumers, but more importantly may also 

determine the spatial pattern of trophic relationships and organic matter flows of the estuarine 

food web. Accordingly, Hsieh et al. (2002) suggested that due to the complex configuration of 

habitats, estuarine hydrologic parameters may differ within estuaries. As in the Tejo estuary, 

this work indicated that regions separated by patches of mangrove trees but connected by tidal 

channels act as if they are different microhabitat and that the food web structure of the studied 

estuary as a whole is spatially distinct and complicated.  

Understanding the scale of estuarine food web processes and the transfer of energy 

between adjacent habitats may be useful to evaluate connectivity between habitats and 

simultaneously the specific value of the habitat to the whole ecosystem functioning. This data is 

essential when environmental management decisions are required, particularly for those 

estuaries that are heavily impacted by human activities. Our findings highlight the variability in 

energy pathways in different areas within the estuaries and show the importance of different 

estuarine habitats, either isolated or combined. Further studies in Portuguese estuaries should 

carry out stable isotope analyses in other species and enhance detailed spatial analysis of food 

webs and energy transference in other areas or subsystems at different scales within the 

estuaries.  
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Assessing food web dynamics and relative importance of organic matter 

sources in two Portuguese estuaries: a stable isotope approach 

 

 

 
Abstract: Stable carbon and nitrogen isotopes (δ

13
C, δ

15
N) were used to analyse food web 

dynamics of two of the main estuaries of the Portuguese coast: Tejo and Mira. The ultimate 
sources of organic matter supporting production of some of the most abundant and 
commercially important fish species were determined; and seasonal, inter- and intra-estuarine 
differences in the trophic relations among producers and consumers were identified. Stable 
isotope analysis was performed in different producers, primary consumers (main prey items for 
fish) and fish species (Solea solea, Solea senegalensis, Pomatoschistus microps, 
Dicentrarchus labrax, Liza ramada, Diplodus vulgaris and Atherina presbyter) of two areas in 
each estuary, in July and October 2009. For both estuaries, IsoSource model calculations 
showed that fish species used mostly salt marsh-derived organic matter as nutritional sources, 
with no marked differences between the sampled months. Significant differences in isotopic 
composition of fish species were more pronounced spatially (between the two sampled areas in 
the estuary) than seasonally (between sampled months). Trophic relationships in both estuaries 
demonstrated that organic matter is transferred to higher trophic positions mainly through 
benthic pathways. Trophic levels of fish species differed at multiple scales: inter-species, 
seasonally and spatially (both between and within estuaries). This shows the flexibility of these 
species in sharing resources and exploiting temporary peaks in prey populations. The present 
results showed that extensive disturbance in intertidal habitats from both estuaries may 
potentially change the balance of organic matter in the base of these complex food webs.  
 
Keywords: estuary; stable isotopes; trophic web; trophic level; intertidal habitats; Portugal.  
 

 

 

1. Introduction 

Estuaries have long been recognized as one of the most productive and valuable natural 

ecosystems in the world and they play a crucial role in maintaining biodiversity in aquatic 

systems, particularly for fish (Costanza et al. 1997; Beck et al. 2001). Estuarine food webs are 

supported by the high production of diverse primary producers, together with the transportation 

of organic matter from adjacent rivers and seas (McLusky 1989; Choy et al. 2009).  

Food web analyses have been used to examine structure, dynamics and functioning of 

estuaries worldwide (Garcia et al. 2007; Pasquaud et al. 2008). Moreover, understanding 

energy pathways in complex food webs and their inherent trophic relations constitutes a useful 

and fundamental step to assess the structure and functional role of communities and species 

inhabiting these ecosystems (Pasquaud et al. 2008).  

 Describing estuarine food webs by characterising trophic relationships, sources of organic 

matter and energy flows between the components of the systems can therefore provide key 

knowledge on these ecosystems (Pasquaud et al. 2008). Nevertheless, the spatial complexity of 

estuaries and physical and biological processes occurring in these systems, such as high 

species diversity and abundance, great variety of structurally distinct habitats, and periodic 

interplay of both oceanic and terrigenous inputs to these environments, may constitute great 

challenges when assessing food web dynamics and relative importance of organic matter 
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sources (Deegan and Garritt 1997; Jennings and Warr 2003; Alfaro et al. 2006). Besides, diet 

and feeding behaviour of fish are also known to vary greatly in both time and space which may 

be related to prey availability and profitability, thus trophic positions of species within food webs 

are now known to be dynamic rather than fixed (Polis and Strong 1996; Deudero et al. 2004). 

The principal primary production sources that sustain high secondary productivity in 

estuaries have been studied extensively and yet remain a major controversial subject (Deegan 

and Garritt, 1997; Litvin and Weinstein 2003; Connolly et al. 2005). While there are several 

inter-estuarine variations, the more ecologically important and complex sites tend to display a 

high degree of primary productivity (i.e. mangroves, seagrass beds, saltmarshes), contributing 

with particulate and dissolved nutrients to higher trophic levels (Alfaro et al. 2006). Terrestrially 

derived organic matter carried by rivers, phytoplankton or benthic microalgal production, and 

abundant biomass of marsh plants cycled through a detrital pathway have been proposed to 

explain high production of estuarine consumers (Currin et al. 1995; Deegan and Garritt 1997; 

Connolly et al. 2005). Nevertheless, and despite current knowledge on habitat use patterns and 

feeding ecology of many abundant estuarine species, producers forming the base of the food 

webs remain frequently unidentified. The relative importance of each primary production source 

to consumers depends on several factors, such as, feeding mode, trophic position as well as 

habitat type and location within the estuary (Deegan and Garritt 1997; Garcia et al. 2007).  

The reconstruction of aquatic food webs with stomach content analyses is largely 

constrained by methodological difficulties, as this method reflects the qualitative and 

quantitative ingestion of species at a given time (Garcia et al. 2007; Alfaro et al. 2008; 

Pasquaud et al. 2010). On the other hand, stable isotope analyses represent an integrative 

record of the food that has been assimilated by fish (Peterson and Fry 1987; Le Loc’h et al. 

2008). Properly applied, stable isotope techniques produce estimates of trophic position that 

simultaneously capture complex trophic interactions and track energy or mass flow through the 

reticulate pathways of ecological communities (Deegan and Garritt 1997; Post 2002; Melville 

and Connolly 2003; Doi et al. 2005; Garcia et al. 2007; Choy et al. 2008). Nitrogen isotopic 

distributions have been shown to be accurate indicators of trophic level in aquatic systems, 

where 
15

N enrichment increases predictably with trophic level of consumers (Zanden and 

Rasmussen 1999; Post 2002). Stable nitrogen (δ
15

N) and carbon (δ
13

C) isotope ratios are 

typically enriched from prey to consumers by approximately 3.4 ‰ and 1 ‰, respectively 

(DeNiro and Epstein 1981). Thus the large δ
15

N shift between consumer and prey makes δ
15

N a 

reliable indicator of the trophic position of an organism within the food web relative to the 

primary producers (Le Loc’h et al. 2008; Pasquaud et al. 2010). 

The present study was conducted at two estuaries from the Portuguese coast: Tejo and 

Mira. Highly contrasting in size, environmental features and level of anthropogenic pressures 

(Vasconcelos et al. 2007), both estuarine systems play important ecological roles, namely 

acting as nursery grounds for several commercially important fish species (Cabral et al. 2007; 

França et al. 2009b; Vasconcelos et al. 2010). The availability of several autotrophic groups, 

which potentially provide organic matter to food webs supporting the growth of these species, 
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have been consistently analysed (Salgado et al. 2004; França et al. 2009a). Nevertheless, there 

is limited quantitative information on the relative contribution of primary producers to food web 

structure for these two estuarine systems and for Portuguese estuaries in general. In the 

present study, we used stable isotope analysis to: (1) determine the most important sources 

contributing to the base of food webs and providing nutritional support for some of the most 

abundant fish species in these estuaries; and (2) identify trophic interactions among dominant 

producers and consumers, whilst describing spatial and seasonal differences in the food web 

dynamics in these estuaries. 

 

2. Material and Methods 

2.1. Study Area 

The Tejo estuary, with an area of 325 km
2
, is a partially mixed estuary with tidal amplitude 

of ca. 3 m. This system has a mean depth of approximately 5 m and about 40 % of its area is 

composed of extensive intertidal mudflats fringed by extensive areas of saltmarshes dominated 

by Spartina maritima, Halimione portulacoides and Sarcocornia fruticosa (Caçador et al. 1996; 

Vasconcelos et al. 2007). Mean annual river flow is 300 m
3 

s
-1

, though it is highly variable both 

seasonally and inter-annually (Costa et al. 2007).  

The Mira estuary is a channel-like system with an area of 5 km
2
. Tidal range in this system 

is similar to that of the Tejo and mean annual river flow is ca. 3 m
3
 s

-1
 (Vasconcelos et al. 2007). 

This estuary presents around 42 % of intertidal area consisting of intertidal mudflats along the 

margins of the channel and saltmarshes with the same halophyte species as Tejo estuary.   

In each system two areas were sampled: area A, in the upper estuary, presenting lower and 

highly variable salinity; and area B, further downstream, usually with high and less variable 

salinity values (Fig. 1).  

 

2.2. Sampling surveys 

Samples of water, sediment, saltmarsh plants, benthic microalgae, zooplankton, benthic 

and epibenthic macroinvertebrates and fish were collected in July and October 2009, in both 

estuaries.  

Three replicates of surface sediment (1 cm) were collected in each area using an adapted 

Van Veen grab.  

Three replicate water samples for particulate organic matter (POM) analysis were collected 

in each area. In the laboratory, water samples were filtered through pre-combusted filters until 

clogged.  

The following saltmarsh plants were collected, whenever present: Spartina maritima, 

Halimione portulacoides and Sarcocornia fruticosa. In the laboratory, leaf tissues were cleaned 

of mud with distilled water and when present, epiphytes were removed by scraping with a razor 

blade. Three replicate samples of each species were analysed for stable isotope values.   

Three replicates of microphytobenthos (MPB) were collected in the mudflat of each sampled 

area. In order to do so, three textile panels of 20 cm by 20 cm were laid on the sediment surface 
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Figure 1. Location of the sampled estuaries on the Portuguese coast: Tejo and Mira. The two sampled 
areas within each estuary are also shown.  

 

during a morning low tide and benthic microalgae were captured in the panel as they migrated 

to the surface of the sediment. The panels were rinsed with distilled water that was later 

decanted in order to separate the microalgae from the sediment that was also attached to the 

panels. The supernatant was then filtered onto pre-combusted filters.  

Zooplankton was collected by towing a zooplankton net for 10 min. in each area. Samples 

were sorted in the laboratory under a binocular lens in order to isolate zooplankton individuals 

from other debris retained in the net and then pooled to produce three samples for isotope 

analysis.  

Benthic invertebrates, specifically polychaetes (Hediste diversicolor and Nephtys sp.) and 

bivalves (Scrobicularia plana and Cerastoderma edule) were selected as important benthic prey 

for fish species in this study, according to the literature (see Reis-Santos et al. 2008). These 

species were hand collected from the sediment in each sampling area. Epibenthic prey (green 

crab Carcinus maenas, and brown shrimp Crangon crangon) and several fish species (Solea 

solea, Solea senegalensis, Pomatoschistus microps, Dicentrarchus labrax, Diplodus vulgaris, 

Atherina presbyter and Liza ramada) were collected using a beam trawl (2 m wide beam tickler 

chain, net with 5 mm mesh in the cod end) in each area. Prey items were chosen according to 

their size in order to represent edible prey to fish. Fish species’ individuals were mainly 

juveniles, presenting similar sizes. Upon collection, individuals were stored and transported on 

ice to the laboratory and preserved frozen.  

For the stable isotope analysis of the prey species, different tissues were used, after being 

rinsed with distilled water: valve muscles of S. plana and C. edule, whole individuals of H. 
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diversicolor and Nephtys sp., gills of C. maenas and muscle of C. crangon. Whenever 

necessary replicate samples were pooled from several individuals of the same species, in order 

to attain sufficient tissue weight for isotope analysis. For sampled fish species, dorsal white 

muscle samples were taken since this tissue tends to be less variable in terms of δ
13

C and δ
15

N 

than other tissues (e.g. red muscle, liver) (Pinnegar and Polunin 1999). Analyses on fish 

species were carried out on an individual basis, except for the common goby P. microps, which 

were pooled, due to their small size. Three sample replicates of macroinvertebrates and fish 

species were analysed. 

 
2.3. Stable isotope analysis  

The standard preparation of samples for stable isotope analysis consisted of drying 

samples in an oven at 60 ºC to constant weight and then grinding samples to very fine powder 

with a mortar and a pestle.  

Tissue inorganic carbon content might be a source of variation which may bias isotopic 

values (Ng et al. 2007). Since the carbon found in tissues and carbonates in samples are of 

different origins, and hence differ in 
13

C content, it is recommended that carbonates should first 

be removed by acidification prior to analysis (Ng et al. 2007). The acidification procedure was 

carried out by adding several drops of 10 % Hydrocloric acid (HCl) to subsamples of all sample 

types. If bubbling occurred, the full sample was acidified, rinsed with distilled water, redried at 

60 ºC and stored in glass vials. Subsamples of water POM, sediment, zooplankton, H. 

diversicolor, Nephtys sp., C. maenas and P. microps were acidified.  

13
C/

12
C and 

15
N/

14
N ratios in the samples were determined by continuous flow isotope mass 

spectrometry (CF-IRMS) (Preston and Owens 1983), on a Isoprime (GV, UK) stable isotope 

ratio mass spectrometer, coupled to an EuroEA (EuroVector, Italy) elemental analyser for online 

sample preparation by Dumas-combustion.  The standards used were IAEA-N1 and IAEA-600 

for nitrogen isotope ratio, and IAEA-CH6 and IAEA-CH7 or IAEA-600 for carbon isotope ratio; 

δ
15

N results were referred to Air and δ
13

C to Peedee Belemnite (PDB).  

Precision of the isotope ratio analysis, calculated using values from duplicate samples was 

≤0.2 ‰. Isotope ratios were expressed as parts per thousand (‰) differences from a standard 

reference material: 

δX = [(Rsample/Rstandard ) – 1] x 10
3
 

 

where X is 
13

C or 
15

N, R is the ratio of 
13

C/
12

C or 
15

N/
14

N and δ is the measure of heavy to light 

isotopes in the sample. The acidified subsamples were used for 
13

C determination, while the 

remaining sample was used for 
15

N analysis.  

 

2.4. Data analysis  

Based on the obtained δ
13

C and δ
15

N values of fish species and producers from the Tejo 

and Mira estuaries, the relative importance of potential primary organic matter sources to the 

diet of fishes was estimated using IsoSource model. Five major potential sources for fish 

species were considered: the three most abundant marsh macrophyte species (S. fruticosa, H. 
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portulacoides, S. maritima), microphytobenthos (MPB) and particulate organic matter in the 

water (POM). For the Mira estuary the MPB collected did not meet minimum sample weight 

requirements for stable isotope analysis and could not be determined and included in the 

model. The model calculates feasible combinations of sources that could explain the measured 

consumer signature (Phillips and Gregg 2003) and examines all possible combinations of each 

source potential contribution (0 - 100 %) in small increments (1 %). Combinations that summed 

to within 0.05 ‰ of the consumer signature were considered feasible solutions. Results do not 

indicate a unique solution, and to avoid misrepresenting them, users of this procedure should 

report the distribution of feasible solutions rather than focusing on a single value such as the 

mean, as recommended by Phillips and Gregg (2003). The 1%ile and 99%ile is also given, 

rather than the full range which is sensitive to small numbers of observations on the tails of the 

distribution. To account for fractioning of nitrogen, the assumed 3.4 ‰ was subtracted per 

trophic level increase from the nitrogen isotope signature of the fish (De Niro and Epstein 1981; 

Minagawa and Wada 1984). δ
13

C fractionation is close to zero (Peterson and Fry 1987), so no 

adjustment was made for this element.  

T-tests were performed between the isotopic signatures of the different components of the 

food web (producers, prey and fish) in order to evaluate seasonal (between months) and spatial 

(between areas, for each month) differences. All the statistical tests performed were carried out 

separately for each isotope. All the tests were done using Statistica 9.0 software and 

considering a significance level of 0.05. 

Isotopic variation in estuarine trophic webs were evaluated using dual δ
13

C - δ
15

N plots to 

represent isotopic signatures from all producers and consumers of area A (upstream) and area 

B (downstream) in both Tejo and Mira estuaries.  

The trophic level of several fish species from both estuarine sampling areas, were 

estimated according to the following formula:  

 

Trophic level = (δ
15

N consumer - δ
15

N producer) / 3.4 + 1 

 

where 3.4 ‰ is the assumed 
15

N trophic enrichment factor (Minagawa and Wada1984), δ
15

N 

consumer is the δ
15

N value for the fish species, δ
15

N producer is the isotopic value of the 

producer that contributed mostly for the fish species diet (this information was obtained from the 

IsoSource mixing model solutions) and 1 is the trophic level of the producers.  

 

3. Results 

3.1. Contributions of organic matter sources to diets of fish species 

The mixing model calculations showed seasonal (between months) and spatial (between 

the two estuaries) variations in relative contributions of primary organic matter sources to the 

nutrition of some of the most common and important fish species sampled in both estuaries 

(Table 1). 

Results of the model calculations for Tejo estuary, in July, showed that the analysed 
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Table 1. Mean (%) and feasible contributions (1%ile and 99%ile) of several food sources (S. fruticosa, H. portulacoides, S. maritima, MPB and POM) to consumer production 
(fish species: S. solea, S. senegalensis, D. labrax, P. microps, L. ramada, D. vulgaris, A. presbyter) as determined by an IsoSource model using two isotopes of δ

13
C and δ

15
N 

(after correcting fish values for δ
15

N trophic level fractionation): see Phillips and Gregg (2003) for detailed procedures for calculation. (nd - no data). 

 

Estuary Month Primary 

Producer Source 

S. solea S. senegalensis D. labrax P. microps L. ramada D. vulgaris A. presbyter 

  M(1%ile-99%ile) M(1%ile-99%ile) M(1%ile-99%ile) M(1%ile-99%ile) M(1%ile-99%ile) M(1%ile-99%ile) M(1%ile-99%ile) 

Tejo July S. fruticosa 5.4 (0-13) 19.3 (18-21) 8.9 (3-13) 44.9 (36-51) 4.5 (0-9) 17.6 (3-28) - 

  H. portulacoides 13.4 (0-31) 1.1 (0-4) 8.4 (0-24) 13.1 (0-36) 6.3 (0-17) 20.7 (0-57) - 

  S. maritima 12 (0-23) 77.7 (76-79) 68.1 (62-72) 19.1(11-25) 77.0 (72-81) 25.1 (12-35) - 

  MPB 36.4 (0-81) 1.3 (0-5) 8.9 (0-25) 14 (0-29) 7.5 (0-22) 22.3 (0-61) - 

  POM 36.4 (0-81) 0.7 (0-3) 5.7 (0-16) 9 (0-25) 4.7 (0-22) 14.4 (0-40) - 

 October S. fruticosa 3.2 (0-10) - 3.1 (0.9) 5.8 (0-17) 6.2 (0-19) nd nd 

  H. portulacoides 8.3 (0-24) - 8.1 (0-23) 3.8 (0-17) 4.3 (0-13) nd nd 

  S. maritima 18.1 (14-21) - 69.8 (66-73) 52.1 (48-57) 47.3 (45-56) nd nd 

  MPB 67.4(55-77) - 16.2 (4-25) 3.3 (0-10) 2.9 (0-11) nd nd 

  POM 3.1 (0-9) - 2.9 (0-9) 35.1 (25-42) 36.7 (24-43) nd nd 

Mira July S. fruticosa - 8.4 (0-17) - - 0.03 (0-1) 6.2 (0-14) nd 

  H. portulacoides - 51.1 (5-52) - - 10.3 (1-11) 54.7(53-56) nd 

  S. maritima - 26.1 (20-32) - - 87.2 (85-89) 26.4 (22-31) nd 

  POM - 14.7 (0-29) - - 0.3 (0-10) 12.7(0-24) nd 

 October H. portulacoides - nd - - - - 22.2 (21-23) 

  S. maritima  - nd - - - - 58.6 (58-59) 

  POM - nd - - - - 19.2 (18-20) 



 FOOD WEB DYNAMICS AND ORGANIC MATTER SOURCES: A STABLE ISOTOPE APPROACH 

112 

fish species seemed to use mostly salt marsh-derived organic matter as their nutritional sources 

(Table 1). The marsh macrophyte S. maritima was the major producer supporting diets of S. 

senegalensis (76 % - 79 %, mean = 77.7%), D. labrax (62 % - 72 %, mean = 68.1 %) and L. 

ramada (72 % - 81 %, mean = 77 %). Another marsh macrophyte, S. fruticosa was estimated to 

be the most important nutritional source for P. microps (36 % - 51 %, mean = 44.9 %). A large 

input of MPB (0% - 81 %, mean = 36.4 %) contributed to the diet of S. solea. This species used 

POM as an additional nutritional source (2 % - 62 %, mean = 32.7 %). Several sources showed 

high contributions to the diet of D. vulgaris, namely the macrophytes S. maritima (12 % - 35 %, 

mean = 25%) and H. portulacoides (0 % - 57 %, mean = 20.7 %) and MPB (0 % - 61 %, mean = 

22.3 %). 

Model calculations for October were mostly in line with results for July: the contribution of 

the marsh macrophyte S. maritima to the diet of D. labrax (66 % - 73 %, mean = 69.8 %) and L. 

ramada (45 % - 56 %, mean = 47.3 %) was estimated as considerable as in July. This 

macrophyte species also had a large contribution (48 % - 57 %, mean = 52.1 %) to the diet of P. 

microps. As in July, S. solea (55 % - 77 %, mean = 67.4 %) also relied mostly on 

microphytobenthos.  

In the Mira estuary, mixing model calculations could only find feasible solutions for four fish 

species (Table 1). Model estimations for July showed a high contribution of the marsh 

macrophyte H. portulacoides to the nutrition of S. senegalensis (5 % - 52 %, mean = 51%) and 

D. vulgaris (53 % - 56 %, mean = 54.7 %). S. maritima detritus comprised the complementary 

source of organic matter for these species and was the main source to the diet of L. ramada 

(85 % - 89 %, mean= 87.2 %).  

In October the mixing model was only able to find a feasible combination of organic matter 

sources to the diet of A. presbyter, with detritus of S. maritima assuming the highest contribution 

(58 % - 59 %, mean = 58.6 %).  

 

3.2. Spatial and seasonal variation patterns of estuarine food webs 

From the different components of the food web (producers, prey and fish), significant 

differences between the sampling months were found only for δ
13

C in fish from area A in the 

Tejo estuary (p < 0.05). 

In the Tejo estuary stable isotope signatures from sediment differed from producers and 

consumers in both areas and months, presenting the most depleted δ
15

N (between 5.92 ‰ and 

8.69 ‰). In area A of the Tejo and in July (Fig. 2a), macroinvertebrates presented a broad 

range of δ
13

C values (between -23.61 ‰ and -17.34 ‰) when compared to δ
15

N (between 

11.97 ‰ and 14.63 ‰): S. plana and zooplankton showed more depleted stable isotope values. 

Fish species D. labrax, D. vulgaris, L. ramada and S. senegalensis presented δ
13

C and δ
15

N 

similar to invertebrates C. maenas and C. crangon, while P. microps and S. solea presented 

more depleted δ
13

C, closer to the producers POM and MPB, respectively.  

In October, in this area (Fig. 2a), producers presented stable isotope values in the same 

range as in July. Main differences in primary consumers were a marked increase in δ
13

C values 
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in S. plana and depletion in H. diversicolor. The overall pattern of fish species was similar to 

July. 

Area B of the Tejo estuary presented an overall enrichment of stable isotope values in both 

months, when compared to area A (Fig. 2b). In this area, producers showed a consistent 

pattern in both months: S. maritima had the more enriched δ
13

C values and S. fruticosa the 

more depleted ones, while POM and MPB had intermediate δ
13

C values. In July, stable isotope 

signatures of invertebrates were closer to the most 
13

C enriched producers: MPB and S. 

maritima. Zooplankton constituted the exception, presenting depleted δ
13

C (-23.08 ‰) and δ
15

N 

(11.05 ‰). MPB and S. maritima and most invertebrates presented similar stable isotope values 

of the ones of fish species such as D. labrax, A. presbyter and L. ramada. On the other hand, P. 

microps and S. senegalensis had more enriched δ
15

N values, with the latter similar to C. 

crangon.  In October producers had the most depleted δ
13

C values, with the exception of S. 

maritima. Invertebrates and L. ramada showed intermediate values and fish species the most 

enriched ones. An overall enrichment of δ
15

N in fish species also occurred (Fig. 2b).  

Significant differences were found in δ
13

C and δ
15

N between fish species from the two 

sampling areas in July and October (p < 0.05). No significant differences between area A and B 

were found in signatures of producers and preys (p > 0.05).  

In the Mira estuary in July, area A registered relatively depleted values for both isotopes in 

producers S. fruticosa (δ
13

C = -29.17 ‰; δ
15

N = 9.72 ‰), H. portulacoides (δ
13

C = -25.48 ‰; 

δ
15

N = 12.14 ‰) and POM (δ
13 

= -24.61 ‰; δ
15

N = 7.43 ‰). Macroinvertebrates showed slightly 

enriched values for δ
13

C and δ
15

N. Fish species had the most enriched values for δ
15

N, with 

values ranging from 11.45 ‰ (D. vulgaris) to 14.52 ‰ (D. labrax). D. vulgaris and S. solea 

seemed to rely in invertebrates such as C. maenas and C. crangon, respectively. Similarly to 

the Tejo estuary, P. microps presented distinct and enriched isotope signatures from the other 

fish species (δ
13

C= -13.04 ‰ and δ
15

N = 14.04 ‰). In the same area, in October, the trophic 

web was not so well structured (Fig 3a). Nevertheless, similarly to July, C. crangon and 

C. maenas had similar δ
13

C and δ
15

N values, closely related with POM and H. portulacoides, 

and H. diversicolor and S. plana seemed to rely most in S. maritima detritus. Fish species had 

enriched δ
15

N values (Fig. 3a).  

In area B, upstream in the Mira estuary, stable isotope signatures of the species analysed 

presented an overall enrichment in δ
13

C and depletion in δ
15

N (Fig. 3b). Producers’ stable 

isotope signatures differed greatly in July, but the same pattern was obtained with S. maritima 

showing the most enriched δ
13

C values (-14.78 ‰) and S. fruticosa again the most depleted 

ones (-28.16 ‰). Macroinvertebrate species presented similar isotope signatures, with the 

exception of C. crangon which had the highest δ
15

N (13.54 ‰), closely related with H. 

portulacoides. Fish species had similar isotopic signatures, with overall higher δ
15

N values than 

macroinvertebrates (Fig. 3b). In October, area B presented overall δ
13

C enrichment for almost 

all the species analysed. While L. ramada stable isotope values were more similar to the ones 

of S. maritima, the signatures of other fish species were closer to the sampled invertebrates 

(Fig. 3b). 
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While significant differences were found for δ
15

N signatures of fish species between area A 

and B in both months (p < 0.05), differences in δ
13

C were only found in July (p < 0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Dual plots of mean (and standard deviation bars) δ
13

C (‰) and δ
15

N (‰) in producers (     ) and 
consumers (     - macroinvertebrates;      - fish) from (a) area A and (b) area B from the Tejo estuary, in 
July (black symbols) and October (white symbols) 2009. (Abbreviations used are: POM - particulate 
organic matter in water; MPB – microphytobenthos; Smar – Spartina maritima; Sfru – Sarcocornia 
fruticosa; Hport – Halimione portulacoides; Sed – sediment; Zoo – zooplankton; Cedul – Cerastoderma 
edule; Spla – S. plana; Hdive – Hediste diversicolor; Neph – Nephtys sp.; Cmae – C. maenas; Ccran – 
Crangon crangon; Apres – Atherina presbyter; Dvulg – Diplodus vulgaris; Dlab – Dicentrarchus labrax; 
Lram – Liza ramada; Ssol – Solea solea; Ssen – Solea senegalensis; Pmicr – Pomatoschistus microps). 
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Figure 3. Dual plots of mean (and standard deviation bars) δ
13

C (‰) and δ
15

N (‰) in producers (     ) and 
consumers (     - macroinvertebrate;       - fish) from (a) area A and (b) area B from the Mira estuary, in July 
(black symbols) and October (white symbols) 2009. (Abbreviations used are: POM - particulate organic 
matter in water; MPB – microphytobenthos; Smar – Spartina maritima; Sfru – Sarcocornia fruticosa; Hport 
– Halimione portulacoides; Sed – sediment; Zoo – zooplankton; Cedul – Cerastoderma edule; Spla – S. 
plana; Hdive – Hediste diversicolor; Neph – Nephtys sp.; Cmae – C. maenas; Ccran – Crangon crangon; 
Apres – Atherina presbyter; Dvulg – Diplodus vulgaris; Dlab – Dicentrarchus labrax; Lram – Liza ramada; 
Ssol – Solea solea; Ssen – Solea senegalensis; Pmicr – Pomatoschistus microps). 

 
 

a) 

b) 
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3.4. Fish species trophic level 

Trophic levels of fish species caught in both sampled areas of Tejo and Mira estuaries 

differed at several scales: inter-species, seasonally and spatially (both between and within 

estuaries). In Tejo estuary, fish species occupy different trophic levels in the two areas sampled 

(Fig. 4a). In July, all fish species in area A had similar trophic levels ranging from D. vulgaris 

(2.32) to P. microps (2.87), with the exception of L. ramada (1.04) with a lower trophic level. 

Contrarily, in area B fish species presented more distinct trophic levels. S. senegalensis and D. 

labrax occupied different trophic levels in the two different areas: 2.72 and 2.64 in area A and 

3.37 and 2.34 in area B, respectively. In October, trophic levels varied greatly with species in 

each area: D. labrax increased its trophic level in area B to 3.56, presenting different levels in 

the two sampled areas (2.58 in area A). Overall, L. ramada presented little variation in its trophic 

level position, either spatially and seasonally (Fig. 4a). 

In the Mira estuary fish species trophic levels had less pronounced variations among 

species and between sampling areas. Similarly to the Tejo, L. ramada showed little seasonal 

variation in trophic level in area A (1.38 in July and 1.36 in October). The remaining species in 

area A in July presented similar trophic levels (from 3.05 for S. senegalensis to 3.26 for D. 

vulgaris) and species caught in both areas occupied similar trophic levels. In October, each fish 

species was only caught in one of the two sampled areas of the Mira, disabling within estuary 

comparisons. Nevertheless, comparatively to July, S. solea and D. labrax increased their trophic 

level to 3.53 and 3.38, respectively and species in area B had less marked differences in trophic 

level (Fig. 4b).  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Trophic levels of fish species (S. solea, S. senegalensis, D. labrax, P. microps, L. ramada, D. 
vulgaris, A. presbyter) determined based on nitrogen isotopic composition for (a) Tejo and (b) Mira 
estuaries, in areas A (      ) and B (     ) in July and October 2009.  

a) b) 
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4. Discussion 

4.1. Sources of nutrition for fish 

The Tejo and Mira estuaries have been previously established as crucial areas for juveniles of 

some of the most commercially important fish species occurring along the Portuguese coast, 

namely S. solea, S. senegalensis, D. labrax and D. vulgaris (Cabral et al. 2007; Vasconcelos 

et al. 2010; Vinagre et al. 2010). According to these authors, juveniles of these species benefit 

from suitable conditions for growth in these estuaries, namely high food availability, water 

temperature and potential refuge against predators. Nevertheless, the present study is the first 

to point out the most important food sources which constitute the base of nutrition for these 

species. In order to do so, the IsoSource mixing model (Phillips and Gregg 2003) was used to 

estimate the potential range of primary producers, contributing to the base of the selected fish 

species diet. According to the same authors, this method is able to provide information about 

the range and distribution of possible source contributions where no unique solution exists 

because of an overabundance of sources. Thus, results must be interpreted in a conservative 

way. 

In the Tejo estuary, ultimate sources of organic matter for nutrition of S. senegalensis, D. 

labrax, L. ramada and P. microps were predominantly salt marsh derived, with S. maritima 

contributing greatly to the diet of these species and S. fruticosa to the diet of P. microps. This 

great contribution of saltmarsh detritus was consistent across the two periods examined. 

Previous studies have shown that despite the small proportion saltmarsh occupies in the whole 

estuarine area, compared to other habitat types, these fish species occur in high abundances 

close to this habitat, which might indicate its important role for these species growth and 

nutrition (Costa et al. 2002; Salgado et al. 2004; Pedro et al. 2008; França et al. 2009a). While 

these species appear to take advantage of the organic matter produced in salt marshes, which 

is incorporated in the trophic web through a detritus pathway (Teal 1962; Odum 1980), the 

relative contribution to their diets may vary with several ontogenetically related factors including 

size (age), feeding strategy (exploring detritus directly or consuming invertebrates which have 

their main nutrition source in detritus) and patterns of habitat use (Litvin and Weisten 2003). 

According to the mixing model results, S. solea nutrition in Tejo, appeared to rely at some 

extent on microphytobenthos in both sampled periods. Previous results have already shown the 

importance of the mudflats for this species, particularly in the Tejo estuary, which is extremely 

rich in this species’ main prey, namely in macroinvertebrates such as H. diversicolor and S. 

plana (Vinagre et al. 2006; Cardoso et al. 2008; França et al. 2009b). These macroinvertebrate 

are known to exhibit a diversity of feeding modes, including deposit feeding on materials in and 

on the surface layers of the sediment namely benthic microalgae (Kang et al. 2003). This shows 

how microphytobenthos may be crucial as the base of S. solea’s diet. Several sources of 

organic matter contributed markedly for the nutrition of D. vulgaris, including marsh halophytes 

and MPB. This species is omnivorous, with diets composed of algae and invertebrates (Ruitton 

et al. 2000; Horta et al. 2004), confirming the importance of different sources to its nutrition, 

either directly or through trophic interaction.  
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In the Mira estuary, in July, saltmarsh derived organic matter seemed to support the 

nutrition of S. senegalensis and L. ramada, as found for Tejo, and in addition D. vulgaris. 

According to Costa et al. (1994) saltmarshes in Mira estuary also play an important role in the 

functioning of the whole estuary, supporting high diversity and abundance of fish species. On 

the other hand, the feeding ecology of L. ramada in the Mira estuary was previously studied and 

results showed that the bulk of organic matter ingested by this species has a different origin 

than planktonic or benthic microalgae (Almeida 2003). In October the mixing model calculations 

only obtained a solution for A. presbyter and again S. maritima detritus made a significant 

contribution to this species diet. MPB was not included as a primary producer in the model 

simulation for Mira estuary in October, due to lack of suitable samples for stable isotope 

analysis, and this was possibly related with the lack of feasible solutions for the other fish 

species. The possible contribution of MPB for these fish species in this estuary remains as a 

hypothesis. 

Overall, the nutrition of the most important and abundant fish species from both estuaries 

seemed to rely strongly on organic matter derived from habitats located in intertidal: 

saltmarshes and mudflats. There is no consensus in the literature regarding the contribution of 

Spartina sp. detritus in supporting the growth and development of species that use the marsh 

(Dittel et al. 2006). Whereas in the present study, this plant seemed to play an important role for 

the Tejo and Mira food web structures, Galvan et al. (2008) found that Spartina sp. detritus was 

of limited dietary importance to infauna in all habitats from Plum Island estuary (USA). 

Moreover, the importance of marsh primary production will be influenced by geomorphology, 

variation in tidal range and relative area of marsh to open water (Litvin and Weistein 2003). For 

instance, this importance is well established for marshes along the east coast of North America 

(Weinstein et al. 2009), where, as in presently studied estuaries, marshes are low in the 

intertidal zone and frequently inundated. Both Tejo and Mira estuaries seem to have a strong 

linkage between saltmarshes and adjacent bare tidal flats, despite their tidal range mean of ca. 

3 m: mudflats are submerged always twice a day, which makes saltmarsh areas available for 

most of fish species. Besides, mudflat habitats occupy a large percentage of the total area of 

both Tejo and Mira (França et al. 2009a), allowing that organic matter originating from a wide 

range of terrestrial and marine sources may be deposited within these environments, including 

organic matter exported from adjacent salt marshes and autochthonous production of MPB 

(Cook et al. 2004).  

 

4.2. Spatial and seasonal variation patterns of estuarine food webs 

The food webs of the two studied systems depend on a variety of carbon sources with a 

range of trophic pathways. In complex ecosystems like estuaries, there are various primary 

producer sources contributing to different degrees to the diets of primary consumers, thus 

higher up in the food chain, consumers also have a variety of prey and carbon sources 

balancing their diets (Alfaro et al. 2006; Vinagre et al. 2008; Weistein et al. 2009).  

In the present work, significant δ
13

C enrichment was registered for fish species in area A of 
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the Tejo estuary in October. This is in agreement with results for other systems, as during 

summer, river flow is usually lower and large quantities of sea water, enriched in δ
13

C, may 

enter the estuary (Pasquaud et al. 2008; Nordström et al. 2009). According to different authors 

isotopic turn over rates for fish juveniles (which composed most of the fish sampled in the 

present study) may vary from days or weeks (Herzka et al. 2005; Vinagre et al. 2008) to 1 - 2 

months (Zanden et al. 1998; Hoffman et al. 2007). Despite this uncertainty about how long do 

juveniles require equilibrating to a new isotopic signature, stable isotopes in October, probably 

still reflect summer conditions in these estuaries. Seasonal differences were not significant in 

area B as this area is generally under more saline influence, thus seasonal differences are not 

as pronounced as upstream, in area A.  

Higher nitrogen isotopic signatures of primary producers in the Tejo estuary, compared with 

Mira, could indicate that nitrogen sources were from anthropogenic inputs (McClelland and 

Valiela 1998; Vizzini et al. 2005; Abreu et al. 2006). According to Kendall (1998) δ
15

N values 

ranging from 10 ‰ to 20 ‰ in primary producers are strongly related with anthropogenic 

sources, whereas nitrate derived from atmospheric deposition produces values below 6 ‰. In 

our study, δ
15

N in producers from Tejo ranged from 10.85 ‰ to 16.21 ‰ and was higher than in 

the Mira (5.80 ‰ - 12.40 ‰) and other Portuguese estuarine systems, namely Mondego estuary 

and Ria Formosa (Machás et al. 2003; Baeta et al. 2009). This anthropogenic enrichment of the 

trophic web in the Tejo is in agreement with Vasconcelos et al. (2007), which identified the Tejo 

as the most pressured estuary among the main systems of the Portuguese coast, strongly 

influenced by the surrounding population and intense heavy industry. 

In Tejo and Mira estuaries, primary producers presented wide ranges of δ
13

C and δ
15

N, and 

a common pattern was obtained with the marsh halophyte S. maritima presenting the most 

enriched δ
13

C values. This is in agreement with the ranges reported for other C4 and Spartina 

sp. species (Paterson and Whitfield 1997; Vinagre et al. 2008). The relative importance of POM, 

MPB and vascular plants for consumers varied both between and within estuaries. The use of 

organic matter may vary with the functional feeding mode of benthic consumers as well as with 

their selectivity for certain foods. Isotopic discrimination between suspension feeders and 

deposit feeders, suggesting the use of different dietary sources by functional groups has been 

previously shown (France 1995; Deegan and Garritt 1997; Choy et al. 2009). Besides, 

macrobenthos feed mostly opportunistically and can change diet in accordance with changes of 

habitat, which allow them to exploit different types of food when living in different locations and 

subsequently to influence the spatial patterns of trophic relationships in a system (Hsieh et al. 

2002). 

MPB was collected in extensive tidal flats of the Tejo estuary and similar stable isotope 

signatures between this source and S. plana and H. diversicolor individuals might indicate that 

this source could strongly support these species nutrition Deposit feeders, as these two 

species, have been shown to use food sources derived mainly from benthic microalgae (Kang 

et al. 2003; Galvan et al. 2008). Microalgae represent a fundamental source of food for benthic 

macrofauna in many estuaries, especially on intertidal bare sediment (Herman et al. 2000; 
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Middelburg et al. 2000; Baeta et al. 2009) which reinforces the importance of this habitat in the 

whole functioning of the estuary. Similarities of δ
13

C and δ
15

N signatures between these 

macroinvertebrate and fish species shows they might be potential important preys for the diet of 

the analysed predators. The described trophic relationships demonstrate that organic matter is 

transferred to higher trophic positions mainly through benthic food webs. The δ
13

C and δ
15

N 

values of consumers from Tejo and Mira estuaries were also closer to the ones of certain 

saltmarsh macrophytes, showing that these plants might play an important role in food webs of 

these systems, supporting nekton production again through complex interaction between 

feeding strategies and patterns of habitat use. Previous studies have shown that algae may be 

a preferred food source for deposite- and suspension-feeding infauna, because they are 

relatively nutritious and easy to digest (Galvan et al. 2008). Nevertheless, it has been shown 

that even when a preference for algae as a food source occurs, evidence of macrophyte detrital 

consumption was also found (Levin et al. 2006). The wide availability of marsh plants in both 

estuaries, mainly of S. maritima, which is one of the most abundant marsh species (Costa et al. 

1994; Caçador et al. 1996;), suggests that incorporation of this species detritus to the estuarine 

trophic web may occur. The role of salt marshes as carbon sources has been thoroughly 

discussed (Deegan and Garritt 1997; Litvin and Weisten 2003; Galvan et al. 2008) and has 

been demonstrated to be important in the Tejo estuary food web by Vinagre et al. (2008).  

Fish isotopic composition was strongly consistent with the consumption of benthic 

invertebrates. Zooplankton seemed to be a negligible trophic resource for the analysed 

ichtyofauna, presenting relatively δ
13

C depleted values compared to the isotopic signatures of 

fish species. Although the species investigated represent only a fraction of the species in these 

estuaries, our results disagree with those of other studies on estuarine food webs which 

emphasize the exploitation of mixed sources, both planktonic and benthic, by the dominant 

consumers (Deegan and Garritt 1997; McClelland and Vilela 1998). The same result was 

obtained by Vizzini et al. (2005) for a Mediterranean lagoon, where the pelagic pathway has 

showed lower importance.  

The significant differences found for fish isotopic composition between the two areas in Tejo 

and Mira estuaries might indicate that trophic webs analysed constitute two parallel chains, with 

little trophic interaction between them, as previously found also for Tejo (Vinagre et al. 2008) 

and for a South African estuary (Paterson and Whitfield 1997). Food webs in both estuaries 

seem to be predominantly benthic, relying mostly on benthic sources such as MPB and Spartina 

sp. detritus.  

 

4.3. Fish species trophic level  

Trophic level of fish species found for Tejo and Mira are overall lower than the ones 

obtained in other works (Pasquaud et al. 2010). Besides the possible sources of variability 

already mentioned, inter-specific differences also suggest a diversity of feeding strategies and 

specific adaptations to the various food sources available, feeding preferences, mobility and 

physiological capabilities (Pasquaud et al. 2008).  
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High and stable trophic levels of fish species in area A of the Tejo estuary, except for L. 

ramada, could represent an enriched mean δ
15

N of this upstream estuarine area. The same 

result was found by Garcia et al. (2007), which suggested that the observed higher δ
15

N values 

in upstream sites could be simply due to marked differences in nitrogen supply as sites with 

higher freshwater influence usually receive high nutrient loads (phosphate and nitrogen) from 

large-scale agricultural and urban areas. The increase in fish trophic level observed in Tejo 

estuary from July to October is not likely a result of changes in river flow, since stable isotope 

results from October reflect what fish has assimilated during summer, when river flow was low. 

Thus the observed trophic level increase is likely related with the reliance of these species on 

benthic prey, as Sherwood and Rose (2005) have shown that δ
15

N levels in benthic species are 

higher than those in pelagic species for an equivalent trophic position.  

The larger differences in fish trophic levels found in Tejo, compared to Mira could be due to 

the strong differences in configuration and dimensions of these estuaries. The smaller 

dimension and the channel like configuration of the Mira may allow terrestrial and sea water 

inputs to reach sampled areas easily. The lack of previous studies using stable isotopes in Mira 

limits further interpretations. 

Certain fish species were assigned to different trophic levels in different areas of the same 

estuary. Ley et al. (1994) demonstrated that fishes in estuaries often need to share resources, 

demonstrating to be flexible and able to exploit temporary peaks in prey populations which may 

lead to the ability of species to feed in more than one trophic level, increasing the intra-specific 

variability of δ
15

N signals. L. ramada presented the lowest trophic level in the two estuaries, as 

found by Pasquaud et al. (2010) which was suggested to be a result of the feeding ecology of 

this species. This species consumes directly a high level of primary producers (microalgae) and 

detritus and its grazing behaviour has been already described in the brackish waters of the 

presently studied systems (Almeida 2003; Pedro et al. 2008). On the other hand, P. microps 

was assigned to the highest trophic levels, in contrast with intermediate levels found for this 

species in previous studies, together with species like S. solea and S. senegalensis (Pasquaud 

et al. 2010). The genus Pomatoschistus has been described as a small crustacean feeder in 

Portuguese (Salgado et al. 2004; Leitão et al. 2006) and other European estuaries (Hamerlynck 

and Cattrijsse 1994; Pasquaud et al. 2004); S. solea and S. senegalensis were previously 

described as eating carnivorous prey such as polychaetes, Gammarus spp. and some 

decapods (Cabral et al. 2000; Vinagre et al. 2008). Nevertheless, in the present study P. 

microps had higher trophic level than the flatfish species, which may be related with the ability 

of S. solea and S. senegalensis to explore primary producers directly, as shown in previous 

studies reporting vegetal debris in these species stomachs (Pasquaud et al. 2010). As δ
15

N has 

a trophic enrichment of 3.4 ‰ for each trophic level (Minagawa and Wada 1984), the 

consumption of primary producers will result in lower δ
15

N values and lower trophic levels in 

these species.  

Overall, this study shows that the use of stable isotope analysis can provide a detailed 

picture of the structure of an estuarine fish food web by defining trophic levels and the pelagic 
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and/or benthic nature of the food chains. Besides, the characterization of the trophic basis of 

some of the most commercially important fish species occurring in the Portuguese coast 

provided a novel insight for an integrated management of different estuarine habitats. Intertidal 

habitats play an important role as they contain the most important food sources in the systems, 

thus their extensive disturbance may change the balance of organic matter and the availability 

of food in ecosystems.  

Further studies in Portuguese estuaries should carry out stable isotope analyses and 

complementary techniques, in other species and enhance detailed seasonal and spatial 

analysis of food webs to assess if the importance of matter sources to fish species is consistent 

through the whole estuarine gradient and different seasons.  
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Vulnerability assessment of estuarine habitats 

and relationship with structural and functional use by fish assemblages 

 

 

 
Abstract: Estuaries are extremely productive ecosystems, providing habitat for numerous 
species and considered essential nurseries for many marine species. However, environmental 
changes caused by anthropogenic threats affect the quantity and quality of estuarine habitats. 
Habitat loss and degradation, conspicuous in estuaries worldwide, is considered a major threat 
to the function of estuaries. Information on threatening processes leading to habitat loss and 
degradation and on relative vulnerability of different habitats is imperative for conservation 
planning. The vulnerability of estuarine habitats from five Portuguese estuaries (Ria de Aveiro, 
Tejo, Sado, Mira and Guadiana) to a set of eight threats was assessed through a threat ranking 
approach, based on expert’s judgement. Simultaneously, fish communities in these habitats 
were sampled seasonally in 2009, in order to relate habitat vulnerability and habitat use by fish 
communities (saltmarsh, intertidal mudflat and subtidal in two sites per estuary). Higher impact 
scores on habitats were assigned to nutrient input, changes in river flow and land reclamation. 
Averaging all threats, vulnerability scores were higher in mudflats, followed by subtidal and 
saltmarsh habitats. Overall, habitats in the Tejo and Sado estuaries were ranked as the most 
vulnerable and in the Mira estuary as the least vulnerable. Vulnerability and fish community 
indicators in sampled habitat types and sites evidenced some agreement between vulnerability 
and fish community indicators in the intertidal habitats (saltmarsh and intertidal mudflats), 
highlighting their priority in conservation and management contexts. The presented approach 
provides a useful tool as it allows prioritizing threat mitigation and identifies the most vulnerable 
habitats to potential degradation and destruction.  
 
Key-words: estuary; habitat; saltmarsh; mudflat; anthropogenic threats; vulnerability. 
 

 

 

1. Introduction 

Estuaries are important coastal ecosystems; they represent transition systems between 

freshwater and marine environments and are among some of the most biologically productive 

areas on Earth (Costanza et al. 1997; Kennish 2002). Estuarine systems are essential to the 

renewal of fisheries resources, as they provide nursery grounds for many marine fish species 

(Beck et al. 2001; Able 2005). These species’ juveniles may find in estuaries potential 

advantages for their growth and survival, namely high prey availability, refuge from predators 

and good environmental conditions (Haedrich 1983; Lenanton and Potter 1987; Beck et al. 

2001).  

Despite their high productivity, estuaries are ranked amongst the most anthropogenically 

degraded habitat types on Earth (Hodgkin 1994; Blaber et al. 2000; Edgar et al. 2000). Human 

activities jeopardize estuary’s functioning, and in many cases have caused large scale changes 

in natural communities (Edgar et al. 2000). Environmental problems in these systems are 

invariably related with overpopulation and uncontrolled development in coastal watersheds, as 

well as human activities in the estuarine embayment (Kennish 2002). These strong human 

impacts collide with the important ecological function of estuarine systems, which might threat 

these ecosystems’ viability and health, namely with decrease in natural productivity, change in 
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ecosystem stability and loss of biodiversity (Vasconcelos et al. 2007).  

Although fisheries have long been considered one of the most threatening anthropogenic 

factors concerning fish populations (Boreman 1997; Johnson et al. 1998), recent studies 

showed that activities such as reclamation of wetlands, dredging of shipping channels, 

construction of port facilities and introduction of alien species have caused large scale habitat 

loss and degradation (Edgar et al. 2000; Vasconcelos et al. 2007). These habitats are 

considered essential for juveniles and thus for future recruitment and renewal of fish populations 

(Able et al. 1999; Whitfield and Elliott 2002; Coates et al. 2007; Le Pape et al. 2007; Courrat et 

al. 2009). Furthermore, the intensive development of anthropogenic activities in and around 

estuaries has also resulted in the deterioration of water quality by increased quantities of 

organic contaminants and accumulation of heavy metals, reduction of vegetated habitats and 

disruption of fish migratory pathways (Edgar et al. 2000; Adam 2002; Kennish 2002). 

Consequently, habitat loss and degradation has been considered one of the most serious 

threats to the functioning of estuarine systems (Cattrijse 2002; Kennish 2002; Courrat et al. 

2009). The protection of these essential fish habitats represents a crucial issue for ecosystem 

management and conservation (Beck et al. 2001) but it constitutes a daunting task, as the 

number and variety of threats can be vast. According to Wilson et al. (2005), a consistent 

definition of vulnerability is lacking in conservation planning. This is of great relevance as the 

concepts of sensitivity and vulnerability have been commonly used as criteria in the 

identification of areas requiring special management or protection (Zacharias and Grer 2005). 

Worldwide, numerous estuarine habitats have been degraded to some extent, nonetheless the 

functional significance of this degradation is yet unknown (Peterson 2003). 

Understanding the differences in the extent and nature of ecosystem responses to threats is 

a critical basis to identify which threats have the highest impact on different ecosystems and its 

importance was addressed in Halpern et al. (2007). Quantifying these differences allows threats 

to be ranked based on the severity of their impact and assess the vulnerability of each habitat. 

Several threat-ranking and evaluation systems have been developed to aid conservation priority 

setting (Zacharias and Greg 2005; Kappel 2005).  

Structural and functional aspects of fish communities in the main estuaries along the 

Portuguese coast have been intensively studied in recent years, namely exploring: variation in 

diversity (França et al. 2011) and importance of functional groups (Martinho et al. 2007b); their 

differential nursery role for some commercially important fish species and identifying underlying 

regulating features (e.g. Cabral et al. 2007; Leitão et al. 2007; Pombo et al. 2007; Vasconcelos 

et al. 2010). These estuaries present marked variation in the level of anthropogenic sources of 

pressure, as well as in their level of natural vulnerability - the system’s natural response and 

buffering capacity to human activities, mainly in terms of water quality (Vasconcelos et al. 

2007). 

Looking into some of these estuarine ecological processes at a different scale, and since 

according to Pihl et al. (2002), estuaries consist of a complex mixture of many distinctive habitat 

types that do not exist in isolation, França et al. (2009a) analysed the spatial patterns of habitat 

use by fish assemblages in Portuguese estuaries. Results from these authors showed that 
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habitats such as saltmarsh supported high densities of fish and some species were found to be 

particularly associated with certain habitat types, which may be indicative of the important role 

they play in the functioning of the ecosystem as a whole. The present work aims to assess the 

vulnerability of different habitat types in estuaries along the Portuguese coast. In order to do so, 

we assessed how vulnerable are these habitats to human activities, namely in terms of habitat 

loss and degradation, whilst simultaneously assessing their structural and functional use by fish 

communities.  

 

2. Materials and Methods 

2.1. Study area 

Five estuarine systems located along the Portuguese coast were considered: Ria de Aveiro, 

Tejo, Sado, Mira and Guadiana (Fig. 1). These systems differ considerably in terms of their 

geomorphologic and hydrologic characteristics: Tejo and Sado present the largest areas 

(320 km
2
 and 180 km

2
 respectively) and Mira, the smallest (5 km

2
). The Tejo estuary has 

considerably higher mean river flow values (300 m
3
 s

-1
) than the other systems (80 m

3
 s

-1
 in 

Guadiana, 40 m
3
 s

-1
 in Ria de Aveiro and Sado and 3 m

3
 s

-1
 in Mira). Shallow areas 

predominate in all the estuarine systems with mean depths between 1 m and 6 m.  

In each estuarine system two analogous sites were selected, and will be considered as 

replicates as they presented similar salinity and depth values. In each site, three habitat types 

were sampled: saltmarsh (intertidal, sediment-based, macrophyte dominated, saline-influenced 

habitats); mudflats (intertidal unvegetated areas, lying between the highest and lowest tides, 

and composed predominantly of sediments from fine silt to coarse sands) and subtidal channels 

(permanently subtidal unvegetated habitats, composed predominantly of sediments ranging 

from fine silts to coarse sands). This habitat classification was adapted from Pihl et al. (2002). 

Sites and habitats sampled within each estuary were chosen based on the previous study by 

França et al. (2009a) in order to obtain study sites with similar mosaics of these three habitats 

and that therefore constitute replicates. 

 

2.2. Fish collection 

Fish assemblages in the selected study sites and habitat types were sampled seasonally in 

2009 (winter, spring, summer and autumn). All habitat types were sampled using a beam trawl. 

For each season, three hauls were performed per habitat type and trawls were restricted to 

each habitat type to avoid overlap between different habitats.  

Sampling was conducted during the night, using a 2 m beam trawl with one tickler chain and 

5 mm mesh size in the cod end. Trawls were towed at a constant speed and lasted for 10 min., 

granted that enough habitat area was available. Trawled area was determined based on the 

trawl opening width (2 m) and the distance travelled [obtained using the coordinates registered 

at the beginning and at the end of each trawl with a global positioning system (GPS)]. All fish 

caught were identified, counted, measured (total length with 1 mm precision) and weighed (wet 

weight with 0.01 g precision). 
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Figure 1. Location of estuarine systems sampled in the Portuguese coast. Also shown is the location of 
study sites within each estuary. 

 

2.3. Habitat vulnerability index 

The vulnerability index approach presented here was adapted from the method proposed in 

Halpern et al. (2007), which evaluated and ranked the vulnerability of several marine 

ecosystems, considering the most important anthropogenic threats they were subjected to, 

based on expert’s opinion.   

In order to obtain a vulnerability value for each estuarine habitat, the most important threats 

which potentially lead to habitat loss were identified according to the literature (Table 1).  

 

Table 1. List of main potential threats which may lead to habitat loss and degradation; description of 
anthropogenic sources of each threat and range of scores potentially attributed by experts: 0 - lowest 
vulnerability, to 4 - highest vulnerability. 

 

To ensure comparable evaluations of all threat-habitat combinations, a set of researchers 

with published work in the selected estuaries were asked to translate their knowledge into the 

vulnerability rankings (n = 20 researchers). Researchers were provided with a list of the 

identified main threats which will lead to habitat loss and examples of anthropogenic sources of 

each threat (Table 1) and were asked to assign vulnerability values for the selected sites and 

habitats, based on their expert judgement. Adopting Halpern’s methodology, experts were 

Threat Anthropogenic source Score 

Changes in river flow Dams, climate change, rainfall 0 - 4 

Changes in sediment Dams, dredging 0 - 4 

Nutrient input Agriculture, sewage, aquaculture 0 - 4 

Chemical pollution 
Organic and inorganic contaminants from 
industry and urban population 

0 - 4 

Biological pollution Aquaculture, navigation and port activities 0 - 4 

Removal of organisms Fishing and harvesting 0 - 4 

Land reclamation Urban development and bank regulation 0 - 4 

Habitat physical disturbance Recreational and commercial nautical activities 0 - 4 
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asked to account for the following criteria when attributing a vulnerability value of a habitat to a 

threat (assuming equal weights for all criteria): spatial scale (average scale at which a threat 

event affects the ecosystem - from locally to > 10 km
2
); frequency (how often discrete threat 

events occur - from rarely to persistently); functional impact (threats may affect from one 

species to the entire community); resistance (average tendency of the ecosystem to resist 

changing its natural state in response to a threat - from low to high) and recovery time (average 

time required for the ecosystem to return to its pre-threat state, from <1 year to >100 years). 

Scoring system ranked from 0 to 4 (lowest to highest vulnerability) (Table 2).  

 

Table 2. Criteria for scoring system for each vulnerability measure to be used by experts to assess how 
threats affect estuarine habitats in terms of habitat loss and degradation. 

 

Once answers from researchers were received, means were calculated in order to get a 

single vulnerability value (from 0 to 4) for each threat-habitat-site combination that indicated 

how a given threat to habitat loss affects a particular habitat (in each site and estuary). A mean 

value was chosen instead of a sum of all the scores, in order to account for zero values, which 

were given when a threat was considered not to produce an impact on a particular habitat of a 

given estuary. 

 

2.4. Data analysis 

Density and biomass of individual fish species per tow (number of individuals.1000 m
-2 

and 

g.1000 m
-2

, respectively) were used to determine mean values per habitat (in each site, estuary 

and season). 

Each species was assigned to an ecological guild, according to the functional guild 

classification reviewed by Franco (2008). The ecological guilds considered were: estuarine 

species (ES – may breed in the estuary; highly euryhaline species, able to move throughout the 

full length of the estuary), marine migrants (MM - spawn at sea and regularly enter estuaries in 

large numbers; highly euryhaline species, able to move throughout the full length of the estuary; 

includes species using estuaries as nursery grounds either opportunistically or being dependent 

on estuarine nurseries); marine stragglers (MS – spawn at sea; usually associated to coastal 

marine waters, enter estuaries accidentally in low numbers; predominantly stenohaline species, 

occur most frequently in the estuary lower reaches); and catadromous species (C – live in 

freshwater but regularly use estuaries as pathways of migration to the sea, where they 

reproduce). 

Several fish community based metrics were calculated: species richness (S’) (maximum 

Rank Spatial scale 
(km

2
) 

Frequency Functional impact Resistance Recovery 
time (years) 

0 No threat Never occurs No impact No impact No impact 

1 Local (< 1) Rare Species High < 1 

2 <5 Occasional Single trophic level Medium 1 - 10 

3 5 - 10 Seasonal or regular > 1 trophic level Medium 10 - 100 

4 >10 Persistent Entire community Low > 100 
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number of species); density (mean density of all fish species); biomass (mean biomass of all 

fish species); percentage of individuals of MM species; and percentage of individuals of ES 

species. Mean annual values of these metrics were calculated for each site and habitat. 

Relationships between vulnerability index of each habitat and the metrics calculated were tested 

using Spearman rank correlation coefficient.  

 

3. Results 

3.1. Habitat fish communities 

Fish assemblages in all estuarine sites and habitats were composed mainly by marine 

migrants and estuarine species, which together accounted for almost 90 % of total density and 

biomass in most cases, and we opted for presenting results only for these two guilds. 

Species richness was generally higher in the subtidal and mudflat habitats (Fig. 2a). 

Densities varied greatly among all the habitats, sites and estuaries sampled: higher in the 

subtidal habitat in Ovar (Ria Aveiro), Alcochete (Tejo), Carrasqueira (Sado) and in both sites in 

Guadiana; in mudflat were higher in the Downstream site in Mira estuary, and for remaining 

sites, densities were higher in the saltmarsh habitat (Fig. 2b). Similarly, biomass values also 

varied throughout habitats, sites and estuaries: higher values in subtidal were found in Ovar 

(Ria de Aveiro) and both sites from Tejo and Sado estuaries, while higher values in mudflats 

were found in both sites form the southern estuaries: Mira and Guadiana (Fig. 2c). Individuals 

from species assigned to the marine migrant functional guild were present in higher 

percentages in the saltmarsh habitat for almost all the sites in each estuary, with the exception 

of Guadiana estuary, where these individuals were found mostly in the mudflat habitat (Fig. 2d). 

Percentage of estuarine residents individuals were higher in the saltmarsh habitat in both sites 

in Guadiana estuary, in the subtidal habitat in the Mira estuary, in Carrasqueira (Sado) and VFX 

(Tejo), for remaining sites, estuarine residents were mostly in the mudflat habitat (Fig. 2e). 

Considering saltmarsh habitat, highest number of species was obtained in the Mira estuary 

(5 in downstream site). This estuary also had the highest mean density and mean biomass 

registered for this habitat (45.30 individuals.1000 m
-2 

and 353.88 g.1000 m
-2

 in upstream and 

downstream sites, respectively). Gâmbia (Sado) had the highest percentage of marine migrants 

(91.69 %) in its fish assemblage and 90.79 % of the fish assemblage in saltmarsh habitat in 

Carrasqueira (Guadiana) was composed of estuarine residents (Fig. 2). 

Highest number of species in mudflat habitat (8) was registered in Mira estuary (upstream 

site). Similarly to saltmarsh habitat. highest mean density and mean biomass were obtained in 

Mira (65.80  individuals.1000 m
-2 

in downstream and 896.13 g.1000 m
-2

 in upstream site). The 

highest percentage of marine migrants in mudflat (77.18 %) also occurred in the latter site and 

highest percentage of estuarine species (80.23 %) was obtained in Alcochete (Tejo) (Fig. 2). 

For subtidal habitat, highest number (7) was registered in the downstream site of Mira 

estuary. Highest mean density (70.24 individuals.1000 m
-2

) was found in Alcochete (Tejo) while 

highest mean biomass was registered in Carrasqueira (Sado) (509.53 g.1000 m
-2

). In Gâmbia 

(Sado) the fish assemblage had the highest percentage of marine migrants (52.21 %) and in 

V.F.X. (in Tejo) the highest percentage of estuarine species (84.42 %) (Fig. 2). 
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Figure 2. Mean annual (and standard deviation bars) fish assemblage indicators for each habitat (     - 
saltmarsh;    - mudflat;   - subtidal), per site and estuary, based on four seasonal surveys in 2009. 
Indicators considered are: (a) species richness (S’) (maximum number of species); (b) density (mean 
density of all fish species, in individuals.1000 m

-2
); (c) biomass (mean biomass of all fish species, in 

g.1000 m
-2

); (d) percentage of individuals of marine migrant (MM) and (e) of estuarine species (ES).  
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3.2. Habitat vulnerability index 

The survey results identified nutrient input, changes in river flow and land reclamation as 

the greatest threats to the estuarine habitats in terms of habitat loss (Fig. 3). In contrast, 

biological pollution and fishing and harvesting activities were identified as the least threatening 

to these habitats. In addition, another overall common pattern was also obtained when 

averaging results of all estuarine sites and experts: all threats were ranked as having strongest 

impacts on saltmarshes, followed by mudflat and subtidal habitats, with the exception of 

“changes in river flow”, which had a strongest impact on the mudflat habitat (Fig. 3). Both these 

patterns were notable despite the variability of scores attributed by experts to the different sites, 

and some variation in attributed scores between experts.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Mean (and standard deviation bars) habitat vulnerability  (    - saltmarsh;  - mudflat;     - subtidal) 
to threats on habitat loss (changes in river flow, changes in sediments, nutrient input, chemical pollution, 
biological pollution, fishing and harvesting, land reclamation, habitat physical disturbance). Scores (0 – 
lowest to 4 – highest) were assigned by expert judgement (n = 20 researchers) to each habitat-site-threat 
combination. Means represented are based on scores of all experts and all study sites. Sites considered 
were: Ria de Aveiro – Ovar, Mira channel; Tejo – Vila Franca de Xira, Alcochete; Sado – Gâmbia, 
Carrasqueira, Mira – Downstream, Upstream; Guadiana – Castro Marim, Carrasqueira. 

 

Nevertheless, different trends were evidenced when averaging mean scores of all eight 

threats for each habitat-site combination (Table 3). Vulnerability of habitat types was coherent 

throughout the analysed sites: in all sites, mudflat habitat had the highest mean vulnerability 

(mean 2.0) of the three habitats and in most cases was followed by subtidal (mean 1.8) and 

finally saltmarsh (mean 1.7). In addition, marked differences in vulnerability were obtained 

among sites: overall highest mean vulnerability scores were attained in all three habitat types in 

VFX (Tejo estuary) and Gâmbia (Sado estuary) (means 2.3 and 2.2 respectively) and lowest in 

three habitats in Mira estuary (1.5 in downstream and 1.3 in upstream site). 

 

3.3. Relationship between habitat vulnerability index and fish community indicators 

Several trends were observed in the relationship between saltmarsh vulnerability index and 

fish community metrics obtained for this habitat, even though no significant correlations were 
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Table 3. Overall mean (and standard deviation between brackets) scores for habitat vulnerability in each 
estuarine site and habitat. Each mean value determined from the eight scores of the considered threats 
(changes in river flow, changes in sediments, nutrient input, chemical pollution, biological pollution, fishing 
and harvesting, land reclamation, habitat physical disturbance). 
 

 
 
 
 
 
 

 

 

 
 

 

 

 

found (Fig. 4). Vulnerability index was lowest in the Mira estuary sites, which also presented 

high species richness, mean density and mean biomass and percentage of marine migrant 

individuals whilst low percentage of estuarine individuals. Saltmarsh vulnerability was highest in 

V.F.X. (Tejo) - which also presented high species richness, mean density and mean biomass – 

and in Gâmbia (Sado) - which also had high mean density and percentage of marine migrant 

individuals and a low percentage of estuarine species (Fig. 4).  

Very similar results were found for the mudflat habitat (Fig. 4): mudflats in the Mira estuary 

obtained the lowest vulnerability and had the highest species richness, high mean density 

highest mean biomass, highest percentage of marine migrant individuals and lowest percentage 

of estuarine individuals. On the other hand, mudflats from V.F.X. (Tejo) and Gâmbia (Sado) are 

the most vulnerable to threats and had low percentages of marine migrant individuals and high 

percentages of estuarine species (ES). Significant Spearman rank correlations were found 

between the vulnerability index from mudflats and the percentage of marine migrants (R = -0.63; 

p < 0.05) and estuarine species individuals (R = 0.77; p < 0.05).  

Relationships between vulnerability and fish community metrics of subtidal habitat were not 

significantly correlated, but some tendencies were evidenced, even though less notable than for 

the other habitats. Species richness was high in the Mira subtidal, which had the lowest 

vulnerability index and also in the Sado subtidal which had high vulnerability (Fig. 4). Mean 

density was highest in the subtidal from Alcochete (in Tejo) where vulnerability index was also 

high, and similarly, subtidal from Carrasqueira (in Sado) had the highest biomass mean value 

and one of the highest vulnerability values. Subtidal habitats from downstream site (Mira) and 

Gâmbia (Sado) had the highest percentages of marine migrants (MM), with the latter presenting 

one of the highest vulnerability values. The highest percentage of individuals from the estuarine 

species (ES) guild was found in the subtidal from V.F.X. (Tejo), the habitat with the highest 

vulnerability index.  

 

Estuary Site Saltmarsh Mudflat Subtidal 

Ria de Aveiro Ovar 1.7 (0.6) 2.0 (0.5) 1.8 (0.8) 

 Mira 1.5 (0.3) 1.8 (0.3) 1.6 (0.4) 

Tejo Alcochete 1.9 (0.5) 2.2 (0.5) 1.8 (0.7) 

 VFXira 2.1 (0.6) 2.6 (0.3) 2.2 (0.7) 

Sado Gâmbia 2.0 (0.6) 2.4 (0.4) 2.1 (0.7) 

 Carrasqueira 1.8 (0.4) 2.2 (0.5) 1.9 (0.7) 

Mira Downstream 1.5 (0.5) 1.6 (0.4) 1.3 (0.4) 

 Upstream 1.3 (0.5) 1.3 (0.5) 1.2 (0.3) 

Guadiana C. Marim 1.9 (0.6) 2.2 (0.3) 1.9 (0.3) 

 Carrasqueira 1.9 (0.6) 2.2 (0.3) 1.9 (0.3) 

Mean  1.7 (0.3) 2.0 (0.4) 1.8 (0.3) 
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Figure 4. Relationship between habitat vulnerability index and fish community indicators in saltmarsh, 
mudflat and subtidal habitats. Habitat vulnerability index ranges from 0 (lowest) to 4 (highest) and fish 
community metrics considered are species richness (maximum number of species), density (mean density 
of all species in individuals.1000 m

-2
), biomass (mean biomass of all species in g.1000 m

-2
), percentage of 

individuals of marine migrant species (MM) and of estuarine species (ES). Sites considered are: Ria de 
Aveiro (RA) - Ovar (Ova) , Mira channel (Mir); Tejo (T) -  Vila Franca de Xira (VFX), Alcochete (Alc); Sado 
(S) - Gâmbia (G), Carrasqueira (Car), Mira (M) - Downstream (Dow), Upstream (Ups); Guadiana (G) -
Castro Marim (CM), Carrasqueira (Car). 
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4. Discussion 

Nearly every part of the world’s oceans is affected by human activities, which creates 

difficult challenges to conservationists and managers (Halpern et al. 2007). In order to start a 

process of conservation planning, a comprehensive assessment of vulnerability is required and 

should consider all of the existing threats affecting an area or ecosystem, as well as the 

dynamic responses of those threats to conservation actions (Wilson et al. 2005).  

The open nature of estuaries implies that their functioning will be affected not only by local 

aquatic events but also by land-based activities, mainly those releasing materials into the 

watershed and atmosphere (Peterson et al. 2000; Halpern et al. 2007). One of the most critical 

threats to estuarine ecosystems has been habitat loss, which has occurred on a large scale 

over the past 300 years in many estuaries, through land claim for agriculture, port development, 

harbors, housing and infrastructures (McLusky and Elliott 2004). Effective management of fish 

habitat requires prioritization, thus identifying which habitats are used by different fish life stages 

is crucial to the application of an ecosystem-based approach to fisheries management (Levin 

and Stuntz 2005).  

The present paper presents an advancement in the identification of estuarine habitats of 

high conservation priority for fishes, linking vulnerability, functional value and ecological use 

pattern of each habitat. The observed overall dominance of the marine migrant and estuarine 

guilds (together accounted almost for 90 % of fish assemblages of all the estuarine habitats 

sampled) is in accordance with the most common ecological groups found in European 

estuaries (Marshal and Elliott 1998; Thiel and Potter 2001; Franco et al. 2006; Martinho et al. 

2007a) and habitats (França et al. 2009a). The highest percentage of marine migrants (MM) 

was found in saltmarsh habitat in most sampled estuarine sites. This ecological guild can be 

considered as a proxy measure for the nursery function of estuaries (Coates et al. 2007; 

Courrat et al. 2009) and, in the present study, of distinct estuarine habitats. Previous studies 

have already established the importance of saltmarshes as nursery areas, providing shelter 

against large predators and higher availability of prey (Lazzari et al. 2003; Franco et al. 2006; 

Veiga et al. 2006; França et al. 2009a). 

On the other hand species richness, mean density and biomass of all species provide 

information on structural aspects of fish communities. Mean annual values of maximum number 

of fish species did not differ considerably between the sampled habitats in an estuary, and 

higher values were generally registered in both mudflat and subtidal habitats. França et al. 

(2009a) also described higher number of species in subtidal. According to the same study, 

highest densities of fish were found in saltmarsh, with the same results obtained for most of the 

areas sampled in the present work. 

After analysing fish assemblages’ habitat use pattern, an assessment of the vulnerability of 

each habitat in every sampled estuary was performed, by adapting a method initially proposed 

by Halpern et al. (2007). The original expert judgment based method allowed listing and 

comparing anthropogenic threats, in that particular case to marine ecosystems, and explicitly 

identify why a threat affects a particular ecosystem, in a quantifiable, transparent and 
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repeatable way. In the present study this method was adapted and used at a finer scale: 

estuarine habitats. Threat assessment at this scale will probably be most relevant to managers, 

and will make it easier to predict which threats will have stronger impact in habitat loss.  

The presently applied expert judgement classification of habitat vulnerability of threat-

habitat-estuarine site combinations was based on a scoring system from 0 (when it does not 

constitute a threat and will have no impact leading to habitat loss) to 4 (referring to a persistent 

threat, which affects a large area and an entire community). Averaged scores of experts were 

not high for any of the threats (threats mean scores ranged roughly between 1 and 2.5) despite 

the large industrial, agricultural and port activities and population density present around several 

of the analysed estuaries - namely Tejo, Sado and Ria de Aveiro (Vasconcelos et al. 2007). 

Besides this, some divergence of opinions among experts in part contributed to dilute 

differences among threats. The identified threat list aimed at avoiding redundancy, which could 

lead to overweighing specific pressures and would introduce bias when integrating values into a 

single rank. On the other hand, the scoring criteria for each threat-habitat-estuarine site took 

into account that the relative importance of particular threats depends in part on which threats 

are present at particular locations, their magnitude and the specific attributes of the location 

(Halpern et al. 2007). Ideally and ultimately, connectivity between habitats should be taken into 

account, as it will affect the scale and functional impact of a threat in a particular location, both 

positively (via dispersal-mediated recovery) and negatively (via threat transport) but this was not 

accounted for in the present assessment.  

Results indicated that each habitat from every estuary is affected by multiple threats. The 

highest scored threats among all sites and habitats were nutrient input, land reclamation and 

changes in river flow. These threats are mostly originated from land-based activities (nutrient 

input, e.g. from agriculture and sewage; land reclamation, e.g. from urban development and 

bank regulation) and also upstream from the estuary (changes in river flow, e.g. from dams and 

rainfall) and in the estuary (nutrient input, e.g. from aquaculture). This mixed threat origin 

indicates that effective estuarine conservation and management will have to address different 

types of threat sources (terrestrial, freshwater and marine) simultaneously. These threats were 

also some of those which, according to Halpern et al. (2007), affect more seriously most marine 

ecosystems worldwide. Halpern et al. (2007) also evidenced that mudflat, saltmarsh and 

subtidal habitats in marine environments are affected strongly by sea level rise, invasive 

species, coastal development and nutrient input.  

The linkage between nutrient input and eutrophication of estuarine waters has been well 

established (Cloern 2001; Marques et al. 2003; Cardoso et al. 2004). Several Portuguese 

estuaries are vulnerable to eutrophication as the influx of nutrient elements (nitrogen and 

phosphorus) stimulates primary production, leading in some cases to excessive plant growth 

and consequently to hypoxia phenomena, besides increasing toxic algal blooms (Dolbeth et al. 

2003; Martinho et al. 2007b; Vasconcelos et al. 2007). As most of the analysed threats, nutrient 

input threat was classified as having a strong impact in all habitats, higher in saltmarsh. Adam 

(2002) stated that saltmarsh fringing estuaries appear to intercept a large part of land derived 
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nitrogen loads, which in one hand may protect other habitats from eutrophication, acting as a 

sink, but on the other hand may change saltmarsh patterns of productivity and species 

distribution.  

Land reclamation has been one of the major causes of habitat loss globally, including in 

Portuguese estuaries (Adam 2002; Kennish 2002; McLusky and Elliott 2004; Martinho et al. 

2007a; Vasconcelos et al. 2007; Courrat et al. 2009). The impact of this threat was identified as 

high in all habitats, higher in saltmarsh and mudflat due to the historical and currently ongoing 

pressures claiming wetlands for agriculture, aquaculture and other human needs, and also 

through the construction of shoreline structures which represent direct losses of habitat (Adam 

2002; Kennish 2002).  

Changes in natural flow regimes in estuaries may occur seasonally and inter-annually due 

to changes in rainfall, or may be due to multiple human activities in upstream watershed areas 

(e.g. dam construction and freshwater diversion) (Kennish 2002; Costa et al. 2007; Vasconcelos 

et al. in press). All habitats, and mostly mudflat and saltmarsh were considered to be the most 

vulnerable to this threat, as both these intertidal habitats occupy a large part of the tidal frame of 

Portuguese estuaries and a shift in freshwater flow may have considerable repercussions for 

the quantity and quality of these intertidal habitats and biological communities using them 

(Adam 2002; França et al. 2009a).  

The most vulnerable saltmarsh habitats to threats on habitat loss were present in Tejo 

(V.F.X.) and Sado (Gâmbia) estuaries, where the most vulnerable mudflat and subtidal habitats 

were also identified. Vasconcelos et al. (2007) quantified the level of anthropogenic pressure 

sources of Portuguese estuaries and also their level of natural vulnerability (measure of the 

estuary response and buffering capacity to anthropogenic disturbance, namely in terms of water 

quality). In that assessment, the Tejo estuary had highest pressures and lowest vulnerabilities 

(in both cases followed by Sado), while the Mira had the highest vulnerability and lowest 

pressures. The approaches to vulnerability in the two studies are different but the results are in 

agreement. Vasconcelos et al. (2007) concluded that Tejo was the least vulnerable, which 

means that despite all the strong anthropogenic pressures found in this estuary, they would 

have least impact in the ecosystem’s functioning as its response and buffering capacity to 

human activities would be stronger.  In the present study, at the habitat scale, highest pressures 

means that certain habitats are subjected to stronger impacts and consequently more 

vulnerable/subjected to potential destruction and degradation. 

The Tejo estuary, located near a large city, is subjected to high urban and industrial 

pressures (França et al. 2005; Vasconcelos et al. 2007; Cardoso et al. 2008). Nonetheless, the 

crucial role this estuary plays as important nursery areas has been previously stated at 

estuarine (Vasconcelos et al. 2010, 2011;  Vinagre et al. 2010) and habitat (França et al. 2009a) 

scales. In addition to having the highest saltmarsh habitat vulnerability values, several fish 

assemblage indicators for saltmarshes in V.F.X. (Tejo) were high (species richness, mean 

density and mean biomass), indicating that the high human pressures around this area 

represent significant threats to the fish community at least in this habitat and effective 
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conservation in order to avoid further degradation of this habitat in this area would be relevant. 

Similarly, the high vulnerability in saltmarsh habitat in Gâmbia (Sado) was accompanied by a 

fish assemblage with high densities and composed mainly by marine migrants. This habitat 

potentially acts as an important nursery area within this high pressured estuary (Vasconcelos et 

al. 2007) and could justify the need for prioritized conservation measures. 

Mudflat was overall the most vulnerable habitat throughout the estuaries, subjected to 

strong impacts of several threats. Mudflats from the Mira estuary presented the lowest 

vulnerability, but species richness, mean density, mean biomass and percentage of marine 

migrants were the highest for mudflats in all sampled estuaries; similarly to the pattern observed 

for saltmarsh. The role of mudflat habitats in the functioning of this estuary seems crucial. 

According to Halpern et al. (2007) ecosystems with lower average threat ranks may actually be 

more at risk of local or global extinction than higher-ranked ecosystems, as their important 

features may be easily changed with slight changes in the ecosystem, thus care should be 

taken when interpreting vulnerability values. This means that despite having attained low 

vulnerability in the Mira estuary, the mudflat habitat should nevertheless still be considered a 

high priority regarding its conservation because even a slight increase in human pressures may 

lead to serious impacts which could in turn, lead to the loss of this important habitat. Thus, the 

global nursery role of this estuary could be affected. 

Vulnerability of subtidal habitats was quite similar throughout the sampled estuarine sites 

(only slightly higher in some cases). Subtidal channels are frequently and strongly impacted by 

threats which involve sediment alterations, like dredging. Although subtidal fish assemblages 

had generally high number of species, high mean density and mean biomass were only 

observed in some cases. In addition, functionally they were mainly composed by estuarine 

species (ES) in most sites and estuaries. França et al. (2008) showed that subtidal channels 

may present highest biomass, while maximum density occurs in adjacent intertidal which 

demonstrates the preferential use of intertidal areas by juveniles reinforcing the important 

nursery role of intertidal areas, offering high prey availability (França et al. 2009b) and refuge 

against larger predators, which remain in the subtidal channels.  

The relationship between vulnerability and fish community indicators evidenced that 

intertidal habitats are not only vulnerable to the analysed threats (which cause habitat loss and 

degradation) but are also important for fish communities in these estuaries. Changes in habitat 

quantity and quality in these habitats may have impacts on fish communities not only in the 

estuarine but also in the marine ecosystem, notably due to the nursery function of estuaries for 

marine migrant species. 

Conservation of living estuarine and marine resources requires effective management of 

both anthropogenic sources of threats and of the mosaic of habitats across the estuarine 

landscapes that sustain fish communities in estuarine, coastal and marine environments. The 

methodology used in our study may provide useful tools for managers to help prioritizing threat 

mitigation. Future studies may incorporate this information with GIS, producing quantitative 

maps of functionally important habitats, which may constitute effective management tools, as 
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they provide images of potential habitats, on which habitat-restoration projects can be based.  

Finally, it is important to highlight that conservation and revitalization of estuarine 

ecosystems is a long term process that requires different managers and researchers to work 

collaboratively in order to ensure that the protection and monitoring of water quality, habitat and 

biotic communities in estuaries are maintained.  
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Predicting fish assemblages properties within estuaries: influence of 

habitat type and other environmental variables 

 

 

 
Abstract: Statistical models predicting species distributions are essential not only to increase 
knowledge on species but for its application in conservation and ecologically-based 
management. The variation of fish species richness and abundance in the most representative 
habitats (saltmarsh, mudflat and subtidal) in five estuaries along the Portuguese coast was 
analysed through seasonal sampling surveys in 2009. Generalized additive models (GAM) were 
developed to describe the variation of species richness and abundances with a set of 
geomorphologic, hydrologic and environmental characteristics from the sampled estuaries and 
habitats. GAM were chosen as the complex interactions dominating these ecosystems and 
species distribution are non-linear. Final models built for each estuary and for all estuaries 
together performed well during calibration phase and also during validation phase, where an 
unused data sub-set from each estuary was used to predict species richness and abundance. 
There was not a similar combination of variables retained by the models for the several 
estuaries but factors such as temperature and salinity were commonly retained, emphasizing 
the importance of seasonal variation. The partial effect of these predictor variables on the 
variation of species richness and abundance in the estuaries varied markedly. Models for each 
individual estuary performed better than models for estuaries together. The effect of habitat type 
seemed more important for larger estuaries, where complex and heterogenic habitat mosaics 
are present. Predictive models could be useful as a preliminary tool to prepare long-term 
conservation plans at different scales, namely concerning climate change future scenarios.  
 
Keywords: fish assemblage; species richness; density; estuary; generalized additive models 
(GAM); Portugal. 
 

 

 

1. Introduction 

Estuaries are one of the most productive ecosystems on Earth (Costanza et al. 1997), and 

have been the subject of considerable ichthyological research, some of which specifically 

focusing on the key environmental factors affecting the structure of estuarine fish communities 

(Selleslagh et al. 2009). These systems are exposed to high environmental variability, with the 

life cycle of most of organisms showing clear seasonal patterns in growth, reproduction and 

abundance (Coma et al. 2000; Maes et al. 2004). Understanding the relationships between 

environmental factors and fish species distribution in estuaries is of fundamental importance, 

and attaining quantitative predictions of the patterns of occurrence and abundance of fish 

species in estuaries represents an essential goal for multiple aims, namely for its application in 

protected areas planning (Corsi et al. 1999; Austin 2002; Elith et al. 2006) or biodiversity 

conservation (Gray et al. 2006; Lira-Noriega et al. 2007; Ko et al. 2008).  

The quantification of such species-environment relationships represents the core of 

predictive geographic modelling in ecology (Guisan and Zimmermann 2000). Many predictive 

models based on correlating presence and abundance data of species with environmental 

predictors have been widely used (Manel et al. 1999; Ko et al. 2008) through a variety of 

statistical methods, often in conjunction with Geographic Information Systems (GIS) and 



PREDICTING FISH ASSEMBLAGES WITHIN ESTUARIES 

 

150 

remote-sensing (Austin 2002).  

Within coastal and marine ecosystems recent attempts have been made to statistically 

model the responses of fish species to environmental variables on a large scale and to use 

these models to predict their distribution and occurrence (Nicolas et al. 2010; França et al. 

2011). Nevertheless, there are increasing demands in order to obtain reliable and quantitative 

predictive tools, as they are required to interpret species preferences and tolerances to current 

environmental conditions, as well as species response to anticipated changes in environmental 

conditions (Ysebaert et al. 2010). Research on predictive techniques applicable to species 

distribution is still far from producing a reliable modelling system (Guisan and Zimmerman 2000; 

Hirzel and Guisan 2002).  

Traditionally, models used in ecology to predict potential species distributions were 

multivariate in nature and based on linear functions, however, they led to some statistical and 

theoretical concerns, and methods able to model non-linear relationships have now been 

developed over time (Ko et al. 2008). These models are better tools towards accurately 

predicting species distribution (Stockwell 2007). As the number and complexity of these models 

evolves difficulty over which one to choose increases, which also became a challenge (Ko et al. 

2008). Recently, several reviews, methodological comparisons and interpretations on the value, 

use and application of the different methods have been made (Austin 2007). These pointed out 

that uncertainty still exists as to which model is the best to select under different spatial scales 

and/or species characteristics (Zaniewski et al. 2001).  

Recent loss of estuarine habitat due to constant demands from a wide range of human 

activities in coastal areas has resulted in an increased attention by managers and researchers 

towards the importance of fish habitats. Concerns about severe habitat loss and degradation in 

estuaries have prompted managers to identify, prioritize and protect essential habitats for 

estuarine organisms (Bacheler 2009). Habitat distribution models are among the available tools 

that allow liking species distribution to environmental conditions (Zuchetta et al. 2010). Such 

models use quantitative methods to infer species environmental requirements from conditions at 

known occurrences (Guisan and Zimmerman 2000). Some authors have also developed habitat 

distribution models aimed at identifying nursery habitats of fish species, namely flatfish, both in 

coastal waters and in estuaries or lagoons (Stoner et al. 2001, 2007; Manderson et al. 2002; 

Eastwood et al. 2003; Le Pape et al. 2003, 2007; Nicolas et al. 2007). As a starting point, a 

basic understanding of the habitat use of the species of interest is required for all of these 

techniques (Bacheler 2009).  

Estuaries along the Portuguese coast have been intensively studied in recent years, and 

different dimensions of their nursery role and habitat use for juveniles of several commercially 

important fish species evaluated (e.g. Cabral et al. 2007; Leitão et al. 2007; Pombo et al. 2007; 

Vasconcelos et al. 2010). Furthermore, the spatial patterns of habitat use by fish assemblages 

in these estuaries have shown that in addition to saltmarsh habitats, that generally supported 

elevated densities of fish, particular species were found to be associated with specific habitat 

types, highlighting the important role different habitats play in the functioning of these estuarine 
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ecosystems (França et al. 2009). 

The aim of the present study was to develop statistical models (generalized additive 

models) to predict variation in fish species richness as well as abundance in different estuarine 

habitats based on environmental features. The variation of these environmental variables within 

each system, and at different scales, as well as the robustness and reliability of the models 

were also evaluated.  

 

2. Material and Methods 

2.1. Study Area 

Five estuarine systems along the Portuguese coast were considered in this study: Ria de 

Aveiro, Tejo, Sado, Mira and Guadiana (Fig. 1). These systems differ considerably in terms of 

their geomorphologic and hydrologic characteristics (Table 1): Tejo and Sado present the 

largest areas with 320 km
2
 and 180 km

2
 respectively, and Mira is the smallest with 5 km

2
. The 

Tejo estuary has considerably higher mean river flow (300 m
3
 s

-1
) as well as larger estuary 

mouth width (5.3 km) than the other estuaries. In addition, anthropogenic pressure index 

according to Vasconcelos et al. (2007) also varies, ranging from 0.14 to Mira estuary to 0.76 for 

the Tejo estuary, the most pressured system, Moreover, habitat complexity (score given based 

on the number of different habitat types present in the estuary and their areas, with higher 

scores attributed to estuaries with higher number of different habitats and larger areas) can be 

considered high in Ria de Aveiro (score 3), medium in Tejo and Sado (2) and low in Mira and 

Guadiana (score 1). Shallow areas predominate in all the estuarine systems as mean depths 

vary between 1 m and 6 m (Table 1).  

In each system two sites with similar salinity and depth were selected and considered 

sampling replicates. In both sites three habitats were sampled: saltmarsh (intertidal, sediment-

based, macrophyte dominated, saline-influenced habitats); mudflats (areas of unvegetated 

 

 

Figure 1. Estuarine systems sampled in the Portuguese coast. Also shown is the location of sites within 
each estuary where the three habitats (saltmarsh, mudflat and subtidal) were sampled.  
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Table 1. Main geomorphologic and hydrologic characteristics of estuaries: area, river flow, estuary mouth width, anthropogenic pressure index  [determined in Vasconcelos et 
al. (2007) and ranging from 0 - lowest to 1 - highest pressure) and estuary’s habitat complexity (1 - low  complexity , 2 - medium complexity and 3 - high complexity). Also 
shown, features of habitats sampled (habitat area and distance to estuary mouth) and annual mean of environmental variables measured in seasonal sampling surveys in 2009 
in those habitats (temperature, salinity, depth, organic matter content in the sediment and mud content in the sediment).  

 

 

 

Estuary Habitat Area 
(km

2
) 

River 
flow 

(m
3
.s

−1
) 

Estuary 
mouth width

(km) 

Anthropogenic 
pressure 

index 

Estuary’s 
habitat 

complexity 

Habitat 
area 
(km

2
) 

Distance to 
estuary 

mouth (km) 

Temperature 
(ºC) 

Salinity Depth 
(m) 

Organic 
matter 

(%) 

Mud 
(%) 

Ria de Aveiro Saltmarsh 60 40 0.43 0.42 3 8.13 18.53 18.06 20.32 1.06 7.92 33.91 

 Mudflat 60 40 0.43 0.42 3 2.46 18.47 17.95 18.83 0.91 1.52 17.92 

 Subtidal 60 40 0.43 0.42 3 4.97 17.33 16.92 21.27 2.68 3.51 30.22 

Tejo Saltmarsh 330 300 5.3 0.76 2 2.90 36.57 15.97 17.84 1.20 9.92 96.58 

 Mudflat 330 300 5.3 0.76 2 14.41 35.42 17.27 17.37 1.83 9.37 97.60 

 Subtidal 330 300 5.3 0.76 2 32.33 35.88 16.89 18.01 3.35 6.56 63.48 

Sado Saltmarsh 160 40 1.91 0.49 2 3.28 20.30 17.53 34.82 1.03 10.05 61.51 

 Mudflat 160 40 1.91 0.49 2 16.69 19.67 20.38 34.82 1.50 9.53 59.73 

 Subtidal 160 40 1.91 0.49 2 5.04 19.10 18.46 34.54 4.21 7.22 79.89 

Mira Saltmarsh 3 3 0.57 0.14 1 0.64 4.79 16.69 22.71 1.26 11.78 90.55 

 Mudflat 3 3 0.57 0.14 1 3.05 4.74 16.57 33.22 1.93 10.55 83.39 

 Subtidal 3 3 0.57 0.14 1 0.27 4.90 16.90 35.01 5.40 8.39 63.98 

Guadiana Saltmarsh 18 80 1.76 0.21 1 5.64 5.99 17.88 34.34 1.47 9.81 80.89 

 Mudflat 18 80 1.76 0.21 1 0.58 6.31 17.22 31.74 1.60 6.40 69.55 

 Subtidal 18 80 1.76 0.21 1 1.52 6.31 18.58 33.18 2.95 8.95 54.08 
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intertidal habitats, lying between the highest and lowest tides, and composed predominantly of 

sediments from fine silt to coarse sands) and subtidal channels (permanently subtidal 

unvegetated habitats, composed predominantly of sediments ranging from fine silts to coarse 

sands). Present habitat classification was adapted from Pihl et al. (2002). Sites and habitats 

sampled within each estuary were chosen based on the previous study performed by França et 

al. (2009) to establish sampling replicates constituted by similar mosaics of the three habitats. 
 

 

2.2. Sampling surveys 

Fish assemblages were sampled seasonally in 2009 (winter, spring, summer and autumn). 

Sampling was done with a beam trawl in all habitat types. Three hauls were performed in each 

habitat and trawls were restricted to each habitat type to avoid overlap between different 

habitats.  

Sampling was conducted during the night, using a 2 m beam trawl with a tickler chain and 5 

mm mesh size in the cod end. Trawls were towed at a constant speed and lasted for 10 minutes 

whenever there was sufficient habitat area available. The trawl opening (2 m) and the distance 

travelled [obtained using the coordinates registered at the beginning and at the end of each 

trawl with a global positioning system (GPS)] allowed to determine the trawled area. At the 

beginning of each trawl, water salinity and temperature (ºC) were measured with a multi-

parameter probe (WTW) and depth (m) was also registered. In each sampled habitat three 

replicates of sediment were collected using a Van Veen grab (0.05 m
2
) for the determination of 

mean mud content in the sediment (percentage of dry sediment not retained in a 0.063 mm 

calibrated sieve) and mean organic matter content in sediment (determined by weight loss on 

ignition of dry sediment during 4 h at 500ºC). 

All fish caught were identified, counted and measured (total length with 1 mm precision).  

For each estuary and its sampled sites, the area of each habitat and the distance from each 

habitat to the estuary’s mouth were determined, using aerial photographs and ArcGIS 9 (ESRI 

Inc). 

 

2.3. Data analysis  

2.3.1. Model calibration 

Generalized additive models (GAM) (Hastie and Tibshirani 1990) are semi-parametric 

extensions of generalized linear models (GLM). They are very flexible and permit both linear 

and complex additive response shapes, as well as combinations of the two within the same 

model (Wood and Augustin 2002). Heikkinen et al. (2007) showed that GAM and multiple 

adaptive regression splines (MARS) provide the best stability and performance. GAM estimate 

response curves with a non-parametric smoothing function instead of parametric terms. 

GAM were conducted using R software (R Development Core Team 2005) using the “mgcv” 

library (Wood 2000) for R software packages and some custom functions to implement the 

GAM. Species richness and species density were modeled separately but with an equivalent 

approach. Firstly and for each estuary, (1) models were designed in order to relate the variation 
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in each estuary of fish species richness and densities in different estuarine habitats with several 

variables: sampling month (January, April, July and October) and habitat type (saltmarsh, 

mudflat and subtidal) -  were parameterised as classification variables in the model (in order to 

examine the effect of the different habitat and interannual changes), area of each habitat type 

(km
2
), distance from the sampled point to the estuary’s mouth (km), water temperature (ºC), 

salinity, depth (m) and percentage of organic matter and mud in the sediment. In addition, (2) 

models were also built considering data from all the estuaries, in order to relate the variation in 

fish species richness and densities in different habitats with their main geomorphologic and 

hydrologic characteristics. In this case, besides all the environmental variables used previously, 

the following were also used: total estuarine area (km
2
), mean annual river flow (m

3 
s

-1
), 

estuary’s mouth width (km), anthropogenic pressure index (according to Vasconcelos et al. 

2007) and estuarine complexity value (based on the number of different habitat types present in 

the estuary and their areas). 

The choice of the environmental variables was based on their ability to characterize 

ichthyofaunal assemblages in estuaries. The number of candidate variables included in the final 

model was firstly reduced by removing highly correlated variables. Following Fielding and 

Haworth (1995), a Spearman correlation analysis was conducted and variables with high 

correlation coefficient (r > 0.8) were not considered for model calibration, in order to avoid 

multicollinearity. 

All possible combinations of the measured variables were analyzed and the best fitted 

models, those with the smallest Akaike Information Criterion (AIC; Burnham and Anderson 

2002) were selected. Interactions between variables were not relevant and were therefore not 

included in the analysis. A gamma distribution with a log link function was applied in the model. 

A cubic smoothing spline method was chosen to smooth the studied variables, using two 

degrees of freedom to avoid overfitting.  

 

2.3.2. Model validation 

In order to evaluate the quality of predictions for each community descriptor, the original 

dataset was divided into two subsets: calibration and validation. The first, a random sample 

from 75% of the total database was used to calibrate (train) the models, whereas the second, 

constituted by the remaining data (25%) was used to evaluate (test) the accuracy of model 

predictions. Specifically, each generated model was run with the new predictor environmental 

dataset and the obtained results for richness/density response (expected values) were 

compared with the true richness/density response in the dataset (observed values). Percentage 

of correctly predicted values was then determined. 

 

3. Results 

3.1. Physical and environmental variables 

In addition to the differences in geomorphologic and hydrological features of the sampled 

estuaries (Table 1; described in section 2.1 Study area), sampled habitats in each site also 
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presented variations: habitat area and distance between sampling point and estuary mouth 

varied generally in agreement with total estuarine area: Tejo generally larger in Tejo and Sado 

and smaller in Mira and Guadiana. 

 

3.2. Habitat fish communities 

A total of 48 fish species were caught in the saltmarsh, mudflat and subtidal habitats of the 

five sampled estuaries. The mean species richness per habitat was highest in the mudflats of 

the Mira estuary (4.52) (Fig. 2a). In general, higher number of species was found in mudflat and 

subtidal habitats for all the analysed estuaries. The exception was the Guadiana estuary, where 

higher species richness was found in the saltmarsh habitat (3.10), followed by the subtidal 

(2.57) and mudflat (2.24) habitats. The variation in species richness in a habitat was also higher 

in estuaries with higher mean species richness such as the Mira and Sado estuaries.  

Total mean density in a habitat was generally higher in the Mira and Tejo estuaries, with 

highest densities caught in mudflats of the Mira and subtidal habitats of Tejo estuary  (52.49 

individuals.1000 m
-2 

and 49.01 individuals.1000 m
-2

, respectively) (Fig. 2b). Variation of these 

values was also higher in these estuaries. Mean density of fish showed strong variations in the 

three habitats of the analysed estuaries and no clear pattern of higher values associated with a 

certain habitat was observed. 

 

3.3. Model calibration 

In general, GAM built for individual estuaries varied markedly in their success in predicting 

species richness, although in general the chosen models (i.e. those with lowest AIC), explained 

very high percentages of the deviance (Table 2). The chosen models explained 93.4 % of the 

deviance in predicting fish species richness for Ria de Aveiro and 91.7 % for Guadiana, 

followed by 87.6 %, 81.3 % and 64.8 % for the Mira, Tejo and Sado estuaries, respectively 

(Table 2). The combinations of the predictor variables included in the chosen models, for 

species richness in the estuaries differed. However, some variables, such as temperature and 

salinity, significantly explained the variation of species richness in each estuary and were 

included in most models. Final models for Tejo, Sado and Mira estuaries included habitat 

variables, i.e. “habitat area” or categorical variable “habitat” (Table 2).  

The final models built for individual estuaries considering species density as response variable 

also explained very high percentages of deviance: highest for Ria Aveiro (97.7 %) and Mira 

estuary (95.5 %), followed by Tejo, Guadiana and Sado estuaries (respectively 89.4 %, 84.7 % 

and 63.0 %) (Table 2). The combination of significant predictor variables in final models, for the 

several estuaries also differed. Nevertheless, predictors such as temperature, salinity and 

percentage of mud in the sediment were present in most final models. “Habitat” was a 

significant categorical variable in models for the Tejo and Sado estuaries, whereas “habitat 

area” was significant for the Mira and Guadiana estuaries (Table 2).  

When using the GAM to predict large scale variation in fish species richness and density 

values, i.e. using predictor and response datasets from all the analysed estuaries together, the 
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Figure 2. Mean (and standard deviation error bars) of (a) species richness and (b) density in the three 
sampled habitats in estuaries (      - saltmarsh;      - mudflat;      - subtidal). 

 

 

percentages of deviance explained by the final models were markedly lower: 46.9 % for species 

richness and 43.0 % for fish density models. The predictors retained these two models differed, 

and also differed from those included in the final individual estuary models. Model for species 

richness in all estuaries also included temperature and salinity (similarly to individual estuaries 

models) and in addition mostly environmental variables measured locally. Model for species 

density in all estuaries included salinity and percentage of mud in the sediment (similarly to 

individual estuaries models) and also mostly predictors which reflect the estuarine 

characteristics (Table 2).  

 

3.4. Model validation 

The application of each model to the remaining unused 25 % of the original data set yielded 

generally reasonable results with more than 50 % of the number of species correctly classified  
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Table 2. Final generalized additive models (GAM) built for each estuary and for all estuaries combined, considering as response variables: a) fish species richness; and b) 
species density. Selection of final model was based on lowest AIC and highest percentage of explained deviance. Combination of significant predictor variables as well as 
percentage of deviance explained are shown. Percentage of data well classified in the model evaluation stage, using new data, is also presented. Abreviations of predictors are: 
area - area, river flow - rflow, estuary mouth width - width, estuary’s habitat complexity - comp; habitat type - habitat (categorical), habitat area - habitat area, distance to estuary 
mouth - dist, temperature - temp, salinity - sal, depth - depth, organic matter content in the sediment - om, mud content in the sediment - mud.  

 
Response variable Estuary Model Deviance 

explained (%) 

Correctly   predicted 

data (%) 

Species richness Ria de Aveiro temp + s(sal) + s(depth) + s(mud) 93.4 87.0 

 Tejo s(dist) + s(temp)+ habitat area 81.3 62.9 

 Sado habitat +s(dist) + s(om) 64.8 53.7 

 Mira s(dist) + s(temp) + s(sal) + habitat area 87.6 60.9 

 Guadiana s(temp) + s(sal) + depth 91.7 53.4 

 All estuaries press + s(dist) + s(temp) + s(sal) + s(depth) + s(om) 46.9 38.9 

Density Ria de Aveiro s(dist) + s(temp) + s(sal) + mud 97.7 80.6 

 Tejo habitat + s(temp) + s(mud) 89.4 61.3 

 Sado habitat + dist + s(mud) 63.3 53.7 

 Mira s(temp) + s(sal) + s(depth) + habitat area 95.5 82.8 

 Guadiana s(sal) + s(om) + habitat area 84.7 62.5 

 All estuaries rflow + width + press + comp + habitat area + s(sal) + s(mud) 43.0 35.5 
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for each individual estuary (mean correct classifications 63.6 %) (Table 2). Ria de Aveiro 

presented the highest percentage of data correctly classified: when remaining data were applied 

to this estuary fitted model, 87 % of the data (species richness) was correctly classified. On the 

other hand the lowest percentage of data correctly classified was obtained for the Guadiana 

estuary (53.4 %).  

Regarding the models predicting species density for individual estuaries, the application of 

remaining data set to the fitted models presented also moderate, but better results (mean 

correct classifications 68.2 %) (Table 3). The highest percentage of correctly classified data was 

obtained for Mira estuary (82.8 %), while the lowest percentage was registered for the Tejo 

estuary, with 61.3 % of the data correctly classified. 

When remaining data sets for fish species richness and density were applied to the large 

scale models, built with environmental predictors from all the estuaries, the percentage of 

correctly classified data was lower: 38.9 % for the species richness model and 35.5 % for the 

density model.  

 

3.5. Environmental variables  

Temperature and salinity were the significant environmental variables retained in most of 

the final GAM fitted to individual estuaries, both for fish species richness and density. 

The partial effects of temperature varied greatly for each of the estuaries analysed (Fig. 3). 

In Tejo, species richness increased until 11 ºC and decreased until 18 ºC with some variation, 

whilst in Mira, number of fish species increased steadily with temperature. In Guadiana, species 

richness decreases untill 15 ºC and increases after this value until ca. 18 ºC to 20 ºC (Fig. 3a). 

The scale (range of y-axis) of this partial effect, and hence its importance, was smaller in 

models for Tejo and Guadiana, followed by Mira, where the effect of temperature on variation of 

species richness was highest. 

Different patterns were obtained for the partial effect of temperature on fish species 

densities in each estuary (Fig. 3b). In Ria de Aveiro fish densities were highest close to 23 ºC, 

whereas in Tejo marked peaks were not registered and highest densities were found close to 

16 ºC. In Mira fish densities increased with temperature similarly to the model for species 

richness. The scale of the effect of temperature on densities was more important in Ria de 

Aveiro and Mira estuary (Fig. 3b). 

When all the estuaries were analysed, the partial effect of temperature on species richness 

was unimodal, with highest number of species around 10 ºC to 20 ºC (Fig. 3a). 

Partial effects of salinity on fish species richness varied greatly for each estuary (Fig. 4a). In 

Ria de Aveiro the number of fish species varied greatly with salinity increase. In Mira, the effect 

of salinity was unimodal, with peak species richness between 30 to 35. In Guadiana, species 

richness increased towards highest salinity values. The scale of the salinity effect was more 

important in Mira estuary.  

The partial effect of salinity in fish species densities presented a common pattern for Mira 

and Guadiana, with higher densities around 30 (Fig. 4b). In Ria de Aveiro variation of fish  
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Figure 3. Partial effect of temperature on (a) fish species richness and (b) densities, for the estuaries 
where this predictor was retained in the final GAM. X-axes tick marks show the distribution of the predictor 
values. Y-axes represent the partial effect of the predictor in the response variable. Dashed lines represent 
two standard error ranges. 
 
 
 
 
 

 
 

Figure 4. Partial effect of salinity on (a) fish species richness and (b) densities, for the estuaries where this 
predictor was retained in the final GAM. X-axes tick marks show the distribution of the predictor values. Y-
axes represent the partial effect of the predictor in the response variable. Dashed lines represent two 
standard error ranges. 
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densities with salinity was less pronounced, with no clear pattern. The scale of this effect was 

larger in Mira estuary. 

In models for species richness and density in all estuaries together, the effect of salinity on 

the variation of response variable was alike, and presented a peak between 30 to 35 similarly to 

individual models for Mira estuary and model for species density in Guadiana. Scale of effect 

was low in both cases. 

 

4. Discussion 

During the past decade, species predictive models have matured and become a valuable 

tool for many applications (Corsi et al. 1999; Margulesand and Pressey 2000; Miller et al. 2004; 

Rodriguez et al. 2007). Understanding the factors that cause fluctuations in the population 

density of organisms has long been a primary goal of ecology. Such fluctuations may be 

originated by density-dependent mechanisms or density-independent factors, mostly climatic 

forcing (Maes et al. 2004). In estuarine ecology, density-independent factors have been 

frequently used to explain spatial and temporal distribution patterns, as estuarine systems are 

considered a demanding environment for the organisms that they harbour (Day et al. 1989). 

GAM have been considered to provide good stability and performance due to the flexible 

nonparametric or semi-parametric framework which is applied to model the relationship between 

a response and one or more predictor variables (Hastie and Tibshirani 1990), making them 

easier to interpret when compared with other currently available modeling techniques [e.g. 

generalized linear models (GLM), generalized additive models (GAM), classification tree 

analysis and artificial neural network]. 

In general, dynamics of estuarine systems are governed by non linear interactions of 

environmental factors (Yesebaert et al. 2010), thus GAM allow fitting realistic descriptions of 

relationships between species and environmental predictors with complex and nonlinear 

response curves (Hastie and Tibshirani 1990; Austin 2007) as in the present study. GAM have 

been previously used to predict the distribution of fish species along rivers and estuaries 

(Kupschus 2003; Maes et al. 2004; Lassalle et al. 2008; Bacheler 2009), to evaluate estuarine 

habitat suitability for species that use the estuary as a nursery area (Stoner et al. 2001; 

Kupschus 2003) and to predict changes in species distribution patterns with climate change 

(Lassalle et al. 2009), and is now recognized as a versatile method for species modeling 

(Guisan and Zimmermann 2000; Guisan et al. 2002; Muiller 2003; Segurado and Araujo 2004). 

Moreover skewed response curves are frequently observed as described in ecological theory 

(Bio et al. 1998; Ejrnaes 2000; Rydgren et al. 2003). It has become clear that there is no 

standard for current best practice when modeling species environmental/geographical 

distribution (Austin 2007) as numerous incompatibilities between ecological data and statistical 

models can be identified. 

GAM were applied to describe the relationship between the variation in fish species 

richness as well as densities, in several estuarine habitats, and several habitat features and 

locally measured environmental variables. Overall, the models were successfully built and 
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performed well, explaining a large percentage of deviance in the variation of fish species 

richness and their densities in estuarine habitats for each analysed estuary. The percentages of 

deviance explained by the models were equivalent to values obtained in previous studies, for 

example Lasalle et al. (2009) that used GAM to predict the distribution of diadromous fish 

species in rivers, or higher than values obtained by Kupschus (2003) when predicting a single 

fish species abundance in several estuaries. 

There is a good knowledge on the processes that govern the relationship between species 

and the estuarine environment (Whitfield and Harrison 2003; Akin et al. 2005; Bachelor et al. 

2009; Vasconcelos et al. 2010; França et al. 2011) and it can be used to choose potential 

variables to describe species distribution (Huntley et al. 1995; Guisan and Zimmermann 2000). 

The large amount of deviance explained in the present study can be at least partially attributed 

to an appropriate choice of predictors, as they may represent habitat requirements of species. 

Despite this, the combination of variables retained by the models predicting fish species 

richness and density variation in estuaries was not similar. Nevertheless, in both cases (species 

richness and density) variables such as temperature and salinity were retained in the models for 

most estuaries. Temperature was found to be the best predictor of temporal changes in fish 

species composition and abundance in several European estuaries (Thiel et al. 1995; Marshall 

and Elliott 1998). The partial effect of temperature varied markedly for each estuary when 

predicting variation of species richness or densities in estuarine habitats, and no common 

pattern was found. Although for some estuaries higher number of species and abundances 

were registered at higher temperatures, the response to this variable was most likely not a 

matter of selection for the warmest available water (spatial variation), but instead is related to 

the higher number of fish species and abundances found during spring and summer in estuaries 

(temporal variation).  

On the other hand, salinity has been considered an important factor structuring estuarine 

fish communities (Meng et al. 2001; Lobry et al. 2003; Martino and Able 2003; Greenwood 

2007; Martinho et al. 2007;Vasconcelos et al. 2010; França et al. 2011). The occurrence of 

most estuarine organisms, hence estuarine biodiversity, relate well to spatial and seasonal 

changes in salinity (Attrill 2002) and thus represents a density-independent factor which in part 

explains the abundance of estuarine species (Maes et al. 2004). Nonetheless, in the present 

work, the partial effect of salinity in species richness and abundance variation did not present a 

common pattern for a given estuary. Generally, higher number of species and their abundances 

were higher at higher salinities, but variations occurred. Despite the importance of salinity, 

which was often present in the models, sampling was not conducted through the whole 

estuarine salinity gradient, but mostly in downstream areas (polyhaline). Therefore, the models 

best reflected seasonal variation in salinity. 

In addition to these environmental gradients, estuaries are composed of many different 

habitats types which have important roles for the whole ecosystem functioning, namely acting 

as nurseries for different fish species (França et al. 2009). In the present work sampling design 

aimed at assessing if habitat was an important feature in the variation of the variation of species 
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richness and density within each estuary. Model results showed that the effect of habitat type 

was significant only in large estuaries such as Tejo and Sado. These estuaries presented large 

and well delimited areas of different habitat types, which constitute marked heterogeneous 

mosaics of habitats. In contrast, in smaller estuaries (as Mira and Guadiana) habitat area was 

included as a variable in the fitted GAM, rather than habitat type as in larger estuaries. In these 

smaller channel-shaped estuaries, the mosaic of habitats is less marked (smaller areas of each 

habitat) and fish can more easily move across closely located habitats, which renders any 

variation in habitat area important for the differentiation of fish assemblages. 

Habitat complexity and spatial heterogeneity in estuaries is vitally important to healthy and 

productive estuarine ecosystems (Irlandi and Crawford 1997; Martino and Able 2003; Peterson 

2003). Peterson (2003) emphasized the importance of the habitat mosaic particularly the spatial 

and seasonal connectivity of different habitat types in the overall estuarine productivity. Even 

though worldwide numerous estuarine habitats have been degraded to some extent the 

influence of habitat diversity within estuarine systems did not receive much attention in the past 

(Martino and Able 2003) and only recently has this situation changed. The main goal of these 

studies is to assess the functional significance of degradation in coastal ecosystems, namely 

changes in role as nursery or feeding grounds and migratory routes for fish species due to 

changes in habitat quality and quantity (Peterson 2003).  

Patterns and processes regulating variation in number of fish species and abundance may 

differ depending on the spatial scale considered. Performance and robustness of the final fitted 

models was considerably higher when they were built for each estuary individually, than for all 

estuaries together. In contrast, França et al. (2011) applying GLM to species richness among a 

larger set of estuaries in this coast and covering the entire estuarine gradient, reported that 

models for all estuaries together explained a larger part of the deviance than models for 

individual estuaries. These differences may relate with sampling designs and type of models. It 

has been previously suggested that in order to understand general patterns, habitat use must 

be analysed at multiple scales, whenever possible (Wiens 1989; Levin 1992; Trush et al. 2005; 

Sheaves 2006). 

In order to evaluate if these models provide accurate hypotheses that sustain reliable 

predictions of biological patterns (Guisan and Zimmermann 2000), a data-splitting method was 

used, with the data randomly split into two: a calibration data set and a evaluation data set 

(Austin 2007). The percentage of well classified data in the individual models varied between 

53.4 % and 87.0 %, meaning that overall the models were robust and performed well, similarly 

to results from Lassalle et al. (2008). An ideal empirical model should be able to predict not only 

the outcome of events (samples) on which it was built, but also to predict the states of the 

system considering events which have not been encountered in the finite size samples 

(percentage of well classified new data) (Hastie et al. 2001; Tan et al. 2006). The model 

performance with independent test data, shows its ability to generalize, and indicates the 

robustness of the model for a given system, rather than its performance on training set, which 

simply indicates its ability to fit to the sample (Tan et al. 2006). 
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In present models environmental variables and estuarine features were included as 

predictors of fish species richness and density variation. Previous studies have shown that the 

abundance of fish in estuaries could not be predicted using physico-chemical variables alone, 

as it is affected by a complex set of events within the estuary (Martino and Able 2003; Maes et 

al. 2004), including biotic interactions, such as predation and inter- and intra-specific 

competition (Wilson 1991; Olafsson et al. 1994). While the importance of these processes is 

widely recognized, their relevance in modelling the spatial distribution of species has had only 

limited examination (Austin, 2007). These biotic variables are often not examined and are 

frequently excluded from habitat models because of lack of data (Brown et al. 2000). For 

models of habitat suitability that use changes in fish density as a proxy, with increasing density 

indicating habitat suitability, a certain amount of spatial variability is therefore often left 

unexplained (Eastwood et al. 2001). Despite abiotic processes, the distribution of prey has been 

identified as a major determinant of estuarine fish habitat use in the situations where it has been 

examined (Nicolas et al. 2007; Bachelor 2009; Vasconcelos et al. 2010). 

Future research is needed before these models and predictions can be applied to evaluate 

the effects of different management measures within estuaries. This will require an evaluation of 

the robustness of the models, through the investigation of their applicability to other estuarine 

systems. The inclusion of new variables and data namely on ecological processes, such as 

feeding habits, will certainly improve the quality of the models and expand the range of their 

applicability. Environmental conditions in estuaries vary dynamically in space and time, thus 

predictions made by models will need to become more robust to changes in the system, and 

should allow the development of models describing the interaction of processes operating at 

different scales (Wiens 1989; Thrush 1991; Schneider 1994). These predictive modeling 

approaches can clearly aid conservation managers by providing information on habitat quantity 

and quality requirements of fish assemblages, and increasing certainty on the effects of different 

management options.  
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General discussion 

The present study aimed to assess the relative importance, as well as the structural and 

functional role for fish assemblages, of several estuarine habitats present in the main estuaries 

of the Portuguese coast. Portuguese estuaries have been studied for a long time and their 

ecological value is well documented, namely their role as crucial nursery areas for several 

commercially important fish species (Cabral et al. 2007; Martinho et al. 2007; Vasconcelos et al. 

2010). Nevertheless, estuaries are known to be composed of a mosaic of inter-linked habitats, 

some of which may be considered essential, by providing water and substrate necessary to fish 

for spawning, feeding or growth (Peterson 2003). Together, this diverse species pool and 

spatially variable environment would seem to afford the opportunity for the development of 

considerable spatio-temporal variability in faunal composition (Sheaves 2006). The use of these 

structural habitats by estuarine fish species is, however, variable and depends upon species 

and life-history stages (Rosas and Zimmermann 2000; Pederson and Peterson 2002; Peterson 

2003).  

When trying to assess the structure of estuarine fish communities, it is crucial to consider 

the pattern and extent of the biological and physical processes which will produce characteristic 

patterns of faunal distribution (Azovsky 2000). A full appreciation of these patterns’ variation and 

the scales at which variability operates is, thus, needed. The inclusion of a single scale presents 

a problem as there is no way of unambiguously attributing differences between fish 

assemblages of different estuaries to actual variability at the studied scale (Sheaves 2006). In 

Chapter 2 a comparison of fish assemblages’ variability at different scales was conducted in 

order to assess the relative importance of processes operating within and between estuarine 

systems. Results highlighted that both the factors that vary between estuaries and 

environmental heterogeneity that occurs within an estuary do affect species-environment 

relationships. Overall, the role of each estuary to their fish assemblages was strongly related 

with the dominant saline zone within each system. Results of the present study are important as 

successful management requires a full understanding of how estuarine assemblages’ 

structures, and the forces creating it, vary from place to place. Such knowledge will allow 

managers to decide if measures can be applied at a regional level or whether estuaries must be 

managed on a case-by-case basis. Further investigations covering a greater range of spatial 

(and temporal) scales will be needed before the patterns of variability characterising estuarine 

fish assemblages can be fully assessed.  

In Chapter 3, comprehensive sampling surveys in the different habitat types present in 

these estuaries identified differences in fish assemblage structure with latitude and between 
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habitats amongst and within estuaries. The available habitats and their diversity varied markedly 

throughout the sampled estuaries. Few studies tried to make this multiple estuarine comparison 

at a functional level and this may be particularly useful, as it will potentially provide a better 

understanding of the spatial and temporal habitat requirement for population persistence 

(Connolly and Hindell 2006). No single habitat type was consistently selected over others by all 

species, and no species used only one habitat type exclusively. Nonetheless, some of the fish 

species were found to be particularly associated with certain habitat types, showing that these 

areas might play an important role for these species, and thus, for the functioning of the whole 

estuary. Fish species densities were generally higher in vegetated habitats like saltmarsh and 

seagrass, as might have been expected considering previously reported results for other 

geographical areas (Connolly 1994; Gray et al. 1996). Differences obtained between estuaries 

result from the variability of factors which lead to fish species to successfully select a certain 

habitat type, which may vary with geographic location, making general patterns difficult to 

elucidate (Peterson 2003). Nonetheless, it is generally accepted that the selection of suboptimal 

habitats from a gradient of habitat quality leads to a reduction in growth (Sogard 1992; Levin et 

al. 1997) and by extension, reduced production (Demers et al. 2000). Moreover, linkages 

between fish species and their habitats are complex and dynamic, which makes it difficult to 

establish a direct connection between habitat quality and population density patterns. The 

obtained results may be useful for future predictions on habitat management at an estuarine 

level. Consequently, future studies are needed in order to explore functional relationships 

between these habitats. Besides, the characteristics which will promote the growth and survival 

of fish in the chosen habitats need to be identified in order to make clear decisions about the 

consequences of anthropogenic impacts in these systems. 

Many of the studies which evaluate the importance of different habitat types are based only 

on analyses of fish density patterns between them. Important measures of habitat use like fish 

movements, residency growth and dependency are still lacking and are poorly known at a 

habitat level (Elliott and Hemingway 2002). A stable isotope approach provided an evaluation of 

the degree of connectivity between habitats as well as patterns of association between fish 

species and habitat types in Chapter 4. Results have shown that a clear pattern of species-

specific habitat use was not found and movement of carbon at small scales and between 

habitats was evident, which is in agreement with several studies that pointed out smaller scale 

spatial resolution in food webs to be important, indicating the importance of carbon movement 

between adjacent habitats (Hsieh et al. 2002; Guest and Connolly 2004). Connectivity between 

distant areas in the estuaries was low, mainly for benthic fish species, which have been already 

reported to present strong site fidelity (Vinagre et al. 2008). Assessing trophic relationships and 

carbon utilization patterns within estuaries might constitute a challenge as a large variety of 

potential carbon sources are available and the nature of detritus is also variable (Richoux and 

Froneman 2007). Nonetheless, the fish species analysed in this study seem to feed 

preferentially on prey from mudflats and saltmarshes, highlighting the importance of these 

habitats. Each of the analysed areas within each estuary presented an important combination of 
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different habitat types, with their own variability of energy pathways, which seem to allow fish 

species to find suitable conditions for survival there, avoiding migrations across the estuary. 

This data is crucial for environmental managers, as it shows that these specific areas, with this 

heterogeneity of particular habitats should remain stable as no evident information is given if 

fish species would be able to occupy different areas, in case of habitat destruction or 

degradation. Further studies are needed in order to make this clearer and to determine at what 

extent connectivity between habitats or areas within estuaries exist.  

The stable isotope technique may also produce estimates of trophic position, capturing 

simultaneously complex trophic interactions and tracking energy flow through the reticulate 

pathways of ecological communities (Deegan and Garritt 1997; Post 2002; Melville and 

Connolly 2003; Garcia et al. 2007). In Chapter 5, a similar approach was performed as it 

constitutes a useful and fundamental step to assess the structure and functional role of 

communities and species inhabiting these ecosystems (Pasquaud et al. 2008). Fish species 

used mostly saltmarsh-derived organic matter as nutritional sources, with no marked seasonal 

differences. This result showed once more the importance of this habitat for growth and nutrition 

of these species, which usually occur in high densities in these areas, despite the small 

proportion of area occupied by the saltmarsh habitat, in most estuaries (Salgado et al. 2004). In 

complex ecosystems like estuaries, there are various primary producer sources contributing 

differently to the diets of consumers through a range of trophic pathways (Alfaro et al. 2006; 

Vinagre et al. 2008; Weistein et al. 2009). Trophic relationships in both estuaries demonstrated 

that organic matter is transferred to higher trophic positions mainly through benthic pathways. 

Nonetheless, several studies on estuarine food webs emphasized the exploitation of mixed 

sources, both planktonic and benthic, by the dominant consumers (Deegan and Garritt 1997; 

McClelland and Vilela 1998). Fish trophic levels differed at multiple scales: inter-species, 

seasonally and spatially (both between and within estuaries). This shows the flexibility of these 

species to share resources and to exploit temporary peaks in prey populations. Further studies 

should include complementary techniques, different target species and enhance detailed 

seasonal and spatial analysis of food webs to assess if these organic matter sources of fish 

species are consistent in their importance through the whole estuarine gradient and different 

seasons. 

Despite the established high value attributed to estuaries, based on their productivity 

(Costanza et al. 1997), these ecosystems exhibit a wide array of human impacts that may 

compromise their functioning as rapid population growth and uncontrolled development in 

coastal areas persist worldwide (Kennish 2002). As one of the major threats to the function of 

estuaries is habitat loss and degradation (Cattrijsse 2002; Kennish 2002; Courrat et al. 2008), 

the vulnerability of habitats in Portuguese estuaries were assessed in Chapter 6. Nutrient input, 

changes in river flow and land reclamation had the higher impact scores responsible for 

potential estuarine habitat loss. The same result has already been obtained by Halpern et al. 

(2007). The mudflat habitat was ranked as the most vulnerable one and when habitat’s 

vulnerability values were linked with the functional value and ecological use pattern of each 
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habitat (through the use of fish ecological guilds), it was possible to determine that the most 

vulnerable habitats were also playing important roles, namely acting as nursery areas, which 

was determined for instance, for the Tejo estuary. Modification or degradation of these habitats 

may lead to the inability to access favourable nursery conditions, which can have negative 

population effects, namely reduced recruitment success, fluctuation in year class strength and 

failure of a year class (Peterson 2003). Major changes in the trophic structure of estuarine 

systems, through habitat alteration can also occur, leading to rapid changes in the pattern of 

primary productivity (Livingston et al. 1997). Effective management of fish habitat requires 

prioritization, thus identifying which habitats are used by different fish life stages is crucial to the 

application of an ecosystem-based approach to fisheries management (Levin and Stuntz 2005).  

Given the importance of knowledge of species distribution for conservation and ecological 

management, and the rise of new powerful statistical techniques, the development of predictive 

habitat distribution models has rapidly increased in ecology and their continuous and 

progressive evaluation is necessary (Guisan and Zimmerman 2000). Generalized additive 

models (GAM) were successfully built for each estuary to determine fish species richness and 

abundance variation patterns in estuarine habitats in relation to environmental variables and 

hydrologic and geomorphologic features of the estuaries and their habitats. From all the 

available modelling techniques, GAM were chosen as it has been shown that this technique 

provides a good performance through the application of smoothers independently to each 

predictor and additively calculates the component response (Hastie and Tibshirani 1990; 

Guisan and Zimmermann 2000). Although the final combination of variables retained by the 

models differed for each estuary, environmental variables such as temperature and salinity 

were important in predicting fish species richness and abundance variation, as outlined in 

previous studies (Marshall and Elliott 1998; Martino and Able 2003; Greenwood 2007). The 

habitat effect was more important in larger estuaries, where more defined habitat mosaics exist. 

Accordingly, it has been previously suggested by different authors that this heterogeneity of 

habitats is crucial to maintain estuarine productivity at high levels, and thus their health (Irlandi 

and Crawford 1997; Peterson 2003). Models were considered to have a good predictive 

success, as a high percentage of data was well classified. This evaluation is important, as 

although models cannot be tested as being true or false, they are intended to provide good 

testable hypotheses relevant to important problems (Guisan and Zimmermann 2000). In the 

future, models will need to become more robust in order to be able to predict changes in the 

system, namely concerning climate change processes, as well as the interaction of processes 

operating at different scales (Wiens 1989; Thrush 1991; Schneider 1994). These types of 

models have the potential to become an useful and important tool for managers, which may be 

able to protect the most important areas for most of the species which use the estuary either 

permanently or opportunistically.  
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Final remarks 

In the present study, the differential use of several estuarine habitats by fish assemblages 

was described through the analysis of fish density patterns variation and functional processes 

which makes the conspicuous estuarine features essential to the whole functioning of the 

ecosystem. Nevertheless, many other issues will need to be addressed in the future in order to 

better identify specific and dependent links between habitats and fish population maintenance. 

Regardless of the fish species or life stage examined, relating these estuarine habitats to 

the source/sink paradigm (Dunning et al. 1992; Crowder et al. 2000) suggests some will be 

considered essential (sources) while others will be poor (sink) with a number of different 

habitats presenting a gradient of importance and quality within these extremes (Peterson 2003). 

Previous studies have already outlined that population sizes decrease when the landscape 

increases in sink habitat relative to source habitat (Dunning et al. 1992). Thus, the development 

of a conceptual framework which will analyse changes in the source/sink balance will be 

essential, mainly because habitat loss and degradation is now considered one of the main 

threats to estuarine systems, and species may be excluded from their critical habitats.  

Recently published research has taken a number of different approaches to examine habitat 

holistically, as possessing both dynamic (short term physical-chemical and biotic variability) and 

stationary (long term structural variability) components (Peterson 2007), each influencing fish 

species individually. The need to relate these data with information on estuarine organisms 

which generally live in a spatially and temporally dynamic landscape is becoming more urgent 

and important. Geographic Information System (GIS) modelling is become more widely used in 

the management of resources (Stoner et al. 2001; Le Pape et al. 2003; Peterson 2007) and will 

be extremely useful in future research, owing to its versatility and capability of integrating multi-

scaled ecological processes. Besides, GIS-based models can integrate the mosaic nature of 

estuarine landscapes (both biotic and abiotic components) into a single, more meaningful and 

predictable framework for resource managers.  

To maximize management effectiveness, the biology and ecology of individual fish species, 

the interactions among populations, and interactions between them and the dynamic and 

stationary components of the ecosystem must be identified. Understanding these linkages when 

determining essential habitats is an important step in the process of developing prudent 

management strategies.  
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