
Universidade de Lisboa

Faculdade de Ci nciasê

Rita Maria Pina Vasconcelos

Doutoramento em Biologia

Especialidade de Biologia Marinha e Aquacultura

2009

Contribution of estuarine nursery areas
to the structure and biocontamination

of stocks of commercially important fish species
along the Portuguese coast

Departamento de Biologia Animal

 



 

Universidade de Lisboa

Faculdade de Ci nciasê

Doutoramento em Biologia

Especialidade de Biologia Marinha e Aquacultura

2009

Contribution of estuarine nursery areas
to the structure and biocontamination

of stocks of commercially important fish species
along the Portuguese coast

Departamento de Biologia Animal

Tese orientada por
Professora Catedrática Maria José Costa

Professor Auxiliar com Agregação Henrique Nogueira Cabral

Rita Maria Pina Vasconcelos



 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Doctoral dissertation in Biology 
(specialization in Marine Biology and Aquaculture) 
presented to the University of Lisboa 

 
Dissertação apresentada à Universidade de Lisboa 
para obtenção do grau de doutor 
(especialidade Biologia Marinha e Aquacultura) 
 

 
Rita Maria Pina Vasconcelos 
 
2009 





 

TABLE OF CONTENTS 
 

 
 

ABSTRACT AND KEYWORDS        7 
 
RESUMO E PALAVRAS-CHAVE (PT)       9 
 
RESUMO ALARGADO (PT)        11 
 
LIST OF PAPERS         15 
 
CHAPTER 1          17 

General introduction        19 
Aims and importance of the thesis      20 
Thesis outline         21 

 

CHAPTER 2          27 

Assessing anthropogenic pressures on estuarine fish nurseries along 
the Portuguese coast: A multi-metric index and conceptual approach   

 

CHAPTER 3           55 

Estuarine use patterns of juveniles of commercially important marine fish 
species along the Portuguese coast 

 
CHAPTER 4          81 

Juvenile fish condition in estuarine nurseries along the Portuguese coast 
 

CHAPTER 5          105 

Juvenile fish contamination by trace metals in estuarine nurseries along 
the Portuguese coast 
 

CHAPTER 6          121 

Discriminating estuarine nurseries for five fish species through otolith 
elemental fingerprints 

 
CHAPTER 7          139 

Inter-specific variations of otolith chemistry in estuarine fish nurseries 
 

CHAPTER 8          161 

Evidence of estuarine nursery origin of five coastal fish species along the 
Portuguese coast through otolith elemental fingerprints 

 

CHAPTER 9          185 

Connectivity between estuaries and marine areas: integrating metrics to 
assess multi-species nursery function of estuaries    

 
CHAPTER 10         207  

General discussion        209 
Final remarks         212 

 
AGRADECIMENTOS (PT)        217 



 

 



ABSTRACT AND KEY-WORDS 

7 

 
Abstract 

 

 

 

 

Identifying the relative importance of estuaries as effective nurseries for marine fish juveniles is 

essential to understand the processes defining the life cycle and structure of these species’ 

meta-populations and raises scientific interest due to the ecological and economical importance 

of directly associated functions and resources. In the present work, some of the main 

Portuguese estuaries (Minho, Douro, Ria de Aveiro, Mondego, Tejo, Sado, Mira, Ria Formosa 

and Guadiana) and commercially important fish species acknowledged for their use of these 

estuaries as putative nurseries (Solea solea, Solea senegalensis, Platichthys flesus, Diplodus 

vulgaris and Dicentrarchus labrax) were analysed following an integrative, multi-metric and 

multi-species approach. Estuaries were ranked by natural vulnerability and anthropogenic 

pressures through the development of a multi-metric index; with ecological impacts and end-

points of pressure sources conceptually identified. Sites identified in different estuaries as 

important for juveniles, for one or several species, varied in fish density and habitat quantity, 

which together defined the potential export of juveniles. The variability in environmental 

characteristics of these sites highlighted species’ resilience to potential changes in estuaries. 

Habitat quality, measured with RNA:DNA and Fulton (K) condition indices, showed species-

specific patterns of variation amongst estuaries. Juvenile contamination by trace elements was 

reduced and, in general, similar amongst estuaries. Otolith elemental fingerprints were validated 

as natural tags to discriminate estuaries individually; with specific patterns requiring fingerprint 

application to be made independently. These tags allowed the retrospective identification of the 

estuaries where marine adults spent their juvenile period and revealed the differential effective 

contribution of estuaries to adult subpopulations, which also differed amongst species. 

Combined results of all metrics identified differences in the relative importance of estuaries as 

nurseries and effective juvenile habitats for the analysed species and revealed some agreement 

between potential and effective export estimates from individual estuaries. 

 

 

Key-words: juvenile fish; estuary; nursery; effective juvenile habitat; connectivity. 
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Resumo 
 

 
 

 

Identificar o papel diferencial de estuários como áreas de viveiro efectivas para juvenis de 

peixes marinhos é essencial para o conhecimento dos processos que definem o ciclo de vida e 

estrutura das meta-populações destas espécies e de interesse pela importância ecológica e 

económica das funções e recursos associados. Alguns dos principais estuários portugueses 

(Minho, Douro, Ria de Aveiro, Mondego, Tejo, Sado, Mira, Ria Formosa e Guadiana) e 

espécies de peixes de interesse comercial reconhecidas pelo uso putativo destes estuários 

como viveiro (Solea solea, Solea senegalensis, Platichthys flesus, Diplodus vulgaris e 

Dicentrarchus labrax) foram analisados numa abordagem integradora, multi-métrica e multi-

específica. Os estuários foram ordenados pela vulnerabilidade natural e pressões 

antropogénicas através do desenvolvimento de um índice multi-métrico; foram identificados 

conceptualmente os impactos ecológicos e alvos dos agentes de pressão. As zonas 

identificadas nos diferentes estuários como importantes para juvenis, de uma ou várias 

espécies, diferiram na densidade de peixes e área de habitat, que em conjunto definiram o 

potencial de exportação de juvenis. A variabilidade ambiental destas zonas ilustrou a resiliência 

das espécies a potenciais alterações nos estuários. A qualidade do habitat, estimada pelos 

índices de condição ARN:ADN e Fulton (K), apresentou padrões de variação específicos entre 

estuários. A contaminação de juvenis por metais pesados foi reduzida e na generalidade 

semelhante entre estuários. As assinaturas químicas dos otólitos foram validadas como 

marcadores naturais para discriminar estuários individualmente e padrões específicos exigiram 

a sua aplicação independente. Estas permitiram a identificação retrospectiva dos estuários em 

que adultos marinhos passaram o período juvenil, revelando uma contribuição efectiva 

diferencial dos estuários para as subpopulações marinhas, que variou também entre espécies. 

A combinação das métricas identificou diferenças na importância relativa dos estuários como 

áreas de viveiro e habitats efectivos para juvenis, revelando alguma concordância entre 

estimativas de exportação potencial e efectiva dos estuários. 

 

 

Palavras-chave: juvenis de peixes; estuário; viveiro; habitat efectivo para juvenis; 

conectividade. 
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Resumo alargado 
 
 

 

 

Os estuários e zonas costeiras são dos ecossistemas mais produtivos do planeta e o papel 

preponderante dos estuários para juvenis de numerosas espécies de peixes marinhos é 

amplamente reconhecido e alvo de estudos motivados pelo interesse ecológico e económico 

destas áreas e recursos associados. A conectividade entre fases de vida espacialmente 

segregadas é uma propriedade fundamental dos ciclos de vida destas espécies, em particular 

dado a fase juvenil assumir especial relevância para o recrutamento populacional e os 

estuários constituirem um elo vital entre os diferentes estádios de vida. A contribuição efectiva 

das áreas juvenis é actualmente um critério base na definição da importância de um estuário, 

local ou habitat como área de viveiro ou habitat efectivo para juvenis. A variabilidade nas 

características dos estuários, das suas potenciais áreas de viveiro e espécies que os utilizam, 

tornam expectáveis diferenças na função de viveiro. Com as crescentes alterações nas zonas 

costeiras reveste-se de particular relevância o estudo da função de viveiro estuarina tendo em 

vista a necessidade da sua eficiente gestão e conservação. 

O presente estudo tem por objectivo principal avaliar a função de viveiro efectiva num 

conjunto de estuários através de uma abordagem multi-métrica, integradora e multi-específica, 

aplicada aos estuários da costa portuguesa e a um conjunto de espécies de peixes com 

interesse comercial. O seu carácter inovador resulta da inclusão de um conjunto de sistemas 

estuarinos (Minho, Douro, Ria de Aveiro, Mondego, Tejo, Sado, Mira, Ria Formosa e Guadiana) 

que podem ser estruturantes para as meta-populações ao longo da costa e de algumas das 

principais espécies (linguado - Solea solea, linguado do Senegal - Solea senegalensis, solha - 

Platichthys flesus, sargo safia - Diplodus vulgaris, robalo - Dicentrarchus labrax) que utilizam 

putativamente estes sistemas como áreas de viveiro. Recorrendo à aplicação de diversas 

metodologias a presente abordagem é dirigida à avaliação da função de viveiro nos diferentes 

estuários através de diversos processos que lhe são característicos - agregação de juvenis em 

elevadas densidades em zonas bem definidas dos estuários, elevado crescimento dos juvenis 

e elevada conectividade efectiva com os mananciais marinhos, e de processos que poderão 

afectá-la, como as características inerentes a estes sistemas e as pressões antropogénicas 

que neles se manifestam. 

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

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. 
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Na introdução geral, Capítulo 1, são abordados os processos relativos ao ciclo de vida 

destas espécies, com particular destaque para o período juvenil passado nos estuários e os 

factores que influenciam o sucesso dos indívíduos nesta fase e que podem influenciar o seu 

recrutamento para os mananciais de adultos em ambiente marinho. Os principais estudos que 

reconhecem a função de viveiro putativa dos estuários, i.e. sem avaliar a sua efectiva 

contribuição para os mananciais marinhos, são referidos, em particular para os estuários da 

costa portuguesa e para as espécies modelo consideradas, e é dada especial atenção ao 

recente desenvolvimento a nível internacional das abordagens metodológicas para avaliação 

da função de viveiro. 

No Capítulo 2 é desenvolvido e aplicado um índice agregador multi-métrico que quantifica a 

vulnerabilidade natural e as pressões antropogénicas nos sistemas estuarinos analisados. O 

índice traduz a intensidade geral de pressão, e também dos diferentes tipos de pressão, em 

cada sistema, permitindo ordenar sistemas de acordo com o grau de perturbação. A 

predominância de grupos principais de pressões (população e indústria, qualidade da água e 

do sedimento, barragens, exploração de recursos) em diferentes sistemas foi evidenciada. Foi 

salientada a relevância da vulnerabilidade natural dos sistemas na avaliação das suas 

pressões antropogénicas. Os potenciais agentes de pressão, impactos ecológicos e seus alvos 

foram identificados através de um modelo ecológico conceptual com particular atenção dirigida 

à função de viveiro destes estuários. 

O Capítulo 3 foca os padrões de utilização dos estuários em análise por juvenis de 

espécies marinhas, particularmente das cinco espécies de interesse comercial que constituem 

o modelo de estudo dos restantes capítulos, em dois anos consecutivos durante a Primavera e 

o Verão, período de maior ocorrência de juvenis. A ocorrência e densidade destes juvenis 

diferiu entre espécies, estuários e locais dentro destes. Os sistemas variaram 

consideravelmente no seu potencial de exportação de juvenis e na dimensão das áreas 

importantes para os mesmos (i.e. áreas de viveiro putativas), na maioria dos casos utilizadas 

por várias espécies em simultâneo. A relação da distribuição dos indivíduos com 

condicionantes ambientais foi explorada através de modelos lineares generalizados e a 

variabilidade na utilização das áreas entre os vários sistemas forneceu uma indicação da 

potencial capacidade de adaptação destas espécies a eventuais alterações nas características 

do habitat, assim como dos principais factores ambientais que regulam a fução de viveiro. 

A resposta individual de juvenis das espécies modelo à qualidade do habitat nas áreas de 

viveiro putativas dos diversos sistemas estuarinos é avaliada no Capítulo 4, através de dois 

indicadores de condição que avaliam o estado nutricional e a taxa de crescimento: Fulton (K) 

(biométrico) e razão ARN:ADN (bioquímico). O ARN:ADN variou consideravelmente entre 

espécies e revelou ainda padrões de variação entre estuários mas fortemente consistentes 

entre anos. Alguns estuários apresentaram ARN:ADN mais elevado para mais do que uma 

espécie, mas não para todas, e alguma variação entre locais. Para algumas espécies, as 

características das diferentes áreas de viveiro tiveram uma relação com a condição, sobretudo 

a densidade de juvenis e também a temperatura da água, salinidade e profundidade. 
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O Capítulo 5 avalia a contaminação individual de juvenis das espécies modelo por metais 

pesados (Cu, Zn, Cd e Pb) nas áreas de viveiro putativas dos diferentes estuários, uma vez 

que esta pode afectar directamente os organismos presentes e tem potencialmente custos 

sobre a sua sobrevivência e crescimento. A contaminação individual apresentada pelos juvenis 

foi reduzida e, com excepção de D. vulgaris, variou pouco entre os estuários, sugerindo que os 

juvenis exportados a partir dos diferentes estuários para os mananciais marinhos são afectados 

de forma semelhante por este tipo de contaminação. 

No capítulo 6 é explorada a composição química dos otólitos como marcador natural de 

habitat, neste caso do estuário, com o objectivo de discriminar e identificar os estuários em que 

os juvenis foram capturados. Este é um instrumento fundamental para posteriormente 

identificar em adultos capturados no meio marinho o estuário que foi utilizado durante o período 

juvenil. A concentração dos elementos (Li, Na, Mg, K, Ca, Mn, Cu, Zn, Sr e Ba) determinada 

por espectrometria de massa de plasma indutivamente acoplado, que permite elevada 

exactidão e baixos limites de detecção, variou entre espécies e estuários e permitiu definir, 

através de uma análise discriminante para cada espécie, assinaturas químicas características 

de cada estuário, com uma elevada percentagem de classificações correctas dos indivíduos. 

Esta validação permite a aplicação da assinatura química dos otólitos como marcador natural 

para avaliar os movimentos e a conectividade entre juvenis nos estuários e mananciais adultos 

no ambiente marinho. 

A variabilidade da assinatura química estuarina dos otólitos entre espécies é explorada no 

Capítulo 7. A análise discriminante de estuários utilizando todas as espécies simultaneamente 

teve resultados pouco exactos, ao contrário da discriminação de espécies no conjunto dos 

estuários. A existência de padrões nas assinaturas relacionados com a espécie foi evidente, 

particularmente em juvenis de espécies diferentes que partilham o uso de uma mesma área 

estuarina. Foram encontradas maiores semelhanças na composição química entre espécies 

com filogenia e ecologia próximas. A variação nas assinaturas entre espécies exige que a 

análise das assinaturas e sua aplicação como marcador natural seja independente para cada 

espécie. 

No Capítulo 8 é testada a aplicação das assinaturas químicas estuarinas dos otólitos, 

previamente definidas, na identificação dos estuários utlilizados durante a fase juvenil de 

adultos capturados ao longo da costa portuguesa, como medida da contribuição efectiva dos 

vários sistemas. A identificação do estuário da fase juvenil foi bem sucedida em quatro 

espécies e inconclusiva em D. vulgaris. As percentagens de indivíduos de uma espécie 

classificados nos diversos estuários variaram indicando uma contribuição efectiva diferencial 

dos sistemas. Os padrões de contribuição e dispersão ao longo da costa também diferiram 

marcadamente entre as espécies. 

A avaliação relativa da função de viveiro dos estuários, integrando as diversas métricas 

determinadas nos capítulos anteriores, é realizada no Capítulo 9. A estimativa da contribuição 

potencial de juvenis dos diferentes estuários (pela combinação da densidade de juvenis e da 

dimensão das áreas de viveiro do estuário) revelou alguma concordância com a estimativa das 
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percentagens de juvenis efectivamente recrutados pelos diferentes estuários. Por outro lado, 

individualmente, as restantes métricas revelaram relações pouco claras com estas estimativas. 

Para cada espécie foram identificados os estuários que correspondem em rigor aos conceitos 

de área de viveiro e de habitat efectivo para juvenis, tendo os estuários identificados diferido 

entre as espécies. 

Por fim, no Capítulo 10 é apresentada uma discussão geral das principais conclusões dos 

capítulos anteriores e são tecidas considerações finais acerca da sua relevância para o 

conhecimento do ciclo de vida destas espécies, da importância da função de viveiro dos 

estuários e do seu significado no contexto mais alargado do estudo da função de viveiro e da 

conectividade populacional. 

 



LIST OF PAPERS 

15 

 
LIST OF PAPERS 

 

 

 

 

This thesis is comprised by the papers listed below, each corresponding to a Chapter, from 2 to 

9. The author of this thesis is the first author in seven papers and co-author with an equal 

contribution to that of the first author in the remaining paper. The author of the thesis was 

responsible for conception and design of the work, field surveys, sample collection and 

processing, laboratory analytical procedures, data analysis and manuscript writing of all the 

papers. Remaining authors collaborated in some or several of these procedures. All papers 

published or in press were included with the publishers’ agreement. 
 
 

CHAPTER 2: Assessing anthropogenic pressures on estuarine fish nurseries along the 

Portuguese coast: A multi-metric index and conceptual approach 

Rita P Vasconcelos, Patrick Reis-Santos, Vanessa Fonseca, Anabela Maia, Miguel Ruano, 

Susana França, Catarina Vinagre, Maria José Costa, Henrique N Cabral 

Published in Science of the Total Environment (2007) 374(2-3):199-215 

doi:10.1016/j.scitotenv.2006.12.048 

 

CHAPTER 3: Estuarine use patterns of juveniles of commercially important marine fish species 

along the Portuguese coast 

Rita P Vasconcelos, Patrick Reis-Santos, Anabela Maia, Vanessa Fonseca, Susana França, 

Noemie Wouters, Maria José Costa, Henrique N Cabral 

In review in Estuarine, Coastal and Shelf Science 

 

CHAPTER 4: Juvenile fish condition in estuarine nurseries along the Portuguese coast 

Rita P Vasconcelos, Patrick Reis-Santos, Vanessa Fonseca, Miguel Ruano, Susanne Tanner, 

Maria José Costa,, Henrique N Cabral 

Published in Estuarine, Coastal and Shelf Science (2009) 82(1):128-138 

doi:10.1016/j.ecss.2009.01.002 

 

CHAPTER 5: Juvenile fish contamination by trace metals in estuarine nurseries along the 

Portuguese coast 

Rita P Vasconcelos, Patrick Reis-Santos, Anabela Maia, Miguel Ruano, Maria José Costa, 

Henrique N Cabral 

In review in Scientia Marina 

 



LIST OF PAPERS 

 

16 

CHAPTER 6: Discriminating estuarine nurseries for five fish species through otolith elemental 

fingerprints 

Rita P Vasconcelos, Patrick Reis-Santos, Susanne Tanner, Vanessa Fonseca, Christopher 

Latkoczy, Detlef Günther, Maria José Costa, Henrique N Cabral 

Published in Marine Ecology Progress Series (2007) 350:117-126 

doi: 10.3354/meps07109 

 

CHAPTER 7: Inter-specific variations of otolith chemistry in estuarine fish nurseries 

Patrick Reis-Santos, Rita P Vasconcelos, Miguel Ruano, Christopher Latkoczy, Detlef Günther, 

Maria José Costa, Henrique N Cabral 

Published in Journal of Fish Biology (2008) 72(10):2595-2614 

doi:10.1111/j.1095-8649.2008.01871 

 

CHAPTER 8: Evidence of estuarine nursery origin of five coastal fish species along the 

Portuguese coast through otolith elemental fingerprints 

Rita P Vasconcelos, Patrick Reis-Santos, Susanne Tanner, Anabela Maia, Christopher 

Latkoczy, Detlef Günther, Maria José Costa, Henrique N Cabral 

Published in Estuarine, Coastal and Shelf Science (2008) 79(2):317-327 

doi:10.1016/j.ecss.2008.04.006 

 

CHAPTER 9: Connectivity between estuaries and marine areas: integrating metrics to assess 

multi-species nursery function of estuaries 

Rita P Vasconcelos, Patrick Reis-Santos, Maria José Costa, Henrique N Cabral 

In review in Marine Ecology Progress Series 

 



 

17  

 
 
 
 
 
 
 
 

CHAPTER 1 
 

 
General introduction 

Aims and importance 
Thesis outline 

 

 



 

 



CHAPTER 1 

19  

 

General introduction 
Aims and importance 

Thesis outline 
 

 

 

 

General introduction 
Estuaries are amongst the most biologically productive and valuable ecosystems in the 

world (Costanza et al. 1997). They are renowned for the presence of a high abundance and 

diversity of marine fish as well as invertebrate species (e.g. Haedrich 1983, Dando 1984, Elliott 

& Dewailly 1995) and in particular for providing nursery grounds to the juvenile stages of many 

of these species (Beck et al. 2001, Able 2005). The nursery function of estuaries was 

recognized over a century ago (Hay 1905) for both invertebrates and fishes with complex life 

cycles. Post-larvae or early juveniles are transported to estuaries, grow to sub-adult stages and 

then recruit to adults’ habitats located off-shore (Koutsikopoulos et al. 1989). These species 

have been classified as marine juvenile migrants, marine estuarine-opportunists or estuarine-

dependent, amongst others (see Franco et al. 2008). Whereas initially estuaries as a whole 

were considered to be nurseries, focus has been driven to particular areas or habitats, such as 

salt marshes, mangroves, seagrass beds, oyster reefs or mud flats, due to the presence of high 

densities of juveniles (e.g. Orth et al. 1984, Costa & Bruxelas 1989, Adams et al. 2004). This 

concept has generally been applied (lato sensu) in numerous studies to areas where fish 

density, growth or survival are enhanced (Désaunay et al. 1981, Costa & Bruxelas 1989, 

Koutsikopoulos et al. 1989, Gibson 1994). 

The recruitment level of fish from juvenile grounds, i.e. the number of individuals of a 

specific year class that survive to attain sexual maturity and join the reproductive component of 

a population, is strongly determined by the interplay of habitat quality and quantity in nurseries 

which will overall influence growth and survival of juveniles (Gibson 1994). This is a complex 

issue which involves responses of individuals (metabolism), populations (recruitment), 

communities and ecosystems (abiotic and biotic diversification) (Neill et al. 1994). Moreover, 

whereas nursery habitat quality is mostly determined by food availability, predators and 

temperature that affect growth, survival and future reproductive potential (i.e. fitness) of 

juveniles, nursery habitat quantity and carrying capacity play a major role in determining overall 

population size in benthic species (Rijnsdorp et al. 1992, Gibson 1994). Often, variability in year 

class strength is generated during the pelagic egg and larval stage (Rijnsdorp et al. 1992, van 

der Veer et al. 2000) but habitat related processes on nursery grounds, as the concentration of 

juvenile stages in limited nursery areas (concentration hypotheses) serve to dampen rather than 

generate recruitment variability (Gibson 1994, Illes & Beverton 2000, Rooper et al. 2004). 

Connectivity, the exchange of individuals amongst geographically separated sub-
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populations of a meta-population (Cowen et al. 2006), is critical for these species. Its 

importance towards the evaluation of nursery role was recently emphasized by Beck et al. 

(2001), with the redefinition of a nursery as a site or habitat which contributes to adult habitats 

with a number of juveniles above the average of others (per unit area), and in Dahlgren et al. 

(2006) which highlighted the relevance of effective juvenile habitats due to their overall 

contribution, regardless of the unit area contribution. Therefore, identifying successful juvenile 

movement from putative nursery habitats to adults’ habitats is a mandatory component for the 

correct evaluation of nursery function. Despite this, the relative value of juvenile grounds as 

nurseries is often inferred from juvenile density and number (e.g. Le Pape et al. 2003a, Cabral 

et al. 2007, Dolbeth et al. 2008) and the dependence of adult stocks on these grounds 

addressed through the relationship between juvenile and adult growth, density or number (e.g. 

Rooper et al. 2004, see reviews by van der Veer et al. 1994, 2000). 

Recent studies have shown the validity of natural tags of habitat use, such as otolith 

elemental fingerprints, to explore the movement of individual fish and connectivity patterns of 

fish populations (see review by Elsdon et al. 2008). These have provided exciting results in the 

study of the life cycle of species which use estuaries as nurseries, namely through the 

retrospective assignment of adult fish, captured in marine environment, to their source nursery 

habitat type (e.g. Gillanders & Kingsford 1996, Yamashita et al. 2000, Forrester & Swearer 

2002, Brown 2006) and individual or groups of estuaries (e.g. Gillanders 2002, Hamer et al. 

2005). Despite this early work, and the recent reciprocal validation of classic potential juvenile 

contribution estimates and innovative effective contribution estimates in the evaluation of the 

nursery role of different habitat types (Fodrie & Levin 2008), the direct application of connectivity 

estimates in nursery function evaluations is still in its first steps. 

 

Aims and importance 
The present study aims to quantify the effective nursery function of a set of estuaries 

through an integrative, multi-species and multi-metric approach. Some of the main estuaries 

along the Portuguese coast (Minho, Douro, Ria de Aveiro, Mondego, Tejo, Sado, Mira, Ria 

Formosa and Guadiana) and commercially important fish species [common sole Solea solea 

(Linnaeus, 1758), Senegalese sole Solea senegalensis Kaup, 1858, flounder Platichthys flesus 

(Linnaeus, 1758), common two banded sea bream Diplodus vulgaris (Geoffroy Saint-Hilaire, 

1817) and sea bass Dicentrarchus labrax (Linnaeus, 1758)] acknowledged to use them as 

putative nurseries (Monteiro 1987, Arruda et al. 1988, Costa & Bruxelas 1989, Rebelo 1992, 

Cabral & Costa 1999, Costa & Cabral 1999, Cabral 2000, Cabral & Costa 2001, Vasconcelos 

2001, Pombo et al. 2002, Costa 2004, Vinagre et al. 2005, Sá et al. 2006, Veiga et al. 2006, 

Leitão et al. 2007, Martinho et al. 2007, Ribeiro et al. 2008, Freitas et al. 2009) are an 

interesting case study for this approach. Considering the differences in geographical location 

and environmental characteristics, both naturally and / or artificially generated, it is expected 

that the relative importance of these estuaries as nursery grounds may vary. The obtained 

results should allow ranking these estuaries according to their value as nurseries and effective 
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juvenile habitats. Moreover, they should comparatively evaluate the significance of commonly 

applied methodologies and more recently developed metrics applied in the study of nursery 

function, as well as provide guidance on their best use. 

Marine fish species with life-history traits of estuarine dependency or opportunism have 

evolved metapopulation structures which are indicative of hierarchical interactions within 

metaestuarine systems, i.e. wide ranging species use multiple estuaries as juveniles’ habitat 

and reassemble as adults into larger groups in the marine environment (Ray 2005). Therefore, 

integrative approaches, which simultaneously assess several closely related estuaries, are vital 

towards our understanding of the effective role of estuaries in the life cycle of these species. 

Whereas these approaches are common for coastal nursery areas where geographical 

boundaries are less evident (e.g. Dorel & Désaunay 1991, Rijnsdorp et al. 1992, van der Veer 

et al. 2000) or single estuaries (e.g. Costa & Cabral 1999, Nicolas et al. 2007, Dolbeth et al. 

2008) seldom have they seldom been applied to multiple estuaries (e.g. Phelan et al. 2000, 

Gillanders 2002, Le Pape et al. 2003b, Brown 2006, Fodrie & Mendoza 2006, Amara et al 2007, 

Cabral et al. 2007). 

The discrepancies between assessments of ecosystem effects on the productivity of 

individual species and ecosystem effects on the productivity of estuaries and coastal areas 

claim, in general, for a convergence of such approaches (Beck et al. 2001). Since estuaries are 

commonly reputed to provide nursery habitat for numerous fish species simultaneously, multi-

species approaches have been applied both in single (e.g. Costa & Bruxelas 1989, Martinho et 

al. 2008) and multiple estuaries (e.g. Gilliers et al. 2004) to evaluate particular aspects of 

nursery function. Even though not an outright ecosystem-based approach, a multi-species 

assessment provides evidence of the outcome of species cumulative and synergistic effects. 

Understanding the life cycle of these species and the dynamics of their use of different 

estuaries is essential for the correct design of conservation and management plans for these 

areas and species. Moreover, the application of efficient methodologies in the evaluation of 

nursery function is vital to prioritize management needs, guide efforts and maximize both 

ecological and economical returns of the investments made in conservation. 

 

Thesis outline 
This thesis comprises eight scientific papers published or in review in peer reviewed 

international journals. Each corresponds to a chapter.  

The natural vulnerability and level of disturbance by anthropogenic pressures in the 

analysed estuaries, as well as the main types of acting pressures, were determined through the 

development and application of an integrative multi-metric index based on diverse data, and the 

expected ecological impacts and end-points (particularly concerning nursery function) of the 

identified pressure sources were established in an ecological conceptual model in Chapter 2. 

The variations in occurrence and density of juveniles of the different species amongst the 

estuaries, and sites within them, are explored in Chapter 3 to analyse estuarine use patterns 

and identify important sites for juveniles and their habitat quantity. The variability in the 
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association of juvenile occurrence or density with environmental characteristics of sites is also 

investigated. Chapter 4 addresses variations in habitat quality for juvenile growth, amongst 

analysed estuaries and species, measured with Fulton’s K and RNA:DNA condition indices, and 

explores the main influencing environmental factors. Juvenile contamination by trace metals 

amongst estuaries is evaluated in Chapter 5. The use of otolith elemental composition as a 

natural habitat tag to determine the differential connectivity amongst the several estuarine 

systems and the marine environment is addressed in Chapters 6 to 8. Specifically, Chapter 6 

validates the use of estuarine elemental fingerprints by accurately discriminating the otolith 

chemical composition of juveniles of each species from different estuaries; chapter 7 explores 

species-specific patterns in fingerprints which render the use of individual fingerprints for each 

species compulsory; and Chapter 8 analyses the application of the estuarine juvenile 

fingerprints in young adults caught off the coast to identify the estuary where they spent their 

juvenile period and determine the relative effective contribution of the different estuaries to adult 

subpopulations. Chapter 9 combines results from the several metrics to rank estuaries 

according to their role as nurseries and/or effective juvenile habitats for each species as well as 

for multiple species simultaneously, and analyses the agreement amongst metrics to identify the 

most adequate tools to efficiently evaluate nursery function. 

In the final chapter, a general discussion addresses the main conclusions drawn from the 

several studies as a whole, their importance and implications within the context of nursery 

function and connectivity studies at an international level. Final remarks include suggestions for 

future research.  
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Assessing anthropogenic pressures on estuarine fish nurseries along the 
Portuguese coast: A multi-metric index and conceptual approach 

 
 

 
Abstract: Estuaries are among the most productive ecosystems and simultaneously among the 
most threatened by conflicting human activities which damage their ecological functions, namely 
their nursery role for many fish species. A thorough assessment of the anthropogenic pressures 
in Portuguese estuarine systems (Douro, Ria de Aveiro, Mondego, Tejo, Sado, Mira, Ria 
Formosa and Guadiana) was made applying an aggregating multi-metric index, which 
quantitatively evaluates influences from key components: dams, population and industry, port 
activities and resource exploitation. Estuaries were ranked from most (Tejo) to least pressured 
(Mira), and the most influential types of pressure identified. In most estuaries overall pressure 
was generated by a dominant group of pressure components, with several systems being 
afflicted by similar problematic sources. An evaluation of the influence of anthropogenic 
pressures on the most important sparidae, soleidae, pleuronectidae, moronidae and clupeidae 
species that use these estuaries as nurseries was also performed. To consolidate information 
and promote management an ecological conceptual model was built to identify potential 
problems for the nursery function played by these estuaries, identifying pressure agents, 
ecological impacts and endpoints for the anthropogenic sources quantified in the assessment. 
This will be important baseline information to safeguard these vital areas, articulating 
information and forecasting the potential efficacy of future management options. 

 
Key-words: estuaries; anthropogenic pressures; fish nursery; multi-metric index; conceptual 
model; Portugal 
 

 
 
1. Introduction 
Coastal transition ecosystems, such as estuaries and coastal lagoons, are amongst the 

most productive and valuable aquatic ecosystems on Earth (Costanza et al. 1997) and are 

recognized worldwide as an important component of continental coasts in terms of their 

biological importance and utilization by humans (Cooper et al. 1994, Marques et al. 2004). 

Many authors have emphasized the importance of estuarine areas and their associated 

coastal waters, as nursery for fish, and their role in supporting the offshore stocks of 

economically valuable species (Marchand 1980, Costa & Bruxelas 1989, Blaber et al. 2000, 

Beck et al. 2001, Gillanders et al. 2003, Able 2005). These systems are particularly used by 

juveniles of many fish species because of the potential advantages they provide for the growth 

and survival of young fish, namely high prey availability, refuge from predators and good 

environmental conditions (Haedrich 1983, Miller et al. 1985, Lenanton & Potter 1987, Beck et al. 

2001). 

In general, estuaries host special habitats of great ecological value and of particular 

importance as nursery and feeding areas for young fish namely saltmarsh, oyster and seagrass 

beds (Weinstein & Brooks 1983, Labourg et al. 1985, Cattrijsse et al. 1994, Costa et al. 1994, 

Beck et al. 2001, Jackson et al. 2001). 

In contrast with their ecological importance, estuaries are amongst the most modified and 
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threatened aquatic environments (Blaber et al. 2000). Rapid population growth and uncontrolled 

development in many coastal regions worldwide have intensified the multi-specific interests and 

activities which develop in and around estuaries. Consequently estuaries exhibit a wide array of 

human impacts that collide with their ecological function threatening the long term viability and 

health of these important ecotones (Goldberg 1995, Costa et al. 2002a, Kennish 2002). 

Although scientists and engineers have long recognized that human activities can 

significantly alter the nature of the marine environment, negatively affecting public health and 

the well-being of marine organisms (Goldberg 1995), historically fisheries managers have 

considered fisheries as the most threatening anthropogenic factor concerning fish populations 

(Boreman 1997, Johnson et al. 1998). In recent years there has been an increasing concern 

about the role that other anthropogenic factors might play in the decline of commercially and 

recreationally important marine fish species (Grosse et al. 1997). Agricultural, industrial and 

engineering projects can alter the shape and nature of the estuaries. Domestic and industrial 

discharges along with other pollution sources and heavy fishing pressure have a significant 

effect on abundance and structure of estuarine communities (Haedrich 1983). Recent studies 

are now considering habitat loss as a greater problem than pollution itself (Cattrijsse et al. 2002, 

Kennish 2002). 

Scientists can aid in the environmental management of these conflicts by providing high-

quality technical information to decision-makers, yet in scientifically valid forms. In recent years 

this challenge has been met through the use of multi-metric index approaches, that have been 

developed for simplifying the use of extensive ecological data (Cooper et al. 1994, Boesch 

2000, Ferreira 2000, Paul 2003), and with the development of indicators as management tools 

to address environmental issues (Belfiore 2003, Aubry & Elliott 2006). 

The implementation of the European Water Framework Directive (WFD; 2000/60/EC) 

establishes the guidelines for water resources management with well defined objectives for the 

protection of groundwater, inland, estuarine and coastal waters. This framework requires 

Member States to assess the Ecological Quality Status of transitional and coastal waters by 

2006 and achieve at least good ecological status in all water bodies by 2015. The WFD outlines 

that Member States must collect information on the type and magnitude of significant 

anthropogenic pressures, and identify in specific cases Heavily Modified Water Bodies. 

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

several commercially important fish species, although their importance has not yet been 

comprehensively assessed (Cabral & Costa 2001, Erzini et al. 2002, Martinho 2005, Cabral et 

al. 2007). Some have been studied for several years (Costa & Cabral 1999) while others have 

seldom been studied even in terms of their fish assemblages. Simultaneously, these systems 

are intensely exploited and impacted by human activities (Bettencourt & Ramos 2003). 

Moreover there has been little or no application of the fragmented scientific assessments made 

in terms of stimulating local or national planning and management systems. It is therefore 

necessary to create baseline studies and collect data from multiple sources that will allow the 

establishment of a strong scientific background in order to promote management plans and fulfil 
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the WFD requirements. Several methodologies for an accurate and consistent evaluation are 

being developed (see Rogers & Greenaway 2005, Aubry & Elliott 2006) namely for assessing 

anthropogenic pressures and determining the origin of ecological degradation (see Borja et al. 

2006, Ferreira et al. 2006). Identifying sources and recognizing respective effects allows the 

classification of which are potentially most damaging, predict effects, consequences and plan 

mitigation measures. 

In the present paper, anthropogenic pressures on eight estuarine systems of the 

Portuguese coast (Douro, Ria de Aveiro, Mondego, Tejo, Sado, Mira, Ria Formosa and 

Guadiana) are thoroughly assessed using a multi-metric index, in order to: rank and compare 

the main pressures, identify the estuaries that may represent the most vulnerable cases and 

evaluate possible effects on the fish species which depend on them for nursery areas. The 

vulnerability of these estuaries will be assessed together with the pressures as a measure of the 

estuaries natural response and buffering capacity to human activities. In order to articulate 

these findings and to easily transpose this information to non-scientific managers and politicians 

an ecological conceptual model will be developed regarding the expected impacts on the 

estuarine systems generated by the identified anthropogenic pressures. This approach is most 

valuable since it promotes a better understanding of the linkages between the components of 

the environment, allows the prediction of the outcome of natural and anthropogenic pressures 

and provides a basis, as well as stipulating targets, for future research (Peterson 2003). As it is 

not possible to constrain all human activities on estuaries, or even monitor all effects, defining 

main sources and their consequent ecological endpoints can be an effective management tool. 

This study should prove to be a valuable baseline and priority defining tool in the 

development of management plans for these estuaries, contributing to the safeguard of nursery 

areas and of estuarine-dependent marine fish stocks. 
 
2. Materials and methods 
The anthropogenic pressures occurring in eight estuarine systems of the Portuguese coast 

(Douro, Ria de Aveiro, Mondego, Tejo, Sado, Mira, Ria Formosa and Guadiana) were assessed 

through the determination of a multi-metric index which assembles a large volume of 

information. This set of estuaries (Fig. 1) was selected for both their size and ecological 

importance, and for the availability of data necessary for this approach. 

Each estuarine system was characterized by means of a natural vulnerability descriptor and 

12 anthropogenic pressure descriptors, each descriptor being quantified by the merging of 

several metrics (Table 1). 

Natural vulnerability consists of a measure of the natural aptitude of an estuary to respond 

to pressures especially in terms of water quality and consequently of its buffering capacity 

(adapted from Ferreira 2000). Table 1 lists the natural vulnerability and pressure descriptors, as 

well as the corresponding metrics used to calculate each descriptor and respective data 

sources. The most important criteria in the selection of descriptors and metrics were suitability 

to these estuaries and also data reliability and availability. Data was acquired mainly from  
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Figure 1. Map of Portugal with the location of the eight estuaries: Douro, Ria de Aveiro, Mondego, Tejo, 
Sado, Mira, Ria Formosa and Guadiana. 

 
 

several governmental and public sources and merged to obtain a database for the eight studied 

estuarine systems referring to the period between 2000 and 2005. Government agency and 

public institution records constitute consistent sources of data on various subjects, particularly  

on those required for the present approach. 

The index approach was adapted from Kranjc & Glavič (2005), who designed a composite 

sustainable development index in order to enable a comparison of companies based on a large 

number of performance measures. 

Each of the pressure metrics (P) (Table 1) is initially classified either as a pressure 

contributing metric (P+), whose increasing value represents a pressure on the estuary or as a 

pressure relieving metric (P−) whose increasing value contributes to the decrease of pressure. 

Most metrics are pressure contributing, for example untreated sewage discharges, but some 

are considered pressure relieving metrics, such as number of waste water treatment plants. 

To solve the problem of different measurement units of the metrics and achieve 

compatibility of all data, each metric value is normalized (values ranging from 0 to 1) using one 

of the following equations (for P+ or P−): 
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where PN represents the normalized pressure value and PA the original pressure value, for 

an estuary i of the full set of estuaries j. 
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Table 1. Anthropogenic pressure components, descriptors and metrics and data sources used in the 
determination of the multi-metric index. 
 
Component Descriptor Metric Data source 
Natural 
vulnerability 

Natural 
vulnerability 

Estuarine area; intertidal area; percentage of 
intertidal area; mean depth; mean river flow; 
mean residence time; volume; tidal range 

‘Instituto Nacional da Água’ - 
National Water Institute 
(INAG); Bettencourt & 
Ramos (2003) 

Population 
and 
industry 

Population Watershed inhabitant number; estuarine 
surrounding area inhabitant number and 
density 

‘Instituto Nacional de 
Estatistica’ - National 
Statistics Institute (INE); 
INAG 

 Industry Number of agriculture and fishing industries; 
number of transforming industries 

INE 

 Industrial 
loads 

Industrial loads volume; biological oxygen 
demand, chemical oxygen demand and total 
suspended solids of generated and affluent 
industrial loads 

INE 

 Water and 
sediment 
quality 

Quality of watershed surface water for 
multiple uses (criteria based on heavy metals, 
nutrients, fecal coliforms, total suspended 
solids, oxygen demands, pH and 
conductivity); sediment contamination in the 
estuary, according to Long et al. (1995); 
nitrogen and phosphorus loads into the 
estuary per year 

INAG; Bettencourt & Ramos 
(2003) 

 Wastewater 
treatment 

Number of waste water treatment plants; 
percentage of watershed resident population 
not served by sewage network; percentage of 
watershed resident population served by 
sewage with treatment; percentage of 
watershed direct pollution sources constituted 
by direct discharges 

INAG; ‘Inventário Nacional 
de Sistemas de 
Abastecimento de Água e 
de Águas Residuais’ - Water 
Supply and Wastewater 
National Inventory (INSAAR 
- INAG); Bettencourt & 
Ramos (2003) 

Port 
activities 

Dredging Number of estuarine dredged areas per year; 
volume of dredged material in the estuary per 
year 

INAG; Local Port Authorities 

 Port 
activities 

Number of commercial ports; annual ship 
traffic; number of licensed boats per estuarine 
ports 

‘Associação dos Portos’ - 
National Ports Association 

Dams Dams Number of large dams (>105 m3 or >15 m 
high) in watershed; distance from mouth of 
the estuary to first dam 

INAG and ‘Comissão 
Nacional das Grandes 
Barragens’ - Large Dams 
National Comission 

Resource 
exploitation 

Bank 
regulation 

% of regulated estuarine bank length Determined from military 
maps and aerial 
photographs 

 Agriculture Agricultural surface area; used agricultural 
surface area and its percentage in total 
agricultural surface area 

INE 

 Fishing Number of licensed fishing boats per 
estuarine ports 

‘Direcção Geral das Pescas 
e Aquicultura’ - National 
Directorate for Fisheries and 
Aquaculture (DGPA) 

 Aquaculture Number of fish farms; area of fish and 
shellfish farms in the estuary and percentage 
in total estuarine area occupation; sanitary 
classification 

‘Instituto de Investigação 
das Pescas e do Mar’ - 
National Fisheries Institute 
(IPIMAR) 

 
 

 

For the natural vulnerability descriptor, 0 represents the least vulnerable of the systems and 

1 the most vulnerable, while for the anthropogenic pressure descriptors 0 represents the lowest 

pressure and 1 the highest pressure on the considered set of estuaries. In this manner, all 



ANTHROPOGENIC PRESSURES IN ESTUARIES 

34 

variables are assigned rating values based on comparable scales (Cooper et al. 1994). 

After normalizing all metrics for each descriptor, they are combined into an aggregate index 

simply by averaging the scores of all metrics available for each descriptor. Averaging was used 

rather than the alternative technique of summing the scores because the number of available 

metrics varied among the descriptors. As in Borja et al. (2006) pressure metrics were not 

attributed different relative weights. 

The 12 pressure descriptors of the estuarine systems were comparatively analysed using a 

Principal Components Analysis (PCA), after running a Detrended Component Analysis (DCA) 

using Canoco (ter Braak 1995). The PCA aimed to outline the similarities among estuarine 

systems in terms of the pressures that affect them and patterns in the intensity of these 

pressure descriptors. 

Pressures of similar origin appeared associated among themselves in the PCA diagram 

enabling the formation of four distinct groups of pressures. Given that the groups consisted of 

closely related pressures it was decided to use these groups for further analysis as a form of 

simplifying the results. Four groups of pressure descriptors (referred as components) were 

established. Each estuary is now described by the values of each of these four components, 

which consist of the average of the descriptors for each component. With this data a new PCA 

was run.  

These estuaries are recognized as nursery areas for some commercially important fish 

species: common sole Solea solea (Linnaeus, 1758), senegalese sole Solea senegalensis 

Kaup, 1858, flounder Platichthys flesus (Linnaeus, 1758), sea bass Dicentrarchus labrax 

(Linnaeus, 1758), seabreams Diplodus vulgaris (Geoffroy Saint-Hilaire, 1817), Diplodus sargus 

(Linnaeus, 1758), Diplodus annularis (Linnaeus, 1758), Diplodus bellottii (Steindachner, 1882) 

and pilchard Sardina pilchardus (Walbaum, 1792).The importance of each of these species 

within the eight estuaries was categorized based on data for presence, mean and maximum 

densities of juveniles in the considered time period (Cabral unpublished data, Cabral & Costa 

2001, Costa et al. 2002b, Bexiga 2002, Erzini et al. 2002, Costa 2004, Costa 2005, Martinho 

2005, Pombo et al. 2005, Vinagre et al. 2005, Cabral et al. 2007). The importance of each 

species was summarized by a relative importance score of 0, 1, 2 or 3. 

In order to determine which species would be most related to the different groups of 

pressures a Correspondence Analysis (CA) was performed with the data of the anthropogenic 

pressures of each estuary used as a covariable data matrix. This analysis was performed using 

Canoco (ter Braak 1995) and should reveal if any species are affected by particular pressures. 

An ecological conceptual model was built, based on other models by Harwell et al. (1999), 

Gentile et al. (2001), Peterson (2003) and Serveiss et al. (2004) using peer reviewed data and 

existing information on the connections between pressures and their impacts in ecosystems and 

communities. In this way linkages are defined between: the sources of anthropogenic pressures 

found in this set of estuaries; the specific pressures through which they cause impacts on the 

ecosystem and the identified consequent endpoints relevant for their ecological importance, 

particularly as fish nursery areas for commercially important species. 
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3. Results 
3.1. Natural vulnerability 
Assessment of natural vulnerability of the estuaries entails a characterization of the 

hydrology and geomorphology of the systems (Table 2), as well as the representation of scores 

obtained by each estuarine system in radar type graphs (Fig. 2). 

The considered features were found to differ greatly between all estuaries and each estuary 

acquires its high or low vulnerability from the counterbalance of its different features. The most 

striking differences are found between the larger estuaries (in area, mean depth and volume) 

such as the Tejo and Sado, which also have the highest mean residence times, and smaller 

systems such as the Mira and Douro. The extension and importance of intertidal areas (in % of 

total estuarine area) is a markedly distinguishing feature of the coastal lagoons Ria de Aveiro 

and Ria Formosa, which also have the lowest mean depths. An extremely high mean river flow 

 

 
Table 2. Hydrologic and geomorphologic characteristics used for Natural Vulnerability characterization of 
the estuarine systems. 
 

Estuary 
Estuarine 

area 
(km2) 

Intertidal 
area 
(km2) 

Intertidal area 
 

(% of total area) 

Mean 
depth 
(m) 

Mean river 
flow 

(m3s-1) 

Mean 
residence time 

(days) 

Volume 
 

(m3) 

Tidal 
range 
(m) 

Douro 10 1 11 4 450 2 58.8 x 106 3.8 
Ria de Aveiro 74 64 87 2 40 17 84 x 106 3 
Mondego 10 6 64 2 79 3 22 x 106 3 
Tejo 320 128 40 5 300 25 1900 x 106 2.6 
Sado 180 78 44 6 40 30 500 x 106 2.7 
Mira 5 2 42 4 3 15 27 x 106 2.4 
Ria Formosa 91 74 81 1 2 2 92 x 106 2 
Guadiana 20 5 24 3 80 12 100 x 106 3.43 

 
 

 
 
Figure 2. Scores of Natural vulnerability descriptors for the eight estuaries. Scores range between 0 (low 
vulnerability) and 1 (high vulnerability). 
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distinguishes the Douro estuary from the remaining despite its small dimension. 

The Tejo estuary stands out as the least vulnerable (score 0.32) and the Mira as the most 

sensitive of the systems (score 0.78).The Tejo is the largest of the systems, only weakened by a 

high residence time, whereas the Mira is overall very vulnerable. Douro and Sado estuaries are 

quite robust to impacting pressures for opposing reasons, the first system is one of the smallest 

but has a strong flushing ability (due to high river flow and low residence time) and the second 

has large total area, intertidal areas and volume which give it characteristics close to those of 

the Tejo estuary. The coastal lagoons Ria de Aveiro and Ria Formosa are quite vulnerable 

systems, with very similar features already mentioned. 

Natural vulnerability scores should always be taken into consideration as a 

counterbalancing measure when evaluating the remaining pressure vectors in each estuary, 

which means that low pressure levels on a weakly pressured estuary are not necessarily to be 

disregarded. 

 

3.2. Anthropogenic pressures 
After data collection concerning all metrics, normalization and determination of the scores 

for each of the 12 pressure descriptors, radar type graphs were built for each estuary (Fig. 3). 

Most of the considered pressure metrics differ widely within the set of eight estuaries, 

consequently the types and intensities of anthropogenic pressure descriptors and components 

determined also differ. 

The overall score (averaging all descriptors) shows: the Tejo estuary (overall 0.76) as the 

most pressured with high scores in almost all descriptors and, on the other end of the spectrum, 

the Mira estuary as the least pressured (overall 0.14). They represent the extremes of the 
 

 

 
 
Figure 3. Scores of Anthropogenic pressure descriptors for the eight estuaries. Scores range between 0 
(low pressure) and 1 (high pressure). Vectors represent: Dams, Wastewater Treatment, Population, 
Industrial loads, Water and Sediment Quality, Industry, Dredging, Port activities, Aquaculture, Agriculture, 
Bank regulation and Fishing. 
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national panorama. While the Tejo has very high, or even the highest, scores in all types of 

pressures, except for aquaculture and waste treatment, the Mira presents extremely low or zero 

values for all descriptors except for agriculture and waste treatment. The Sado and Douro 

estuaries are also highly pressured (scores 0.49 and 0.47 respectively), however, totally distinct 

types of pressures affect them. In fact in the Douro most of the pressures are due to high scores 

in descriptors of dams, population and industry associated pressures, and also port activities. 

On the other hand, the coastal lagoons show types of impacts similar to those of the Sado 

estuary, but with lower overall scores. The same applies to the Mondego estuary but with a 

lower overall score. These systems show high scores in agriculture, resource exploitation and 

port activities descriptors. The Guadiana estuary has quite a low pressure score, almost entirely 

due to its dam descriptor. 

The Principal Component Analysis run with the 12 pressure descriptors (which accounted 

for 72.2 % of the total variance) allowed the identification of affinities between the estuaries in 

terms of pressures and revealed the colinearity of several of the descriptor vectors. This 

suggested that the groups of descriptors could be incorporated into new components in order to 

perform a new analysis, since the grouped descriptors were of similar activities, simplifying the 

assessment without losing information. The defined groups were: dams; population and industry 

- including population, waste treatment, industry, industrial loads, water and sediment quality 

descriptors; port activities - including dredging and port activities; resource exploitation – 

including bank regulation, agriculture, aquaculture and fishing. In this manner, a new PCA was 

run based on new component pressure scores, determined by averaging the descriptor scores 

according to the new groups. 

The new PCA analysis using the four pressure components accounted for 92.2 % of the 

total variance in the first two ordination axes and is represented in Fig. 4. The ordination 

diagram obtained reinforces the results revealed with the radar graphs. In fact, similarities in 
 

 

 
 
Figure 4. Ordination plot of Principal Component Analysis for pressure components in the eight estuaries. 
Estuarine systems and vectors for anthropogenic pressures are represented. 
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types of pressures of some estuaries which had been stressed in the radar graphs are 

confirmed in the ordination plot by the association of these estuaries and by their relationship 

with pressure component vectors. The Douro and Tejo estuaries are the most pressured. They 

are displaced due to the dams and population and industry component vectors in relation to the 

other estuaries. Ria de Aveiro, Sado and Ria Formosa form a group which is more associated 

with the resource exploitation component. Representation of the Guadiana estuary seems to be 

due to the dam component and lack of influence from the other vectors. Mira estuary is drawn 

opposing all pressure vectors and the Mondego seems to be dislocated towards the group with 

the coastal lagoons and the Sado estuary by the influence of the resource exploitation vector. 

 

3.3. Anthropogenic pressures and nursery role for fish species 
Correspondence analysis performed using fish species data and pressure data, as a 

supplementary covariable environmental data matrix, allowed the identification of the general 

pattern of importance of the species in the estuaries. This analysis accounted for 62.6 % of the 

total variance of the species-environment relation in the first two ordination axes (Fig. 5). A 

latitudinal gradient of estuaries (from South to North) is observed along the first axis. Species of 

seabreams of the genus Diplodus appear associated to the southern coast estuaries (Ria 

Formosa and Guadiana), while the flounder P. flesus is related with the northern estuaries 

Douro, Ria de Aveiro and Mondego). Species as the common sole S. solea, Senegalese sole S. 

senegalensis, sea bass D. labrax and pilchard S. pilchardus are common in most estuaries, and 

for that reason appear in the centre of the diagram. 

Overlying the pressure vectors on the correspondence analysis between species and 

 

 

 
 

Figure 5. Ordination plot of Correspondence Analysis for fish species that use the eight estuaries as 
nursery areas importance, with anthropogenic pressure components as co-variables. Estuarine systems, 
fish species and vectors for anthropogenic pressures are represented. D lab - Dicentrarchus labrax, D ann 
- Diplodus annularis, D bel - Diplodus bellottii, D vul - Diplodus vulgaris, D sar - Diplodus sargus, P fle - 
Platichthys flesus, S pil - Sardina pilchardus, S sol - Solea solea, S sen - Solea senegalensis. 
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estuaries (which is done by using pressure data as a covariable data matrix), these appear very 

close and even overlapping, and do not define a pressure pattern on species distribution. 

 

3.4. Ecological conceptual model 
The ecological conceptual model built is presented in Fig. 6. From the multitude of 

anthropogenic pressure descriptors which were assessed and used in the index approach 

(Table 2) most were also incorporated in the model as pressure sources (Population, Industry, 

Agriculture, Fishing, Dredging, Port Activities and Dams). The model shows the confluence of 

some common pressures to these sources, and especially of common impacts through which 

they exert impact and of ecological endpoints which are in many cases found to be the same. 

All endpoints relate to three major aspects of an ecosystem: stability, biodiversity and natural 

productivity. 

 

4. Discussion 
4.1. Multi-metric index approach 
Analysis of the pressure scores in the eight estuaries (at descriptor and component levels) 

allowed the identification of the most pressured systems and of the main pressures occurring in 

each system. To address the impact of these pressures in each site the natural vulnerability 

score of the estuaries must also be taken into account. Ferreira (2000) included a vulnerability 

component in his model of estuarine quality and condition, in order to assess the buffering 

capacity of a system to assimilate materials discharged into it, and to evaluate the role of 

internal processes compared to throughput. As in Ferreira (2000) the relevance of this 

component increases with the fact that, from a quality standpoint, estuaries pose a particular 

issue because of their dynamic nature. 

Results show that the least vulnerable systems, Tejo, Sado, Douro, are also the ones where 

the pressures are highest, and that the most vulnerable systems, Guadiana and Mira, show the 

lowest pressures. Currently, these estuaries where higher pressures are found are the ones 

where these pressures potentially have least impacts. However, problems might emerge if 

significant human development occurs next to more vulnerable systems. For instance, Douro 

estuary, with its high flow and low residence time, is least vulnerable to human development 

when compared to the Guadiana. Although bigger in size, this southern estuary has different 

characteristics which hinder its tolerance to human impacts and if a scale of development 

equivalent to the Douro's were to occur there, severe problems may be expected. 

The combined use of the multi-metric index with the Principal Component Analysis identified 

groups of estuaries similarly affected by anthropogenic pressures. The results of the index 

ranked the estuaries in terms of total pressures, and identified the most active sources in each 

system. The ordination pattern obtained in the PCA outlined similarities among estuaries in 

terms of pressure components to which they are subjected. 

The Tejo is the most pressured estuary; together with the Douro they are strongly 

influenced by the population and industry pressure components. These estuaries are located 
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Figure 6. Ecological Conceptual Model for Portuguese estuarine fish nurseries.  



CHAPTER 2 

41 

next to the two largest cities in the country, which explains the influence of this component 

vector in the PCA. The areas surrounding the Tejo estuary are inhabited by close to 2 million 

people and those surrounding the Douro by 700,000. Around the Tejo estuary there are close to 

18,000 industries that produce yearly circa 75.5×106 m3 industrial loads. In past decades, 

industrialization has developed in most estuarine areas and it is noticeable that industry is more 

relevant in the north while the southern estuaries have a higher agricultural influence. 

Only 52 % of the population in the Douro's watershed is served by a sewage treatment 

network, as an example of the contributing factors to the poor score obtained by this estuary in 

the waste water treatment descriptor. Only the Ria de Aveiro had a higher score here. The Tejo 

estuary has the highest score for water and sediment quality, with highest nitrogen and 

phosphorus loads (average 23,639 ton year-1 and 6594 ton year-1) and also presents poor 

sediment quality, according to Long et al. (1995) with Hg and Zn concentration above the 

Effects Range Medium and Cd, Cr, Cu and Pb above Effects Range Low. Along side the Tejo, 

the Sado and the Ria de Aveiro estuaries are the most problematic in terms of metal 

contamination. 

The Douro estuary has a remarkably negative influence from dams, since the dam situated 

furthest downstream, built in 1985, is located only 20 km from the estuary mouth, and 

transformed the dynamics of the estuarine system, creating an artificial limit to saltwater 

intrusion and to the estuarine head limit (Vieira & Bordalo 2000). This is unique in the analysed 

set of estuaries and might explain the displacement of the Douro towards the dam vector in Fig. 

4. 

Port activities and dredging appear associated in most of the systems, probably due to the 

fact that dredging is required in many of these systems in order to maintain navigation canals. It 

is also a strong component contributing to high pressures in the Tejo and Douro estuary. The 

port of Lisboa situated in the Tejo estuary is the second biggest port in Portugal with 

commercial traffic averaging 3689 ships per year (37×106 tons gross tonnage) and dredging 

activity is intense in both estuaries. In the past years up to 1.5×106 m3 of sediments were 

extracted yearly in the Douro and this volume has increased due to the construction of jetties at 

the mouth of the estuary. 

It is interesting to note that the two coastal lagoon systems, Ria de Aveiro and Ria Formosa, 

present similar overall pressure scores originated by similar pressure types and intensities. 

Together with two other systems, the Sado and Mondego, they are most pressured by resource 

exploitation and port activities. In fact, the Sado and the coastal lagoons form a close group in 

the ordination plot. Although the Mondego is affected by the same sources, they are of lower 

intensities and that may explain its placement in the PCA. 

Resource exploitation, namely fishing and aquaculture are very intense activities in these 

estuaries. Fishing is a traditional activity mainly undertaken by fishers with small boats using gill 

and trammel nets, and also traps in Ria Formosa. Ria de Aveiro has the highest score in the 

fishing descriptor. The number of active boats there is more than double of the one found for the 

Sado. 
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Both coastal lagoons and the Sado estuary present favourable features for the placement of 

aquacultures, mostly in former intertidal flats or saltmarshes. These are strongly set activities 

occupying 289 ha in Ria Formosa, 313 ha in Ria de Aveiro and 519 ha in Sado. With around 

1,000 ha of shellfish farms, Ria Formosa is renowned for its shellfish production. 

Apart from the Douro and the Guadiana, most estuaries are affected by agriculture. One of 

the main agricultural productions in estuaries is rice, namely in the Sado and Mondego, which is 

associated with a high use of pesticides and fertilizers. 

Aquaculture and agriculture strongly contribute to high scores of estuarine bank regulation 

as they, preferentially, claim saltmarsh areas. River embankment is also strongly contributing to 

bank regulation in Mondego estuary, as is urban occupation and stabilization of estuarine 

margins in the case of Douro and Tejo estuaries. 

Port activities in the Ria de Aveiro and Sado are due to their important ports with 

commercial ship traffic areas and also in case of the Ria de Aveiro and Ria Formosa 

consequence of their intense recreational traffic. 

The Guadiana estuary, a low pressured system, owes its score mainly to the dam 

component, where it has the second highest score but shows low scores on the other 

components. 

The Mira estuary can be considered weakly impacted. It obtained the lowest score and is 

located in the opposite direction of the pressure vectors in the ordination plot. Agriculture is the 

main pressure source here, including its contribution to the destruction of saltmarsh areas and 

intertidal flats. Contrary to all other estuaries, it is located next to a small village with low 

intensity activities in and around the estuary. 

 

4.2. Advantages of the multi-metric index approach 
The multi-metric index approach revealed itself as a valid tool to assess the anthropogenic 

pressures on these estuarine systems and to find similarities between them in terms of affecting 

pressures. It allowed graphic analysis of the contributions of the pressures descriptors that 

compose the final index and also the running of multivariate statistic analysis which established 

similarities and confirmed pressure patterns between the estuaries. 

One should take into consideration that the index is determined through comparison of a set 

of estuaries. Results obtained for each system are relative to, and dependent on, the set of 

estuaries considered, or to reference values that might be established, since the calculation of 

the metric, descriptor and component pressure scores use the minimum and maximum of each 

metric for the normalization of the different units. Therefore, as in Ferreira (2000), this 

methodology was not designed as a management tool for one particular estuarine system, 

which would need a different approach focussing on specific problems and potential solutions, 

but as a global approach establishing priorities for each location based on equivalent criteria 

and data resolution. However, data used in this study is capable of providing an in depth 

characterization of each system. 

Good results obtained with the present approach to this group of estuaries suggest that the 
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same methodology could be applied on a different scale provided that other necessary metrics 

and case specific descriptors are incorporated. Considering the EU WFD aims to prevent 

deterioration in all bodies of surface and ground water, it would be an interesting tool to 

evaluate and compare the pressures of a broad and heterogeneous set of estuaries, since as 

stated by Rogers & Greenaway (2005) healthy ecosystems can only be achieved by managing 

specific human activities and the extent to which they affect different components of the 

environment. Great effort in data collection, and descriptor uniformity would be necessary to 

compare different European systems. A baseline of reference values could be generated so that 

all estuaries would be equally classified based on thresholds for well-preserved and 

deteriorated environments, granting a view on the relative importance of pressures found in 

estuaries within the European context. 

Reference conditions are particularly hard to define and general consensus must be 

achieved for their establishment. Within the Portuguese context the Mira estuary, despite its 

high natural vulnerability, is currently a possible model for establishing standard references for 

low levels of disturbance and this is taken in to consideration in this analysis. 

The index is very versatile, easily updated with the introduction of new data or metrics and 

annual or seasonal results for pre-defined metrics can be used to follow evolution through time. 

As in many studies using indices, data compilation for all descriptors or indicators and 

meeting the assessment criteria represent the biggest challenges. Data use was limited by 

availability for the estuaries and was restricted to guarantee that the same data resolution was 

used in all estuaries. In this approach, pressure descriptors were not previously defined, their 

election was based on indicators used in similar studies (Boesch 2000, Ferreira 2000, Brown et 

al. 2002, Paul 2003, Marques et al.  2004, Serveiss et al. 2004, Borja et al. 2006). Elected 

metrics are of importance to this set of estuaries, and descriptors of reduced relevance that 

would bias the analysis were discarded. 

Achieving a consensus in opinions regarding the relative importance of indicators, which 

would allow for a correct weighing of indicators, has generally been proven difficult to achieve 

(see Aubry & Elliott 2006). Due to a lack of data and knowledge on which to base this process 

and in order to avoid subjective judgment or classifications indicators were not given weights. 

While other indices have been criticized for loss of detail due to aggregation (Brown et al. 

2002) with the presented methodology these problems are surpassed by the determination of 

intermediate pressure values, i.e. metric, descriptor and component scores, which are 

progressively aggregated. This allows the characterization of the estuaries in terms of several 

pressure types, in a way that high or low overall index values can be easily traced back to the 

responsible source. 

 

4.3. Anthropogenic pressures and influence on nursery fish species 
After assessing the anthropogenic pressures on these estuarine systems, a CA evaluated 

how human activities influence the fish species that use these estuaries as nursery areas. 

This CA suggested that the separation of estuaries and species defined by their different 
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abundances is not coincident with any pressure pattern. There is no evident direct link between 

a pressure and a species. The link between the anthropogenic pressures assessed and nursery 

fish species is not established directly, instead given the general use pattern of the species in 

these estuaries, as outlined with the CA and the intensity of pressures, as given by the index, a 

series of consequences can now be drawn. 

The occurrence and densities of the dominant species that use these estuaries as nursery 

areas greatly differ as well as the anthropogenic pressures they are subjected to. Species that 

use a group of estuaries are potentially affected by different pressures from another group of 

species using a different set of estuaries. The latitudinal gradient and separation of estuaries 

observed is due to the fact that some of the species present have northern or southern affinities, 

especially as this coast is recognized as a transition area between zoogeographic regions 

(Cabral et al. 2007). Seabream species which have a stronger presence in southern estuaries 

(especially in Mira and Ria Formosa), are more exposed to pressures generated by agriculture 

and aquaculture activities and less to population and industry originated pressures, particularly 

D. annularis which only uses the Ria Formosa as a significant nursery. On the other hand, 

flounder, which almost exclusively occurs in estuaries in the north, coexists with opposite 

pressures depending on the system, from population and industry sources, very intense in the 

Douro estuary, to resource exploitation and port activities related pressures in Ria de Aveiro 

and Mondego. The common sole, Senegalese sole, sea bass and sardine have widespread 

distributions and are exposed to a broader range of pressures. 

 

4.4. Ecological conceptual model approach 
Most of the anthropogenic activities listed have specific actions on the ecosystem, 

particularly when analysed in terms of estuarine-dependent fish nursery areas. Index results 

clearly state that there are dominating groups of pressures but seldom is there one type of 

activity acting in isolation, or responsible for all negative impacts in the estuary. It is therefore 

fundamental to address this issue in a holistic manner, understanding the impacts and 

interactions between all kinds of anthropogenic activities, their direct and indirect consequences 

and making predictions on their implications in terms of the natural importance of estuaries as 

fish nursery areas. 

Additionally, this information should be applicable in establishing future management 

actions, as well as a basis for the coordination of future scientific studies. 

A properly developed conceptual model effectively captures the scientific understanding of 

an ecosystem and its response to natural and anthropogenic pressures. In this sense, and 

following Gentile et al. (2001), the presented model was built considering that it should be 

developed specifically for these ecosystems and their associated environmental problems. In 

these estuaries a multitude of anthropogenic sources was found. However their pressures, 

impacts and ecological endpoints are in some cases coincident, with the latter related to three 

major aspects of an ecosystem: stability, biodiversity and natural productivity. 

The gathered information was adapted and synthesized in the model, establishing the way 
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each source affects a system. Water quality in estuaries is often altered and threatened by the 

excessive load of nutrients, organic matter and contaminants. Nutrients and organic matter 

inputs are responsible for causing eutrophication which is linked to hypoxia and anoxia. These 

decrease habitat quality of juvenile fish, restrict them to oxygenated areas, contracting suitable 

habitat and possibly promoting density dependent growth rates. Intermittent events of anoxia 

are also common, decreasing benthic prey availability (Eby et al. 2005, Powers et al. 2005). 

Chemical contaminants, as trace metals, hydrocarbons and synthetic organ compounds, 

are renowned for their effects on living organisms, namely lethal, sublethal, chronic, genotoxic, 

cytotoxic which promote toxicopathic and infectious diseases, reproductive impairment, growth 

dysfunctions and mortality (Johnson et al. 1998, Marchand et al. 2002). These can be felt at 

several levels of biological organization from biochemical to population or community responses 

(Chapman 1990, Long et al. 1995, Bolton et al. 2004). 

Habitat loss has probably the most significant impact on fish, especially by bank regulation 

and reclamation. These have a direct effect on estuarine intertidal mudflats, seagrass and 

oyster beds, saltmarshes, and other habitats that act as important nursery and feeding grounds 

for fish (McLusky et al. 1992, Beck et al. 2001). Reduction in habitat complexity, variety and 

spatial heterogeneity can have multiple consequences. Juveniles may not be able to reach 

suitable grounds, leading to starvation, decreased growth, increased mortality and to direct 

results in terms of population and potential production with lower recruitment success. Habitat 

destruction has far reaching consequences. Besides altering food webs, it can modify the 

structure and function of estuaries contributing to the decline in biodiversity (Peterson 2003). 

Freshwater flow into estuaries is significantly controlled by damming which changes the salt 

wedge as well as upper limits of estuaries. For fish species that use estuaries as nurseries, 

alteration in salinity conditions may lead to the loss of the natural conditions that promote 

juvenile growth and survival and loss of suitability and productivity of feeding grounds, by 

placing optimum range salinities where essential or suitable habitat is not found (Peterson 

2003). Changes in either direction of freshwater flow cause shifts in biotic community structure 

and production, influencing trophodynamics and fisheries (Jassby et al. 1995, Wagner & Austin 

1999, Peterson 2003). Dams constitute major obstacles to diadromous species not only due to 

the physical obstruction of fish passage upstream but also due to modifications of estuarine 

conditions and hydrodynamics affecting fish entrance to the estuary (Costa et al. 2002a). 

Besides this, damming is also responsible for a significant retention of sediments, which 

strongly alters sediment dynamics in estuaries and aggravates coastal erosion affecting the 

natural protection of the system. 

Direct removal of invertebrates or fish by fishing can compromise the success of particular 

fish species, age groups or certain trophic levels of the community (Blaber et al. 2000). 

Although Boreman (1997) outlined that in earlier life stages fish are typically more sensitive to 

environmental changes, while fishing mortality occurs in older age groups, in these estuaries 

fishing activities may have deleterious effects on juveniles, compromising the estuarine nursery 

potential. This is due to fisheries that target juveniles and others with high by-catch rates such 
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as beam trawl and fyke nets. Another important aspect of estuarine fisheries is that they target 

diadromous species. This is particularly deleterious since they catch either juveniles or mature 

fish on their way to spawning grounds. In the Portuguese case, some diadromous fishes have 

high commercial value, namely glass eel, Anguilla anguilla (Linnaeus, 1758), and sea lamprey, 

Petromyzon marinus Linnaeus, 1758, and are illegally intensively fished. 

Ultimately, high mortalities associated with fishing can affect the composition and trophic 

relationships of the ecosystem, and damage its nursery and production capacity (Blaber et al. 

2000, Sobrino et al. 2005). 

The conceptual model outlines what links are relevant as well as the main uncertainties 

about an ecosystem, allowing scientists and decision-makers to prioritize areas for research 

(Gentile et al. 2001). Furthermore, the model can be resumed to sources and ecological 

endpoints which add to practical value since managers require holistic answers in concise 

manner, without a high level of detail (Elliott 2002). The consequent management objectives 

should be directly linked to scientifically measurable endpoints in order to assess and compare 

the ecological condition (Suter 1999, Gentile et al. 2001) and establish suitable monitoring 

programs. 

With the implementation of the EU WFD each member must decide which, and how many, 

water bodies will be monitored to assess long term changes within each river basin. The 

presented model is an adaptation of the DPSIR framework (Driver Pressure State - Change 

Impact Response) adopted by the European Environmental Agency (Elliott 2002) and together 

with the multi-metric index, these should contribute for the definition of conservation and 

management priorities for these estuaries as established in the WFD objectives, within the 

specific scope of this work. The combined results of the current assessment should assist in 

preventing further degradation in these systems, in order to achieve at least ‘good ecological 

quality status' by 2015, since it identifies and compares the main pressure sources as well as 

their expected impacts on one of the most important ecological function of estuaries. 

 

4.5. Scenario analysis 
The model illustrates the impacts potentially found in this set of estuaries of the Portuguese 

coast according to the relative strengths of pressures obtained by the multimetric index 

approach. As large differences are found between estuaries regarding main pressure types, 

different potential impacts and consequent ecological end points are expected. The associated 

monitoring and suitable management directives will also be diverse, so different scenarios can 

be generated from this conceptual model and are now briefly discussed. 

 

4.5.1. The Douro estuary 
The Douro estuary is mainly influenced by population, urban pressures and industrial 

development. The prevailing effects are those related to chemical pollution and nutrient 

enrichment, causing contamination to organisms and deterioration of water and sediment 

quality. In fact, the Douro has the second highest score for water and sediment quality (0.64) 
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only surpassed by the Tejo. High natural vulnerability results obtained for the Douro estuary 

show that it may have lower probabilities of having serious water quality problems. Nevertheless 

this does not mean that it will not be affected by the main pressure sources. 

With the aid of the conceptual model, one can establish the targets and priorities for 

scientific research and management in the Douro estuary. They should, for instance, focus on 

nursery function and productivity, as well as analyse the condition, contamination, growth and 

survival rates of these juveniles. Currently there is a lack of studies in terms of nursery function 

of this estuary, and little information in terms of biological contamination and its effects, namely 

on juvenile fishes of P. flesus, S. solea and D. labrax. On the other hand, efforts should be 

made to diminish untreated and direct sewage and industrial effluent discharges into the 

estuary. This is mostly dependant on management options and decision makers and is 

imperative with the implementation of the WFD, since it specifically states objectives concerning 

the reduction of discharges and urban waste water treatment. 

Dredging will contribute in terms of chemical pollution due to the resuspension of 

contaminants, mainly affecting the benthic communities (Marchand et al. 2002). Knowledge of 

these communities, as well as of the effects produced on them by dredging, is fundamental 

since these organisms are vital for the success of juvenile fish, as they are a common prey for 

most species, namely flounder and soles. In fact, prey availability is recognized as one of the 

key aspects in nursery areas (Haedrich 1983, Gibson 1994). 

Considering the Dams score (0.66) and the inevitable effects of a dam situated at less than 

20 km from the mouth of the estuary and its control on river flow, a well based scientific 

knowledge on the influence of freshwater flow on the estuary is necessary. Specifically, studies 

should be directed to fish assemblage, nursery areas and entry of diadromous species like eels, 

shads and lamprey, and their effective passage upstream. In terms of flow control, management 

options should take these ecological aspects into consideration. 

 

4.5.2. The Ria de Aveiro, Ria Formosa, Mondego and Sado estuaries 
The analysis revealed a group of estuaries largely associated with resource exploitation 

(agriculture and aquaculture) and port activities. Considering the obtained scores and following 

the conceptual framework established by the model, the Ria de Aveiro, Ria Formosa, Mondego 

and Sado estuaries will be mostly influenced by the effects of bank reclamation, loss of habitat 

and by fishing mortality. 

Loss of habitat is one of the most significant effects on an estuarine system. Occupation 

and destruction of saltmarsh areas by agriculture and aquaculture denies the use of these 

habitats to juvenile fish. In addition, both these activities have their own impacts on these 

systems, contributing to nutrient enrichment and chemical pollution. Episodes of eutrophication 

and seasonal algal blooms are commonly reported for the Mondego estuary (Marques et al. 

2003). 

Monitoring loss of habitat is essential in maintaining the nursery function of an estuary. 

Scientific studies should evaluate the importance of existing habitats in terms of prey availability 
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and juvenile fish densities. Decrease in densities should be interpreted as a sign of diminished 

natural productivity and nursery function. Management efforts should be made to control further 

expansion of reclaimed areas and before deeming an area as exploitable it is essential to 

evaluate its ecological importance. In the Mondego estuary the area occupied by Zostera noltii 

(Hornem 1832) decreased from 150,000 m2 to around 200 m2, in a single decade, due to 

several factors, including eutrophication or human disturbances from macroinvertebrate 

harvesting for fish bait. Only then was a program for preservation, restoration and 

transplantation of Z. noltii implemented (Marques et al. 2003, Martinho 2005). The effects of this 

depletion of seagrass beds on fish communities have not been addressed in this and other 

Portuguese estuaries. Only very recently, have studies of the Mondego as a specific fish 

nursery been initiated, namely assessing the importance of the entire estuary for this purpose 

Martinho (2005). This example illustrates the lack of information in most Portuguese estuaries 

and the degradation they may be subjected to due to lack of scientific knowledge and 

management awareness. 

Fishing is an activity common to all these estuaries but is particularly intense in both coastal 

lagoons, mostly directed at flounder, soles and sea bass in Ria de Aveiro and Mondego, and 

seabreams and seabass in Ria Formosa. Fishing activities must be analysed as a whole in 

order to assess direct mortalities but also to evaluate the relevance of unintentional mortality 

caused by by-catch and indirect impacts caused by substrate destruction. Besides professional 

fishing, it is necessary to evaluate the consequences of recreational fisheries. There is no 

information in terms of numbers of fishers or estimated captures. Although common to all 

systems, it is particularly problematic in both Ria de Aveiro and Ria Formosa, where the natural 

conditions favour this activity. In the future, efforts should be made to quantify and regulate 

recreational fisheries. Although fishing may have a significant effect on mortality of juvenile 

fishes and on success of recruitment to the marine stock these do not directly impair the 

estuarine nursery function. However specific gears like beam trawling do (Blaber et al. 2000).  

 

4.5.3. The Tejo estuary 
The Tejo estuary is affected by all sources of pressure and is an important nursery area for 

soles, sea bass and sea breams. Considering the previously analysed scenarios, similar 

approaches should be followed taking in consideration the particular aspects and results of this 

estuary. In the particular case of this estuary beam trawling is a common and legal activity 

targeting brown shrimp Crangon crangon (Linnaeus, 1758) and Solea spp. There are several 

problems related to the use of this fishing gear namely habitat destruction, associated mortality 

of benthic fauna, high juvenile fish mortality, including soles and sea bass, and high discards of 

other non-profitable species. Studies have addressed this issue and suggested management 

options to reduce their impact (Gamito & Cabral 2003). 

Monitoring migratory species' population and their reproductive success is essential since 

many are presently seriously threatened. In the past, colonisation occurred in most of the 

watershed, but presently few species remain (Costa et al. 2002a). 
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A major feature of the Tejo is its commercial port. This activity leads to chemical pollution 

and deleterious effects have been registered, namely the large scale decrease in oyster beds 

due to contamination by TBT (de Bettencourt et al. 1999). Another common effect due to ports 

is the introduction of opportunistic exotic species that are transported in ships ballast waters. 

These non-indigenous species can settle and displace indigenous species, some of which may 

even be of commercial value, reducing species diversity and changing the normal function of 

the ecosystem (Goldberg 1995). It is essential to monitor species' composition and possible 

successful invasion by these opportunists to guarantee the stability of the ecosystem. Clearly 

the best way to prevent the import of toxic organisms is avoiding the release of ballast waters in 

ports. Several measures have long been suggested by Hallegraeff & Bolch (1991) to minimize 

this potential hazard while the International Convention for the Control and Management of 

Ships Ballast Water and Sediments, by the IMO (International Maritime Organization), is waiting 

to be ratified. 

Of the considered estuaries the Tejo is the most studied in many aspects of its ecological 

functioning. This information should be a valuable advantage when establishing future study 

priorities and management proposals. 

 

4.5.4. The Guadiana and Mira estuaries 
The Guadiana and Mira are the least pressured estuaries. In the case of the Guadiana, 

studies should be focused on migratory species and on effects of freshwater regulation on fish 

communities and nursery areas, due to the strong influence from dams. A strong effort is 

already being directed to the influence of the recent construction of the Alqueva dam, namely on 

fish assemblages (Chícharo et al. 2006). The pressures the Mira estuary is subjected to are 

originated by agriculture and aquaculture. Besides controlling the expansion of these activities, 

assessments need to be made of the fish assemblages and nursery areas along the estuary in 

order to avoid loss of essential habitat for Diplodus spp., D. labrax and Solea spp. 

Given the defined scenarios the challenge for scientists will be to establish criteria for 

minimum effects while managers must be able to satisfy these criteria through appropriate 

management options. 

 

5. Final considerations 
Kennish (2002) defined general tendencies for the progress of anthropogenic pressures. He 

suggested that habitat loss and alteration will have the most significant impact on estuaries and 

points out excessive nutrients and sewage inputs as a high priority problem. Overfishing is 

expected to become a more menacing and significant factor, whereas chemical contaminations 

will remain problematic and freshwater diversions are becoming an emerging global problem. 

Additionally changes in estuaries due to human action may imply consequences at a larger 

scale since estuaries and surrounding coastal areas are ecologically connected (Beck et al. 

2001, Able 2005). 

Portuguese estuaries are poorly studied. Few have historical data series and the window of 
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opportunity for obtaining quantitative baseline data is narrowing while estuarine habitats are 

being altered at a rapid rate (Peterson 2003). Although impossible to characterize pristine 

conditions, it is fundamental to have strong sets of information on which to base decisions. It is 

imperative to build a baseline of studies covering a wide field of subjects that can offer a full 

view of the actual status of these estuaries, assess changes, predict trends and prevent future 

degradation while establishing viable management plans. 

The results of this work, specifically the anthropogenic pressure assessments and the 

conceptual model, should prove valuable tools for the future preservation of Portuguese 

estuaries. The collected baseline information and the versatility of the index should lead to a 

better understanding of the problems affecting these estuaries, prioritizing scientific studies and 

targets, as well as establishing management plans to preserve their function as nurseries. For 

this task to be successful, the articulation between scientists and decision makers is of the 

utmost importance. 
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Estuarine use patterns of juveniles of commercially important 
 marine fish species along the Portuguese coast 

 
 

 
Abstract: Analysing estuarine use patterns of juveniles of marine migrant fish species is vital to 
identify important sites for juveniles as well as environmental features that characterize these 
sites for different species. This is a key aspect in our understanding of nursery function. Various 
estuarine systems along the Portuguese coast (Minho, Douro, Ria de Aveiro, Mondego, Tejo, 
Sado, Mira, Ria Formosa and Guadiana) were sampled during Spring and Summer 2005 and 
2006. Juveniles of commercially important marine fish species Solea solea, Solea senegalensis, 
Platichthys flesus, Diplodus vulgaris and Dicentrarchus labrax were amongst the most abundant 
fish and had distinct patterns of estuarine use as well as conspicuous associations with several 
environmental features. For the different species, juvenile occurrence and density varied 
amongst estuaries and sites within them. Sites with consistently high juvenile densities were 
identified as important juvenile sites (i.e. putative nursery grounds). Each species had higher 
mean density anomalies in distinct types of estuarine sites (upper and lower estuary and side 
channel), regardless of estuary. Through generalized linear models (GLM), intra-estuarine 
variation in occurrence and density of each of the individual species was largely explained by 
environmental variables (temperature; salinity; depth; percentage of mud in the sediment; 
presence of seagrass; importance of intertidal areas; relative distance to estuary’s mouth; 
macrozoobenthos densities; and latitude). Features of important sites for juveniles were 
characterized and varied depending on the system, though there were common dominant 
features for each species. Analysed environmental variables in the GLM also accounted for 
inter-estuarine variance in species’ occurrence and density. In several estuaries, important 
juvenile sites were used by many of these species simultaneously and may be of increased 
value management and conservation wise. Overall, the variability of site features amongst 
estuaries provided insight on species tolerance to available environmental conditions and 
fundamental information for future spatially explicit modelling of their distribution. Ultimately, this 
should enable the prediction of species responses to habitat alterations. 
 
Key-words: fish; juvenile; nursery; estuary; distribution; environmental factors; generalized 
linear models. 
 

 

 

1. Introduction 
Estuaries and coastal areas are commonly acknowledged as highly productive and valuable 

ecosystems which provide numerous habitats for fish and support fundamental ecological links 

with other environments (Costanza et al. 1997, Beck et al. 2001, Able 2005). Fish species 

occupy estuaries permanently (estuarine species), transitionally (anadromous and 

catadromous), occasionally (freshwater and marine straggler) or during particular life periods, as 

is the case of marine migrant juveniles which find in estuaries suitable nursery grounds (Franco 

et al. 2008). These have spatially segregated adult and juvenile life stages: adults live in the 

marine environment and spawn offshore, larvae are passively transported and post-larvae or 

early juveniles enter and settle in reputed nursery areas such as shallow coastal areas or 

estuaries (e.g. Koutsikopoulos et al. 1989). In particular, juveniles inhabit these estuaries, 

generally throughout Spring and Summer, benefiting from suitable conditions for growth, namely 

high food availability, water temperature and low biotic stress (Blaber & Blaber 1980, Haedrich 
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1983, Miller et al. 1985, Gibson 1994, Beck et al. 2001), though with some associated 

physiological cost, due to natural (e.g. salinity dynamics) or artificial stressors (e.g. pollution) 

(Yamashita et al. 2003, Amara et al. 2007), until recruiting to adult populations in the marine 

environment. 

Along the Portuguese coast several estuaries have been suggested as important putative 

nursery areas for commercially important fish species, namely the flatfishes common sole Solea 

solea (Linnaeus, 1758), Senegalese sole Solea senegalensis Kaup, 1858 and flounder 

Platichthys flesus (Linnaeus, 1758) and the perciformes common two-banded sea bream 

Diplodus vulgaris (Geoffroy Saint-Hilaire, 1817) and sea bass Dicentrarchus labrax (Linnaeus, 

1758) (e.g. Cabral and Costa 1999, Pombo et al. 2002, Veiga et al. 2006, Cabral et al. 2007, 

Martinho et al. 2007), amongst others. Adults of these species inhabit the coast and continental 

shelf and are amongst the most valuable marine fishes captured in Portuguese fisheries, mainly 

in multi-species fisheries as trammel nets and longline. Overall total annual landings of these 

five species represent ca. 14.0% of transactions in value, although they only account for 2.2% in 

weight (Instituto Nacional de Estatística 2009). 

The distribution of juveniles of marine migrant species within estuarine grounds and their 

use of particular areas results from individuals’ responses to multiple environmental variables, 

which can either be highly dynamic (e.g. salinity, water temperature, food availability) or fairly 

stable (e.g. sediment type, presence of seagrass) (Stoner et al. 2001, Selleslagh et al. 2009). 

Estuarine use patterns by juvenile fish have mostly been characterized for single estuaries, for 

species such as S. solea, P. flesus and D. labrax in distinct estuaries (e.g. Kelley 1988, Kerstan 

1991, Marchand 1991, Cabral & Costa 1999, Cabral & Costa 2001, Freitas et al. 2009). 

However, such results represent a small part of the species overall scenarios of environmental 

use patterns and of their tolerance to different conditions, particularly since the degree to which 

species use different estuaries appears to vary both among and within estuaries (Able & 

Grothues 2007). Therefore, multi-estuary approaches provide enhanced evidence of species 

estuarine use and enable the direct comparison of arising patterns (Goldberg et al. 2002, Le 

Pape et al. 2003a, Lazzari 2008, Selleslagh et al. 2009). Analysing estuarine use patterns of 

juveniles in a large set of closely located estuaries should be indicative of the prevailing factors 

that define juvenile fish occurrence and density in estuarine sites as well as the contribution of 

these factors to the variation in estuarine use of different species and ultimately in nursery 

function of different sites and estuaries. 

The present study analysed the estuarine use patterns of juveniles of fish species S. solea, 

S. senegalensis, P. flesus, D. vulgaris and D. labrax in nine main estuarine systems of the 

Portuguese coast. Specifically, if each species’ occurrence and density differed amongst 

estuaries and sites within them and if particular sites or estuaries could be highlighted as 

important potential nursery areas. Moreover, by modelling the response of juvenile occurrence 

and density with sites’ environmental variables, it aimed to identify which variables, and how 

strongly, best explained intra- and inter-estuarine variability in juvenile distribution, in order to 

characterize the features which define important sites for juveniles of the five species and how 
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these varied amongst systems. The variability or similarity of structuring features amongst the 

different estuaries illustrated species’ tolerance to available nursery conditions and should 

provide valuable information towards future spatially explicit predictions of species’ distribution 

responses and tolerance to potential changes in estuarine conditions. Furthermore, variability of 

spatial and environmental juvenile use patterns amongst estuarine areas should provide 

knowledge on the relevance of local regulation in defining nursery function. Ultimately, 

identifying important sites for juveniles represents a fundamental step towards the accurate 

definition of estuarine nursery areas essential for these species’ adult populations. 

 

2. Material and Methods 
2.1 Study area 
Nine estuarine systems along the Portuguese coast were selected for their potential or 

acknowledged importance as putative fish nursery areas, namely: Minho, Douro, Ria de Aveiro, 

Mondego, Tejo, Sado, Mira, Ria Formosa and Guadiana (Fig. 1). These systems differ in their 

hydrologic and geomorphological features, as well as in the level and type of anthropogenic 

pressures they are subjected to (see Vasconcelos et al. 2007). 

 

2.2. Sampling surveys 
Fishing surveys were carried out in Spring (May) and Summer (July) of two consecutive 

years (2005 and 2006). May follows the start of estuarine colonization of many marine migrant  
 

 

 
 

Figure 1. Sampled estuarine systems along the Portuguese coast (full line circles     ). Also shown, 
location of estuarine sites sampled in both 2005 and 2006 (full line ellipses           ) and sites sampled only 
in 2006 (broken line ellipses           ). 
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species into the estuaries along this coast, particularly S. solea, S. senegalensis, P. flesus and 

D. labrax (Cabral & Costa 1999, Cabral & Costa 2001, Dolbeth et al. 2008). To avoid temporal 

variations in each season, surveys were conducted in the shortest time frame possible (a 

fortnight). Sampling sites in each system were defined based on previous knowledge and on 

preliminary surveys. In 2005, juveniles were sampled in the main areas utilized by juveniles 

previously described for each estuary; whilst in 2006, fish sampling was also carried out in 

additional sites throughout the entire estuaries (Fig. 1). The Minho estuary was only sampled in 

2006.  

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). The selected fishing gear efficiently samples the benthic-

demersal assemblage (Hemingway & Elliott 2002, Leitão et al. 2007) and has been used in 

studies targeting juveniles of these species (Cabral & Costa 1999, Cabral 2000, Cabral & Costa 

2001, Martinho et al. 2007). Tow location and distance were determined with a GPS. Ten 

replicate tows were made per site and season during ebb tide (tow duration ca. 10 min; mean 

speed 0.8 m s-1; mean area 862 m2). Upon collection, fish were stored and transported on ice to 

the laboratory and preserved frozen. Subsequently, individual fish length was determined (total 

length Lt, measured to the nearest mm). 

Simultaneously with fish sampling, site environmental characteristics were determined in 

each tow, namely: water temperature and salinity (using a multi-parameter probe), depth and 

presence/absence of submersed aquatic vegetation, such as seagrass. In each estuarine site, 

three replicate sediment samples were collected with a modified van Veen grab (0.05 m2) 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 mean density of the main taxonomic groups of 

macrozoobenthos (individuals retained in 0.5 mm calibrated sieved), namely Annelida, 

Arthropoda and Mollusca (Table 1). 

Additional characteristics of each estuarine site were subsequently determined, based on in 

situ observation, aerial photographs, nautical charts and GIS software, namely: importance of 

intertidal areas (classified as: negligible, narrow banks, wide banks and some flats, extensive 

flats, or total; according to the proportion of intertidal areas, respectively 0%, 25%, 50%, 75% or 

100%) and relative distance to the estuary’s mouth (from 0 at the estuary’s mouth to 1 at the 

most distant) (Table 1). 

 

2.3. Data analysis 
Fish species’ densities were determined individually for each tow, dividing the number of 

individuals obtained by the towed area, defined by the beam width and the distance towed. 

Mean densities of each species per estuarine site and season were determined for 2005 and 

2006. All sampled species were categorized according to estuarine use functional groups 

(EUFG), following Franco et al. (2008), as: estuarine, marine migrant, marine straggler, 

freshwater, anadromous or diadromous. Each species was categorized in one or more groups 

(results not shown). The most frequent, abundant and commercially important marine migrant
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Table 1. Environmental features (mean values for May and July 2005 and 2006) in sites sampled in some of the main estuarine systems along the Portuguese coast  (Min - 
Minho, D - Douro, RA - Ria de Aveiro, Mo - Mondego, T - Tejo, S -  Sado, Mir - Mira, RF - Ria Formosa, G - Guadiana): type (upper - upper estuary, lower - lower estuary, side 
c. - side channel); tem - water temperature (ºC); sal - salinity; dep - depth (m); mud - percentage of mud in the sediment (% dry weight); sea - seagrass (0 - absence, 1 - 
presence); int - importance of intertidal areas (classified as: negligible, narrow banks, wide banks and some flats, extensive flats, or total; according to the proportion of intertidal 
areas, respectively 0%, 25%, 50%, 75% or 100%); dis - relative distance to the estuary’s mouth (from 0 at the estuary’s mouth to 1 at the most distant); lat - latitude at estuary’s 
mouth (ºN); ann - annelida density, art - arthropoda density, mol - mollusca density, ben - density of the three macrozoobenthos groups (individuals m2). Also, mean 
environmental features in sites in upper estuary, lower estuary and side channel in all estuaries. 
 

Tem Sal Dep Mud Sea Int Dis Lat Ann Art Mol Ben Estuary Site Type 
(ºC)  (m) (% dw) (0 / 1) (0 - 100) (0 - 1) (ºN) (individuals m2) 

Min a upper 20.01 0.04 4.05 14.2 0 0 1.00 41.9 480 220 0 1660 
 b lower 17.55 19.14 2.49 7.79 0 50 0.36 41.9 700 220 40 960 
 c side c. 17.91 19.20 2.15 20.04 0 50 0.24 41.9 1660 120 0 1780 
D a upper 20.86 4.29 7.25 0.46 0 0 1.00 41.1 520 80 0 600 
 b upper 20.58 6.58 9.13 0.42 0 0 0.69 41.1 2610 290 10 2910 
 c lower 19.42 10.36 11.58 23.93 0 0 0.43 41.1 3720 310 590 4620 
 d lower 18.54 14.92 4.83 31.59 0 0 0.19 41.1 5740 780 720 7240 
RA a side c. 22.79 26.61 2.19 46.78 0 75 1.00 40.6 470 100 80 650 
 b lower 19.79 32.66 1.84 81.57 0 50 0.55 40.6 825 25 2925 3775 
 c lower 20.72 30.33 2.29 9.63 0 50 0.22 40.6 500 33 400 933 
 d side c. 21.89 31.17 2.10 49.5 0 50 0.58 40.6 6318 190 216 4554 
 e side c. 24.24 20.90 1.13 59.87 0 50 0.69 40.6 12167 280 567 13013 
Mo a upper 21.45 8.28 3.50 0.78 0 0 1.00 40.1 607 2560 2247 5413 
 b lower 18.33 25.44 3.13 1.34 0 25 0.26 40.1 120 0 100 220 
 c side c. 22.96 18.35 1.39 97.61 0 25 0.63 40.1 9670 105 935 10710 
 d lower 20.04 26.90 1.25 3.00 0 50 0.37 40.1 240 20 1820 2080 
T a upper 22.18 8.32 3.98 60.47 0 75 1.00 38.7 405 310 129 844 
 b lower 21.49 29.27 2.40 67.72 0 75 0.57 38.7 80 195 30 305 
 c side c. 22.82 23.52 1.05 97.87 0 75 0.79 38.7 800 3 23 825 
  d lower 19.83 29.85 2.90 60.00 0 75 0.56 38.7 20 0 0 20 
  e side c. 24.83 30.53 1.55 80.00 0 75 0.61 38.7 800 3 23 825 
 f side c. 23.92 30.19 2.02 80.00 0 75 0.50 38.7 800 3 23 825 
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      Table 1 (continuation).             
               

Tem Sal Dep Mud Sea Int Dis Lat Ann Art Mol Ben Estuary Site Type 
(ºC)  (m) (% dw) (0 / 1) (0 - 100) (0 - 1) (ºN) (individuals m2) 

S a upper 24.31 10.44 1.95 57.49 0 25 1.00 38.5 347 20 0 367 
 b side c. 23.92 35.46 1.73 38.14 0 75 0.39 38.5 393 480 260 1133 
 c side c. 23.16 36.68 1.15 60.07 0 75 0.54 38.5 170 110 310 590 
 d lower 23.21 35.68 2.54 30.54 0 25 0.23 38.5 40 550 670 1260 
Mir  a upper 24.36 3.98 3.65 70.42 0 25 1 37.7 1680 30893 0 32573 
 b upper 23.64 19.59 4.31 86.55 0 25 0.72 37.7 1302 1776 400 3478 
 c lower 20.06 33.88 3.05 63.42 1 50 0.15 37.7 11487 367 5780 17633 
 d lower 17.78 34.16 3.00 66.81 0 25 0.05 37.7 23867 1467 5260 30593 
RF a side c. 23.32 35.71 2.28 30.00 1 75 0.46 37.0 - - - - 
 b lower 22.71 36.43 3.18 0.00 0 75 0.19 37.0 - - - - 
 c lower 23.03 36.27 2.77 0.00 1 75 0.54 37.0 - - - - 
 d lower 23.64 36.03 2.10 88.00 1 75 1 37.0 - - - - 
 e side c. 24.56 36.27 2.94 88.00 0 75 0.92 37.0 - - - - 
G a upper 25.35 4.72 4.61 80.54 0 25 1 37.2 540 40 0 580 
 b upper 24.81 13.54 4.83 31.77 0 25 0.52 37.2 1790 30 10 1830 
 c side c. 23.09 29.49 2.27 74.49 0 50 0.29 37.2 2630 247 253 3130 
 d lower 22.86 26.56 2.45 92.77 0 25 0.25 37.2 580 520 20 1120 
All  upper 22.82 7.93 4.81 38.07 - 0 - 25 0.88 - 1028 3622 280 5026 
  lower 20.56 28.62 3.24 39.26 - 25 - 50 0.37 - 3686 345 1412 5443 
  side c. 23.03 28.78 1.84 63.26 - 50 - 75 0.59 - 3262 149 245 3458 
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species were selected as model species for all subsequent analysis, namely S. solea, S. 

senegalensis, P. flesus, D. vulgaris and D. labrax.  

Variation in species’ mean densities per estuarine site and season were plotted for both 

2005 and 2006 data. In each estuary, sites consistently with high juvenile densities amongst all 

sampling periods were identified as important sites for juveniles of each species. The total area 

of these sites was determined, using GIS software, as a measure of habitat quantity in these 

systems. 

Sampled sites within each estuary were categorized in three possible site types, 

representing three sectors of the estuarine gradient according to location and environmental 

settings, namely: upper estuary (n=10), lower estuary (n=16) and estuarine side channel (n=13) 

(adapted from Rooper et al. 2003) (see Table 1). Subsequently, to explore consistency in large 

scale patterns of estuarine use amongst the different systems, species density data were 

treated per site type to explore the variability of juvenile densities amongst them in all the 

estuaries. Density data were first transformed into normalized anomalies (Zar 1999) to reduce 

variation in data related with estuarine and temporal variability. From the fish density of a given 

tow, mean density for the estuary and season combination was subtracted and the result 

divided by density standard deviation for that same combination. This was performed for the 

2006 data only. 

To compare, amongst the five species, the environmental settings of sites with higher 

densities, a canonical correspondence analysis (CCA) was performed based on the densities of 

each of the five species considered and the environmental variables in each estuarine site 

(mean per site and season combination), namely: water temperature, salinity, depth, 

percentage of mud in the sediment, presence/absence of seagrass, importance of intertidal 

areas and relative distance to the estuary’s mouth. 

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

Team 2005) to investigate the response of each species’ distribution to predictor environmental 

variables, using the 2006 data, since 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 & Nelder 1989). The GLM approach was applied to: 

extract environmental features associated with estuarine use patterns (significant parameters 

with high percentage of explained data variability), evaluate if they are similar amongst 

estuaries and identify the fundamental features which define important sites for juveniles of a 

particular species. Considering the known and expected spatial differences in species 

distribution within an estuary, distributions of the five species were modelled separately. 

Moreover, each species’ distribution was modelled in individual estuaries and also in all 

estuaries collectively to address, respectively, the variables related with intra-estuarine 

distributions and with inter-estuarine variability. Predictor variables considered in the models 

were: water temperature, salinity, depth, percentage of mud in the sediment, presence/absence 

of seagrass, importance of intertidal areas, relative distance to the estuary’s mouth, latitude and 

macrozoobenthos density (Annelida, Arthropoda, Mollusca and the sum of the three groups). 
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Each tow corresponded to a sample in the analysis. Due to the abundance of null values in the 

response variable species density, the applied GLM consisted of a delta approach and included 

two models estimating: (1) the probability of species presence (P0/1), through a binomial law, i.e. 

logistic regression, with a logit link function; and (2) species density (Dens) through a Gamma 

distribution with a log link function, after excluding cases with null values of the response 

variable. A significance level of P < 0.05 was considered in all GLM procedures. Percentage of 

total deviance explained and relative contribution of each factor were evaluated for each model. 

Since macrozoobenthos data was not available for the Ria Formosa, GLM analysis for inter-

estuarine variations of species which did not occur or were rare in this system (all except D. 

vulgaris) were performed excluding it, and inter-estuarine variations of D. vulgaris were 

performed excluding this predictor. 

 

3. Results 
A total of 71 fish species were caught throughout the nine estuarine systems and comprised 

mostly marine straggler (47.0%) and marine-migrants (28.2%), many estuarine (17.9%) and 

only some freshwater (2.6%), catadromous (2.6%) and anadromous species (1.7%) (results not 

shown). In general, overall fish density was dominated by a few species. Estuaries differed in 

the number of species present in the sampled areas, from 7 in the Minho up to 36 in the Ria 

Formosa, as well as in their densities. Species differed in the number of estuaries where they 

occurred and respective densities. In particular, the marine migrants S. solea, S. senegalensis, 

P. flesus, D. vulgaris and D. labrax were present in several estuaries along the coast and were 

overall amongst the 20 most abundant species. 

The occurrence and density of the five selected species varied markedly amongst species 

and estuaries (Fig. 2). The estuaries were inhabited by several of these species, except the 

Minho and Ria Formosa where fewer occurred, and had high densities of at least one of them. 

Overall, densities of the five species together were highest in the Ria Formosa, even if mostly 

due to D. vulgaris, and in the Mondego and Mira estuaries. S. solea and D. labrax occurred in 

most systems, P. flesus occurred in the four more northern ones while S. senegalensis and D. 

vulgaris occurred mainly in the more central and southern estuaries, respectively. Higher 

densities of S. solea occurred in the Mondego and Mira estuaries, S. senegalensis in the Tejo 

and Sado, P. flesus in the Douro and Mondego, D. vulgaris in the Ria Formosa and D. labrax in 

the Mondego and Tejo. In most estuaries, species were present in specific sites within the 

estuaries (e.g. Ria de Aveiro, Mondego), whereas in others their distributions were more 

homogeneous (e.g. Douro and Ria Formosa). 

Despite the variations in densities of each of the five species amongst seasons and years, 

species’ distribution patterns within estuaries were overall maintained and enabled the 

identification of sites with consistently high densities in most sampling periods. This highlighted 

several important sites as potential nurseries within each estuary and in many cases single 

species had more than one important site within an estuary (Table 2). In addition, identified 

important sites for juveniles were used both by single or multiple species simultaneously. The  
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Figure 2. Mean (and standard error bars) density (individuals 1000 m-2) of a) Solea solea, b) Solea 
senegalensis, c) Platichthys flesus, d) Diplodus vulgaris and e) Dicentrarchus labrax in May 2005 
(     ), July 2005 (     ), May 2006 (     ) and July 2006 (     ) in sites sampled within estuarine systems along 
the Portuguese coast: Min - Minho, D - Douro, RA - Ria de Aveiro, Mo - Mondego, T - Tejo, S - Sado, Mir - 
Mira, RF - Ria Formosa and G - Guadiana. 
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Table 2. Total estuarine area and area of the important sites for juvenile Solea solea (SS), Solea 
senegalensis (SN), Platichthys flesus (PF), Diplodus vulgaris (DV) and Dicentrarchus labrax (DL) identified 
in each of the main estuarine systems analysed along the Portuguese coast (km2 and percentage 
relatively to total estuarine area). 
 

 

 

area occupied by high density sites differed greatly amongst estuaries. In general, large 

estuaries presented larger important sites for juveniles (e.g. Tejo 15.4 km2 and Sado 8.4 km2) 

although overall these corresponded to smaller proportions of the total estuarine area (4.8 and 

4.7%, respectively). In contrast, estuaries with a channel like geomorphology had in general 

smaller important sites for juveniles (e.g. Douro 2.8 km2 and Mira 1.4 km2) but these 

corresponded to larger percentages of the total estuarine area (28.0%). 

Sites’ environmental characteristics varied within each of the estuaries and overall, despite 

notable variability amongst estuaries, each site type had similar characteristics in all the 

estuaries (see Table 1). Sites in upper estuary had in average lower salinity and importance of 

intertidal areas than sites in lower estuary and side channel, the latter were on average 

distinguished from sites in lower estuary by lower depths, higher percentage of mud in the 

sediment and importance of intertidal areas. The distribution of the five model species amongst 

the different site types throughout all estuaries differed and provided a generic view on their 

estuarine use (Fig. 3): S. solea and P. flesus had higher mean density anomalies in upper 

estuary, contrarily D. vulgaris had higher values in lower estuary and some side channel sites. 

S. senegalensis and D. labrax had less pronounced variations amongst site types, with higher 

values in upper estuary and side channel. 

The CCA performed with the densities of the five model species and site environmental 

variables provided a large scale comparison of those most associated with higher densities of 

each species (Fig. 4), and attained 91% of variance explained with the first two ordination axes. 

D. vulgaris was associated with higher salinity, importance of intertidal areas and presence of 

seagrass whereas the remaining species were associated with lower salinities, particularly S. 

solea and P. flesus, and higher relative distance to the estuary’s mouth, particularly S. solea, S. 

senegalensis and D. labrax. Moreover, P. flesus was associated with larger depths and lower 

temperatures, whereas S. senegalensis and D. labrax were associated with higher 

temperatures. S. solea had less marked associations with these remaining features. 

Total  Important sites for juveniles 
area  Area  Identification of sites and species Estuary 
(km2)  (km2) (% of estuary)  SS SN PF DV DL 

Minho 23  1.8 7.8  - - a, b, c  - - 
Douro 10  2.8 28.0  a, b - b, c - a, b, c 
Ria de Aveiro 74  10.7 14.5  a, b, d, e a, e e c e 
Mondego 10  0.9 9.0  a, c c a b, c, d a, c 
Tejo 320  15.4 4.8  a a, c - b c, e 
Sado 180  8.4 4.7  a a, b, c - b, c b 
Mira 5  1.4 28.0  a, b - - b, c a, b 
Ria Formosa 91  3.5 3.8  - - - a, b, c, d, e - 
Guadiana  20  4.2 21.0  a, b - - c, d a 
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Figure 3. Mean (and standard deviation bars) density anomaly of Solea solea (SS), Solea senegalensis 
(SN), Platichthys flesus (PF), Diplodus vulgaris (DV) and Dicentrarchus labrax (DL) in the different site 
types (upper - upper estuary, side c. - side channel, lower - lower estuary,) considering all estuarine sites 
sampled. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4. Ordination diagram of the canonical correspondence analysis of estuarine sites’ mean densities 
of fish species Solea solea (SS), Solea senegalensis (SN), Platichthys flesus (PF), Diplodus vulgaris (DV) 
and Dicentrarchus labrax (DL) and of the environmental variables considered (represented as vectors): 
temperature, salinity, depth, percentage of mud in the sediment (mud), presence of seagrass (seagrass), 
importance of intertidal areas (intertidal) and relative distance to the estuary’s mouth (distance). The first 
two canonical axes explained 91% of total variance. 
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The several fitted GLM varied markedly with species and also with estuary in the 

significance and percentage of deviance explained by the different predictors, both individually 

as well as in the best explanatory combination of predictors (Table 3). In general, species 

occurrence amongst sites within an estuary was significantly explained by environmental 

variables when species occurred in specific sites and overall environmental gradients were 

observed. This was the case in most estuaries; Minho, Douro and Ria Formosa were generally 

the exceptions. Moreover, the environmental variables associated with juvenile densities, 

considering only the sites where each analysed species occurred, differed greatly. 

The occurrence of S. solea within an estuary was mostly explained by salinity or relative 

distance to the estuary’s mouth, along with some importance of depth, percentage of mud in the 

sediment, importance of intertidal areas and macrozoobenthos densities. Salinity and relative 

distance to the estuary’s mouth also explained some of the variability in occurrence amongst 

sites of all estuaries. Density variation within an estuary was explained by different predictors 

depending on the system, such as salinity, relative distance to the estuary’s mouth, depth or 

macrozoobenthos densities, whereas some of the variability amongst all estuaries was 

explained by salinity, importance of intertidal areas and macroozoobenthos densities. 

The occurrence of S. senegalensis within estuaries where it was found in specific sites (e.g. 

Ria de Aveiro and Tejo) was explained by different predictors, particularly depth, percentage of 

mud in the sediment, relative distance to the estuary’s mouth and macrozoobenthos density; 

whereas variability amongst sites of all estuaries was mostly explained by relative distance to 

the estuary’s mouth. Variability in densities within an estuary was related with distinct predictors 

depending on the system, particularly depth, relative distance to the estuary’s mouth and 

macrozoobenthos density, whereas variability in density amongst all estuaries was related with 

depth and relative distance to the estuary’s mouth. 

The presence of P. flesus within each estuary where it inhabited specific sites (e.g. Ria de 

Aveiro and Mondego) was mostly explained by salinity, depth and macroozoobenthos density; 

whereas occurrence amongst sites of all estuaries was mainly explained by salinity, depth, 

percentage of mud in the sediment, importance of intertidal areas, relative distance to the 

estuary’s mouth and latitude. Variability in densities within an estuary was related with 

predictors only in the Douro estuary, where it was associated to the percentage of mud in the 

sediment, relative distance to the estuary’s mouth and macrozoobenthos density, whilst 

variability amongst all estuaries was mostly related with depth, latitude and arthropoda density. 

Occurrence of D. vulgaris within estuaries, with the exception of the Ria Formosa where it 

occurred quite evenly, was largely explained by salinity and also by depth, percentage of mud in 

the sediment, importance of intertidal areas, relative distance to the estuary’s mouth and 

macrozoobenthos density; whereas variability amongst all estuaries was explained by salinity, 

presence of seagrass and latitude. Sea bream density within an estuary was related with 

several predictors namely salinity, depth, percentage of mud in the sediment, presence of 

seagrass, importance of intertidal areas and macrozoobenthos density, and variability amongst 

all estuaries mainly related to percentage of mud in the sediment and presence of seagrass. 
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Table 3. Generalized linear models fitted to species' distribution amongst sites within each individual estuary and amongst all estuarine sites (a logistic model for species 
occurrence and a model based on a gamma distribution model for species densities), namely: null deviance of the model (null dev.) and percentage of the total deviance 
explained by each variable or their combination (exp. dev.). Only significant variables at P < 0.05 are shown. For each species and estuary, models were based on: individual 
environmental variables and also on the best combination of environmental variables which together obtained the highest explained variance. Environmental variables 
considered are: temperature (tem), salinity (sal), depth (dep), percentage of mud in the sediment (mud), presence of seagrass (sea), importance of intertidal areas (int), relative 
distance to the estuary's mouth (dis), latitude (lat), density of annelida (ann), arthropoda (art), mollusca (mol) and of the sum of these three macrozoobenthos groups (ben). 
Estuaries analysed are: Minho (Min), Douro (D), Ria de Aveiro (RA), Mondego (Mo), Tejo (T), Sado (S), Mira (Mir), Ria Formosa (RF), Guadiana (G). 
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Table 3 (continuation). 
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Table 3 (continuation). 
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D. labrax was present in well defined sites in most estuaries and its occurrence within them 

was mostly explained by salinity, depth, percentage of mud in the sediment and 

macrozoobenthos density depending on the system; whereas variability amongst sites in all 

estuaries was largely explained by most of the predictors, in particular temperature, salinity, 

percentage of mud in the sediment and latitude. Variation in density within an estuary was also 

related to several abiotic and biotic predictors depending on the system, particularly depth, 

percentage of mud in the sediment and macrozoobenthos density. Amongst all estuaries this 

variability was related with most of the abiotic predictors, mainly depth and percentage of mud 

in the sediment. 

 

4. Discussion 
Marine straggler and marine migrant species dominated the diversity in the analysed set of 

estuaries, as in most European estuarine fish assemblages (see review by Franco et al. 2008), 

and juvenile S. solea, S. senegalensis, P. flesus, D. vulgaris and D. labrax were consistently 

present in a large number of these estuaries. These species’ distributions amongst and within 

the estuaries depicted a differential use of the systems and areas within them and highlighted 

species-specific variability in estuarine use and in associated environmental variables. Several 

environmental factors explained variability in each species’ occurrence and density within 

estuaries. Specific features of important sites for juveniles were identified and these varied 

depending on the system, though there were common dominant features for each species. This 

variability demonstrated species’ tolerance to different available environmental conditions. Inter-

estuarine variability in each species occurrence and density was also in part explained by 

several environmental variables and these differed largely amongst species. Estuarine sites 

with consistently high densities of each species were identified as important sites for juveniles. 

A correspondence between adult subpopulation distribution areas in the marine 

environment and juvenile occurrence in estuaries along this coast was observed. Specifically, 

distribution areas of S. solea and D. labrax extend from Norway to Senegal and they occurred in 

most sampled estuaries; P. flesus is distributed from Norway to Portugal and was found only in 

the four more northern estuaries, whereas S. senegalensis and D. vulgaris, distributed from the 

Bay of Biscay to Senegal, occurred mainly in the more central and southern estuaries, 

respectively (species distribution range according to Whitehead et al. 1989). 

Analysing fish species at their latitudinal limits of distribution raises particular interest as 

population tendencies may be revealed at small spatial and temporal scales (Dorel & Désaunay 

1991). Currently, P. flesus is rare South of the Mondego estuary whereas two decades ago it 

was abundant in the Tejo (Costa & Bruxelas 1989, Cabral et al. 2001). At the estuarine scale, 

the occurrence of a species, such as P. flesus, in a smaller number of estuaries may likely be a 

disadvantage for the stability of adult coastal stocks along the Portuguese coast in the case of 

alterations in these systems, in opposition to species which occur in most of the estuaries, for 

instance S. solea and D. labrax.  

Overall, the occurrence of juveniles in an estuary is a function of species distribution along 
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the coast defining the probability of larvae being transported from marine spawning grounds and 

colonizing an estuary. In addition, suitable estuarine grounds for juveniles are also necessary 

(Riou et al. 2001, Le Pape et al. 2003a), particularly concerning environmental features such as 

salinity, which are variable in estuaries and must be within species physiological tolerance 

limits. The rare occurrence of juvenile D. vulgaris in the Minho and Douro estuaries is likely due 

to limited fundamental environmental conditions, in particular of high salinity areas, which are 

very restricted in these estuaries, as confirmed with the importance of this variable in the GLM 

fitted to the variability of occurrence amongst all estuarine sites. The great extent of the low 

salinity areas was also suggested to account for the dominance of P. flesus relatively to the 

remaining flatfish community in the Minho estuary (Freitas et al. 2009) and considering the 

present results, likely plays a major role in the dominant flounder densities in the Douro estuary. 

Nevertheless, recruitment patterns of coastal areas have also been suggested to result from 

differential larval supplies (Le Pape et al. 2003a, Rijnsdorp et al. 1992) and may in part justify 

the low occurrence of a particular species in an estuary within its distribution range. 

The macro scale patterns of estuarine use of the five species were mostly constant 

amongst estuaries and local variability in intra-estuarine use patterns was strongly associated 

with differences in the spatial variability of environmental characteristics. Salinity was a key 

environmental feature for species’ occurrence in sites within an estuary and was in agreement 

with previously reported preferences: low to mesohaline areas for P. flesus and S. solea (e.g. 

Kerstan 1991, Jager 1993, Vinagre et al. 2006, Freitas et al. 2009) and mesohaline to 

polyhaline areas for D. vulgaris (Horta et al. 2004). On the other hand, it had a lower importance 

for S. senegalensis and D. labrax which have been described in wider salinity ranges (Andrade 

1989, Cabral & Costa 2001, Vinagre et al. 2006, Martinho et al. 2007). Salinity gradients 

accounted for dominant spatial large-scale patterns of occurrence within the estuaries for the 

several species, albeit variability is also due to its combined effect with other variables, and 

suggested that species that occupy similar sites will likely be similarly affected by habitat 

alterations in estuaries. 

High prey availability is generally recognized as an important feature of habitat quality in 

juvenile grounds (Gibson 1994). Since macrozoobenthos is the main prey for juveniles of the 

presently analysed species (see summary in Reis Santos et al. 2008) its density provides an 

adequate measure of prey availability (Stoner et al. 2001, Nicolas et al. 2007). 

Macrozoobenthos densities were particularly associated in several estuaries with intra-estuarine 

variability in occurrence and density of S. solea, D. vulgaris and D. labrax, as shown with the 

GLM approach. Abiotic environmental features often account for a large percentage of intra-

estuarine variability in fish distributions. However, an increase in the explanatory ability of such 

models can be achieved by the addition of macrozoobenthos distributions (Stoner et al. 2001, 

Le Pape et al. 2007), particularly at a small scale at which many abiotic features are more 

homogeneous (Nicolas et al. 2007, Vinagre et al. 2009), which is in agreement with the present 

results. Furthermore, results demonstrated that macrozoobenthos densities were associated 

with variability in fish densities within estuaries and also amongst them, in the case of S. solea 
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and P. flesus, which most likely influences the potential nursery function of each system. 

Vegetated habitats, particularly of seagrass, are recognized for high densities of juveniles of 

numerous fish species (see review by Minello et al. 2003) due to habitat preferences possibly 

related with lower predation pressure (Bell & Westoby 1986). Concurrently, occurrence and 

density of D. vulgaris were markedly higher in sites with seagrass than in bare substratum, both 

within estuaries where important seagrass areas were available and amongst all estuaries, as 

found with the GLM. Important seagrass habitats were located in high salinity areas and were 

therefore not related with variability in densities of the other species, which mostly occupied 

lower salinity areas. 

Intertidal areas represent alternative feeding sites for nekton species during high tide and in 

some cases have higher macrozoobenthos densities than adjacent subtidal areas (França et al. 

2008, 2009a). The size of intertidal areas surrounding sampled estuarine sites had however, 

lower relationship with these species occurrence and density comparatively to other more 

determinant variables. The exception was the variation within and amongst estuaries of D. 

vulgaris which were preferably distributed in lower estuary and side channel sites where large 

intertidal areas are prominent. 

Sediment type can affect fish burial behaviour and distribution of both prey and predators, 

and has been associated with species distribution as a result of habitat preferences and 

selection, particularly of flatfish since they are in close association with the bottom (Rogers et al. 

1992, Neuman & Able 1998, Stoner et al. 2001). Concurrently, in many of the analysed 

estuaries the percentage of mud in the sediment was related with both intra-and inter-estuarine 

variation in most species’ occurrence and density. 

Temperature decrease with latitude, its observable variation within estuaries (from upper to 

lower) and seasonal increase affected species distributions. Limiting temperatures outside the 

species optimal range influence the coastal populations of P. flesus and expectedly its inter-

estuarine occurrence, which was not the case for the remaining species. Besides species 

specific preferences for their optimum temperature range, distribution within estuaries was 

defined by the combined effect of temperature gradients and remaining factors (Cabral & Costa 

1999, Cabral & Costa 2001). Likewise, the links observed between site depth and species 

occurrence and density are in agreement with previously observed depth-related distributions 

(Stoner et al. 2001), although they are also most likely related with the gradients of other 

environmental factors rather than the direct effect of depth, within the values registered for all 

sites. 

Variability in habitat type used by juveniles in different estuaries has been previously 

reported (Goldberg et al. 2002, Minello et al. 2003, Lazzari 2008) as well as amongst presently 

analysed systems (França et al. 2009b). The observed variability in the relationship between 

environmental variables and fish distributions within individual estuaries illustrated the potential 

for adaptability in estuarine use by juvenile fishes. Overall, fish occupy the most suitable habitat, 

i.e. realized niche (Hutchinson 1959), that most fulfils species’ preferences, i.e. fundamental 

niche (Hutchinson 1957), but these sites’ features also vary with the estuary. As a result of the 
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different environmental gradients in these systems and of their relationships with fish 

distributions, some species (e.g. P. flesus) occurred in high densities in well defined segregated 

sites in some systems (e.g. Ria de Aveiro and Mondego) but occupied most of the estuary in 

others (e.g. Minho and Douro). In systems with slight variations in fishes’ intra-estuarine 

distribution, the GLM approach identified predictors with only low percentages of explained 

variance. In general, estuarine sites used simultaneously by juveniles of several species may be 

of increased value, management and conservation wise, and were the majority of the cases, 

with species segregation and overlap differing within and amongst estuaries as a result of their 

variability in estuarine use. 

On the other hand, differences in important predictor environmental variables for juvenile 

distribution within each of the estuaries and amongst all estuarine sites were largely due to the 

fact that: since the latter are driven by inter-estuarine variability in distribution they reflect 

environmental features of estuaries where occurrence and densities are higher. The analysis of 

each individual estuary is therefore indispensable to evaluate consistency of intra-estuarine use. 

Spatial scale and sampling design is decisive for the outcome of exercises modelling species 

distribution as a response to environmental characteristics, and results highlighted that 

generalizing the importance of particular environmental characteristics in a given estuary to 

other systems or a different scale should be avoided.  

In addition to the identification of environmental features decisive in defining important sites 

for juveniles of each species, the variability in intra-estuarine use amongst estuaries provided 

evidence of species’ adaptability in occupying different types of sites. This represents key 

background information towards future research on spatially explicit models, which should 

enable detailed prediction of species’ distribution responses to potential changes in 

environmental conditions and habitat disturbance or loss, either of natural or anthropogenic 

origin, as well as identifying essential areas for species conservation. 

Despite the observed inter-annual variability in densities in some of the estuarine sites, the 

relative importance of the analysed estuaries, or of sites within each estuary, was in general 

maintained. High inter-annual variability in year class strength and juvenile densities has been 

frequently reported (van der Veer et al., 2000), including for these systems and species (Costa 

& Cabral 1999, Cabral et al. 2007, Dolbeth et al. 2008). This has been associated with the 

variation in transport and survival of egg and larval stages, influenced both by wind and 

hydrodynamic circulation, and their success in settling in potential nursery grounds (Nielsen et 

al. 1998, Martinho 2009). Moreover, annual rainfall influences river flow, and consequently 

estuarine salinity conditions, and has also been reported to largely affect suitable habitat 

availability and the number of juveniles in coastal (Le Pape et al. 2003b) and estuarine grounds 

(Vinagre et al. 2007, Dolbeth et al. 2008, Martinho 2009). The observed annual variation in 

juvenile densities is possibly related to changes in environmental conditions, in particular 

rainfall, as 2005 was classified as an extremely dry year and 2006 normal (Instituto de 

Meteorologia 2006, 2007). In the end, a wider set of sampling years will be required to explore 

the importance of specific features regarding inter-annual variation. 
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In addition to its influence to juveniles inhabiting potential nursery areas, habitat quality is 

reported to have a combined influence with habitat quantity (Gibson 1994). Habitat quantity is a 

key feature of nursery grounds, with recruitment levels related to their area, particularly in 

flatfish (Rijnsdorp et al. 1992, Gibson 1994). The presently analysed estuaries differed largely in 

total area, area of important sites for juveniles of a species as well as in the percentage of the 

estuarine area these represent, which also varied amongst species. Consequently, since higher 

densities of juveniles often occur in sites with smaller areas, which is then reflected in the total 

number of juveniles in that site, evaluating suitable habitat quantity variations amongst estuaries 

may alter the perspective of their potential importance as measured only by juvenile densities. 

The identification of important estuaries and sites for juveniles is essential for the design of 

efficient management and conservation plans and should be defined considering the intended 

protection objectives, namely if it is directed to the meta-population of a particular species, 

several species or to estuarine nursery function as a whole. However, the density of juveniles in 

estuaries does not provide information on enhanced juvenile growth or on the number of 

individuals effectively recruiting to adult subpopulations; even though it is generally used to 

measure production of juvenile sites, i.e. putative nurseries, estimate the potential juvenile 

egression from an estuary to adult coastal stocks (Dolbeth et al. 2008) and compare the 

contribution of different estuaries to adults’ stocks (Riou et al. 2001, Le Pape et al. 2003a, 

Rooper et al. 2004). As defined by Beck et al. (2001), to adequately assess if these estuaries 

and important sites for juveniles identified within them are in fact nursery areas, it is ultimately 

necessary to determine their effective differential contribution to coastal adult stocks. 
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Juvenile fish condition in estuarine nurseries along the Portuguese coast 
 

 

 
Abstract: Connectivity between estuarine fish nurseries and coastal adult habitats can be 
affected by variations in juvenile growth and survival. Condition indices are renowned proxies of 
juvenile nutritional status and growth rates and are valuable tools to assess habitat quality. 
Biochemical (RNA:DNA ratio) and morphometric (Fulton’s condition factor K) condition indices 
were determined in juveniles of Solea solea, Solea senegalensis, Platichthys flesus, Diplodus 
vulgaris and Dicentrarchus labrax collected in putative nursery areas of nine estuaries along the 
Portuguese coast (Minho, Douro, Ria de Aveiro, Mondego, Tejo, Sado, Mira, Ria Formosa and 
Guadiana) in the Spring and Summer of two consecutive years (2005 and 2006) with distinct 
climatic characteristics. Individual condition showed significant variation amongst species. The 
combined use of both condition indices highlighted the low correlation between them and that 
RNA:DNA had a higher sensitivity. RNA:DNA varied between years but overall the site relative 
patterns in condition were maintained from one year to the other. Higher RNA:DNA values were 
found in Spring than in Summer in most species. Intra-estuarine variation also occurred in 
several cases. Species specific trends in the variability of condition amongst estuaries were 
highlighted. Some estuaries had higher juvenile condition for more than one species but results 
did not reveal an identical trend for all species and sites, hindering the hypotheses of one 
estuarine nursery promoting superior growth for all present species. Significant correlations 
were found between condition indices, juvenile densities and environmental variables (water 
temperature, salinity and depth) in the estuarine nurseries. These influenced juvenile nutritional 
condition and growth, contributing to the variability in estuarine nursery habitat quality. 
Management and conservation wise, interest in multi-species approaches is reinforced as 
assessments based on a single species may not reflect the overall nursery habitat quality. 

 
Keywords: juvenile fish; estuarine nurseries; habitat quality; condition; RNA:DNA; Fulton’s K 
 

 

 

1. Introduction 
Numerous fish species rely on estuarine and coastal adjacent areas as nursery grounds 

(Beck et al. 2001, Able 2005). Juveniles in estuarine nursery areas tolerate and overcome some 

of the occurring environmental constraints, benefiting from favourable conditions for growth, 

such as high food availability, water temperature and refuge from predators (Haedrich 1983, 

Gibson 1994, Beck et al. 2001). 

Estuarine nurseries are associated with high juvenile densities and enhanced survival and 

growth rates, which likely contribute towards maximizing juvenile export and recruitment to 

coastal adult habitats. Small differences in growth and mortality rates in the first year of life are 

known to result in large differences in the number of individuals entering the reproductive stage 

annually (Houde 1987, Cushing & Horwood 1994, Gibson 1994, van der Veer et al. 1994). The 

relevance of increased juvenile survival and growth is reflected in the nursery role concept of 

Beck et al. (2001), according to which a nursery is an area or habitat that produces relatively 

more adult recruits per area unit than other juvenile habitats used by a particular species. 

Therefore, understanding sources of variation in juvenile growth is an important step in 

recognizing the overall nursery role status of an estuary and its influence on coastal stock 

replenishment. This knowledge is particularly relevant considering that not all estuaries are 
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equal and the quantity or quality of their available habitats for juveniles of marine fish species is 

not necessarily the same. Moreover, habitat quality and its possible implications on connectivity 

are not only dependent on the natural features of the estuary but also on the effects of 

anthropogenic factors that are conspicuous in most European estuaries (Able et al. 1999, Meng 

et al. 2001, Le Pape et al. 2007). 

High quality nursery habitats are assumed to be those where growth, survival and future 

reproductive potential are optimized (Gibson 1994) and even though habitat quality cannot be 

measured directly, it can be assessed based on species’ responses. Rapid growth rates are a 

commonly used indicator of habitat quality (Phelan et al. 2000, Ross 2003) as they imply that 

there is sufficient food availability, that individuals will be larger by the end of the Summer 

growing season and achieve size refuge from predators increasing their chances of over-Winter 

survival (Sogard 1997). 

Condition indices are efficient proxies of growth rate and nutritional status and provide 

information on fishes’ responses to habitat quality which, in estuarine nurseries, can be 

indicative of differences in the nursery role of estuaries or habitats within them (Suthers 1998, 

Buckley et al. 1999, Fukuda et al. 2001, Amara et al. 2007). Nucleic acid analysis is an 

acknowledged practical tool to study recent overall nutritional condition and growth of larvae 

and young fish, as well as their responses to environmental variability (Buckley et al. 1999). 

Specifically, RNA:DNA ratio reflects variations in protein synthesis rates: RNA concentration 

increases with food availability and protein requirement, while DNA somatic content remains 

relatively constant. RNA:DNA ratio has been shown to respond to changes in feeding conditions 

and growth in periods as short as one to three days in a variety of fish species and is a valid 

and reliable growth rate estimator, which has been applied in numerous field assessments 

(Rooker & Holt 1996, Buckley et al. 1999, Fukuda et al. 2001, Gwak & Tanaka 2001, Mercaldo-

Allen et al. 2006). 

In addition, morphometric indices based on length and weight relationships, such as 

Fulton’s condition factor K, are also commonly used as indicators of an individual’s general well-

being and are based on the assumption that heavier fish for a given length are in better 

condition (Ricker 1975, Suthers 1998, Grant & Brown 1999). 

Along the Portuguese coast several estuaries have been described as nursery areas for 

various economically important fish species, namely the flatfishes common sole Solea solea 

(Linnaeus, 1758), Senegalese sole Solea senegalensis Kaup, 1858 and flounder Platichthys 

flesus (Linnaeus, 1758), and the perciformes common two-banded sea bream Diplodus vulgaris 

(Geoffroy Saint-Hilaire, 1817) and sea bass Dicentrarchus labrax (Linnaeus, 1758) (Cabral & 

Costa 1999, Pombo et al. 2002, Veiga et al. 2006, Cabral et al. 2007, Martinho et al. 2007). 

Considering that the occurrence and densities of these species differs amongst Portuguese 

estuaries, that these systems have diverse environmental characteristics and are subjected to 

distinct anthropogenic pressures (Vasconcelos et al. 2007), it is expected that habitat quality 

may vary amongst these estuarine nurseries, affecting fish growth and survival, and 

consequently differentiating nursery function and connectivity with adult habitats. Assessing 
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juveniles’ condition in estuarine nurseries is an essential step towards a correct evaluation of 

the nursery function of these systems. Moreover, in the context of multi-specific nurseries, a 

global approach which considers the main species to which each estuary acts as a nursery (as 

in Gilliers et al. 2004) is important and should represent an enhancement to partial approaches 

such as the one conducted by Fonseca et al. (2006). 

The present study evaluated juvenile fish condition in a set of putative nursery areas within 

nine estuarine systems along the Portuguese coast, based on the determination of a 

biochemical index (RNA:DNA ratio) and a morphometric index (Fulton’s condition factor K) to 

assess differential habitat quality. Nursery habitat quality was evaluated by exploring spatial 

(inter- and intra-estuaries) and temporal (yearly, monthly) variations in condition, as well as the 

influence of environmental variables (water temperature, salinity and depth) and juvenile 

densities. The study focused specifically on the main economically important species that use 

the selected estuaries as nurseries. 

 

2. Material and methods 
2.1. Study area 
Nine major estuarine systems along the Portuguese coast (Minho, Douro, Ria de Aveiro, 

Mondego, Tejo, Sado, Mira, Ria Formosa and Guadiana) (Fig. 1) with distinct hydrologic and 

geomorphologic characteristics (see Vasconcelos et al. 2007) were selected. In general, they 

have dominant freshwater inputs driven by seasonal and yearly climate fluctuations, with the 

exception of Ria Formosa which is a coastal lagoon with residual freshwater input. The two 

sampling years, 2005 and 2006, had air temperatures above the mean of three previous 

decades (1961-1990), respectively 15.6 ºC and 16.0 ºC, and in terms of rainfall were 

considered, respectively, extremely dry and normal (500 mm yr-1 and 930 mm yr-1) (Instituto de 

Meteorologia 2006, 2007). 

 

2.2 Sampling 
Sampling of 0-group juveniles of five fish species - S. solea, S. senegalensis, P. flesus, D. 

vulgaris and D. labrax - was carried out using a beam trawl in the selected estuarine systems 

(Fig. 1) in July 2005 and in May and July 2006. This follows the start of estuarine entry for all 

five species. To avoid temporal variation, sampling in each month was carried out within the 

shortest time frame possible (a fortnight). In 2005, juveniles were collected in the main putative 

nursery areas acknowledged for each estuary and in 2006 were also collected in other potential 

nursery areas where elevated juvenile densities were found (Vasconcelos et al., unpublished). 

The Minho estuary was only sampled in 2006. Upon collection, fish were stored and transported 

on ice to the laboratory and preserved frozen until dissection. 

 

2.3. Condition indices 
Individual fish length (total length Lt, measured to the nearest mm) and weight (wet weight 

Wt, measured to the nearest 0.01 g) were determined. 
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Figure 1. Sampled estuarine systems along the Portuguese coast (full line circles     ) and location of 
estuarine sites sampled in 2005 (full line ellipses        ) and 2006 (dotted line ellipses        ): Minho (a - 
Cerveira, b - Canosa); Douro (a - Avintes, b - Pontes); Ria de Aveiro (a - Mira channel, b - Ovar, c - Barra); 
Mondego (a - Sanfins, b - Pranto, c - Gala); Tejo (a - Vila Franca de Xira, b - Alcochete); Sado (a - Alcácer 
do Sal, b - Carrasqueira, c - Gâmbia); Mira (a - Odemira, b - Casa Branca, c - Moínho da Asneira); Ria 
Formosa (a - Ramalhete, b - Faro channel) and Guadiana (a - Cinturão, b - Castro Marim). Also shown, 
fish species analysed in each site: Solea solea (SS), Solea senegalensis (SN), Platichthys flesus (PF), 
Diplodus vulgaris (DV) and Dicentrarchus labrax (DL). 

 

 

For each site and sampling period ca. 20 individuals of each species (51-90 mm) were 

selected for condition analyses and were representative of the length frequency distributions of 

0-group juveniles. Both morphometric and biochemical data were used to assess fish condition. 

For nucleic acid analysis, a sample of muscle was removed from each individual, preferably 

from the dorsal anterior area, and stored in a microcentrifuge tube at -80 ºC. After lyophilization 

a subsample was stored in a newmicrocentrifuge tube at -20 ºC (between 0.01 g and 0.04 g 

lyophilized weight, measured to the nearest 0.1 mg). All used plasticware and implements were 

sterilized. 

Nucleic acid determination was based on the fluorometric method described by Caldarone 

et al. (2001): a ‘one dye’ method which uses ethidium bromide (EB) to measure total nucleic 

acid fluorescence and where RNA (ribonucleic acid) is enzymatically digested by RNase 

(ribonuclease) and the remaining fluorescence attributed to DNA (deoxyribonucleic acid) (Raae 

et al. 1988, Clemmesen 1993), as adapted by Fonseca et al. (2006). Each muscle sample was 

homogenized through short-term ice-sonication with 300 ml of 1% sarcosine solution (N-

lauroylsarcosine) and then diluted with 1.2 ml buffer Tris – EDTA 

(trishydroxymethylaminomethane – ethylene diamine tetraacetic acid) (Trizma, pH 7.5). The 
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homogenate was then vortexed and centrifuged at 6000 rpm for 10min at 0 ºC and the 

supernatant used for nucleic acid determination and ran in two separate sets: (1) total nucleic 

acid fluorescence (RNA and DNA) was measured by adding 300 ml supernatant, 1.5 ml Tris-

HCl (Trishydrochloric acid) (0.2 M pH 7.5) and 150 ml EB (1mg ml-1); (2) DNA fluorescence was 

determined by digesting RNA content of 300 ml supernatant and 1.35 ml Tris-HCl with 150 ml 

RNase A (bovine pancreatic ribonuclease A 0.12 mg ml -1, from bovine pancreas, 20 U ml-1, 

Sigma), incubated at 37 ºC for 1 h and posterior addition of 150 ml EB for fluorescence 

readings. Excitation and emission wavelengths used for fluorescence measurements in a RF-

1501 Shimadzu spectrofluorophotometer were 365 and 590 nm, respectively. All readings were 

made in triplicate. RNA fluorescence was determined by subtracting the DNA fluorescence 

reading (second set) from the total fluorescence value (first set). RNA and DNA content in tissue 

samples was calculated from calibration curves determined with a series of dilutions of pure 

calf-thymus DNA (Calbiochem) and 18S and 28S-rRNA (Sigma) and adjustment to dilution 

factors. The ratio between the slopes of RNA and DNA calibration curves (4.04) may be used 

as a standardization factor for direct inter-calibration with other studies, although its application 

was not necessary for the present data. RNA:DNA ratio in each sample was determined directly 

as the ratio between RNA and DNA concentrations, and, for simplicity, is hereafter referred to 

as RNA:DNA. 

Fulton’s condition factor K was directly determined from morphometric data with the formula 

K = 100 Wt / Lt 3 where Wt is total wet weight (mg) and Lt total length (mm) (Ricker, 1975) and, 

for simplicity, is hereafter referred to as Fulton’s K. 

 

2.4. Data analysis 
Exploratory data analysis revealed a correlation between fish length and both condition 

indices (RNA:DNA or Fulton’s K), negative and positive respectively, although with low r2, in P. 

flesus (RNA:DNA: P < 0.05; r2 = 0.041; Fulton’s K: P < 0.001; r2 = 0.125), D. vulgaris 

(RNA:DNA: P < 0.001; r2 = 0.172; Fulton’s K: P < 0.001; r2 = 0.080) and D. labrax (RNA:DNA: P 

< 0.01; r2 = 0.047; Fulton’s K: P < 0.05; r2 = 0.029). Therefore, the effect of fish length was 

removed from the indices data by subtracting the slope of the linear regression multiplied by the 

fish length from the index data (Gillanders & Kingsford 2003). Even though these corrected 

indices (hereafter referred to as RNA:DNA’ and Fulton’s K’) were similar to the results obtained 

with the original raw data, this approach avoided any possible bias which may have resulted 

from small differences in the length frequency composition amongst the groups of fish of 

different origin and sampling periods (Rooker et al. 1997, Amara et al. 2007). The corrected 

indices were used in all subsequent analysis. 

Indices data were checked for normality and homogeneity of variances. Whenever 

assumptions for statistical analysis were not met, a log 10 transformation was applied to the 

data in order to comply with assumptions. 

Variation of condition indices amongst species was explored with analysis of variance 

(ANOVA). Subsequently and separately for each species, variation in condition indices amongst 
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sites of collection (inter- and intra-estuaries) and sampling periods (yearly, between 2005 and 

2006) was analysed. All these analyses were run using only July data. In addition, monthly 

variation (between May and July 2006) was evaluated. Differences amongst groups were tested 

with ANOVA and subsequent Tukey post hoc multiple comparisons tests or with Student’s t-

test, when applicable. Since species occurrence varied amongst the estuaries, the sub-set of 

estuaries analysed for each species differed. Variations in condition indices between sites within 

an estuary, years and months were analysed whenever specimen occurrence allowed it. For 

each species, the correlation between the results of both condition indices was also evaluated. 

Linear regression analysis and multiple regression analysis were used to explore links 

between the obtained condition indices and environmental variables (water temperature, salinity 

and depth) as well as species’ 0-group juvenile densities in the sampled estuarine sites (Fig. 2). 

Environmental variables and fish densities were determined as the mean of 10 replicate trawls 

in each estuarine site (Vasconcelos et al. unpublished). 

 

3. Results 
Condition indices, RNA:DNA’ and Fulton’s K’, in sampled 0-group juveniles varied 

significantly with species (n = 997, df  4; RNA:DNA’: F = 1001.14, P < 0.001; Fulton’s K’: F = 

849.02, P < 0.001) therefore subsequent analysis were performed individually for each species. 

Only for S. solea was there a significant positive correlation between both condition indices 

however, this correlation was associated with a small percentage of the data variability (P < 

0.01; r2 = 0.035). 

Juvenile S. solea RNA:DNA’ (mean = 3.33, standard deviation = 0.90) differed significantly 

amongst estuaries in both sampling years with higher RNA:DNA’ in the four more northern 

estuaries (Douro, Ria de Aveiro, Mondego and Tejo). Fulton’s K’ (mean = 0.80, SD = 0.09) also 

varied significantly amongst estuaries in both sampling years (Fig. 3 and Table 1). Inter-annual 

variation of RNA:DNA’ was significant for all estuaries but not in each estuary individually. 

Between years, Fulton’s K’ only varied significantly in one estuary - Mira site b (Moínho da 

Asneira) (Fig. 3 and Table 2). Intra-estuarine variation of RNA:DNA’ was found for S. solea, with 

significantly higher values in sites b of the Mondego (Pranto) and Mira (Casa Branca) estuaries 

in 2006, even though no significant variation in Fulton’s K’ was detected (Fig. 3 and Table 3). In 

2006, juveniles caught in May in the Mondego and Guadiana estuaries had significantly higher 

RNA:DNA’ than those caught in July, whilst for Fulton’s K’ monthly variation was only significant 

in the Guadiana estuary (Table 4). RNA:DNA’ plotted against juvenile densities showed a 

significant negative correlation (P < 0.05; r2 = 0.354) for data pooled from both years and also a 

marginally significant (P < 0.10) negative correlation (P = 0.053; r2 = 0.49) with 2006 data only. 

No correlations were found with Fulton’s K’. 

S. senegalensis juveniles were only analysed in two estuaries in each year, nonetheless it 

was possible to observe trends in the variation of both condition indices. RNA:DNA’ (mean = 

4.18, SD = 1.02) and Fulton’s K’ (mean = 0.89, SD = 0.09) varied significantly amongst 

estuaries, respectively in 2006 and 2005, with juveniles from the Ria de Aveiro and Sado 
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estuaries attaining higher RNA:DNA’ (Fig. 3 and Table 1). In all estuaries simultaneously, 

interannual variation of condition indices was significant for RNA:DNA’ but not for Fulton’s K’ 

(Table 2). In site a of the Sado estuary (Alcácer do Sal), both condition indices were significantly 

higher in July than May (Table 4). Due to changes in this species’ occurrence in the sampled 

estuarine sites, or the presence of a reduced number of individuals, it was not possible to 

assess annual and intra-estuarine variation in condition indices as well as their association with 

environmental data. 

 

 

 
 

Figure 2. Mean (error bars represent standard error) environmental variables and juvenile fish densities in 
collection sites in nine estuarine systems along the Portuguese coast (Min - Minho, D - Douro, RA - Ria de 
Aveiro, Mo - Mondego, T - Tejo, S - Sado, Mir - Mira, RF - Ria Formosa and G - Guadiana) for juveniles of: 
a) Solea solea, b) Solea senegalensis, c) Platichthys flesus, d) Diplodus vulgaris and e) Dicentrarchus 
labrax, in July 2005 (symbols in black) and 2006 (symbols in white). Environmental variables are: water 
temperature (ºC) (squares    ,    ), salinity (triangles    ,    ), depth (m) (crosses    ) (plotted on the primary 
axis) and densities of 0-group juveniles (n . 1000 m-2) (grey bars plotted on the secondary axis). 
 



JUVENILE FISH CONDITION IN ESTUARINE NURSERIES 

 

90 

 
 

Figure 3. Mean (error bars represent standard deviation) RNA:DNA’ and Fulton’s K’ (both indices 
corrected for fish length) in juveniles of a) Solea solea, b) Solea senegalensis, c) Platichthys flesus, d) 
Diplodus vulgaris and e) Dicentrarchus labrax. Fish were collected in July 2005 (black symbols        ) and 
2006 (white symbols         ) in sites of nine estuarine systems along the Portuguese coast (Min - Minho, D - 
Douro, RA - Ria de Aveiro, Mo - Mondego, T - Tejo, S - Sado, Mir - Mira, RF - Ria Formosa and G - 
Guadiana). Also shown: differences in condition amongst estuaries by Tukey post hoc multiple 
comparisons tests with pooled data for 2005 and 2006 (significant differences at P < 0.05 represented with 
different numbers in italic above the graph); and differences in condition between years in an estuarine site 
by t-test (significant differences at P < 0.05 represented with an asterisk * above the graph). 
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RNA:DNA’ in juvenile P. flesus (mean = 3.84, SD = 0.88) differed significantly 

amongstestuaries in both sampling years, with higher RNA:DNA’ in the two more northern 

estuaries  (Minho and Douro), whilst Fulton’s K’ (mean = 0.73, SD = 0.11) only varied 

significantly in 2006 (Fig. 3 and Table 1). Analysing all estuaries simultaneously, RNA:DNA’ 

varied significantly between years but analysing the estuaries individually only in the Ria de 

Aveiro did RNA:DNA’ and Fulton’s K vary significantly (Fig. 3 and Table 2). In regards to intra-

estuarine variation, in the Minho and Douro estuaries even though RNA:DNA’ was higher in site 

b of the Minho (Canosa), there were no significant differences in either RNA:DNA’ or Fulton’s K’ 

(Fig. 3 and Table 3). In Mondego a (Sanfins), juveniles had significantly higher RNA:DNA’ in 

May than July (Table 4) while Fulton’s K’ revealed no significant monthly variation. In 2005, a 

significant negative correlation was found between RNA:DNA’ and 0-group flounder densities (P 

< 0.05; r2 = 0.974) and a positive correlation with depth (P < 0.01; r2 = 0.997). These two 

variables also had a significant negative correlation between them (P < 0.05; r2 = 0.976). 

Considering data pooled for both years, RNA:DNA’ had a significant negative correlation with 

densities (P < 0.05; r2 = 0.526) and a significant multiple regression (P < 0.05; r2 = 0.887) with 

negative correlations for density and temperature (respectively: P < 0.05, t = - 4.379, β = - 

0.869; and P < 0.05, t = -3.123, β = - 0.537). Only depth was negatively correlated with Fulton’s 

K’ in 2006 (P < 0.05; r2 = 0.864) and with data pooled for both years (P< 0.05; r2 = 0.503).  

 

 
Table 1. Inter-estuarine variation in condition indices. Results of ANOVA comparisons of RNA:DNA’ and 
Fulton’s K’ (both indices corrected for fish length) in juvenile Solea solea, Solea senegalensis, Platichthys 
flesus, Diplodus vulgaris and Dicentrarchus labrax amongst estuaries along the Portuguese coast (in July 
2005 and 2006). *P < 0.05, **P < 0.01, ***P < 0.001, ns non-significant. 
 

RNA:DNA’ Fulton’s K’ 
Species Year n df F P F P 
S. solea 2005 & 2006 211 5 24.86 *** 4.67 *** 
 2005 85 3 5.23 ** 5.29 ** 
 2006 126 4 22.91 *** 2.42 * 
S. senegalensis 2005 & 2006 91 2 17.17 *** 5.27 ** 
 2005 59 1 16.33 *** 1.96 ns 
 2006 32 1 0.04 ns 10.66 ** 
P. flesus 2005 & 2006 136 3 28.74 *** 2.59 ns 
 2005 77 2 18.31 *** 1.71 ns 
 2006 59 3 1894 *** 2.80 * 
D. vulgaris 2005 & 2006 356 6 22.28 *** 4.82 *** 
 2005 162 5 9.99 *** 2.11 ns 
 2006 194 5 20.29 *** 3.28 ** 
D. labrax 2005 & 2006 203 3 5.12 ** 3.78 * 
 2005 137 3 3.54 * 3.95 ** 
 2006 65 3 2.48 ns 2.25 ns 
 

 

Amongst the seven estuaries where juvenile D. vulgaris were sampled, RNA:DNA’ (mean = 

8.21, SD = 1.17) varied significantly in both sampling years, with higher values in two northern 

estuaries (Ria de Aveiro and Mondego) and in the southern Mira estuary, while Fulton’s K’  
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(mean = 1.27, SD = 0.14) varied significantly only in 2006 (Fig. 3 and Table 1). Analysing all 

estuaries simultaneously, significant inter-annual variation of condition was found with 

RNA:DNA’. Variations in this index were also significant in site b of the Mira estuary (Casa 

Branca) and site a of Ria Formosa (Ramalhete) between 2005 and 2006 (Fig. 3 and Table 2). 

Intra-estuarine variation in RNA:DNA’ was significant in the Mira estuary in 2005 and in the Ria 

Formosa in 2006, with higher values observed in site c (Moínho da Asneira) and a (Ramalhete), 

respectively; no variations were found in the Mondego or Sado estuary. Fulton’s K’ had no 

significant intra-estuarine variation (Fig. 3 and Table 3). RNA:DNA’ in juveniles of the Sado 

estuary and Ria Formosa was higher in May than July 2006, even if significantly only in the 

Sado estuary. Monthly variation in Fulton’s K’ was significant in Ria Formosa (Table 4). Salinity 

had a marginally significant negative correlation with RNA:DNA’ in 2006 (P = 0.079; r = 0. 374). 

With the data pooled for both years, depth had a significant negative correlation with Fulton’s K 

(P < 0.05; r2 = 0.279). 

 

 
Table 2. Inter-annual variation in condition indices. t-test results of RNA:DNA’ and Fulton’s K’ (both indices 
corrected for fish length) in juvenile Solea solea, Solea senegalensis, Platichthys flesus, Diplodus vulgaris 
and Dicentrarchus labrax collected in July 2005 and 2006 in estuaries along the Portuguese coast. *P < 
0.05, **P <0.01, ***P < 0.001, ns non-significant. 
 

RNA:DNA’ Fulton’s K 
Species df t P t P 
S. solea 209 1.97 * 1.26 ns 
S. senegalensis 89 -4.32 *** 0.84 ns 
P. flesus 134 -3.77 *** -1.70 ns 
D. vulgaris 354 -2.87 ** -1.92 ns 
D. labrax 201 -4.15 *** 3.26 ** 
 

 
Table 3. Intra-estuarine variation in condition indices. t-test results of RNA:DNA’ and Fulton’s K’ (both 
indices corrected for fish length) in juvenile Solea solea, Platichthys flesus, Diplodus vulgaris and 
Dicentrarchus labrax between sites within an estuary (in July 2005 and 2006). *P < 0.05, **P < 0.01, ***P < 
0.001, ns non-significant. 
 

RNA:DNA’ Fulton’s K’ 
Species Estuary Sites Year df t P t P 
S. solea Mondego a vs b 2005 & 2006 68 -2.67 ** -0.58 ns 
   2005 13 -0.89 ns -0.46 ns 
   2006 53 -2.58 * -0.51 ns 
 Mira a vs b 2006 41 -6.19 *** 2.02 ns 
P. flesus Minho a vs b 2006 18 -1.60 ns 0.62 ns 
 Douro a vs b 2005 25 -0.32 ns 1.26 ns 
D. vulgaris Mondego b vs c 2006 36 0.28 ns -0.61 ns 
 Sado b vs c 2005 28 -0.05 ns 0.42 ns 
 Mira b vs c 2005 & 2006 51 -1.13 ns -0.80 ns 
   2005 22 -2.26 * 0.51 ns 
   2006 27 0.77 ns -1.06 ns 
 R. Formosa a vs b 2006 54 -5.80 *** -1.29 ns 
D. labrax Tejo a vs b 2005 39 2.30 * -2.14 * 
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Table 4. Monthly variation in condition indices. Mean value and standard deviation of RNA:DNA’ and 
Fulton’s K’ (both indices corrected for fish length) in May and July 2006 and t-test results for juvenile Solea 
solea, Solea senegalensis, Platichthys flesus and Diplodus vulgaris from estuaries sampled along the 
Portuguese coast. *P < 0.05, **P < 0.01, ***P < 0.001, ns non-significant. 

 

RNA:DNA’ Fulton’ s K 
May July t-test May July t-test Species Estuary Site df 

Mean SD Mean SD t P Mean SD Mean SD t P 
SS Mo b 36 5.08 0.50 3.62 0.50 6.50 *** 0.84 0.12 0.81 0.09 0.62 ns 
 G a 19 4.45 0.85 3.24 0.85 2.63 * 0.63 0.11 0.80 0.07 -3.33 ** 
SN S a 32 3.57 0.98 4.78 0.98 4.43 *** 0.69 0.11 0.84 0.08 4.50 *** 
PF Mo a 21 5.66 0.48 3.31 0.48 7.84 *** 0.76 0.13 0.74 0.10 0.35 ns 
DV S b 54 9.36 0.63 7.56 0.63 9.10 *** 1.27 0.20 1.28 0.15 -0.18 ns 
 RF b 28 7.79 0.91 7.45 0.91 0.47 ns 0.94 0.01 1.27 0.13 -3.46 ** 

 

 

Juvenile D. labrax RNA:DNA’ (mean = 5.11, SD = 0.95) and Fulton’s K’ (mean = 0.88, SD = 

0.12) varied significantly amongst estuaries in 2005. Lower RNA:DNA’ was found in the more 

northern estuary (Ria de Aveiro) whereas Fulton’s K’ was lower in the Mira estuary (Fig. 3 and 

Table 1). RNA:DNA’ was higher in 2006. Analysing all estuaries, inter-annual variation was 

significant for both RNA:DNA’ and Fulton’s K’. RNA:DNA’ also varied significantly in the Mira 

estuary and Fulton’s K’ in the Mondego estuary between both sampling years (Fig. 3 and Table 

2). Condition of sea bass sampled in two sites of the Tejo estuary differed significantly in 2005, 

with higher RNA:DNA’ and lower Fulton’s K’ in site b (Alcochete) (Fig. 3 and Table 3). Due to 

the presence of reduced numbers of individuals or their reduced size in May, monthly variations 

of condition indices were not assessed in D. labrax. Temperature had a significant positive 

correlation with RNA:DNA’ with the data pooled for both years (P < 0.05; r2 = 0.471) and a 

negative correlation with Fulton’s K’ in 2005 (P < 0.05; r2 = 0.791). 

 

4. Discussion 
Juvenile S. solea, S. senegalensis, P. flesus, D. vulgaris and D. labrax from nine estuarine 

systems along the Portuguese coast showed variation in individual condition (RNA:DNA ratio 

and Fulton’s condition factor K) amongst species and at different spatial (amongst estuaries and 

amongst sites within an estuary) and temporal scales (between sampling years and months). 

Overall, some estuaries had higher condition for juveniles of more than one species but results 

did not reveal a uniform trend for all species and in several cases intra-estuarine variability in 

condition was observed. Even though condition varied between years, this had little effect on 

the relative patterns amongst estuaries, whilst between months, higher condition values were 

mostly found in the earlier sampling period. In four of the analysed species, significant 

correlations were found between measured condition indices, juvenile densities and 

environmental features in estuarine sites. Overall, sampled areas showed variation in terms of 

habitat quality which may influence nursery function, as far as the present assessment by 

condition indices can determine. 

Range and mean of RNA:DNA’ and Fulton’s K’ differed amongst the analysed species. This 
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was expected as RNA:DNA is related to protein synthesis for somatic growth and DNA content 

and protein expression will vary amongst different phylogenetic groups hindering comparisons 

between species (Dahlhoff 2004). Therefore, in the current study, trends and relative patterns of 

variation of condition indices amongst species were evaluated with the purpose of assessing 

differential habitat quality in multi-specific estuarine nurseries. Moreover, Fulton’s K is directly 

related to body shape, as it is a function of morphometric variables and therefore intrinsically 

species related. Variation in condition indices of juveniles with species, namely RNA:DNA and 

Fulton’s K, has been previously reported (Kuropat et al. 2002, Gilliers et al. 2004) and is evident 

when reviewing data for species worldwide (Fonseca & Cabral 2007). Nevertheless, condition 

values observed in the present study were comparable to those reported for S. solea, S. 

senegalensis and D. labrax by Mustafa et al. (1991), Gilliers et al. (2004) and Fonseca et al. 

(2006). In fact, for S. solea and D. labrax values were above the reference for good nutritional 

condition of larvae in laboratorial trials, i.e. RNA:DNA of ca. 2 (Richard et al. 1991, Alemany 

2003), indicating that juveniles were not under food limitation conditions (see Rogers 1994) in 

the estuarine sites analysed in the present study. For juvenile stages of the remaining species, 

to our knowledge, there are presently no comparable specific reference studies. 

The combined use of a biochemical and a morphometric condition index in the present 

habitat quality assessment highlighted: the low association between the measured indices and 

the higher sensitivity of RNA:DNA, a short-term indicator, in comparison with the longer-term 

indicator Fulton’s K. The lack of correlation between condition indices in a single individual 

results from the difference in the temporal response of the indices to environmental factors and 

starvation, i.e. latency (Suthers et al. 1992, Suthers 1998). Even though RNA:DNA is a short 

term indicator of nutritional status and growth, the consistency of the results between sampling 

years indicates that the index is  integrative and representative of nursery habitat quality, and 

that the results overall were not deviated by small scale and short term variability. 

RNA:DNA relationship with growth rates is known to change with fish size and 

developmental stage (Buckley 1980) as a result of the increased proportions of RNA not 

directed to somatic growth, which may result in individuals of different lengths with similar 

RNA:DNA having distinct growth rates (Buckley 1984). With this in consideration, the present 

study was directed to a particular life stage (0-group juveniles) and limited length range (Gilliers 

et al. 2004, Fonseca et al. 2006, Gilliers et al. 2006). In addition, a correction to the original data 

was made which rendered condition results independent of potential variations in length 

composition of samples. 

Although numerous fish species can occupy both estuaries and shallow coastal areas 

during their juvenile stages, estuarine nurseries have been shown to be associated with higher 

densities, growth rates and condition of juvenile fish, even if with some associated physiological 

cost (Le Pape et al. 2003a, Yamashita et al. 2003, Höök et al. 2008). Along the Portuguese 

coast high densities of juveniles of the presently analysed species have been described almost 

exclusively in estuaries. Given the possible combinations of interactions between environmental 

factors and species dynamics in the diverse estuarine environments, variations in the juvenile 
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growth responses were expected. The variations in RNA:DNA amongst the analysed estuarine 

systems in the present study are symptomatic of juveniles’ differential nutritional status and 

growth rates, as described for other species amongst estuaries in other geographical areas 

(Kuropat et al. 2002, Gilliers et al. 2006). 

Multi-species approaches are of increased value towards understanding the effective 

nursery role of these systems and by addressing juvenile condition in a nursery as a whole, 

including the main species of this phenology, possible synergistic or antagonistic interactions 

are also accounted for. The occurrence of juveniles of each species in the analysed set of 

estuarine nurseries was not analogous, most likely as a result of species’ distribution limits and 

occurrence along the coast, their movements and spawning processes, larvae dispersal and 

estuarine colonization and environmental constraints on the different life stages. Nevertheless, 

this did not hinder the analysis and interpretation of patterns in condition results. In theory, the 

existence of a single estuary or a sub-group of estuaries promoting higher individual condition 

for several species could be acknowledged as a reflection of the area with the most suitable 

conditions within the considered group of estuaries. Whereas estuarine sites with higher 

juvenile condition were identified for species individually, no estuary or group of estuaries was 

identified as best or worst in terms of condition for all species simultaneously. Yet, some 

estuaries presented high juvenile condition for more than one species, namely the Ria de 

Aveiro, Mondego, Tejo and Mira. Meanwhile, disparities in the relative condition amongst 

species in these multi-specific juvenile sites highlighted species specific responses to the 

available habitat. Overall, the variability in habitat quality throughout sampled estuarine sites 

reinforces the interest of its inclusion in holistic nursery role assessments. 

The use of nucleic acid based indices as estimates for growth along extended latitudinal 

gradients (e.g. temperate vs sub-artic) is advised to be done with some caution due to 

metabolic differences in populations (Ismland et al. 2001), influence of temperature on growth 

rates (Mercaldo-Allen et al. 2006) and to possible compensatory mechanisms for lower RNA 

activity at lower temperatures (Fry 1971, Goolish et al. 1984). Therefore RNA:DNA ratios should 

be compared directly within narrow temperature ranges (Buckley et al. 1999). In the present 

study, comparisons were done at a small latitudinal scale and temperature range amongst 

sampled sites was similar to other comparisons using RNA:DNA (Gilliers et al. 2006). Moreover 

condition results varied amongst estuaries according to the species considered and were not 

linearly associated with latitude. Large differences in growth rates have been reported at vast 

latitudinal scales, e.g. S. solea (Vinagre et al. 2008a) and D. labrax (Cabral & Costa 2001), 

mainly as a result of the influence of temperature on growth (Fonds 1975) however, the smaller 

variation in condition indices at the present analysed scale, as also reported with growth rates 

by Vinagre et al. (2008a) in narrow latitude ranges, seems to be the result of several 

environmental variables. 

Overall local biotic and abiotic variables influenced nursery habitat quality. The relationships 

between RNA:DNA, measured environmental variables and juvenile densities in the analysed 

set of estuaries suggest that density dependent processes may exist in estuarine areas with 
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higher juvenile densities, particularly for S. solea and P. flesus. Increased juvenile densities 

likely promote competition, namely for resources, limiting the maximum nutritional status and 

growth rates of juveniles. Even though it is generally agreed upon that population size is 

regulated at larval life stages and that carrying capacity of nursery areas is not reached (van der 

Veer et al. 2000), density dependent survival and growth have also been reported for flatfish 

coastal nursery grounds in the North and Irish Seas (Rijnsdorp & van Leeuwen 1996, Nash & 

Geffen 2000). Moreover, the observed variability in the relationship between juvenile condition 

indices and environmental variables has been suggested to be due to the fact that variables 

with a limiting effect on juvenile growth in nursery grounds may shift depending on the 

environmental conditions (Tardif et al. 2005). The observed relationship between the decrease 

in S. solea condition and increase in juvenile densities and temperatures also illustrates that 

individuals under these conditions may have depressed growth rates as a result of increased 

physiological stress (Lefrançois & Claireaux 2003). On the other hand, D. labrax showed slightly 

higher RNA:DNA’ in southern estuaries which is in accordance with growth estimates based on 

recent daily otolith growth index (Vinagre et al. 2009) and supports higher quality of these 

southern estuarine nurseries for this species. The increase in condition towards the South is 

concurrent with the acknowledged positive influence of temperature on growth (Fonds 1975). 

Since relationships with other habitat environmental variables were not identified, it is likely that 

no limiting thresholds were achieved for this species in the occupied nurseries resulting in a 

clear increase in condition towards the South. Alternatively, a decrease in RNA:DNA was 

observed in juvenile flounder in the more southern estuaries where it was present (Ria de 

Aveiro and Mondego). The southern limit of distribution of this species occurs along the 

Portuguese coast with environmental conditions closer to larvae and juvenile’s tolerance limits, 

which in addition to the observed density dependent processes seemed to affect habitat quality 

in both these estuaries. Moreover, the decrease in abundance of P. flesus along the southern 

and central Portuguese coast in the last decades suggests this species has been withdrawing 

North (Cabral et al. 2001). 

Site depth is not renowned to have a direct effect on nutritional status and growth rates of 

juveniles however, its relationship with condition has been reported but attributed to its 

correlation with environmental variables that have an acknowledged effect on growth, such as 

food availability, juvenile densities or temperature (Gwak et al. 2003). The relationship between 

depth and attained Fulton’s K results for P. flesus and D. vulgaris is likely explained by its 

correlation with other site environmental features, as evidenced by the high correlation between 

depth and densities in the case of P. flesus. The influence of salinity on juvenile fish 

distributions in estuaries, although not alone, generates similar discrete patterns of occupation 

amongst estuaries. In general, measured site salinity values are similar for each species, as 

observed also in Cabral et al. (2007), minimizing salinity related variability in juvenile condition. 

Intra-estuarine variability of species’ RNA:DNA provides key insight on differential habitat 

quality within estuaries and may indicate sites that provide enhanced nutritional status and 

growth and which may be in higher agreement with the nursery role hypotheses than others. 
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Within the analysed estuaries, higher condition values were generally found in sheltered areas 

with intertidal flats (Mira b - Casa Branca and Mondego b - Pranto for S. solea, and Tejo b - 

Alcochete for D. labrax), and in the case of S. solea and P. flesus in sites where juvenile 

densities were not the highest, as well as in areas with seagrass beds (Mira c - Moínho da 

Asneira and Ria Formosa a - Ramalhete for D. vulgaris). Intra-estuarine variation in juvenile 

condition and growth rates has been reported between different habitats or sites (Phelan et al. 

2000, Kuropat et al. 2002) and also associated with prey availability (Islam & Tanaka 2005). 

The observed intra-estuarine differences in juvenile condition emphasize site fidelity of 0-group 

juveniles. The latter has been reported for several species as a result of the limitations set both 

by environmental variability and small scale movements and implies that growth rates are good 

measures of habitat quality (Able et al. 2005). The lack of differences in condition of juvenile D. 

vulgaris within the Mondego estuary, as well as P. flesus within the Minho and Douro estuaries, 

might be due to the closeness between sites or potential variations in habitat quality masked by 

juvenile movement. 

Yearly changes in occupied and most favourable habitats may also occur as a function of 

variability in abiotic and biotic settings and species’ particular estuarine preferences and 

environmental optima (Marchand 1991). This was evidenced in the present study by the 

variation in intra-estuarine differences between 2005 and 2006, e.g. D. vulgaris in the Mira 

estuary, and in previous studies conducted in consecutive years by Fonseca et al. (2006) and 

Vinagre et al. (2008b) which sequentially reported highest condition of S. senegalensis in 

different sites of the Tejo estuary, site a (VFX) and b (Alcochete), respectively. Despite the 

observed inter-annual variation in condition in the analysed set of estuaries, the values found in 

each estuary individually were in most cases similar between 2005 and 2006, even if, in 

general, slightly higher in 2006, and the relative patterns in condition amongst estuaries 

generally maintained. Considering that sampled years were dissimilar in terms of climate, 

particularly rainfall, and measured environmental parameters, the reduced inter-annual 

variations in condition values suggest: (1) general nursery habitat quality maintenance despite 

environmental variability; (2) micro-habitat use patterns within nursery areas that enable 

optimized growth; (3) or previous population size regulation by habitat capacity, after high 

mortality in early-juvenile stages and surviving juveniles attaining similar growth (Rogers 1994, 

van der Veer et al. 2000, Le Pape et al. 2003a). Only D. labrax had higher values in one year 

than in the other in all of the sampled estuaries. Even though this variation was not significant, it 

is in accordance with the findings of Smith et al. (2008) of lower habitat quality for juveniles in 

environmental settings associated with drought. Moreover, inter-annual variability in recruitment 

to estuaries and juvenile densities is widely reported (Gibson 1994, van der Veer et al. 2000) 

and drought years have been associated with a decrease in secondary production for juveniles 

of several species in estuaries (Dolbeth et al. 2008). For S. solea, the extent of the river plume 

in the Bay of Biscay also influenced larval supply and the size and biotic capacity of habitats in 

estuarine nursery grounds as well as juvenile production (Le Pape et al. 2003b). 

The time period spent by juveniles in estuaries is generally short termed, i.e. limited to the 
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first months or year of life, and growth rates during this period tend to be maximal (Rogers 

1994). Nonetheless, juveniles that enter estuaries at different timings within a year (cohorts) 

have been shown to differ in condition, namely with the first cohort reaching higher growth than 

posterior ones, possibly due to lower juvenile densities and competition or less favourable 

environmental conditions (Amara et al. 1994, Fonseca et al. 2006). Accordingly, observed 

monthly variations for S. solea, P. flesus and D. vulgaris depicted higher condition values in 

juveniles that entered estuaries earlier (May vs July). In the present study monthly variation was 

evaluated based on two periods; future assessments should consider a wider time frame in 

order to follow condition and growth throughout the entire estuarine life period as well as their 

relationship with biotic and abiotic variables. 

Nucleic acid based indices are valid and practical tools to study nursery function. Moreover, 

they do not require such intensive field surveys as, for instance, tagging or cohort length 

frequency distribution approaches. Nonetheless, these biochemical techniques still require a 

representative sampling design and specimen numbers to account for potential high individual 

variability. Caging of juveniles has also been used in some growth and condition studies 

(Sogard 1992, Kuropat et al. 2002) however, this may affect survival and initially reduce feeding 

and growth rates due to physiological stress (Oikari 2006). Alternatively, whereas caging 

ensures site fidelity at a very low scale, the present approach best suited the characterization of 

individual condition throughout estuarine nursery areas, reflecting regular juvenile habitat use 

patterns and movements within nursery grounds, which are therefore included in the measured 

condition response. Additional laboratory studies looking into specific relationships between 

growth rates, RNA:DNA and the influence of factors such as temperature in the presently 

analysed species are important steps towards improving the interpretation of RNA:DNA based 

assessments. The complementary use of other measures such as daily otolith growth, lipid and 

fatty acid analysis will also provide valuable information on juvenile growth patterns. 

Even though life stages of species which use estuaries as nurseries are mainly spatially 

segregated, they are not independent and pre-estuarine conditions and larvae plasticity may 

also potentially account for some of the variability found in juvenile condition. Larvae and early 

juveniles entering estuaries along the coast may be distinct at the time of estuarine entry due to 

differences in spawning adults (Vigliola et al. 2007), marine environmental conditions to which 

larvae were exposed to (see Buckley et al. 1991) and condition at the time of metamorphosis 

(Amara et al. 2000) which might determine their differential survival and growth. To achieve an 

overall knowledge on estuarine nursery function for these fish species, it is necessary to explore 

survival, growth and movement processes involved in all periods of their complex life cycles: 

from offshore spawning adults and inshore transported larvae to juveniles inhabiting nurseries 

and ultimately exported to adult marine habitats. In terms of the estuarine juvenile period, 

estimating the relative ecological importance of nurseries should involve the combination of 

several complementary data, such as fish density and distribution in estuaries and estimates of 

their survival (as estimated by back tracking of estuarine origin in adult populations), in addition 

to condition and growth of juveniles. Progress on the identification of efficient tools that enable 
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the assessment of nursery role should provide a qualitative step forward in the ability to 

evaluate the ecological functions supported by estuaries and establishing management and 

conservation priorities. 
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Juvenile fish contamination by trace metals 
in estuarine nurseries along the Portuguese coast 

 

 

 
Abstract: Organic and inorganic pollution can directly impact organisms and potentially affect 
fitness, growth and survival of juvenile fish which use estuaries as nurseries; ultimately affecting 
quantitative- and qualitatively coastal adult populations. Trace element contamination (Cu, Zn, 
Cd, Pb) in juveniles of commercial fish Solea solea, Solea senegalensis, Platichthys flesus, 
Diplodus vulgaris and Dicentrarchus labrax collected in putative nurseries of the main 
Portuguese estuaries (with diverse intensities and sources of anthropogenic pressures) was 
determined with atomic absorption spectrometry. Contamination was significantly different 
among species. Overall, similar levels of contamination were found among estuaries, except for 
D. vulgaris. Cu and Zn concentrations ranged between 0.98 - 2.05 and 13.53 - 59.16 µg.g-1 dw, 
respectively, whilst Cd and Pb concentrations were very low. Results indicate that juvenile 
migration to off-shore habitats is associated with low export of contamination and no particular 
estuary amplifies potential contamination of adult stocks. In view of the ecological and 
economical value of these species and their use of estuarine areas as nurseries, this knowledge 
is of the utmost importance. 
 
Keywords: heavy metals; juveniles; estuary; nursery; connectivity; Portugal 
 

 

 

1. Introduction 
Coastal areas have long been settling areas for urban and industrial development. As a 

result, estuaries and coastal waters, which are amongst the most productive ecosystems in the 

world (Costanza et al. 1997), are faced with a multitude of anthropogenic pressures which alter 

their environmental characteristics and threaten their important ecological resources, functions 

and services (Kennish 2002). Amongst those pressures, increasing habitat loss and the 

presence of organic and inorganic pollutants have raised the main concerns (Goldberg 1995, 

Cattrijsse et al. 2002, Kennish 2002). Individual contamination represents one of the most direct 

impacts of anthropogenic disturbances on estuarine ecological functions, in addition to direct 

fishing mortality (Vasconcelos et al. 2007). The contamination of aquatic organisms particularly 

by trace elements such as copper, zinc, cadmium and lead (amongst others, e.g. chromium, 

nickel, silver, mercury, arsenic and selenium) is commonly evaluated in coastal and estuarine 

environments monitoring programs, since these elements are persistent in aquatic 

environments and are likely to occur in increased concentrations due to anthropogenic actions 

(Neff 2002). Moreover, among the pollutants that accumulate in fish, metals are of great interest 

as they can cause direct energetic and physiological costs, expressed in decreased growth and 

low physiological condition, and indirect ones from numerous triggered defence mechanisms 

(Livingstone 2001, Marchand et al. 2003, van der Oost et al. 2003, Fonseca et al. 2009). 

Particular species, such as flounder Platichthys flesus, have been identified as good indicators, 

or sentinels, of metallic and organic contamination in coastal areas (Nakhlé et al. 2007). 
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Along the Portuguese coast, the main estuarine systems (Douro, Ria de Aveiro, Mondego, 

Tejo, Sado, Mira, Ria Formosa and Guadiana) comprise a wide range of hydrological and 

geomorphologic features, as well as a plethora of anthropogenic activities and associated 

pressures, which render distinct overall pressure intensities or dominant source categories with 

a wide range of detectable ecological impacts and endpoints (Vasconcelos et al. 2007). These 

estuarine systems have been characterized as important nursery areas for several fish species, 

namely commercially important species as common sole Solea solea (Linneaus, 1758), 

Senegalese sole Solea senegalensis Kaup, 1858, flounder Platichthys flesus (Linnaeus, 1758), 

sea breams, such as Diplodus vulgaris (Geoffroy Saint-Hilaire, 1817), and sea bass 

Dicentrarchus labrax (Linnaeus, 1758) (Cabral & Costa 1999, Pombo et al. 2002, Veiga et al. 

2006, Cabral et al. 2007, Martinho et al. 2007, Vasconcelos et al. 2008). Juveniles and adults of 

these species inhabit spatially segregated habitats (adults live and spawn offshore whereas 

juveniles inhabit estuarine nursery areas and the links between both environments are made 

through the transport of larvae from off-shore areas into estuaries and later through the 

migration of juveniles off-shore. The connectivity between both environments implies that 

processes occurring in estuaries have consequences at a larger scale (Beck et al. 2001, Able 

2005) underlining the relevance of estuarine habitats in the life cycle of these species which as 

adults represent a high percentage of fisheries landings total annual revenue. Nevertheless, 

whereas juveniles benefit from favourable conditions (water temperature, food availability, 

refuge from predators) in estuarine nursery areas which allow for enhanced growth and survival 

(Haedrich 1983, Gibson 1994, Beck et al., 2001), they are also faced with demanding 

environmental conditions both of natural, such as salinity variations and consequent 

physiological demands (Yamashita et al. 2003), or human origin, such as pollution loads, which 

degrade habitat quality and may hinder individual fitness, maximum growth rates and ultimately 

survival (Meng et al. 2001, Amara et al. 2007, Le Pape et al. 2007). Considering the strong 

influence of growth and survival variations during early life history stages on connectivity 

(Gibson 1994, van der Veer et al. 1994) and resulting contributions to adult habitats, individual 

contamination becomes of major ecological relevance. 

Since contaminant loads to which juvenile fish are exposed to during their period in 

estuarine nurseries may generate differential juvenile contamination and affect their survival, 

growth and recruitment as well as represent a potential contributing factor to increased adult 

stock contamination, the present paper aims to determine trace metal contamination (copper - 

Cu, zinc - Zn, cadmium - Cd, and lead - Pb) in 0-group juveniles of five commercially important 

fish species which use the main estuarine systems along the Portuguese coast as nurseries. 

The obtained information represents a direct measure of the impact of trace metal pollution, an 

important type of human generated environmental disturbance generally widespread in 

estuaries, on juvenile fish at individual level. Results will provide information on the variability of 

trace metal pollution amongst these estuarine nurseries and insight on the expected export of 

contamination from estuarine habitats, as well as its consequences, to marine adult stocks due 

to the migrations to off-shore areas occurring from age 0+ onwards. 
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2. Material and Methods 
2.1. Fish collection 
0-group juvenile specimens of Solea solea (common sole), Solea senegalensis (Senegal 

sole), Platichthys flesus (flounder), Diplodus vulgaris (common two banded sea bream) and 

Dicentrarchus labrax (sea bass) were collected during July 2005, using a beam trawl in the 

main estuarine systems of the Portuguese coast (Fig. 1a): Douro, Ria de Aveiro, Mondego, 

Tejo, Sado, Mira, Ria Formosa and Guadiana. Specimens of each species were collected in the 

estuaries of their occurrence, specifically in the main nursery area previously acknowledged for 

each estuary (Fig. 1b). Sampled estuarine systems differ in their hydrologic and 

geomorphologic features as well as in anthropogenic pressures (see Vasconcelos et al. 2007) 

including contamination levels of the sediment (Table 1). Sampling was carried out in the 

shortest time frame possible (a fortnight) in order to avoid temporal variation in environmental 

and muscle contamination as well as in length/age composition of juvenile samples. Upon 

collection, fish were stored and transported on ice to the laboratory and preserved frozen until 

dissection. 

 

 

 
 

Figure 1. Map of Portugal and sampled estuarine nursery sites. (a) Location of estuarine systems sampled 
along the Portuguese coast and fish species sampled in each system: Solea solea (SS), Solea 
senegalensis (SN), Platichthys flesus (PF), Diplodus vulgaris (DV) and Dicentrarchus labrax (DL). (b) 
Location of sampled sites within each estuary - within the Ria de Aveiro, Mondego and Mira estuaries 
distinct nursery areas were sampled for different species and are represented by i and ii). 
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Table 1. Trace metal contamination in sediments from estuaries along the Portuguese coast. Mean (and 
standard deviation - SD) of sediment contamination by trace metals (Cu, Zn, Cd and Pb expressed in µg 
element g–1), in the fine sediment fraction (< 63 µm), in the sampled sites within eight estuarine systems 
located along the Portuguese Coast. 
 

Cu (µg g–1) Zn (µg g–1) Cd (µg g–1) Pb (µg g–1) 
Estuary 

Mean SD Mean SD Mean SD Mean SD 
Douroa,b 29.73 27.34 109.88 99.83 0.21 0.08 43.20 41.47 
Ria de Aveiroa,c 96.00 97.93 952.80 1700.19 2.48 3.73 45.00 26.19 
Mondegoa,d 23.00 20.70 94.00 81.90 0.20 0.20 27.70 16.60 
Tejoa,e 52.57 26.34 283.50 155.42 2.43 2.33 43.00 72.79 
Sadoa,f 117.90 46.52 401.00 171.55 0.45 0.19 401.00 27.06 
Miraa 40.67 1.53 109.33 5.86 0.30 0.00 23.67 1.53 
Ria Formosaa,g 26.20 29.70 118.75 82.57 0.30 0.00 23.33 20.55 
Guadianaa,h 64.00 9.90 181.50 26.16 0.78 0.68 26.00 5.66 

Data from several sources: a INAG unpublished data; b  Vinagre et al. 2004; Mucha et al. 2005; c 
Monterroso et al. 2003; d Pereira et al. 2005; e França et al. 2005; Cardoso et al. 2008; f Caeiro et al. 2005; 
g Padinha et al. 2000; h Ruiz 2001 

 

 

2.2. Trace element analysis 
Ten individuals of each species were selected from each site. Total length of each fish was 

measured (Table 2). For trace element analysis, a muscle sample from each individual, 

preferably from the dorsal anterior region, was extracted using plastic forceps and stored in a 

microcentrifuge tube at -20 ºC. All plasticware, containers and implements used were 

decontaminated by an acid wash in 10% analytical grade nitric acid (HNO3) (Merck) for 24 h, 

rinsed with Normapur water and dried in a laminar flow positive pressure fume hood. 

Muscle samples were dried in an oven at 60 ºC for a minimum period of 24 h, until they 

reached constant weight. Dry muscle samples were grinded manually, using a pestle and 

mortar. A sub-sample of dry muscle of each individual (ca. 0.1 g weighed to the nearest 0.1 mg) 

was then separated in new microcentrifuge tubes and whenever the muscle sample of one 

individual was insufficient, a pooled sample of individuals of similar length was used. Digestion 

of muscle sub-samples was done in digestion blocks with a mixture of HNO3 and HClO4 (9:1) 

(suprapure quality, Merck) (adapted from Julshmamn et al., 1982). The concentrations of four 

trace elements (Cu, Zn, Cd and Pb) were determined with a GBC 932 Plus atomic absorption 

spectrometer with a GBC GF3000 graphite oven. The limits of detection for Cu, Zn, Cd and Pb 

were 0.5, 0.05, 0.1 and 0.6 µg g-1, respectively. Samples were read in triplicate and random 

 
Table 2. Length and number of fish specimens analysed. Mean and standard deviation of total length (in 
mm) and number of juvenile Solea solea, Solea senegalensis, Platichthys flesus, Diplodus vulgaris and 
Dicentrarchus labrax used for trace metal concentration analysis and number of specimens analysed. 
 

Species n Length  
  Mean SD 
S. solea 46 68.4 5.58 
S. senegalensis 28 83.9 5.48 
P. flesus 27 83.5 7.03 
D. vulgaris 83 68.9 5.76 
D. labrax 68 98.4 20.2 
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order. Standard curves were used for the determination of Cu and Zn, whereas standard 

addition procedures were employed for the calculation of Cd and Pb. Procedural blanks were 

run for all samples. 

 

2.3. Data analysis 
Variations in the concentration of analysed trace elements in juveniles of the five species 

collected in the eight estuarine systems were analysed using univariate statistical techniques.  

Differences in element concentrations amongst juveniles of different species were tested 

through analysis of variance (ANOVA), using the overall data set for the several estuaries and 

data only for each estuarine site. Differences in juvenile contamination amongst the several 

estuaries were also tested using ANOVA, considering the five species simultaneously and also 

each species individually. Separate one-way ANOVA, instead of two-way ANOVA, were applied 

due to inherent species-specific patterns in element contamination and to differences in species 

occurrence amongst the estuaries. 

 

3. Results 
Juveniles (0-group) of the five analysed fish species showed detectable contamination 

levels of Cu and Zn in the muscle, with Zn showing the highest mean concentrations (Fig. 2).  

 

 
 

Figure 2. Contamination by trace metals in muscle of juveniles of five fish species collected in estuarine 
nurseries along the Portuguese coast. Mean (error bars represent standard deviation) concentrations of 
Cu (dark grey bars      ) and Zn (light grey bars      ) (µg element g–1 muscle dry weight) in muscle of 
juvenile Solea solea (SS), Solea senegalensis (SN), Platichthys flesus (PF), Diplodus vulgaris (DV) and 
Dicentrarchus labrax (DL) collected in the eight main estuaries along the Portuguese coast: Douro (D), Ria 
de Aveiro (RA), Mondego (Mo), Tejo (T), Sado (S), Mira (Mi), Ria Formosa (RF) and Guadiana (G). For 
each species, estuaries are represented from North to South. 



JUVENILE CONTAMINATION BY TRACE METALS IN ESTUARINE NURSERIES 

112 

Only one individual was found with Cd or Pb concentrations above the detection limits (0.75 

µg g-1 dw Pb in S. solea from the Mira estuary). The concentrations of Cu and Zn differed 

significantly amongst the analysed species in the estuaries overall: D. vulgaris and D. labrax 

showed significantly higher Cu concentrations than S. solea, whereas P. flesus and D. labrax 

showed significantly higher concentrations of Zn than the remaining three species (Fig. 2 and 

Table 3). Considering each estuarine site individually, significant differences in element 

concentrations amongst species occurred in some estuaries, namely for Cu in the Mira (site i), 

Zn in the Ria de Aveiro (i) and Tejo and for both elements in the Douro and Mondego (i) (Fig. 2 

and Table 4). 

 

 
Table 3. Inter-specific variation in trace metal concentration (single element). Results of ANOVA 
comparisons and respective Tukey post-hoc multiple comparisons tests for Cu and Zn concentrations in 
muscle of juveniles of five fish species (SS - Solea solea, SN - Solea senegalensis, PF - Platichthys flesus, 
DV - Diplodus vulgaris and DL - Dicentrarchus labrax) collected in eight estuaries along the Portuguese 
coast (Douro, Ria de Aveiro, Mondego, Tejo, Sado, Mira, Ria Formosa and Guadiana). * P < 0.05, ** P 
<0.01, *** P < 0.001, ns - non-significant; different numbers (in superscript) among species represent 
significant differences at P < 0.05 in Tukey post-hoc tests. 

 

ANOVA 
Element 

df F P 
Tukey post-hoc tests 

Cu 4 6.00 *** SS1 - - DV2 DL2 
Zn 4 38.45 *** SS1 SN1,3 PF2 DV1 DL3 
 

 
Table 4. Inter-specific variation in trace metal concentration within each estuarine site. Results of ANOVA 
comparisons and Tukey post-hoc multiple comparisons tests for Cu and Zn concentrations in muscle of 
juveniles of five fish species (SS - Solea solea, SN - Solea senegalensis, PF - Platichthys flesus, DV - 
Diplodus vulgaris and DL - Dicentrarchus labrax) collected in the same site within eight estuaries along the 
Portuguese coast (Douro, Ria de Aveiro, Mondego, Tejo, Sado, Mira, Ria Formosa and Guadiana). * P < 
0.05, ** P <0.01, *** P < 0.001, ns - non-significant; different numbers (in superscript) among species 
represent significant differences at P < 0.05 in Tukey post-hoc tests, na - post-hoc tests not applicable. 
 

ANOVA 
Estuary Site Species Element 

df F P 
Tukey post-hoc tests 

Douro  SS PF Cu 1 8.71 * na 
   Zn 1 39.98 *** na 
Ria de Aveiro  SS F DL Cu 2 1.97 ns na 
   Zn 2 55.09 *** SS1 PF2 DL3 
Mondego i SS PF Cu 1 29.18 *** na 
   Zn 1 8.96 ** na 
 ii DV DL Cu 1 0.56 ns na 
   Zn 1 0.24 ns na 
Tejo  SS SN SV DL Cu 3 1.94 ns na 
   Zn 3 13.31 *** SS1 SN1 DV2 DL2 
Sado  SN DV Cu 2 0.00 ns na 
   Zn 2 0.49 ns na 
Mira i SS DL Cu 1 9.94 ** na 
   Zn 1 0.60 ns na 
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Only D. vulgaris had significant variations in element concentrations amongst juveniles 

collected in different estuaries (Fig. 2 and Table 5). In this species, Cu concentrations were 

higher in the Mira and lower in the Sado, whereas Zn concentrations were higher in Ria 

Formosa and Guadiana and lower in the Mira and Ria Aveiro. Considering the five species 

simultaneously, significant variation of individual element concentration amongst estuaries was 

only observed for Zn, with higher values in juveniles from the Douro estuary and lower in the 

Mira (Fig. 2 and Table 5). 

 
 

Table 5. Inter-estuarine variation in trace metal concentration. Results of ANOVA comparisons and 
respective Tukey post-hoc multiple comparisons tests for Cu and Zn  concentrations in muscle of juvenile 
Solea solea, Solea senegalensis, Platichthys flesus, Diplodus vulgaris and Dicentrarchus labrax amongst 
estuaries along the Portuguese coast (D - Douro, RA - Ria de Aveiro, Mo - Mondego, T - Tejo, S - Sado, 
Mir - Mira, RF - Ria Formosa and  G - Guadiana). * P < 0.05, ** P <0.01, *** P < 0.001, ns - non-significant; 
different numbers (in superscript) among estuaries represent significant differences at P < 0.05 in Tukey 
post-hoc tests, na - post-hoc tests not applicable. 
 

ANOVA 
Species Element 

df F P 
Tukey post-hoc test 

All species Cu 7 0.57 ns na 
 Zn 7 7.35 *** D1 RA1,2 Mo1,2 T2 S2,4 Mir3,4 RF1,2 G1,2 
S. solea Cu 4 0.51 ns na 
 Zn 4 1.63 ns na 
S. senegalensis Cu 1 0.27 ns na 
 Zn 1 0.09 ns na 
P. flesus Cu 2 1.87 ns na 
 Zn 2 2.90 ns na 
D. vulgaris Cu 6 2.95 * -       -       -     S1 Mir1 -       - 
 Zn 6 26.13 *** RA1 Mo2,3 T2,3 S2 Mir1 RF3 G3  
D. labrax Cu 3 0.18 ns na 
 Zn 3 1.03 ns na 
 

 

4. Discussion 
Contamination by trace elements (Cu, Zn, Cd and Pb) determined for 0-group juveniles of 

five commercially important fish species in the main estuarine nursery areas along the 

Portuguese coast demonstrated: (1) similar levels of contamination in juveniles amongst all 

analysed estuaries, with the exception of juvenile D. vulgaris; (2) low concentrations of Cu and 

Zn;  and (3) very low concentrations of Cd and Pb, at this early life stage, even though for the 

majority of the estuaries moderate levels of anthropogenic pressures and water/sediment/biota 

contamination by these elements has been previously reported. 

Metal uptake in fish is influenced by multiple factors and has been shown to result from 

several sources (water, particulate material, sediment and food) (Livingstone 2001). 

Comparatively with pollution levels in other estuaries worldwide and considering guidelines for 

sediment quality classification (DelValls et al. 1998, Miramand et al. 1998, Ruiz 2001), the 

estuaries along the Portuguese coast have been acknowledged to have generally low to 

moderate mean pollution levels by trace metals, with highest levels found in the Tejo and Sado 
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estuaries and lowest in the Mira and Mondego. In six of the sampled estuaries, several sites 

have contaminations above the Effects Range Low (ERL) [i.e. concentrations at which 

occasional effects on resident organisms occur, as described by Long et al. (1995)] for Cu and 

Zn; and Ria de Aveiro, Tejo, Sado and Guadiana estuaries also have concentrations above 

ERL for Cd and/or Pb (INAG unpublished data, Padinha et al. 2000, Ruiz 2001, Monterroso et 

al. 2003, Vinagre et al. 2004, Caeiro et al. 2005, França et al. 2005, Mucha et al. 2005, Pereira 

et al. 2005, Cardoso et al. 2008). Mining and industrial activities have been identified as the 

most representative sources of these metals into the drainage basins or directly into these 

estuaries (Quevauviller et al. 1989, Cortesão & Vale 1995). However, in the last decade, a small 

tendency for decrease in the contamination of recent sediment layers has been found in some 

of these systems most probably as a result of decreases in contaminant inputs (Monterroso et 

al. 2007). Despite the registered contamination levels, the bioavailability of these metals in the 

sediment has been suggested to be low (Monterroso et al. 2007). 

On the other hand, the role of metal uptake via bio-transference from feeding prey and the 

bio-magnification of metal contamination through food webs is still not fully resolved (Barwick & 

Maher 2003). The contamination of estuarine biological compartments, such as benthic 

invertebrate communities which are the main prey items for the presently analysed fish species 

(as summarized in Reis-Santos et al. 2008), should therefore be considered as a noteworthy 

source for the potential contamination. Contamination by trace metals in benthic invertebrate 

communities of the Douro and Tejo estuary has been reported to be moderate to high, with 

invertebrates from some sites presenting metal concentrations characteristic of heavily 

contaminated estuaries and others, including sites of the present study, with low levels of 

contamination (França et al. 2005, Mucha et al. 2005, Cardoso et al. 2008). 

The analysed elements present toxic effects for biota above certain concentrations and 

differ fundamentally in their function and regulation in aquatic organisms. Moreover, their uptake 

is differentially influenced by bioavailability. Cu and Zn are essential elements (i.e. 

micronutrients necessary for body functioning which cannot be synthesized and are obtained 

externally via diet), as they are, respectively, a component of numerous oxidation-reduction 

enzyme systems and component or cofactor in many important enzyme systems. Both are 

efficiently regulated by most aquatic organisms, particularly fish (Amiard et al. 1987, Vallee & 

Auld 1990, Beinert 1996) even though they become toxic above certain concentrations. On the 

other hand, Cd and Pb have no organic functions and are not regulated by aquatic organisms 

(Amiard et al. 1987). 

The high energy requirements, metabolism and growth rates characteristics of juvenile life 

periods are likely responsible for the incorporation of the observed levels of Cu and Zn in the 

presently analysed juveniles (as suggested in Henry et al. 2004), since these essential 

elements are abundant in sampled estuarine environments. However, very low contamination 

by non-essential trace elements Cd and Pb, which are less abundant and/or bioavailable in 

estuarine systems, was observed. This is in agreement with: the registered low direct uptake 

and accumulation of metals observed for flatfish species (namely S. solea and P. flesus) after 
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short time period trials (1-3 months) in estuarine sites with heavily contaminated sediments, 

specifically slight increase in Cu and Zn but no increase in Cd and Pb (Berge & Brevik 1996), 

and the observed variability in metal uptake of fish in contaminated sediments (Beyer et al. 

1996). The already referred low bioavailability of trace metals in sediment or feeding prey is 

suggested to play a role in the variability of metal uptake (Beyer et al. 1996, Bragigand et al. 

2004). Even though 0-group juveniles analysed in the present study inhabited in most cases 

areas with contaminated sediment, water and prey, due to the restricted time frame spent by 

these juveniles in each estuary (ca. 2 to 5 months, from the moment of estuarine colonization to 

the moment of capture, depending on species and cohort) low levels of contamination by Cd 

and Pb were attained. Data from studies on similar early life history stages of fish are not 

available hindering possible comparisons. 

Considering that the juveniles of the five fish species collected in putative nursery sites 

within the main estuarine systems of the Portuguese coast presented very low concentrations of 

Cd and Pb, the overall direct impact of anthropogenic disturbances in terms of trace metal loads 

in juveniles during their first months of life in estuaries is low. As a result, juveniles leaving the 

estuaries to join off-shore stocks during the first year of life, which for the majority of the 

individuals starts 6 to 12 months after entrance, carry low levels of contamination. Nevertheless, 

juveniles that spend increased periods in an estuary, which occurs in some of the estuaries, will 

be exposed to pollution loads for a more prolonged period of time increasing their chances of 

elevated contaminant concentrations. The latter is concurrent with previous results for some of 

the analysed species and estuaries, namely P. flesus in the Douro (Vinagre et al. 2004) and S. 

senegalensis in the Tejo estuary (França et al. 2005), on older fish (> 1-group) still found within 

estuaries. In both these studies, individuals presented levels of Cu and Zn similar to the ones 

reported in the current study but higher levels of contamination by Cd and Pb (in P. flesus 0.39 

and 2.81 µg g-1 dw and in S. senegalensis 0.53 µg g-1 dw and 2.3 µg g-1 dw, respectively). 

Moreover, the presently analysed fish species have, in general, been reported to have lower 

contamination levels then other resident or long-term inhabitants (e.g. Pomatoschistus minutus, 

Liza ramada, Anguilla anguilla) in the same estuarine environments, emphasising the combined 

role of residence time and diet on contamination (Durrieu et al. 2005, França et al. 2005). 

Differences in individual muscle contamination in a fish species amongst differently 

contaminated sites are commonly reported (Bolton et al. 2004, Usero et al. 2004, Henry et al. 

2004). Nevertheless, metal contamination in 0-group juveniles did not differ amongst estuaries, 

with the exception of D. vulgaris. Variability in body loads of Cu and Zn amongst the sampled 

estuaries in D. vulgaris may be due to the fact that this species was analysed in a wider set of 

estuaries. Species occurrence amongst these estuarine nurseries differs, as do habitat use 

patterns within them, and D. vulgaris is mostly found in the lower estuarine areas in contrast 

with the remaining species. Consequently, some of the estuaries (Ria Formosa and Guadiana) 

and estuarine sites (Mira - Moínho da Asneira, Mondego - Gala, Ria de Aveiro - Canal de 

Ílhavo) comprised in the analysis of D. vulgaris, were not included for the remaining species as 

they are not known nursery areas and in most cases specimens are not found there. 
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In terms of the human health risk of consumption of juveniles of these species, the 

concentrations of the four analysed elements are well below the European standards and 

guidelines for trace metals in fish and shellfish (Commission Regulation EC N. 1881/2006) (4-

fold below for Zn and Cd, 13-fold below for Pb, 40-fold below for Cu) and represent no concern. 

This is particularly relevant for common sole and Senegalese sole which, although having a 

minimum landing size, are commonly targeted as juveniles in estuarine fisheries [e.g. in Tejo 

estuary (Gamito & Cabral 2003)]. 

The observed differences in contamination amongst the different fish species, either in the 

estuaries overall or in the same estuarine site, are in agreement with differences reported 

among other species and estuarine or coastal areas (Henry et al. 2004, Durrieu et al. 2005). 

Higher Cu concentrations were found in the two perciformes species (D. vulgaris and D. labrax) 

and higher Zn concentrations in P. flesus. These differences can be attributable to both 

physiological and ecological factors, particularly considering that these are essential elements. 

Due to possible variations in metabolism and physiological regulation of metal uptake and of 

differences in habitat use, foraging habitat and main prey items amongst the five species, 

particularly between flatfish and perciformes, the observed differences in concentration levels 

could be expected. Similar factors were suggested to account for inter-specific variability in 

otolith elemental composition fingerprints in juveniles and estuarine systems (Reis Santos et al. 

2008). Even though flatfish species are considered to be particularly exposed to sediment metal 

contamination, since they live in close association with the sediment (Johnson et al. 1998, 

Bolton et al. 2004), other species which also depend directly on the bottom for feeding, as D. 

labrax and D. vulgaris, are also vulnerable. 

Differential contribution of estuaries to adult habitats (i.e. a different number of juveniles 

exported) is generally expected (Beck et al. 2001) as a result of complex relationships between 

species distributions, estuarine colonization and habitat quantity and quality. Through the 

application of otolith elemental fingerprints, different contributions of estuaries along the 

Portuguese coast to marine habitats have been reported for S. solea, S. senegalensis, P. flesus 

and D. labrax; however, reliable evidence for D. vulgaris was not found (Vasconcelos et al. 

2008). Considering the homogeneous low contamination of juveniles amongst source nurseries 

for S. solea, S. senegalensis, P. flesus and D. labrax, the differential connectivity of these 

estuaries with adult habitats does not imply differences in terms of contamination of exported 

fish along the coast. There is no particular source estuary that potentially amplifies the 

contamination of adult stocks. In the Portuguese coast, trace metal contamination in adult S. 

solea has been reported to be very low (Carvalho et al. 2005) however, for the remaining 

species no data are available. 

Although body metal loads provide a simplistic indicator of toxic effects, they yield valuable 

information on potential exposure that can be used to assess trends in the health of aquatic 

ecosystems and provide baseline information for risk assessment regarding the disruption of 

specific ecological functions. Taking into consideration the ecological and economical value of 

these species and their use of estuarine areas as nurseries, this knowledge is of the utmost 
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importance. Future assessments should focus on other contaminant types and individual 

biomarkers responses to further investigate the differential quality of these estuarine nurseries.  
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Discriminating estuarine nurseries for five fish species 
through otolith elemental fingerprints 

 
 

 
Abstract: Chemical composition of otoliths may provide valuable information in establishing 
connectivity between nursery grounds and marine coastal stocks. Juveniles of the commercially 
important fish species Solea solea, S. senegalensis, Platichthys flesus, Diplodus vulgaris and 
Dicentrarchus labrax were captured in 8 estuarine nursery grounds along the Portuguese coast 
in July 2005. Concentrations of Li, Na, Mg, K, Mn, Ni, Cu, Zn, Sr, Cd, Ba and Pb were 
determined in whole juvenile otoliths using solution-based inductively coupled plasma mass 
spectrometry. Significant differences in the concentration of several elements were found 
between estuaries and species using ANOVA and MANOVA. Linear discriminant function 
analysis classified otolith fingerprints between estuaries for all species with good cross-
validated results. Depending on the species, 70.2 to 92.0% of individuals were correctly 
assigned to their estuary of origin, with discrimination success varying with species, estuaries 
and number of estuaries in the analysis. Since accurate classification of juvenile fish to their 
nursery estuary was achieved, fingerprint analysis can be used as a natural habitat tag in 
assigning adult fish to their estuarine nursery. Ultimately the connectivity between Portuguese 
estuarine nursery grounds and coastal areas may be estimated, with possible implications for 
future fisheries and coastal management plans. 

 
Key-words: otolith microchemistry; fingerprint; juvenile fish; estuary; nursery; Portugal 
 

 
 
1. Introduction 
Estuarine systems are recognized worldwide for providing nursery grounds for juveniles of 

numerous fish species (Beck et al. 2001, Able 2005). For several species, larvae are 

transported from coastal areas to the estuaries and juveniles remain there during the first year 

or more, depending on the species, until they recruit to adult marine stocks (Beck et al. 2001, 

Able 2005). 

The definitions and criteria for identification of nursery habitats have evolved. Whereas 

classically a habitat was considered as a nursery based only on high juvenile densities, a few 

years ago the concept was redefined (Beck et al. 2001) and applied to habitats that produce 

relatively more adult recruits per unit area than other juvenile habitats used by a particular 

species. Recently, Dahlgren et al. (2006) outlined the importance of defining ‘effective juvenile 

habitats’ (EJH), which overall contribute most to adult populations. Therefore defining nursery 

areas requires the identification of areas with high juvenile densities and enhanced survival and 

growth rates, as well as the application of specific tools to determine their relative contribution to 

the adult stocks. 

Analysis of major and minor element composition of otoliths has been used as a tool for the 

identification of (1) individuals that have different migratory patterns (Kalish 1990, Tsukamoto & 

Arai 2001), (2) populations or stocks of fish (Campana 1999, Rooker et al. 2003) and (3) natal 

origin to near shore and estuarine habitats (Gillanders & Kingsford 1996, 2000, Thorrold et al. 

1998a, 2001, Dorval et al. 2005, Brown 2006a). This is possible due to some particular 
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properties of otoliths reviewed by Campana (1999), Thresher (1999) and Elsdon & Gillanders 

(2003). Briefly, otoliths are metabolically inert and trace element uptake reflects the surrounding 

physical and chemical environment, although incorporation of some elements is affected by 

physiological regulation. Otoliths are deposited continually and contain daily and annual growth 

rings that can be used as life-history records reflecting habitat change through time, providing 

good natural tags of habitat use. 

Taking into account otolith properties, coastal fish that spent their juvenile period in 

estuaries are expected to have an otolith elemental composition which reflects their estuarine 

life period. The elemental composition of whole juvenile otoliths is commonly used to 

discriminate juvenile sites of origin as it is representative of the juvenile habitat (Thorrold et al. 

1998a, Gillanders & Kingsford 2000, De Pontual et al. 2000, Dorval et al. 2005, Brown 2006b). 

Analysis of different regions of otoliths gives information on separate periods of ontogenetic 

development of the individuals. Point measurements done across daily or annual increments 

have been used to determine timing of migrations and other life history events (Secor & Rooker 

2000), while analysis of the core (juvenile portion) of adult otoliths has allowed the identification 

of the habitat of origin of adult fish by comparison with juvenile elemental fingerprints (Gillanders 

& Kingsford 1996, Thorrold et al. 2001, Brown 2006a). However, before an elemental fingerprint 

can be applied as a natural tag, it must be shown to differ amongst geographical locations 

(Campana et al. 2000). 

Along the Portuguese coast several estuaries have been identified as important nursery 

areas for various commercially important fish species, namely soles Solea solea (Linnaeus, 

1758) and S. senegalensis Kaup, 1858, flounder Platichthys flesus (Linnaeus, 1758), sea 

breams, such as Diplodus vulgaris (Geoffroy Saint-Hilaire, 1817), and sea bass Dicentrarchus 

labrax (Linnaeus, 1758) (Cabral & Costa 1999, Pombo et al. 2002, Veiga et al. 2006, Cabral et 

al. 2007, Martinho et al. 2007). These species are among some of the most valuable to 

Portuguese fisheries, and although their average landings represent only 2.2% of the total 

weight of marine fish captured in mainland Portugal, they represent over 14% of total revenue 

(DGPA – National Directorate of Fisheries and Aquaculture). In view of the commercial 

importance of these species, and their use of or dependence on estuarine environments, it is 

fundamental to address the contribution of Portuguese estuarine nurseries to adult populations. 

To comprehensively evaluate the effective nursery function of these estuaries, it is important to 

analyse the connectivity of nursery areas as a whole, rather than by single species. 

The aim of the present paper is to establish a baseline reference in the use of elemental 

fingerprints in otoliths to identify estuarine nursery origin for fish species of the Portuguese 

coast. Specifically, this was done by identifying and discriminating elemental fingerprints in 

otoliths of juvenile fish of 5 species with different estuarine origins, analysing the variation in 

elemental composition of fish otoliths among estuaries and observing whether common patterns 

are found among species. Successful classification and differentiation between estuaries based 

on otolith chemistry should in the near future allow the identification of estuarine origin of adult 

fish caught in the marine environment. This could be of major importance in establishing the 
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connectivity between estuarine and marine environments and determining the relative 

importance and contribution to the marine fish stocks of Portuguese estuarine nurseries. 

 

2. Materials and Methods 
2.1. Fish collection 
Sampling of age 0 juvenile specimens of Solea solea (common sole), S. senegalensis 

(Senegal sole), Platichthys flesus (flounder), Diplodus vulgaris (common two banded sea 

bream) and Dicentrarchus labrax (sea bass) was carried out using a beam trawl during July 

2005 in the main estuarine systems of the Portuguese coast (Fig. 1): Douro, Ria de Aveiro, 

Mondego, Tejo, Sado, Mira, Ria Formosa and Guadiana. Specimens of each species were 

collected in their main nursery area within the estuaries of their occurrence (Fig. 1). These 

species are the most representative in terms of estuarine nursery use in each system (Cabral & 

Costa 1999, Pombo et al. 2002, Veiga et al. 2006, Cabral et al. 2007, Martinho et al. 2007). To 

avoid temporal variation in otolith chemistry, sampling was carried out in the shortest time frame 

possible (a fortnight). Upon collection, fish were stored and transported on ice to the laboratory 

and preserved frozen until dissection. 

 

 

 
 
Figure 1. Location of estuaries on the Portuguese coast and fish species sampled in each system. 
Species are Solea solea (SS), Solea senegalensis (SN), Platichthys flesus (PF), Diplodus vulgaris (DV) 
and Dicentrarchus labrax (DL). 
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2.2. Otolith preparation 

Ten individuals of each species were selected from each site, and total length and weight of 

each was measured (Table 1). Sagittal otoliths were extracted using plastic forceps under a 

binocular lens, and were preserved in decontaminated Eppendorf microcentrifuge tubes. All 

glassware and plastic containers and implements were first decontaminated by an acid wash in 

10% analytical grade nitric acid (HNO3) (Merck) for 24 h, rinsed with Normapur water and dried 

in a laminar flow positive pressure fume hood. 

Upon extraction, otoliths were cleaned and decontaminated in a laminar flow positive 

pressure fume hood, following a protocol adapted from Rooker et al. (2001): (1) immersion in 

ultrapure water to hydrate biological residues adhering to the surface of the otoliths, (2) 

immersion in 3% analytical grade hydrogen peroxide (H2O2) (Pancreac) for 15 min to dissolve 

biological residues, (3) immersion in 1% HNO3 solution for 10 s to remove superficial 

contamination, (4) doubleimmersion in ultrapure water for 5 min to remove acid (5) storage in 

new previously decontaminated Eppendorf microcentrifuge tubes, left open until dry. 

 

 
Table 1. Solea solea, Solea senegalensis, Platichthys flesus, Diplodus vulgaris, Dicentrarchus labrax. 
Length (mm) and weight (g) (mean and SE) of juvenile fish used for extraction of otoliths and 
determination of elemental fingerprints of estuaries. 
 

Total length (mm) Total weight (g) 
Species n 

Mean SE Mean SE 
Solea solea 50 91 3 7.47 0.65 
Solea senegalensis 30 77 3 4.99 0.59 
Platichthys flesus 30 72 1 4.34 0.38 
Diplodus vulgaris 60 65 1 4.60 0.33 
Dicentrarchus labrax 40 82 3 7.02 0.80 

 

 

2.3. Sample analysis 

Chemical composition of whole juvenile otoliths was determined using a solution based 

technique for inductively coupled plasma mass spectrometry (ICP-MS). 

The preparation for analysis was done in a class 100 (ISO class 5) clean room. 

Decontaminated otoliths were weighed on a microbalance (±0.01 mg), dissolved in 50 µl HNO3 

overnight and diluted with ultrapure water to a final acid concentration of 1% HNO3 (wt/wt). 

Otoliths were analysed using a double focusing magnetic sector field instrument ICP-SF-MS 

(Element2, Thermo Electron Corporation). The instrument is equipped with a compact double-

focusing magnetic sector mass spectrometer of reversed Nier-Johnson geometry. All 

measurements were performed at a medium resolution setting (m/∆m = 4000) to avoid false 

readings from spectral interferences. In the configuration used, the instrument was equipped 

with a microflow nebulizer (PFA-100, Elemental Scientific), operated in the self aspirating mode 

(sample uptake rate ~100 µl min–1). Quantification of trace elements was based on the external 

calibration method preparing multi-element standards containing the elements of interest in the 



CHAPTER 6 

127 

expected concentration range. To minimize the effect of any plasma fluctuations or different 

nebulizer aspiration rates between the samples, 115In at a known concentration was added to all 

samples and standards as an internal standard. Concentrations were calculated by linear 

interpolation (sum of least squares) based on normalization with the internal standard, and on 

calibration curves made from single element standards (Merck KGaA) covering the individual 

expected concentration ranges. The calibration was performed at the beginning of each 

session. The matrix of both the blank and the standard solutions was 1% HNO3. For the 

identification of multi-element fingerprints in otoliths from juveniles, the following elements were 

quantified: 7Li, 23Na, 25Mg, 39K, 42Ca, 48Ca, 55Mn, 60Ni, 65Cu, 66Zn, 86Sr, 88Sr, 111Cd, 137Ba and 
208Pb. Two isotopes were read for Ca and Sr in order to cross-check the occurrence of any 

possible interference. Since no interferences were observed, only 42Ca and 88Sr were used for 

quantification. Otolith samples were read sequentially in random sets of 10, and between sets 2 

fish otolith reference materials were analysed for quality control, viz. (1) NIES-022 (National 

Institute for Environmental Studies, Environment Agency of Japan, Tsukuba-City, Ibaraki, 

Japan), and (2) FEBS-01 (National Research Council Canada, Institute for National 

Measurement Standards, Ottawa, ON, Canada). 

Precision for both standard materials ranged between 2 and 5% RSD (relative standard 

deviation) and was around 25% RSD for the lower abundance elements, such as Ni, Zn, and 

Cd. The limits of detection were calculated from the individual calibration curves using the 3 

sigma criteria (3 × SD of the blanks divided by the sensitivity) and were (in ppb): Li (0.008), Na 

(4.344), Mg (10.698), K (18.041), Ca (12.614), Mn (0.014), Ni (0.068), Cu (0.241), Zn (8.378), Sr 

(0.020), Cd (0.004), Ba (0.017), Pb (0.015). Very few sample readings were below detection 

and did not specifically affect any element. Mean estimates of precision (% RSD) were 

determined for all elements, based on 3 replicate measurements of each otolith sample. Ni and 

Cd measurements were of low precision and hence excluded from the analysis. Remaining 

elements were considered precise, except for 25 samples (11.9% of total samples) that were 

also excluded, since one or more of their elements had a RSD >10%. 

 

2.4. Data analysis 
Concentrations of trace elements (originally in pg g–1) were transformed to ratio to Ca 

(element:Ca ratio) (Thorrold et al. 1998a, Forrester & Swearer 2002, Swearer et al. 2003, 

Dorval et al. 2005, Brown 2006a,b). Raw data for each element were checked for normality and 

homogeneity of variances, and both assumptions were met after log10 transformation. 

Univariate and multivariate statistical techniques were used to explore individual elements 

and multielement fingerprints. Multivariate analysis of variance (MANOVA) was used to detect 

differences in elemental compositions of otoliths between juveniles of different species. For 

each species, differences in otolith chemistry of estuaries were analysed by analysis of variance 

(ANOVA) for each element, and MANOVA was used to test hypotheses regarding differences in 

multi-element compositions of otoliths between estuaries. 

Multi-element compositions of otoliths were analysed using linear discriminant function 
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analysis (LDFA). Linear discriminant functions were built to classify juvenile individuals to one of 

the estuaries from which each species was collected. Classification accuracies of the 

discriminant functions for each species were evaluated through the percentage of correctly 

classified individuals in jacknife (leave-one-out) cross-validations (Gillanders & Kingsford 1996, 

2000, Thorrold et al. 1998a, Swearer et al. 2003, Brazner et al. 2004, Dorval et al. 2005, Brown 

2006a). All assumptions were met, including normality and homogeneity of variance-covariance 

matrices. 

The effect of otolith weight on element:Ca ratio was analysed in order to evaluate any 

possible correlation that might mask the spatial effect and distort the recognition of multi-

element fingerprints for the selected estuaries. As ANOVA showed differences in otolith weights 

between species and also between estuaries for Solea solea (F2,42 = 3.76, P < 0.01), S. 

senegalensis (F2,22 = 27.02, P < 0.01), Diplodus vulgaris (F5,44 = 3.23, P < 0.01) and 

Dicentrarchus labrax (F3,36 = 14.67, P < 0.01), linear regression analysis was performed 

separately for each species to evaluate a possible effect between otolith weight and individual 

element:Ca ratio. Otolith weight was weakly correlated with Na, in S. solea, and with Mg and Sr 

in D. labrax, amongst others. Two distinct procedures, adapted from Gillanders & Kingsford 

(2003) and Brown (2006b), were followed to factor out the effect of otolith weight. The first 

consisted of subtracting the slope of the regression multiplied by the otolith weight. In the 

second procedure, an average otolith weight was determined for each species, and the 

regression was used to estimate the expected element:Ca ratio for each element at this defined 

(average) weight. Subsequently, the specific residual from the regression was added to the 

estimated element:Ca ratio. Both these procedures had little effect on the results, and did not 

change the significance of the initial data nor the corresponding discriminant analysis, therefore 

the original data were utilized. 

 

3. Results 
Through the observation of element:Ca ratio (Fig. 2) some patterns were visible that may be 

relevant for the separation and classification of the estuaries. Ria de Aveiro data showed peaks 

of several elements in different species, namely Zn, Cu and Li for Solea solea, Ba, Cu and Li for 

Platichthys flesus and Mg for both Solea spp. With the exception of Sr and K, element:Ca ratios 

in Diplodus vulgaris from Ria Formosa were generally low. Ba, Pb, Cu, and Li:Ca ratios were 

inverted for S. senegalensis and D. vulgaris between the Tejo and Sado estuaries. Higher 

values of these elements were found in the Tejo for S. senegalensis and in the Sado for D. 

vulgaris. In general, both sole species and flounder showed higher levels of Mn and Zn 

compared to the sea bream and sea bass. 

Significant differences in the elemental composition of otoliths were found between 

juveniles of all species (MANOVA F5,20 = 24.8, P < 0.001). 

ANOVA revealed significant differences between estuaries in otolith chemistry of each of 

the 5 species (Table 2). Mn and Ba were significantly different between estuaries for all 5 

species, while for Li, differences occurred in 4 species. In addition, the following elements were  
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significantly different between estuaries: for Solea solea: Na, Mg, K, Zn; for Platichthys flesus: 

Na, Mg, Cu and Pb; and for Dicentrachus labrax: Na, Mg, K, Sr, and Pb. In Diplodus vulgaris, all 

elements were significantly different between estuaries, and for S. senegalensis, only K and Zn 

were not significant. 

In each species, significant differences were found in the multi-element fingerprints of 

juveniles collected in different estuaries (Table 3). 

 

 

 
 

Figure 2. Solea solea (SS), Solea senegalensis (SN), Platichthys flesus (PF), Diplodus vulgaris (DV) and 
Dicentrarchus labrax (DL). Concentrations (mean + SE, n = 185) of Li, Na, Mg, K, Mn, Cu, Zn, Sr, Ba, Pb 
(µg g–1) in otoliths of juveniles collected in 8 Portuguese estuaries: Douro (D), Ria de Aveiro (A), Mondego 
(Mo), Tejo (T), Sado (S), Mira (Mi), Ria Formosa (RF) and Guadiana (G). 
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Table 2. Solea solea, Solea senegalensis, Platichthys flesus, Diplodus vulgaris, Dicentrarchus labrax. 
Results of ANOVA comparisons of mean element:Ca ratios (Li, Na, Mg, K, Mn, Cu, Zn, Sr, Ba, Pb) in 
otoliths of juveniles collected in 8 estuarine systems on the Portuguese coast. *P <0.05, **P < 0.01, ***P < 
0.001, ns non-significant 
 

S. solea S. senegalensis P. flesus D. vulgaris D. labrax 
Estuary Estuary Estuary Estuary Estuary Element 

F P F P F P F P F P 
Li 19.06 *** 9.47 ** 19.00 *** 11.28 *** 0.45 ns 
Na 6.30 *** 10.10 *** 17.53 *** 4.15 ** 3.01 * 
Mg 3.44 ** 26.68 *** 4.16 * 3.28 * 10.65 *** 
K 18.43 *** 0.93 ns 2.50 ns 5.60 *** 3.06 * 
Mn 24.40 *** 25.97 *** 23.67 *** 8.50 *** 19.64 *** 
Cu 0.84 ns 10.49 *** 8.24 ** 3.63 ** 0.88 ns 
Zn 14.99 *** 3.07 ns 1.27 ns 5.23 *** 0.32 ns 
Sr 0.75 ns 25.12 *** 1.20 ns 15.53 *** 13.15 *** 
Ba 3.36 * 10.73 *** 4.78 * 9.12 *** 6.78 ** 
Pb 1.29 ns 17.38 *** 6.62 ** 16.29 *** 3.96 * 
 

 
Table 3. Solea solea, Solea senegalensis, Platichthys flesus, Diplodus vulgaris, Dicentrarchus labrax. 
Results of MANOVA comparisons of mean element:Ca ratios (Li, Na, Mg, K, Mn, Cu, Zn, Sr, Ba, Pb) in 
otoliths of juveniles collected in 8 estuarine systems of the Portuguese coast. 
 
Species df F P 
S. solea 40 6.44 *** 
S. senegalensis 20 13.24 *** 
P. flesus 20 9.05 *** 
D. vulgaris 50 7.70 *** 
D. labrax 30 7.50 *** 
 

 

Through LDFA, a clear discrimination between the estuaries was achieved for each species 

based on otolith chemical composition, with very good cross-validation results for most of the 

estuaries. Considering- all cross-validation results, 82% of all individuals from the 5 species 

studied were correctly assigned to their estuary of origin (Table 4). 

For Solea solea, 70.2% of all individuals were correctly classified to their estuary of origin. 

Highest classification accuracy was reached in the Douro estuary (100%), with high rates for 

Tejo and Mira (70 and 90%) and poor results for discerning individuals from the Mondego 

estuary (12.5%). The first 2 canonical discriminant functions defined in the LDFA accounted for 

92.2% of total variance, and discrimination was based on differences in Mn, K, Li and Zn. 

Solea senegalensis individuals were correctly cross-validated in 92% of the cases for the 3 

estuaries. The best classification results occurred for Ria de Aveiro and Tejo estuaries (100%), 

and there were high classification results for the Sado estuary (75%). LDFA defined 2 canonical 

discriminant functions that explained all variance. Discrimination was mainly based on 

differences in Mg, Mn, Sr, Na and Cu. 

Cross-validation results for Platichthys flesus revealed 89.3% of correctly classified 

individuals, with high classification rates for the Douro, Ria de Aveiro and Mondego estuaries  
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Table 4. Solea solea, Solea senegalensis, Platichthys flesus, Diplodus vulgaris, Dicentrarchus labrax. 
Cross-validated classification results (%) of discriminant function analysis of juveniles. Specimens were 
collected from Douro (D), Ria de Aveiro (A), Mondego (Mo), Tejo (T), Sado (S), Mira (Mi), Ria Formosa 
(RF) and Guadiana (G), and classification to an estuary was based on multielement fingerprints (Li, Na, 
Mg, K, Mn, Cu, Zn, Sr, Ba and Pb). Values in bold indicate percentage of fish correctly classified to their 
estuary of origin. n = number of individuals. 
 

Species Estuary Predicted estuary n 
  D A Mo T S Mi RF G  
S. soleaa D 100.0 0 0 0  0   10 
 A 0 66.7 22.2 0  11.1   9 
 Mo 0 25.0 12.5 37.5  25.0   8 
 T 0 0 20 70.0  10.0   10 
 Mi 0 0 0 10.0  90.0   10 
a70.2% of all individuals correctly classified to their estuary of origin 

           
S. senegalensisb A  100.0  0 0    8 

 T  0  100.0 0    10 
 S  0  25.0 75.0    8 

b92.0% of all individuals correctly classified to their estuary of origin   
           

P. flesusc D 100 0 0      10 
 A 12.5 87.5 0      8 
 Mo 0 20.0 80.0      10 

c89.3% of all individuals correctly classified to their estuary of origin 
           

D. vulgarisd Mo   100.0 0 0 0 0 0 9 
 T   0 77.8 0 22.2 0 0 9 
 S   0 14.3 85.7 0 0 0 7 
 Mi   0 22.2 0 77.8 0 0 9 
 RF   0 14.3 0 0 85.7 0 7 
 G   0 22.2 0 0 0 77.8 9 
d84.0% of all individuals correctly classified to their estuary of origin 

           
D. labraxe A  75.0 0 25.0  0   8 
 Mo  0 75.0 25.0  0   8 
 T  0 33.3 66.7  0   9 
 Mi  0 10.0 0  90.0   10 
e77.1% of all individuals correctly classified to their estuary of origin    

 

 

(between 100 and 80%). Total variance was explained by the 2 defined canonical discriminant 

functions, and discrimination was based mainly on differences in Mn, Na and Li between 

estuaries. 

Diplodus vulgaris had high cross-validation results (84.0%), due to good classification rates 

among most of the estuaries from the Mondego (100%) to the Tejo, Mira and Guadiana 

estuaries (77.8%). The first 2 canonical discriminant functions of the LDFA explained 76.4% of 

total variance. Discrimination of estuaries in the first 2 functions was based on differences in Pb, 

K, Mn, Ba and Li. 

For Dicentrarchus labrax, cross-validation rate was 77.1%. High classification occurred for 

Ria de Aveiro, Mondego and Mira estuaries (75 to 90%), but was only moderate for the Tejo 
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(66.7%). The first 2 canonical discriminant functions of the LDFA explained 93.5% of total 

variance. Discrimination was mainly based on differences in Mg, Mn, Sr, Pb and Ba amongst 

the estuaries. 

Pooling all species, the percentage of correct classification also varied between estuaries. 

The Douro (100%) was the best discriminated estuary. The Mondego was the worst (72.7%), 

due to the results with Solea solea, and the remaining estuaries had correct classification 

results between 77.8 (Guadiana) and 85.7% (Ria Formosa). 

 
4. Discussion 
Chemical composition of otoliths from juveniles of 5 species collected in 8 estuaries of the 

Portuguese coast allowed accurate discrimination of their origins, and may prove useful as a 

natural tag of estuarine nursery origin. Ratios to Ca results of major and minor elements (Li, Na, 

Mg, K, Ca, Mn, Cu, Zn, Sr, Ba and Pb) analysed through univariate and multivariate techniques 

and through discriminant analysis correctly classified 82% of all individuals to their estuary of 

origin. 

Elements identified by ANOVA as significantly different between estuaries for each species, 

namely with P < 0.001, had higher canonical correlation coefficients in the first 2 discriminant 

functions of the LDFA. The key elements for the discrimination of these estuaries differed with 

species, which also suggests that otolith fingerprints should be determined for each species, 

particularly if this is to be used as the basis for identifying estuarine origin of adults. Other 

studies also found differences in otolith fingerprints between several species (Dove et al. 1996, 

Gillanders & Kingsford 2003, Swearer et al. 2003). 

Several authors have built discrimination models based on a reduced number of elements, 

although they initially analysed a large set (De Pontual et al. 2000, Forrester & Swearer 2002, 

Brazner et al. 2004). Attempts were made to define a reduced core of statistically significant 

elements that would best fit all species and estuaries, but this did not improve the differentiation 

between estuaries. The best outcome for all species and estuaries in this study was obtained 

using all elements analysed. The discrimination in each species may require only a set of 

relevant elements, but the complete group is more reliable in defining the fingerprint of each 

estuary. A larger set of diagnostic elements in the analysis increased the complexity of the 

signal read in each estuary and allowed an accurate discrimination of the estuaries for the 5 

species. Considering this, and from a cost-benefit perspective, discrimination of natal estuaries 

individually for these 5 species could be achieved using a reduced set of elements. However, if 

the objective is to ascertain otolith fingerprints for several species in a number of estuaries, then 

the use of a wide array of elements is recommended. 

In terms of classification accuracies, similar results have been found for juvenile Pelates 

sexlineatus from 7 Australian estuaries, with 50 to 100% of individuals correctly classified in a 2 

yr study, averaging around 75% each year (Gillanders & Kingsford 2000). Variations in otolith 

fingerprints of 3 Sparidae species also distinguished a number of Australian estuaries 

(Gillanders & Kingsford 2003) and high classification rates (above 80%) were also found for 

Cynoscion nebulosus in Chesapeake Bay, USA (Dorval et al. 2005) and for Cynoscion regalis in 
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estuaries along the eastern coast of the USA (Thorrold et al. 1998a). Our results were 

equivalent to those obtained in these studies, with several 100% correct classifications, and a 

minimum cross validated classification for a species of 70.2%. However, it is noteworthy that to 

achieve the present results, it was not necessary to proceed to site pooling (Gillanders & 

Kingsford 2003), or combinations of different techniques (e.g. isotopic analysis of the otoliths, in 

addition to trace element analysis; Thorrold et al. 1998a). 

In the Bay of Biscay, up to 91% of Solea solea juveniles were correctly assigned to their 

origin (De Pontual et al. 2000), but few other studies have used these techniques for European 

estuaries (Daverat et al. 2004), or coastal areas (Gillanders et al. 2001, Geffen et al. 2003). It is 

of fundamental importance to address this issue for improvement of stock assessments and for 

common stock management, because these estuarine environments are significant nursery 

areas for several highly commercial species intensively fished within the European Union. In 

recent years, research has been focused mainly on stock discrimination or natal origin of marine 

species in the North Eastern Atlantic, Mediterranean and North seas (Rooker et al. 2003, Swan 

et al. 2006). 

Our success in distinguishing individuals and assigning them correctly to estuaries 

depended on species, estuary and number of estuaries in the analysis. The Douro estuary was 

the best discriminated estuary, and among species Solea senegalensis was most often 

correctly classified. S. senegalensis and Platichthys flesus collected in a smaller number of 

estuaries produced higher cross-validation results than species sampled in larger sets of 

estuaries. Analysing 3 Sparidae species, Gillanders & Kingsford (2003) also found that overlap 

in elemental fingerprints was higher with an increase in the number of sampled estuaries, and 

stated that lower classification rates may restrict discrimination to groups of estuaries, rather 

than to individual estuaries. Solutions for this challenge may involve the analysis of a broader 

set of elements and stable isotopes, in order to define a unique fingerprint of each estuary. 

Classification accuracies can be improved in poorly classified habitats by combining the use of 

trace elements and stable isotopes (δ13C and δ18O) (Thorrold et al. 1998a, 2001). The 

importance of isotopic ratios in connectivity studies has been reviewed by Herzka (2005), and 

recently the advantages of ‘rare earth elements’ (REE) have also been explored (Dorval et al. 

2005). Although high cross-validated classifications were achieved for the Portuguese estuaries 

analysed, application of these additional techniques might prove valuable in achieving better 

discriminations for S. solea from the Mondego estuary, and Dicentrarchus labrax (for all 

estuaries) to levels approaching those obtained for the remaining species. 

There were strong differences in elemental composition of otoliths of juvenile fish from 

different estuaries and species sampled. These spatial differences are the result of several 

factors that influence the chemical composition of otoliths in a complex manner governed by 

numerous biological and geological sources (Campana 1999). Although still not fully 

understood, several factors, including temperature and salinity, are known to influence the 

incorporation of some elements into otoliths. Water chemistry is assumed to be the primary 

source of elements incorporated into otoliths, whilst diet has a minimal effect in uptake (see 
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reviews by Campana 1999, Thresher 1999, Elsdon & Gillanders 2003). The geological 

composition of the watersheds and differences in sediment type, water flow, salinity range and 

location of the nursery grounds within the estuary (summarized for these estuaries by Cabral et 

al. 2007) are suggested as factors responsible for spatial variations in the multi-element 

fingerprints. Differences between the 5 species in the sampled estuaries, particularly between 

Pleuronectiforme and Perciforme species, may be attributable to different incorporation of 

elements by physiological and ontogenetic regulation, habitat use (bentho-pelagic or benthic), 

estuarine residence time after larval entry and diet. Even though much remains to be 

investigated, especially concerning incorporation mechanisms, this does not compromise the 

validity of the analysis of elemental fingerprints as habitat use tags (Thorrold et al. 1998b). 

Differential anthropogenic pressures exist between the estuaries sampled, namely in water 

and sediment contamination (Vasconcelos et al. 2007). Concentrations of elements such as Cu, 

Zn, Mn, Cd and Pb in estuarine systems are greatly enriched by human activity and are often 

used in otolith fingerprint studies with good discrimination results (Gillanders & Kingsford 1996, 

2003, Forrester & Swearer 2002, Geffen et al. 2003). Our analysis of these elements proved 

useful and corroborated expectations, since they showed high correlations in the discrimination 

functions. Existing knowledge of sources and contamination levels that influence water 

chemistry are valuable in selecting elements which may be worthwhile analysing for 

discrimination purposes. 

Since older individuals may migrate out of the nursery area (Coggan & Dando 1988, Cabral 

& Costa 1999), variations in otolith composition due to shifts in habitat use with age are 

minimized by analysing young age 0 juveniles. All fish were captured in the same time period 

and are expected to have similar estuarine residence times. The observed differences in total 

length and otolith weights between fish of several estuaries are considered a result of the 

differing estuarine conditions (temperature, salinity, food availability, inter and intra specific 

competition, amongst others) that influence fish growth. The differences in otolith weights for 

Senegalese sole, sea bream and sea bass, did not affect the patterns for discrimination of the 

spatial variation of otolith chemistry. Gillanders & Kingsford (2003) also obtained analogous 

classification results using the original and detrended data for otolith weight effect. 

Spatial discrimination and classification were highly successful for all 5 species, with 

misclassification problems occurring only for Solea solea specimens from the Mondego estuary, 

which were mostly classified as originating from the Tejo. As for S. solea, misclassified sea bass 

from the Mondego were classified as belonging to the Tejo. The lack of differences in otolith 

chemistry may imply that the environments are relatively homogeneous (Thresher 1999, 

Gillanders et al. 2001) between the nursery areas, hence the overlap in discrimination. 

Moreover, Platichthys flesus collected from the same site as S. solea were correctly identified, 

but not discriminated against the Tejo. Difficulties in identifying the Mondego estuary may 

diminish with the use of new elements, including REE and stable isotopes. Misclassifications of 

individuals are not easily interpreted, but they are still important steps towards understanding 

the limits and possibilities of these techniques. 
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Successful discrimination of estuarine nurseries was accomplished through otolith 

elemental fingerprints, fulfilling one of the requirements for their possible use as natural tags 

(Campana et al. 2000). Estuarine origin of juvenile fish was accurately identified based on 

otolith fingerprints, which were established separately for each species since a chemical 

signature common to all species representing one estuary was not achieved. Several 

methodologies based on laser ablation (Thorrold et al. 2001, Gillanders 2002) or solution-based 

ICP-MS (Gillanders & Kingsford 1996, Gillanders 2005, Brown 2006a) could be used to 

determine elemental fingerprints found in the otolith cores of adult fish caught off the 

Portuguese coast for comparison with the juvenile estuarine fingerprints we have established. 

The comparison should be made by application of the discriminant canonical functions obtained 

from juveniles to the adult data (Gillanders & Kingsford 1996, Thorrold et al. 2001, Brown 

2006a). Future research on elemental fingerprints and on the identification of adults originating 

from each estuarine nursery will ultimately allow the quantification of the relative contribution of 

each of these areas. For management, a multi-species approach should provide more relevant 

information on the nursery value and ecological importance of these estuaries, since the 

complementary use of a selected group of species may result in information different from an 

approach based on single species. 

To be truly effective, connectivity assessments should characterize all possible contributing 

estuaries and the element concentrations in the otolith core must remain stable between 

juveniles and adults (Campana 1999). In order to avoid misclassification of individuals 

originating from uncharacterized estuaries, research on juvenile fingerprints was directed to the 

main Portuguese estuaries, which potentially contribute most to coastal stocks. Present results 

are a step towards establishing juvenile movement to adult habitats, which must be examined in 

nursery studies (Beck et al. 2001). Additionally, focus should be given in future studies to 

possible intra-estuarine and temporal variations, which have been reported to occur in some 

estuarine systems (Gillanders & Kingsford 2000, Elsdon & Gillanders 2003, Dorval et al. 2005). 

If temporal variability in elemental fingerprints is detected, a library of nursery fingerprints could 

be established and matched against fingerprints from otoliths of adults of the corresponding age 

class (Thorrold et al. 2001, Brazner et al. 2004, Brown 2006b). 

Identifying natal origin, and understanding and estimating connectivity between estuarine 

nurseries and adult populations, has the potential to aid fisheries and integrated coastal 

management, prioritizing management and conservation efforts towards nurseries and effective 

juvenile habitats. 
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Inter-specific variations of otolith chemistry in estuarine fish nurseries 
 

 

 
Abstract: Otolith chemical composition differed between juveniles of five fish species (Solea 
solea, Solea senegalensis, Platichthys flesus, Diplodus vulgaris and Dicentrarchus labrax) in 
nursery areas of six estuaries along the Portuguese coast (Douro, Ria de Aveiro, Mondego, 
Tejo, Sado and Mira). Spatially consistent patterns in the concentration of some elements were 
responsible for differences between species. Discrimination of estuaries using data from all 
species simultaneously averaged 44.7% of correctly classified cases, whilst discrimination of 
species averaged 76.2%. Moreover, species-related patterns in otolith fingerprints were 
highlighted when comparing species for each estuarine nursery area, with intra estuarine 
species discrimination averages ranging from 86.2 to 100.0%. Similarities in the otolith 
elemental fingerprints were larger between species with close phylogeny and ecology, 
particularly between flatfish and perciform species. In addition to the differences in physiological 
regulation of species, specific microhabitat use in a common environment was suggested as a 
relevant factor for the differentiation of otolith chemistry among species occurring in the same 
locations. Despite positive results in specific estuaries, variation in otolith composition limited 
the use of species as proxies to classify others to their system of origin. 

 
Keywords: estuary; inter-species; juvenile fishes; nursery; otolith microchemistry; proxy 
 

 

 

1. Introduction 
In recent years natural variability in the chemical composition of otoliths has been 

investigated to address ecological issues. These generally concern: (1) the identification of 

migratory patterns between habitats or regions throughout different life history stages, often in 

diadromous species (Kalish 1990, Tsukamoto & Arai 2001), (2) the discrimination of fish 

populations or stocks (Edmonds et al. 1991, Campana 1999, Rooker et al. 2003) and (3) the 
connectivity between juvenile and adult habitats, namely the contribution of different nursery 

areas (Gillanders & Kingsford 1996, Thorrold et al. 2001, Forrester & Swearer 2002, Gillanders 

2005, Brown 2006a). The use of otoliths as life-history records of habitat use is possible due to 

some particular properties reviewed by Campana (1999), Thresher (1999) and Elsdon & 

Gillanders (2003): they are metabolically inert, grow continuously with discernable daily and 

annual growth rings and incorporate trace elements from the environment into the calcium 

matrix as the otolith material accretes. 

In principle, otoliths should be a complete record of exposure to the surrounding 

environment (Campana 1999) and although some experimental studies have shown that otolith 

composition is not necessarily a direct function of the environment (Geffen et al. 1998; Martin & 

Thorrold 2005, Warner et al. 2005), variations in aquatic chemistry are reflected in otolith 

chemistry at least for some elements (Bath et al. 2000, Milton & Chenery 2001, Elsdon & 

Gillanders 2003). Nevertheless, many aspects of otolith structure and composition are still not 

fully understood. Several exogenous and endogenous factors are suggested to influence the 

incorporation of elements into otoliths (Campana 1999, Thresher 1999). As fishes develop, 
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changes in ontogeny and physiology, in otolith crystal structure and in the environment to which 

fishes are exposed to (e.g. temperature and salinity) can affect the incorporation of elements in 

otoliths (Kalish 1989, Gauldie 1996, Tzeng 1996, Brown & Severin 1999, de Pontual et al. 2003, 

Brophy et al. 2004). Despite this, analysis of the chemical composition of otoliths is a valuable 

tool, commonly used to discriminate groups of individuals since it is generally accepted that 

even though much remains to be investigated this does not compromise the validity of the 

analysis of elemental fingerprints, enabling their use as natural tags of habitat use (Thorrold et 

al. 1998a). Numerous studies have found sufficient consistency in the chemical tags of different 

sites to successfully discriminate and identify site of origin of fish species that use estuaries as 

juvenile habitats (de Pontual et al. 2000, Gillanders & Kingsford 2003, Vasconcelos et al. 2007), 

benefiting from the chemical differences found amongst estuarine environments (Thorrold et al. 

1998b) and even amongst intra-estuarine sites at small spatial scales (Gillanders & Kingsford 

2000, Dorval et al. 2005). 

Estuaries worldwide are recognized as putative nursery areas for coastal fish species (Beck 

et al. 2001, Able 2005). Commonly, juveniles of several species take advantage simultaneously 

of the favourable conditions in these areas, namely in terms of food availability and protection 

from predators influencing fish growth rates and mortality (Haedrich 1983, Rooker et al. 1999, 

Beck et al. 2001). Quantifying the movement of individuals from juvenile to adult habitats is 

considered crucial (Beck et al. 2001) and chemical analysis of otoliths should provide vital 

information for the assessment of nurseries and their proportional contribution to fish stocks 

(Gillanders & Kingsford 1996, Thorrold et al. 2001, Forrester & Swearer 2002, Gillanders 2005, 

Brown 2006a). 

To comprehensively evaluate the effective nursery role of estuaries it is important to 

address their connectivity as a whole, considering the multitude of species to which they act as 

a nursery rather than assaying one species in particular. In this context, the ability to use the 

elemental fingerprints of a species as a proxy to classify individuals of other species (Brown 

2006b) could be an appealing feature in the development of connectivity and environmental 

history studies. Differences in the chemical composition of otoliths between fish species, 

however, have been reported for sites in estuaries and adjacent coastal areas (Geffen et al. 

2003, Gillanders & Kingsford 2003, Swearer et al. 2003, Brown 2006b). Currently, little is known 

of the causes of species related differences in otolith composition. Several biological and 

environmental factors have been suggested as possible sources of variation, although few 

experiments have tested these assumptions in several species (Thresher 1999, Elsdon & 

Gillanders 2003).  

The natural variation between species regarding their exposure to different environmental 

conditions provides interesting and diverse matter for the comparison of the biological and 

ecological influences on otolith composition. The objectives of the present study were to 

determine if there were differences in the otolith elemental fingerprints of juveniles of five fish 

species, three flatfish and two perciform species, captured within the same estuarine nursery 

areas and to explore species related variations and patterns in chemical composition, namely if 
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these are associated with ecological and phylogenetic resemblances. If the differences in 

elemental composition of otoliths are mostly due to different environmental factors, then similar 

habitat tags may be present in otoliths of species inhabiting the same sites. With this in 

consideration, the ability to use the habitat tag of a species as a proxy for classification of other 

species present in the same estuaries was also explored. 

 

2. Material and Methods 
2.1. Fish collection 
Sampling of age 0 year juveniles of common sole Solea solea (L., 1758), Senegal sole 

Solea senegalensis Kaup, 1858, flounder Platichthys flesus (L., 1758), common two banded 

sea bream Diplodus vulgaris (Geoffroy Saint-Hilaire, 1817) and European sea bass 

Dicentrarchus labrax (L., 1758) was undertaken with a beam trawl during July 2005 in six 

estuary systems of the Portuguese coast: Douro, Ria de Aveiro, Mondego, Tejo, Sado and Mira 

[Fig. 1(a)]. 

 

 

 
 

Figure 1. (a) Location of the six sampled estuaries of the Portuguese coast (Douro, Ria de Aveiro, 
Mondego, Tejo, Sado and Mira) and fish species sampled in each system: Solea solea (SS), Solea 
senegalensis (SN), Platichthys flesus (PF), Diplodus vulgaris (DV) and Dicentrarchus labrax (DL) and (b) 
location of nursery areas (        ) within each estuary. In the Mondego and Mira Estuaries two distinct 
nursery areas were sampled, represented by i and ii. 
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Displaying a range of ecological features (Table 1), these species are the most 

representative in terms of estuarine nursery use in each system (Costa & Cabral 1999, Cabral 

2000a, Pombo et al. 2002, Vinagre et al. 2005, Cabral et al. 2007, Martinho et al. 2007). Fishes 

were collected in their main nursery area within the estuaries of their occurrence. In most cases 

nursery areas were coincident for several species. Only in two estuaries were different species 

sampled in distinct nursery sites: in the Mondego, S. solea and P. flesus in the north arm near 

Sanfins and D. vulgaris and D. labrax in Pranto, and in the Mira Estuary D. vulgaris near V. N. 

Milfontes and S. solea and D. labrax further upstream beyond Casa Branca [Fig. 1(b)]. To avoid 

temporal variation in otolith chemistry, sampling was carried out in the shortest time frame 

possible (14 days). Upon collection, fishes were stored and transported on ice to the laboratory 

and preserved frozen until dissection. 

 

 
Table 1. Some ecological features of juvenile Solea solea, Solea senegalensis, Platichthys flesus, 
Diplodus vulgaris and Dicentrarchus labrax in estuarine nursery areas of the Portuguese coast: habitat and 
foraging habitat, food items, salinity range and estuarine area preference. 
 

Classification Family Species Habitat; 
foraging habitat Food items 

Salinity range; 
estuarine area 
preference 

Flatfishes Soleidae Solea 
solea 

Benthic, 
burrows into 
sandy and 
muddy 
bottoms; feeds 
on benthic 
prey (on or in 
the sediment) 

Main items: Amphipoda 
(Corophium spp.)a,e,g, 
Polychaetaa,e,f,g, Bivalvia 
(Scrobicularia plana)a,e. 
Minor items: plants and 
algaeg, Decapodaa,e, 
Tanaidaceaf, Amphipodaf, 
Teleosteie 

Oligohaline - 
mesohaline; 
upstream to 
middle 
estuarine areasc 

  Solea 
senegalensis 

Benthic, 
burrows into 
sandy 
and muddy 
bottoms; feeds 
on benthic prey 
(on or in the 
sediment) 

Main items: Amphipoda 
(Corophium spp.)a, 
Polychaetaf (Nereis 
diversicolor)a, Bivalvia 
(Scrobicularia plana)a. 
Minor items: 
Tanaidaceaf, Amphipodaf 

Oligohaline -
mesohaline; 
upstream to 
middle 
estuarine areasc 

 Pleuronectidae Platichthys 
flesus 

Benthic, 
burrows into 
sandy and 
muddy 
bottoms; feeds 
on benthic prey 
(on or in the 
sediment) 

Main items: Amphipoda 
(Corophium spp., 
Gammaridae)e,g. 
Minor items: 
Polychaetae,g, Crangon 
crangong, Bivalviae,g, 
Isopodae, algaee 

Oligohaline -
mesohaline; 
upstream to 
middle 
estuarine areasc 

Perciforms  Sparidae  Diplodus 
vulgaris 

Benthopelagic; 
feeds on 
benthic prey 

Main items: algaed,f, 
Isopodad, Mysidacead, 
Amphipodaf, Bivalviad. 
Minor items: Teleostei 
eggsf, Polychaetaf, Bivalviaf 

Mesohaline -
polyhaline; 
middle to 
downstream 
estuarine areasd,f 

 Moronidae  Dicentrarchus 
labrax 

Demersal; 
feeds on 
benthic and 
benthopelagic 
prey 

Main tems: Crustacea 
(Decapodab,e, Mysidaceab, 
Isopodab), Teleosteif, 
Polychaetae. 
Minor items: 
Insectaf, Mysidaceae, 
Isopodae, Teleosteie 

Mesohaline -
polyhaline; 
upstream to 
middle 
estuarine 
areasb,e 

aCabral 2000b; bCabral & Costa 2001; cCabral et al. 2007 ; dHorta et al. 2004; eMartinho et al. 2007 ; fSá et al. 2006; 
gVinagre et al. 2005. 
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2.2. Otolith preparation 
Ten individuals of each species were selected from each site and total length (Lt) and mass 

measured. Sagittal otoliths were extracted using plastic forceps under a binocular microscope, 

and were preserved in decontaminated Eppendorf (Hamburg, Germany) microcentrifuge tubes. 

All glassware, plastic containers and implements were previously decontaminated by an acid 

wash in 10% analytical grade nitric acid (HNO3) (Merck KGaA, Damstadt, Germany) for 24 h, 

rinsed with Normapur water (Prolabo, Fontenay- sous-Bois, France) and dried in a laminar flow 

positive pressure fume hood. 

Upon extraction, otoliths were cleaned and decontaminated in a laminar flow positive 

pressure fume hood, following a protocol adapted from Rooker et al. (2001): (1) immersion in 

ultrapure water to hydrate biological residues adherent to the surface of the otoliths, (2) 

immersion in 3 % analytical grade hydrogen peroxide (H2O2) (Pancreac, Barcelona, Spain) for 

15 min to dissolve biological residues, (3) immersion in 1% HNO3 solution for 10 s to remove 

superficial contamination, (4) double-immersion in ultrapure water for 5 min to remove acid and 

(5) stored in new previously decontaminated Eppendorf microcentrifuge tubes, left open until 

dry. 

The analytical grade nitric acid used was further purified by a Sub-Boiling Distillation 

System (duoPUR, Milestone-MLS GmbH, Leutkirch, Germany) and diluted with ultrapure 18.2 

Mohm cm-1 water (Milli-Q Element A10 Ultrapure Water Purification System; Millipore, 

Tagelswangen, Switzerland). 

 

2.3. Sample analysis 
Chemical composition of juvenile otoliths was determined using a solution based technique 

for inductively coupled plasma mass spectrometry (ICP-MS). Preparation for analysis was done 

in a class 100 clean room. Decontaminated otoliths were weighed on a microbalance (± 0.01 

mg), dissolved with 50 ml ultrapure HNO3 overnight and diluted with Hiperpur-plus water to a 

final acid concentration of 1% HNO3 (per wet mass).  

Otoliths were analysed using a double-focusing magnetic-sector field instrument ICPSF- 

MS (Element2; Thermo Electron Corporation, Erlangen, Germany). The instrument is equipped 

with a compact double-focusing magnetic-sector mass spectrometer of reversed Nier–Johnson 

geometry. All measurements were performed in a medium resolution setting [m (∆m) -1 = 4000] 

to avoid false readings from spectral interferences. In the configuration used, the instrument 

was equipped with a microflow nebulizer (PFA-100; Elemental Scientific Inc., Omaha, NE, 

U.S.A.), operated in the self aspirating mode (sample uptake rate c. 100 ml min-1). 

Quantification of trace elements was based on the external calibration method preparing multi-

element standards containing the elements of interest in the expected concentration range. To 

minimize the effect of any plasma fluctuations or different nebulizer aspiration rates between the 

samples, a known concentration of 115In was added to all samples and standards as an 

internal standard. Concentrations were calculated by linear interpolation (sum of least squares) 

based on normalization with the internal standard and on the calibration curves made from 
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single element standards (Merck KGaA) covering the individual expected concentration ranges. 

The calibration was performed at the beginning of each session. The matrix of both the blank 

and the standard solutions was 1% HNO3. For the identification of multi-element fingerprints in 

otoliths from juveniles, the following elements were quantified: 7Li, 23Na, 25Mg, 39K, 42Ca, 48Ca, 
55Mn, 60Ni, 65Cu, 66Zn, 86Sr, 88Sr, 111Cd, 137Ba and 208Pb. Two isotopes were read for Ca and Sr 

in order to cross-check the occurrence of any possible interference. Since no interferences were 

observed, for quantification only 42Ca and 88Sr were used. Otolith samples were analysed 

sequentially in random sets of 10, and between sets, two fish otolith reference materials were 

analysed for quality control: (1) NIES-022 (National Institute for Environmental Studies, 

Environment Agency of Japan, Tsukuba, Ibaraki, Japan), and (2) FEBS-01 (National Research 

Council Canada, Institute for National Measurement Standards, Ottawa, Ontario, Canada). 

Accuracy on both standard materials ranged between 2.0 and 5.0% relative standard 

deviation (R.S.D.) and was c. 25.0% R.S.D. for the lower abundant elements, like Ni, Zn and 

Cd. The limits of detection were calculated from the individual calibration curves using the three 

sigma criteria (3 x S.D. of the blanks divided by the sensitivity) and were (in ppb): Li (0.008), Na 

(4.344), Mg (10.698), K (18.041), Ca (12.614), Mn (0.014), Ni (0.068), Cu (0.241), Zn (8.378), Sr 

(0.020), Cd (0.004), Ba (0.017) and Pb (0.015). Very few sample readings were below detection 

for any element. Mean estimates of accuracy (% RSD) based on three replicate measurements 

of each otolith sample, were determined for all elements. Ni and Cd showed low accuracy and 

were not used in the analysis. Remaining elements were considered accurate, except for 25 

samples (11.9% of total samples) that were also excluded from the analysis, since one or more 

of their elements presented > 10.0% RSD. 

 

2.4. Data analysis 
Concentrations of trace elements (originally in pg g-1) were checked for normality and all 

elements were normally distributed after transformation to a ratio to Ca (element:Ca ratio) and 

log10 (Thorrold et al. 1998a, Forrester & Swearer 2002, Swearer et al. 2003, Dorval et al. 2005; 

Brown 2006b). 

Univariate and multivariate statistical techniques were used to explore individual element 

and multi-element fingerprints. All assumptions, including normality, homoscedasticity and 

homogeneity of variance and covariance matrices, were met and the fiducial limit was set at 

0.05 for ANOVA, MANOVA and Tukey post hoc tests. 

For each estuary, differences in otolith chemistry of the fish species were analysed by 

ANOVA and Tukey post hoc tests for each element, and by MANOVA to test hypotheses 

regarding differences in multi-element composition of otoliths. 

Multi-element composition of otoliths were also analysed using linear discriminant function 

analysis (LDFA). Initially, to test if estuaries could be discriminated based on the otolith 

composition of all present species an LDFA was run. Accordingly, linear discriminant functions 

were built to classify juvenile individuals to an estuary and the classification accuracy of the 

discriminant functions was evaluated through the percentage of correctly classified individuals in 
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jacknife (leave-one-out) cross validation. 

To detect similarities in the elemental fingerprints of each species, an LDFA was run 

discriminating fish species with the data from all the sampled estuaries, regardless of the sub-

set of estuaries where they occurred. Classification accuracy of the LDFA was tested as with 

the previous LDFA. 

For each estuary independently, a third LDFA was run to differentiate amongst individuals 

of different species. Classification accuracy of the LDFA was tested as with the previous LDFA. 

Subsequently, LDFA were applied to determine if one species could be used as a proxy for 

another species (Brown 2006b). Two species occurring in the same subset of sampled 

estuaries were selected and LDFA was run on the pooled data set to determine if estuaries 

could still be discriminated. Finally, discriminant functions were defined to differentiate the 

estuarine nursery areas for one of the species and used as a proxy to classify individuals of 

another species, and vice versa. This was applied to all possible pairs of species in the nursery 

areas where both occurred. Classification accuracy of the proxy LDFA was compared with the 

classification success of the classified species. 

 

3. Results 
Otolith elemental concentrations varied amongst species and estuaries (Fig. 2), with no 

common pattern discernible for all elements either amongst species or estuaries. Concentration 

peaks occurred for Sr and Pb in S. senegalensis in the Tejo and Sado Estuaries, as well as Mg 

in Ria de Aveiro. Cu and Ba in P. flesus and Mn in S. solea of the Mira Estuary also had higher 

concentrations than the remaining individuals.  

The analyses of variance (ANOVA and MANOVA) revealed significant differences in the 

concentration of elements between species. MANOVA analyses found significant differences in 

otolith multi-element concentrations between species for each estuary: Douro, F = 11.35, P < 

0.001; Ria de Aveiro, F = 6.37, P < 0.001; Mondego, F = 17.40, P < 0.001; Tejo, F = 15.30, P < 

0.001; Sado, F = 16.82, P < 0.01 and Mira F = 19.20, P < 0.001. These differences were also 

substantiated with ANOVA as analysed elements varied significantly amongst species (Table 

2). Tukey post hoc multiple comparisons tests (in Fig. 2) revealed that Zn was the only element 

significantly different in all estuaries whereas Na and Pb only differed between species in three 

estuaries. Within the Mondego and Tejo, the level of variation among species was greater, with 

nine elements significantly different amongst them. In contrast, the Douro and Sado were the 

estuaries where the least elements varied significantly between species. 

Species related patterns in otolith element composition were observable across sites for 

some elements. Otolith composition varied significantly between the two species of Solea spp. 

for all elements in the Tejo estuary with the exception of Mg, which was also the only 

significantly different element in Ria de Aveiro. Elemental concentrations in the Douro and Ria 

de Aveiro were similar between S. solea and P. flesus; only four and three elements were 

different in each estuary, respectively, whilst in Mondego six of the elements were significantly 

different. Diplodus vulgaris and D. labrax coexisted in the Mondego, Tejo and Mira estuaries  
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Figure 2. Mean ± SE concentrations (a) Na, (b) Sr, (c) K, (d) Mg, (e) Ba, (f) Mn, (g) Zn, (h) Cu, (i) Pb and 
(j) Li in otoliths of juvenile Solea solea (    ), Solea senegalensis (    ), Platichthys flesus (    ), Diplodus 
vulgaris (    ) and Dicentrarchus labrax (    ), collected in six estuarine nursery areas of the Portuguese 
coast: Douro, Ria de Aveiro, Mondego, Tejo, Sado and Mira; when present. Significant differences, by 
ANOVA and Tukey post hoc multiple comparisons tests, of element concentrations between species in 
each estuary are represented with different numbers above the bars. 
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Table 2. Results of ANOVA for differences in otolith element concentrations (Li, Na, Mg, K, Mn, Cu, Zn, Sr, 
Ba and Pb) between species (Solea solea, Solea senegalensis, Platichthys flesus, Diplodus vulgaris and 
Dicentrarchus labrax) within nursery areas of the Douro, Ria de Aveiro, Mondego, Tejo, Sado and Mira 
estuaries. * P < 0.05, **P < 0.01, ***P < 0.001, ns non-significant (P > 0.05) 
 

Douro Ria de Aveiro Mondego Tejo Sado Mira 
Element 

F1,18 P F3,25 P F3,33 P F3,35 P F1,13 P F2,27 P 
Li 10.96 ** 1.08 ns 14.95 *** 17.40 *** 3.11 ns 21.00 *** 
Na 0.14 ns 1.62 ns 43.90 *** 20.62 *** 2.71 ns 23.95 *** 
Mg 21.50 *** 8.97 *** 3.05 * 0.32 ns 0.00 ns 7.55 ** 
K 0.31 ns 3.23 * 18.40 *** 20.92 *** 0.20 ns 43.71 *** 
Mn 1.06 ns 9.26 *** 38.40 *** 40.45 *** 21.41 *** 7.54 ** 
Cu 8.34 ** 3.70 * 3.35 * 16.70 *** 1.33 ns 1.47 ns 
Zn 76.29 *** 3.21 * 4.59 ** 17.80 *** 8.83 * 7.71 ** 
Sr 3.21 ns 4.32 * 17.96 *** 14.81 *** 12.38 ** 3.04 ns 
Ba 0.35 ns 5.06 ** 8.99 *** 7.01 *** 0.00 ns 65.42 *** 
Pb 3.72 ns 3.86 * 1.14 ns 102.15 *** 4.81 * 1.96 ns 

 

 

and in each of these estuaries, only three elements varied significantly with species. 

Differences in patterns of element concentration were also evident when comparing groups 

of species, namely flatfishes (S. solea, S. senegalensis and P. flesus) and perciforms (D. 

vulgaris and D. labrax), which showed opposing trends in the concentration of K and Mn. In the 

Ria de Aveiro, Mondego, Tejo and Mira Estuaries element concentrations were lower for K and 

higher for Mn in the flatfishes than in the perciforms. Likewise, variations were also found 

between both groups of species for Na, Zn and Pb in some estuaries, but with no defined trend.  

Estuary discrimination through LDFA with the data from all species had low classification 

results (overall 44.7% of correctly classified cases; Table 3). In contrast, the classification of 

species with the collective data set achieved a total of 76.2% correctly classified cross-validated 

cases (Table 4). Species classification in the latter LDFA varied from 68.0 (S. solea) to 100.0% 

(S. senegalensis) with 78.1% of total variance explained in the first two axes. Each species 

presented well-defined groups around the centroids, with the three flatfish species mainly 

 

 
Table 3. Discrimination of estuaries based on the collective otolith multi-element fingerprints (Li, Na, Mg, 
K, Mn, Cu, Zn, Sr, Ba and Pb) of the five analysed species. Cross-validated classification results (%) of 
linear discriminant function analysis (LDFA) of juveniles of Solea solea, Solea senegalensis, Platichthys 
flesus, Diplodus vulgaris and Dicentrarchus labrax collected in nursery areas of the Douro, Ria de Aveiro, 
Mondego, Tejo, Sado and Mira estuaries. Values in bold indicate percentage of fishes correctly classified 
to their estuary of origin. 

 
Predicted estuarya 

Source estuary 
Douro R. Aveiro Mondego Tejo Sado Mira n 

Douro 70.2 0.0 15.0 5.0 0.0 10.0 20 
Ria de Aveiro 17.2 41.4 20.7 3.4 13.8 3.4 29 
Mondego 10.8 10.8 40.5 16.2 13.5 8.1 37 
Tejo 7.7 12.8 23.1 12.8 28.2 15.4 39 
Sado 0.0 13.3 0.0 26.7 60.0 0.0 15 
Mira 3.3 3.3 3.3 6.7 13.3 70.0 30 
a44.7 % of all individuals correctly classified to their species. 
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distributed with the first canonical discriminant function whilst the two perciforms by the second 

(Fig. 3). Sr, Mn, Pb, Na, K and Zn had the highest standardized canonical coefficients with the 

first two functions. 

 

 
Table 4. Discrimination of species based on the collective otolith multi-element fingerprints (Li, Na, Mg, K, 
Mn, Cu, Zn, Sr, Ba and Pb) in the six analysed estuaries. Cross-validated classification results (%) of linear 
discriminant function analysis (LDFA) of juveniles of Solea solea, Solea senegalensis, Platichthys flesus, 
Diplodus vulgaris and Dicentrarchus labrax collected in nursery areas of the Douro, Ria de Aveiro, 
Mondego, Tejo, Sado and Mira estuaries. Values in bold indicate percentage of fish correctly classified to 
their species. 
 

Predicted speciesa 
Source species 

S. solea S. senegalensis P. flesus D. vulgaris D. labrax n 
S. solea 68.1 10.6 4.3 2.1 14.9 47 
S. senegalensis 0.0 100.0 0.0 0.0 0.0 25 
P. flesus 0.0 0.0 85.7 0.0 14.3 28 
D. vulgaris 1.9 1.9 5.6 68.5 22.2 54 
D. labrax 2.9 2.9 2.9 17.1 74.3 35 

a76.2 % of all individuals correctly classified to their species. 
 

 

 
 
Figure 3. Discrimination of species based on the collective otolith multi-element fingerprints (Li, Na, Mg, K, 
Mn, Cu, Zn, Sr, Ba and Pb) in the six estuaries analysed (see Fig. 1). Plot of linear discriminant function 
analysis (LDFA) of juveniles of Solea solea (     ), Solea senegalensis (     ), Platichthys flesus (     ), 
Diplodus vulgaris (     ) and Dicentrarchus labrax (     ) collected in nursery areas of the Douro, Ria de 
Aveiro, Mondego, Tejo, Sado and Mira Estuaries. Group centroids are also represented (     ). Elements 
that contributed most to the first two canonical functions of LDFA are indicated. 
 

 

Discrimination of species present simultaneously in the same estuarine nursery area, based 

on their multi-element fingerprints, had the highest classification results (Table 5). The 

percentage of correctly classified cross-validated cases varied from 86.2 in the Aveiro to 

100.0% in the Mira. Species discrimination differed with estuary. Solea senegalensis was on 

average the best discriminated species (100.0%), whilst P. flesus and D. vulgaris had the lowest 

averages (90.0%). The elements with the highest standardized canonical coefficients also 

varied with estuary (Fig. 4). In Ria de Aveiro, Ba and Mg were the most important for the first  
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Table 5. Discrimination of species based on the otolith multi-element fingerprints (Li, Na, Mg, K, Mn, Cu, 
Zn, Sr, Ba and Pb) in each analysed estuary. Summary table of cross-validated classification results (%) of 
linear discriminant function analysis (LDFA) of juveniles of Solea solea, Solea senegalensis, Platichthys 
flesus, Diplodus vulgaris and Dicentrarchus labrax sampled in the nursery areas of each of the estuaries 
(Douro, Ria de Aveiro, Mondego, Tejo, Sado and Mira). Rows represent the correct species classification 
results for each estuary (incorrect assignments to other species are not shown). 
 

Predicted estuary (site) a 
Source estuary (site) 

S. solea S. senegalensis P. flesus D. vulgaris D. labrax Estuary 
total 

Douro 90.0 - 100.0 - - 95.0 
Ria de Aveiro 66.7 100.0 87.5 - 100.0 86.2 
Mondego - i North arm 100.0 - 80.0 - - 88.9 
Mondego - ii  Pranto - - - 100.0 90.0 94.7 
Tejo 100.0 100.0 - 80.0 80.0 89.7 
Sado - 100.0 - 85.7 - 93.3 
Mira - i Casa Branca 100.0 - - - 100.0 100.0 
Species average 97.5 100.0 90.0 90.0 92.5  

 

 

 
 
Figure 4. Discrimination of species based on the otolith multi-element fingerprints (Li, Na, Mg, K, Mn, Cu, 
Zn, Sr, Ba and Pb) in each of the analysed estuaries. Plots of linear discriminant function analysis (LDFA) 
of juveniles of Solea solea (    ), Solea senegalensis (    ), Platichthys flesus (    ), Diplodus vulgaris (    ) 
and Dicentrarchus labrax (    ) sampled in the nursery areas of each of the following estuaries: (a) Ria de 
Aveiro, (b) Mondego, (c) Tejo and (d) Mira. Group centroids are also represented (   ). Elements that 
contributed most to the first two canonical functions of LDFA are indicated. For the Douro and Sado 
Estuaries no plot is shown since discrimination was based on a single function as only two species were 
present. In the Mondego and Mira Estuaries each nursery area only has two species and in order for plots 
to be drawn, a discrimination of species from the entire estuary is represented. 
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and second discriminant functions, respectively. Sr, Na and Zn were the main variables in the 

discrimination functions for the Mondego Estuary. Sr and Na were also important for the 

discrimination in the Tejo as well as Mn and Pb. In the Mira Estuary, Li, K and Ba had the 

highest canonical factors. As only two species are analysed in the Douro and Sado estuaries, 

discrimination is based on a single function, so no plot is shown. The main elements in the 

discrimination for both these estuaries were: Li, Zn and Mg for the Douro and Mn, Sr and Zn for 

the Sado. Plots for the Mondego and Mira estuaries represent the discrimination of species for 

the entire estuary in both cases, as the two nursery areas in these estuaries also only had two 

species. A clear separation amongst species was obtained in all estuaries, particularly between 

perciform and flatfish species. 

A correspondence between the elements identified by ANOVA as significantly different 

between species and those with higher canonical correlation coefficients in the first two 

discriminant functions of the LDFA was found. 

Despite the differences in otolith composition of the analysed species, good classification 

results were attained pooling the data of some species (Table 6). With pooled data, the best 

discrimination of estuaries was obtained for S. solea and S. senegalensis (88.9%) and the worst 

for the pooling of S. solea and D. labrax (53.7%), with combinations of closely related species 

presenting higher classifications than the remaining. 

 

 
Table 6. Discrimination of estuaries based on otolith multi-element fingerprints (Li, Na, Mg, K, Mn, Cu, Zn, 
Sr, Ba and Pb) pooled for two species. Summary table of cross validated classification results (%) to an 
estuary of linear discriminant function analysis (LDFA) of juveniles of Solea solea, Solea senegalensis, 
Platichthys flesus, Diplodus vulgaris and Dicentrarchus labrax sampled in the nursery areas of each of the 
estuaries (Douro, Ria de Aveiro, Mondego, Tejo, Sado and Mira). Rows represent the correct estuary 
classification results for each combination of species (incorrect assignments to other estuaries are not 
shown). 
 

Predicted estuary 
Species 

Douro R. Aveiro Mondego Tejo Sado Mira Estuary total 
S. solea and P. flesus 100.0 76.4 72.2 - - - 86.3 
S. solea and D. labrax - 42.8 - 35.0 - 80.0 53.7 
S. solea and S. senegalensis - 93.8 - 85.0 - - 88.9 
S. senegalensis and D. labrax - 58.3 - 80.0 - - 71.9 
D. vulgaris and D. labrax - - 73.7 84.2 - - 78.9 
S. senegalensis and D. vulgaris - - - 84.2 66.6 - 76.5 

 
 

The value of species as proxies was limited. All classification accuracies decreased and the 

identification of estuaries was not accomplished although some combination of species worked 

well in particular estuaries (Table 7). Solea solea as a proxy for P. flesus, and vice versa, had 

an average discrimination of estuaries of 63.3 and 67.4%, respectively; in the Douro and 

Mondego classifications were > 70.0%, regardless of which of these species acted as proxy, but 

in the Ria de Aveiro correctly classified cases were reduced to 50.0 or 22.2%. 

For the remaining species combinations, proxy classification varied according to which 

species was used to define the discriminant functions. For instance S. senegalensis as proxy for 
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S. solea correctly classified 88.9% of the cases in Aveiro, however, S. solea only correctly 

classified 28.5% of S. senegalensis. Analogous results occurred between S. senegalensis and 

D. labrax. 

 

 
Table 7. Discrimination of estuaries based on otolith multi-element fingerprints (Li, Na, Mg, K, Mn, Cu, Zn, 
Sr, Ba and Pb) using data from one species as a proxy to classify another. Summary table of cross-
validated classification results (%) to an estuary of linear discriminant function analysis (LDFA) of juveniles 
of Solea solea, Solea senegalensis, Platichthys flesus, Diplodus vulgaris and Dicentrarchus labrax 
sampled in the nursery areas of each of the estuaries (Douro, Ria de Aveiro, Mondego, Tejo, Sado and 
Mira). Rows represent the correct estuary classification results for each combination of species (incorrect 
assignments to other estuaries are not shown). 
 

Predicted estuary 
Species 

Douro R. Aveiro Mondego Tejo Sado Mira 
Average 

S. solea proxy for P. flesus 70.0 50.0 70.0 - - - 63.3 
P. flesus proxy for S. solea 80.0 22.2 100.0 - - - 67.4 
S. solea proxy for D. labrax - 40.0 - 40.0 - 10.0 30.0 
D. labrax proxy for S. solea - 11.1 - 20.0 - 60.0 30.4 
S. solea proxy for S. senegalensis - 28.6 - 20.0 - - 24.3 
S. senegalensis proxy for S. solea - 88.9 - 0.0 - - 44.4 
S. senegalensis proxy for D. labrax - 100.0 - 0.0 - - 50.0 
D. labrax proxy for S. senegalensis - 0.0 - 100.0 - - 50.0 
D. vulgaris proxy for D. labrax - - 0.0 0.0 - - 0.0 
D. labrax proxy for D. vulgaris - - 0.0 0.0 - - 0.0 
S. senegalensis proxy for D. vulgaris - - - 0.0 0.0 - 0.0 
D. vulgaris proxy for S. senegalensis - - - 20.0 37.5 - 28.8 

 

 

4. Discussion 
Otolith elemental composition differed between juveniles of five fish species collected in the 

same estuarine nursery areas. These results supported the hypotheses that species related 

variations and patterns exist in otolith chemical composition within each nursery area. Results 

demonstrated relationships between otolith elemental fingerprints of species with similar 

characteristics, namely phylogenetic and ecological resemblances (described in Table 1). The 

use of species as proxies was limited, however, with some combinations of species working well 

for some but not for all estuaries. 

Using otolith elemental composition to discriminate sites of origin, high classifications are 

expected amongst estuaries since chemical differences are often large (Thorrold et al. 1998b). 

Several studies have distinguished individuals from different sites of origin, with success 

ranging from 70.0 to 100.0% of correctly classified cases (Thorrold et al. 1998b, Gillanders & 

Kingsford 2000, de Pontual et al. 2000, Dorval et al. 2005, Vasconcelos et al. 2007). If the 

deposition of trace elements in otoliths was a simple process, fishes inhabiting the same sites 

should record similar elemental fingerprints (Swearer et al. 2003) and using data from several 

species should still allow estuarine classification. In the present study, however, a clear 

estuarine discrimination was not achieved based on the otolith composition of the five species. 

This outlined that differences in otolith chemical compositions cannot be explained solely as a 
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result of habitat changes and may be symptomatic of differential species responses to the same 

environmental conditions (Geffen et al. 2003).  

Even though distinct elemental fingerprints were identified for the present estuarine 

nurseries and species by Vasconcelos et al. (2007), species’ specific patterns in elemental 

composition were sufficiently consistent to be detected in the midst of the environmental 

elemental variability in this group of estuaries. Therefore, the existence of species-specific 

elemental fingerprints is evident. Inter-species differences have also been described in eastern 

Australian estuaries for three Sparidae species from multiple sites (Gillanders & Kingsford 2003) 

as well as for five species within temperate Californian estuaries (Swearer et al. 2003).  

Differences in the multi-element fingerprints of species were generated by spatially 

consistent patterns in element concentration. There was also a consistency in the set of 

elements that differentiated species. Key discriminant elements were both of natural (e.g. Sr) 

and anthropogenic origin (e.g. Pb). The importance of Sr to the canonical functions could be 

due to differences in salinity among nurseries as changes in Sr:Ca ratios have often been 

associated with salinity changes and used to identify salinity profiles, e.g. yellow stage Anguilla 

japonica Temminck and Schlegel, 1847 (Tzeng et al. 2002).  

Both environmental (temperature, salinity and element concentration and availability) and 

biological factors may influence otolith chemistry (Campana 1999, Elsdon & Gillanders 2003, 

2004). In principle, phylogenetically closer species have the most analogous physiological 

processes and although the influence of these aspects on element incorporation in otoliths has 

not been studied for the species analysed, differential specific physiological regulation has been 

found between others (Geffen et al. 1998). Differential partition coefficients have also 

demonstrated the existence of species specific incorporation of elements into otoliths (Hamer & 

Jenkins 2007). These are likely to have contributed in part to the inter-species differences 

found. Interactive effects of water chemistry, temperature and salinity on otolith chemistry 

remain untested. Single- factor or two-factor experiments, however, have tested the influence of 

environmental conditions on otolith chemistry for some elements and species. In some, element 

incorporation had a linear relationship with element concentration (Bath et al. 2000, Milton & 

Chenery 2001, Elsdon & Gillanders 2003) but not in others (Geffen et al. 1998, Martin & 

Thorrold 2005, Warner et al. 2005). Overall it is the complex relationship between these 

variables and also fish exposure time to them which will determine otolith chemical composition 

(Elsdon & Gillanders 2003, 2004)  

Estuaries are highly dynamic systems with broad variations in environmental conditions. 

Physico-chemical properties change with time and space and are affected by several factors 

such as tides and freshwater inflow. Fishes in an estuarine area are exposed to changing 

environmental conditions with species salinity, temperature and feeding preferences resulting in 

particular movement patterns and microhabitat use. This determines the exposure time of 

individuals to certain elements as well as the environmental availability of elements for 

incorporation due to variations in the partition factor. The influence of small scale spatial intra-

estuarine environmental variability on elemental fingerprints has been described by Dorval et al. 
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(2005) and Gillanders & Kingsford (2000). In these studies, otolith microchemistry recorded 

spatial heterogeneity in estuarine environments at scales from hundreds of metres to a few 

kilometres. Previously Chang et al. (2006) also suggested that differences in the elemental 

composition in otoliths of several species of gobies could be due to different microhabitat use 

during the larval stage. Therefore divergence in habitat use contributes to differences in the 

otolith fingerprints of species occupying the same estuarine nursery area in addition to the 

variability generated by specific physiological regulation. As the selected species inhabit the 

same nursery grounds, in each of the studied estuaries during their juvenile period, focus was 

oriented towards the role of microhabitat use and its influence on otolith microchemistry as a 

promoter of variability in a theoretically equivalent environment. Although variation in otolith 

chemistry as a result of different habitat use was not specifically addressed, the observed 

patterns suggest it is a determinant factor generating differences between fingerprints of 

species.  

The largest resemblances in otolith fingerprints were found for closely related species in 

terms of phylogeny and habitat use. Within the three flatfishes (S. solea, S. senegalensis and P. 

flesus) and amongst the perciform species (D. vulgaris and D. labrax) similarities in fingerprints 

were evident, both from elemental concentrations and pooled data classifications. Flatfish 

species are benthic and have a burrowing behaviour, whereas the analysed perciform species 

are benthopelagic and demersal relying on the bottom mostly for feeding. Most contaminants 

tend to be adsorbed onto suspended particles and removed from the water column into 

sediments (Milward & Turner 1995). Therefore flatfishes are particularly exposed to these 

elements both by contact with the sediment and ingestion of sediment particles in their diet 

(Moles et al. 1994). Moreover, although the role of elemental uptake through diet is not well 

defined (Thresher 1999, Milton & Chenery 2001, Buckel et al. 2004), these flatfish species have 

low diversity diets dominated by benthic infaunal invertebrates differing from the more diverse 

diets of D. labrax and D. vulgaris. Species may also have preferences for particular feeding 

grounds within a nursery area (Vinagre et al. 2006) as well as different movement patterns, in 

search of optimal conditions. Similarly, Swearer et al. (2003) reported that elemental fingerprints 

were most similar between closely related species (two gobies and two flatfishes) in comparison 

to more distant ones, both phylogenetically and ecologically.  

Differences in salinity and sediment preferences have been identified for the sympatric 

soles S. solea and S. senegalensis in the Tejo estuary. These are associated with distinct 

microhabitat use by each species, even if some overlap in diet was found (Cabral & Costa 

1999, Cabral 2000b). Although in the same genus, physiological dissimilarities in otolith element 

incorporation are also expected. Nevertheless, good classification results were attained using 

their pooled data despite the differences found in the elemental fingerprints. For S. 

senegalensis and both perciform species pooled data classification in the Tejo can also be due 

to their preference for polyhaline areas. Although in different families, habitat use of S. solea 

and P. flesus is analogous, including association with low salinities, which seems to be reflected 

in the elemental fingerprints. Similar habitat use between D. labrax and D. vulgaris can also 
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explain the compatibility found in fingerprints in the Mondego and Tejo estuaries. Overall, 

results suggest that microhabitat use in estuarine nurseries could be a key aspect of elemental 

incorporation in juvenile otoliths.  

Using natural tags of a species as a proxy for the classification of another can be a useful 

tool when using otolith fingerprints as habitat tags, reducing the number of fishes and analysis 

required to discriminate sites or identify natal origins of adults. Brown (2006b) found similarities 

in the chemical habitat tag of juveniles of two flatfish species (English sole Parophrys vetulus 

Girard, 1854 and speckled sanddab Citharichthys stigmateus Jordan and Gilbert, 1882) and 

successfully applied proxies to discriminate estuarine and coastal nursery areas. In general, the 

use of proxies in the present study did not identify estuaries, despite positive results for some 

cases in particular estuaries. Classification with proxies was confounded by the differences in 

the elemental fingerprints between species in the same estuarine nurseries. As previously 

discussed, microhabitat use and physiological regulation seem to be limiting factors in the 

application of species proxies. Only S. solea and P. flesus were consistent even if only for the 

Douro and Mondego. Most proxy results were also not reciprocal, which may arise from 

differences in the range of element concentrations in the two species. Canonical discriminant 

functions of species defined with narrower ranges of concentrations, were not tolerant of 

accurately classifying species with more dispersed values. Given the species specific element 

fingerprints found in these estuaries the possibility of using a proxy to discriminate several 

estuaries is reduced in contrast with the use of proxies between the estuarine and marine 

environment (Brown 2006b). In Brown’s (2006b) study, proxy classification accuracies were 

higher, as the elemental composition of those two environments were more pronounced and 

recognized despite the differences in species’ fingerprints in each environment. Use of proxies 

could be enhanced if otolith microchemical composition could be predicted from knowledge of 

both the environment and species specific physiological processes. Warner et al. (2005), 

exploring different proxies including resin-based elemental accumulators and seawater 

samples, however, were also not able to predict accurately the elemental composition of fish 

otoliths. New developments in this field are clearly necessary. 

Considering the present results, particularly the variation in otolith elemental fingerprints 

amongst the analysed fish species, a uniform fingerprint for several sympatric species is not 

likely to occur even in stable environmental conditions. Further studies are necessary to 

address how biological and environmental factors affect element uptake and incorporation, 

particularly on the rate of element incorporation to evaluate the scale at which habitat use 

influences elemental fingerprints. Research should focus both on laboratory and field 

experiments, namely with caged fishes with a simultaneous assessment of water chemistry. 

Carefully designed studies could ally juvenile tagging experiments with variations in otolith 

chemistry, using laser ablation-inductively coupled plasma mass spectrometry (LA-ICP-MS) run 

along the axis of the juvenile otolith, providing information on microhabitat use and its influence 

on otolith chemistry. Otolith crystal structure and its influence on element incorporation should 

also be investigated. Ultimately understanding the factors that affect otolith chemistry will 



CHAPTER 7 

157 

provide information towards the reconstruction of individual environmental life histories.  
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Evidence of estuarine nursery origin of five coastal fish species 
along the Portuguese coast through otolith elemental fingerprints 

 
 

 
Abstract: Connectivity is a critical property of marine populations, particularly for species with 
segregated juvenile and adult habitats. Knowledge of this link is fundamental in understanding 
population structure and dynamics. Young adults of commercially important fish species Solea 
solea, Solea senegalensis, Platichthys flesus, Diplodus vulgaris and Dicentrarchus labrax were 
sampled off the Portuguese coast in order to establish preliminary evidence of estuarine nursery 
origins through otolith elemental fingerprints. Concentrations of Li, Na, Mg, K, Mn, Cu, Zn, Sr, 
Ba and Pb in the otolith section corresponding to juvenile’s nursery life period were determined 
through laser ablation inductively coupled plasma mass spectrometry. Element: Ca ratios in 
coastal fish differed significantly amongst collection areas, except for Platichthys flesus, and 
were compared with the elemental fingerprints previously defined for age 0 juveniles in the main 
estuarine nurseries of the Portuguese coast. Identification of nursery estuaries was achieved for 
four of the species. Assigned nursery origins varied amongst species and differences in the 
spatial scale of fish dispersal were also found. Diplodus vulgaris was not reliably assigned to 
any of the defined nurseries. Overall, results give evidence of the applicability of estuarine 
habitat tags in future assessments of estuarine nursery role. Research developments on the 
links between juvenile and adult habitats should contribute for the integrated management and 
conservation of nurseries and coastal stocks. 

 
Keywords: otolith microchemistry; elemental fingerprint; nursery; estuary; coastal stock; 
connectivity 
 

 
 
1. Introduction 
Estuaries and their associated coastal habitats provide nursery grounds for juveniles of 

several fish species that occupy different habitats from the adults. Larvae or early juveniles 

move to near shore and estuarine habitats and remain there during months or years, depending 

on the species, until recruiting to marine stocks (Gibson 1973, Désaunay et al. 1981, Miller et al. 

1985, Beck et al. 2001, Able 2005). A nursery is defined as a habitat that produces relatively 

more adult recruits per unit of area than other juvenile habitats used by a species (Beck et al. 

2001). To identify estuarine nurseries it is then essential to recognize areas with high juvenile 

densities, enhanced growth and survival rates and evaluate the connectivity between estuaries 

and coastal areas.  

The exchange of individuals amongst geographically separated groups, or connectivity, is a 

critical property of marine populations (Cowen et al. 2000). Beck et al. (2001) stressed that it is 

essential to measure the movement of individuals from juvenile to adult habitats and that this is 

a vital missing link in our understanding of nurseries. Estimating connectivity is ecologically 

relevant in estuaries since they, or even habitats within them, may differ greatly in terms of their 

nursery role, contributing disproportionately to adult populations and influencing the structure of 

these populations (Gillanders 2005). Such information is decisive for managing coastal fish 

populations, identifying ecologically important habitats and their resources, functions and 
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services (Beck et al. 2001). Failure by fishery managers to consider stock complexity, namely 

origin and composition may lead to depletion of particular components with ecological 

consequences (Stephenson 1999) which can critically affect the long-term stability and 

sustainability of entire stocks (Fritsch et al. 2007).  

Artificial tagging techniques have been widely used for determining movements of fish (see 

reviews by Gillanders et al. 2003, Pittman & McAlpine 2003) and although they are in constant 

development, particularly due to the advances in the miniaturisation of artificial tags and 

telemetry, they are not usually viable in small juveniles. On the other hand, recent studies with 

natural tags consisting of elemental composition in calcified structures show great promise for 

studying populations connectivity.  

The chemical composition of fish otoliths is a valuable natural tag of habitat use due to 

specific otolith properties. They are metabolically inert, grow continuously and the chemical 

elements of the organism’s surrounding environment are accreted onto the growing surface of 

the otolith and permanently retained (Campana 1999, Thresher 1999, Elsdon & Gillanders 

2003, Gillanders 2005). The environmental history of a fish at a specific time period in the past 

can therefore be determined by analysing the chemical composition of the portion of otolith that 

corresponds to that specific time period (Brown 2006a). Thus, coastal fish that spent their 

juvenile period in an estuary are expected to have an otolith elemental fingerprint which reflects 

their estuarine life period. To assess habitat use with natural tags, these should be consistent 

over time and all possible source habitats characterized (Campana 1999).  

Juveniles from distinct habitat types (Gillanders & Kingsford 1996, Forrester & Swearer 

2002, Brown 2006b) and different estuaries (Thorrold et al. 1998, De Pontual et al. 2000, 

Gillanders & Kingsford 2000, Gillanders & Kingsford 2003, Dorval et al. 2005, Vasconcelos et 

al. 2007a) have been discriminated using elemental signatures suggesting that nursery origin of 

adult fish can be identified through the chemical analysis of the juvenile section of adult otoliths. 

This has allowed the determination of the proportion of adult population that resided in different 

juvenile habitat types (Gillanders & Kingsford 1996, Brown 2006a) as well as in diverse 

estuaries (Thorrold et al. 2001, Gillanders 2002). The classification of individuals of unknown 

origin to known populations is commonly done through discriminant function analysis (DFA) 

where a high frequency of correctly classified samples (i.e. greater than classification expected 

by chance alone) is essential (Cadrin 2000, White & Ruttenberg 2007).  

Along the Portuguese coast several estuaries have been defined as putative nursery areas 

for various commercially important fish species, namely: common sole Solea solea (Linnaeus, 

1758), Senegal sole Solea senegalensis Kaup, 1858, flounder Platichthys flesus (Linnaeus, 

1758), common two-banded sea bream Diplodus vulgaris (Geoffroy Saint-Hilaire, 1817) and sea 

bass Dicentrarchus labrax (Linnaeus, 1758) (Costa & Cabral 1999, Pombo et al. 2002, Vinagre 

et al. 2005, Veiga et al. 2006, Cabral et al. 2007, Martinho et al. 2007, Ribeiro et al. 2008). 

Adults of these species spawn offshore, mainly during winter. Larvae are passively transported 

towards the shore and in spring late-larvae and post-larvae enter inshore nursery areas such as 

estuaries. Juveniles remain in these nursery areas until autumn, when most leave to coastal 
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and offshore areas even though some remain in estuarine grounds for longer periods. Whilst 

nurseries in shallow coastal areas have been described for these species in other geographical 

areas, for example S. solea and P. flesus in northern Europe (Kerstan 1991, Riou et al. 2001, 

van der Veer et al. 2001), along the Portuguese coast high juvenile densities of sole, Senegal 

sole, flounder, two-banded sea bream and sea bass have only been reported in estuaries. 

These species are amongst some of the most valuable to Portuguese fisheries and although 

their average landings represent only 2.2% of the total weight of marine fish captured in 

mainland Portugal, they represent over 14.0% of total revenue (DGPA – national directorate of 

fisheries and aquaculture).  

In view of the commercial importance of these species and their use of or dependence on 

estuarine environments, it is fundamental to address the contribution of Portuguese estuarine 

nurseries to adult populations. To comprehensively evaluate effective nursery function, it is also 

important to analyse connectivity collectively for several species, rather than for a single 

species.  

The present study tests the applicability of the juvenile estuarine fingerprints described in 

Vasconcelos et al. (2007a) to identify the estuarine nursery origin of young adult fish of five 

commercially important fish species caught along the Portuguese coast. Multi-element 

fingerprints in the otolith portion that corresponds to the juvenile life period were determined. 

Spatial patterns of fingerprints were analysed and subsequently estuarine origin of fish was 

classified based on the natural tags previously defined for the eight main estuaries of the 

Portuguese coast. 
 
2. Material and methods 
2.1. Fish collection 
Collection of young adults of Solea solea, Solea senegalensis, Platichthys flesus, Diplodus 

vulgaris and Dicentrarchus labrax was carried out along the Portuguese coast in July 2006 (Fig. 

1). Since species distribution varies along the coast, specimens of each species were sampled 

in four coastal areas within their areas of occurrence. Sampling was directed towards the 

expected fish lengths, at this point in time, for fish previously sampled in estuaries by 

Vasconcelos et al. (2007a). Fish were obtained directly from professional fishermen operating 

locally in the coastal waters of the continental shelf, transported on ice to the laboratory and 

preserved frozen until dissection.  

 

2.2. Otolith preparation 
Ten young adults of each species, of similar length and weight, were selected from each 

collection area. Sagittal otoliths were extracted using plastic forceps and were preserved in 

decontaminated Eppendorf microcentrifuge tubes. All glassware, plastic containers and 

implements were previously decontaminated by an acid wash in 10% analytical grade nitric acid 

(HNO3) (Merck KGaA, Germany) for 24 h, rinsed with Normapur water (Prolabo, France) and 

dried in a laminar flow positive pressure fume hood.  
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Figure 1. Coastal sampling areas off the Portuguese coast (dotted circles       and names in italic font) for: 
Solea solea (SS), Solea senegalensis (SN), Platichthys flesus (PF), Diplodus vulgaris (DV) and 
Dicentrarchus labrax (DL). Also shown, estuarine systems of the Portuguese coast (white circles       and 
names in regular font) where estuarine otolith fingerprints for juveniles of these species were previously 
discriminated (Vasconcelos et al., 2007a). 
 

 

Upon extraction, otoliths were cleaned and decontaminated in a laminar flow positive 

pressure fume hood, following a protocol adapted from Rooker et al. (2001): (1) immersion in 

ultrapure water to hydrate biological residues adherent to the surface of the otoliths; (2) 

immersion in 3% hydrogen peroxide (H2O2) p.a. (Pancreac, Spain) for 15 min to dissolve 

biological residues; (3) immersion in 1% HNO3 solution for 10 s to remove superficial 

contamination; (4) double-immersion in ultrapure water for 5 min to remove acid; (5) stored in 

new previously decontaminated Eppendorf microcentrifuge tubes and left open until dry. The 

nitric acid used was p.a. quality further purified by a Sub-Boiling Distillation System (duoPUR, 

Milestone-MLS GmbH, Germany) and diluted with ultrapure 18.2 MU cm-1 water (Milli-Q 

Element A10 Ultrapure Water Purification System, Millipore, Switzerland). For laser ablation 

inductively coupled plasma mass spectrometry (LAICP- MS) analysis of the juvenile section of 

the otoliths, these were embedded in disc shaped moulds with epoxy resin. Once dry, otoliths 

were ground from the dorsal convex side surface until the core was exposed using resin bonded 

diamond discs, with a Struers LabPol-5 rotary polisher (600 grit wet/dry sand paper, followed by 

6 mm, then 1 mm diamond powder slurries) and cleaned with ultrapure water. 
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2.3. Sample analysis 
In this work, a Nd:YAG 266 nm laser system (LSX-500, Cetac Technologies, Omaha, NE, 

USA) was utilized (Guillong et al. 2002). The laser was used in scanning mode with a 200 mm 

laser spot diameter and a scan speed of 100 mm s-1. Sampling area on the polished otolith was 

chosen manually around the otolith core and up to 2 x 2 mm. This area was defined to cover the 

otolith section formed while fish are in a nursery area and corresponds to the otoliths sampled in 

age 0 juveniles by Vasconcelos et al. (2007a) and is hereafter referred to as otolith juvenile 

section. The laser was operated with a repetition rate of 10 Hz, a laser pulse width of < 6 ns and 

a constant fluence of 12 J cm-2. The volume of the ablation cell was 28 cm3 and the tube length 

to the ICP-MS was approximately 50 cm. Helium was used as ablation gas, leading to less 

condensation of ablated particles on the sample surface (Eggins et al. 1998). Prior to 

introducing the helium gas flow, containing the laser-induced aerosol into the ICP-MS, an argon 

gas flow was admixed after the ablation cell to the laser-generated aerosol (Günther & Heinrich 

1999).  

A commercially available double-focusing sector field ICP-MS (ICP-SF-MS, Element 2, 

Thermo Fisher Corporation, Germany) was used for the mass analysis of the laser-induced 

aerosols. Improved settings, like fast-scan speed and optimized ion generation processes of the 

ICP were utilized to increase the detection power of the ICP-MS in combination with high spatial 

resolved laser ablation and sampling (Latkoczy & Günther 2002). The instrument was operated 

in medium mass resolution (m/∆m = 4000) to avoid spectral interferences and the following 

isotopes were selected for the analysis: 7Li, 23Na, 25Mg, 39K, 42Ca, 48Ca, 55Mn, 65Cu, 66Zn, 86Sr, 
88Sr, 137Ba and 208Pb. The interference of the main isotope of 48Ti with 48Ca can be neglected, 

since titanium is only present in ultra trace amounts and therefore does not significantly affect 

the signal intensities of 48Ca in otolith samples. Two isotopes were read for Ca and Sr in order 

to cross-check the occurrence of any possible interferences (e.g. 42Ca/26Mg16O, 
86Sr/40Ar14N16O16O). For quantification of calcium and strontium, the isotopes 42Ca and 88Sr were 

used. The optimization procedure of the LA-ICP-SF-MS was performed using a standard 

reference glass material (NIST SRM 612) and included maximum signal-to-noise ratio for Li, In, 

and U together with lowest oxide formation in the plasma, monitored on the ThO+/Th+ ratio 

(Wang et al. 2006). The procedure for data acquisition and calculation of transient analyte 

signals is derived from Longerich et al. (1996) employing the factory supplied time resolved 

software and transferring the raw data to a spreadsheet program for evaluation and 

quantification. Otolith samples were read in random order. For external quantification, a fish 

otolith reference material FEBS-01 (National Research Council Canada, Institute for National 

Measurement Standards, Canada) pressed into a pellet was used (Sturgeon et al. 2005). 

Calcium was used as internal standard element. The calcium concentrations for all investigated 

otolith samples were determined prior by liquid ICP-MS analysis. For quality control of the 

measurements, another pressed pellet fish otolith standard reference material, NIES-022 

(National Institute for Environmental Studies, Environment Agency of Japan, Japan), was 

included into the analysis sequence (Yoshinaga et al. 2000). The precision or reproducibility (n 
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= 10) for the reference samples was 2-10 % relative standard deviation (RSD) for the elements 

Na, Mg, K, Sr and Ba with corresponding deviations from the reference values between 3 and 8 

%. For the lower abundant trace elements (Li, Mn, Cu, Zn and Pb), the precision was up to 35% 

with deviations from the reference value up to 25 %. These limited values for the trace elements 

can be explained by the lack of well certified values for these elements in the certification 

process. The given reference values in the certificate are based on analytical values obtained in 

a single laboratory and are, therefore, of limited reliability. Thus, these high deviations do not 

reflect the quality of the obtained analytical data for lower abundant trace elements. A summary 

of both laser and ICP-MS parameters is given in Table 1. 

 

 
Table 1. Instrumental parameters for otolith analysis by laser ablation inductively coupled plasma sector 
field mass spectrometry (LA-ICP-SF-MS). 
 

LA parameters (266 nm Nd:YAG) ICP-SF-MS parameters (Element 2) 
Spot diameter (µm) 200 RF power (W) 1250 
Repetition rate (Hz) 10 Argon make up gas flow rate (L min-1) 0.9 
Energy density (J cm-2) 20 Argon auxiliary gas flow rate (L min-1) 0.6 
Helium carrier gas flow (L min-1) 0.8 Argon cooling gas flow rate (L min-1) 16 
Ablation cell volume (cm-3) 28 Sampling and skimmer cones platinum 
Tube length (cm) 50 Guard electrode platinum (off) 
Measuring mode scanning Acquisition mode E - Scan 
Scan speed (µm s-1) 100 Mass window (%) 100 
Distance between lines (µm) 200 Sample time (ms) 2 
Scanned area (µm2) 2000 x 2000 Segment duration (ms) 40 
  Scan duration (ms) 1100 
  ThO+/Th+ (%)  (measured on NIST SRM 612) < 0.2 
  Mass resolution (m/∆m) 4000 

 
 
2.4. Data analysis 
Concentrations of trace elements (originally in pg g-1) were transformed to ratio to Ca 

concentration (element:Ca ratio). Raw data of each element were checked for normality and 

homogeneity of variances and all elements were normally distributed after log10 transformation. 

Throughout the statistical analysis all assumptions, including normality, homocedasticity and 

homogeneity of variance– covariance matrices, were met and the fiducial limit set at 0.05. 

 

2.4.1. Differences in elemental composition of the juvenile section of coastal fish 
otoliths 

Univariate analysis of variance (ANOVA) and multivariate analysis of variance (MANOVA) 

were used to explore the spatial patterns of single and multi-element fingerprints in the young 

adults of each of the five fish species along the Portuguese coast, in order to detect if the 

composition of the otolith juvenile section differed amongst fish from several coastal areas. 
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2.4.2. Nursery origin of coastal fish based on estuarine otolith elemental fingerprints 
In a previous study, estuarine nursery otolith fingerprints were identified for juveniles of 

Solea solea, Solea senegalensis, Platichthys flesus, Diplodus vulgaris and Dicentrarchus labrax 

in July 2005 in the estuaries of their occurrence, within the eight main estuaries of the 

Portuguese coast: Douro, Ria de Aveiro, Mondego, Tejo, Sado, Mira, Ria Formosa and 

Guadiana (Vasconcelos et al. 2007a). In that study, concentrations of Li, Na, Mg, K, Ca, Mn, 

Cu, Zn, Sr and Ba were determined using solution based ICP-MS in whole otoliths (c. 10 

individuals per estuary and species) and estuarine fingerprints characterized using linear 

discriminant function analysis (LDFA). Jackknife procedure was used to estimate reclassification 

success and null hypothesis that the observed reclassification success is no better than 

expected by random chance was checked with the randomization technique described in White 

& Ruttenberg (2007). Classification of unknowns in the discriminant analysis was done with 

uniform priors since there is no information on prior probabilities (White & Ruttenberg 2007). In 

average 82% of juveniles were correctly classified to their estuaries of origin and results varied 

with species (from 70.2% in S. solea to 92.0% in P. flesus) and also with estuary (in average 

from 100.0% for the Douro and 72.7% for the Mondego). In general, element concentration 

varied with species and estuary. All elements were used in the discrimination of estuaries and 

the set of elements most relevant for statistical discrimination differed with species. Average 

posterior group membership probability of correctly classified juveniles was 0.965. 

In order to identify the juvenile nursery estuary of the fish caught off the coast, the elemental 

composition of their otolith juvenile section was classified through the linear discriminant 

functions previously parameterized with juveniles’ otoliths. Since element concentrations in 

otoliths of juveniles and adults were determined using different ICP-MS techniques, residuals 

were calculated by subtracting the grand mean (across all locations) to an individual value for a 

given element (Thorrold et al. 2001) and used to run the LDFA. Mahalanobis distance was used 

in the LDFA and classification results were organized by collection area. Frequency distributions 

of predicted group membership probabilities of the LDFA classification results were also 

determined.  

 

3. Results 
3.1. Differences in elemental composition of the otolith juvenile section of coastal 

fish 
Significant differences in otolith composition amongst coastal sites were found with ANOVA 

in Solea solea (Zn and Pb), Solea senegalensis (Li, Mg, K, Zn, Sr, Pb) and Dicentrarchus labrax 

(K, Cu, Ba, Pb) (Table 2). Otolith multi-element composition in sampled areas was significantly 

different with MANOVA in four species (Table 3). Otolith composition differed significantly 

amongst S. solea from the four areas (F10,30 = 3.6; P < 0.001), namely concerning fish from 

Sesimbra which differed from all others. The same occurred for S. senegalensis (F10,30 = 3.89; P 

< 0.001), with individuals from Figueira different from remaining areas. Otolith composition in 

Platichthys flesus showed no significant differences in sampled coastal areas (F10,30 = 0.85; P > 
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Table 2. Results of ANOVA comparisons of mean concentrations of individual elements (Li, Na, Mg, K, 
Mn, Cu, Zn, Sr, Ba, Pb) in the otolith juvenile section of Solea solea, Solea senegalensis, Platichthys 
flesus, Diplodus vulgaris and Dicentrarchus labrax. Each species was collected in four coastal areas off 
the Portuguese coast. *P < 0.05, **P < 0.01, ***P < 0.001. 
 

P 
Species df 

Li Na Mg K Mn Cu Zn Sr Ba Pb 
S. solea 3,29 ns ns ns ns ns ns ** ns ns *** 
S. senegalensis 3,27 *** ns *** * ns ns *** *** ns *** 
P. flesus 3,32 ns ns ns ns ns ns ns ns ns ns 
D. vulgaris 3,35 ns ns ns ns ns ns ns ns ns ns 
D. labrax 3,23 ns ns ns * ns * ns ns ** ** 
 

 
Table 3. Results of MANOVA comparisons of mean element (Li, Na, Mg, K, Mn, Cu, Zn, Sr, Ba and Pb) 
concentrations in the otolith juvenile section of Solea solea, Solea senegalensis, Platichthys flesus, 
Diplodus vulgaris and Dicentrarchus labrax. Each species was collected in four coastal areas off the 
Portuguese coast. *P < 0.05, **P < 0.01, ***P < 0.001, ns non-significant. 
 
Species Coastal  area 
S. solea  P. Varzim Aveiro Figueira Sesimbra 
  F P F P F P F P 
 P. Varzim         
 Aveiro 2.51 ns       
 Figueira 2.83 ns 7.00 *     
 Sesimbra 9.71 ** 7.10 * 18.6 ***   
      
S. senegalensis  Aveiro Figueira Setúbal Olhão 
  F P F P F P F P 
 Aveiro         
 Figueira 5.09 *       
 Setúbal 2.12 ns 20.40 ***     
 Olhão 2.09 ns 293.90 * 7.18 ns   
      
P. flesus  Matosinhos Aveiro Figueira Nazaré 
  F P F P F P F P 
 Matosinhos         
 Aveiro 0.66 ns       
 Figueira 0.86 ns 0.94 ns     
 Nazaré 2.18 ns 0.38 ns 0.614 ns   
      
D. vulgaris  Aveiro Peniche Setúbal Olhão 
  F P F P F P F P 
 Aveiro         
 Peniche 4.88 *       
 Setúbal 1.10 ns 9.47 ***     
 Olhão 12.89 *** 4.00 * 7.61 **   
      
D. labrax  Aveiro Peniche Setúbal Sagres 
  F P F P F P F P 
 Aveiro         
 Peniche 18.90 *       
 Setúbal 9.40 ns 4.00 ns     
 Sagres 0.82 ns 0.50 ns 2.00 ns   
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0.05) while in Diplodus vulgaris (F10,30 = 4.61; P < 0.001) only between Aveiro and Setúbal were 

no differences found. For D. labrax, differences were found amongst the four coastal areas 

(F10,30 = 2.0; P < 0.05), namely between Aveiro and Peniche.  

 

3.2. Nursery origin of coastal fish based on estuarine otolith elemental fingerprints 
Successful classification of nursery estuary according to the discriminant functions 

generated by data from juvenile individuals (Vasconcelos et al. 2007a) was accomplished for all 

species except for Diplodus vulgaris (Fig. 2, Table 4). 

 

 

 
 
Figure 2. Predicted estuarine nursery origin (%) of Solea solea, Solea senegalensis, Platichthys flesus 
and Dicentrarchus labrax sampled in each coastal area. Fish were collected in four coastal areas off the 
Portuguese coast and classified to a nursery estuary based on linear discriminant functions generated by 
otolith multi-element fingerprints of juveniles collected in the estuarine nursery areas of: Douro (     ), Ria 
de Aveiro (     ) , Mondego (     ), Tejo (     ), Sado (     ) and Mira (     ) (Vasconcelos et al. 2007a). Results 
for Diplodus vulgaris are not shown, as they could not be reliably assigned to an estuarine nursery. 
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Table 4. Predicted estuarine nursery origin (%) of sampled Solea solea, Solea senegalensis, Platichthys 
flesus and Dicentrarchus labrax. Each species was collected in four coastal areas off the Portuguese coast 
and classified to an estuary based on multi-element linear discriminant functions of juveniles collected in 
the estuarine nursery areas of: Douro, Ria de Aveiro, Mondego, Tejo, Sado and Mira. Results for Diplodus 
vulgaris are not shown, as they could not be reliably assigned to an estuarine nursery. 
 

Speciesa Predicted estuarine nursery origin (%) 
S. solea Douro Ria de Aveiro Mondego Tejo Mira 
 9.1 6.1 39.4 45.4 0 
      
S. senegalensis Ria de Aveiro Tejo Sado   
 20.6 26.5 52.9   
      
P. flesus Douro Ria de Aveiro Mondego   
 53.3 23.3 23.3   
      
D. labrax Ria de Aveiro Mondego Tejo Mira  

 17.2 41.4 34.5 6.9  
a Results for Diplodus vulgaris are not shown, as they could not be reliably assigned to an estuarine 
nursery. 

 

 

Adult Solea solea from coastal samples were mainly classified to the nursery areas of the 

Mondego and Tejo estuaries (39.4 % and 45.5 %), with a lower percentage of classifications to 

the Mondego in samples collected in the central area of the coast. All fish from P. Varzim and 

Figueira were assigned to the Mondego and Tejo estuaries, which also occurred for most 

individuals from the remaining areas (70.0 %). Few fish were assigned to the Douro and Ria de 

Aveiro and none to the Mira estuary.  

Most Solea senegalensis were assigned to the Sado estuary (52.9 %), but classified 

nursery origin of fish differed along the coast with many assigned to estuaries closer to them. 

Figueira was the only collection site where no fish were assigned to the Sado estuary. 

Individuals assigned to the Ria de Aveiro were caught mainly in the north coast and specimens 

classified to the Tejo were caught mainly in Figueira (75.0 %) and Setúbal (50.0 %). Senegal 

sole from the southern area of Olhão were assigned to the Sado (80.0 %). 

Most adult Platichthys flesus were assigned to the Douro estuary (53.3 %) and lower 

percentages were identified to the Ria de Aveiro and to the Mondego estuaries (23.3 %). Only 

20.0 % of the fish sampled in Matosinhos were assigned to the nearby Douro estuary while 

flounder from the other three areas were mostly assigned to it (66.7-75.0 %).  

Classification of adult Diplodus vulgaris using the previously established juvenile estuarine 

tags presented very high Mahalanobis distances. These were up to 20-fold higher than those 

obtained between any juvenile individual and the centroid of its classification group. Considering 

this and the differences between adult and juvenile residuals (Fig. 3) these individuals could not 

be reliably assigned to any of the analysed estuarine nurseries. 

Sampled Dicentrarchus labrax were mostly classified to the Mondego (41.4 %) and Tejo 

(34.5 %) estuaries and only the Mondego nursery was identified in all four areas. Fish from 

Aveiro and Sagres were predominantly assigned to the Mondego estuary, and fish from 

Peniche and Setúbal were mostly classified to the Tejo estuary. Only 6.9 % of sea bass were 
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identified as originating from the Mira nursery.  

A similar pattern for some elements was observed between the otolith element residuals in 

juveniles of each estuary and the young adults assigned to those estuaries through LDFA (Fig. 

3), namely for elements important in the discrimination of estuaries in Vasconcelos et al. 

(2007a). This was perceptible for Solea senegalensis (Na, Sr, Mn and Cu), Platichthys flesus 

(Li, Na, Mn) and Dicentrarchus labrax (Sr, Ba, Pb) and less for Solea solea (Li, Mn, Zn). 

 

 

 
 

Figure 3. Mean residual values (and standard error) of Li, Na, Mg, K, Mn, Cu, Zn, Sr, Ba and Pb 
concentrations in otoliths of Solea solea, Solea senegalensis, Platichthys flesus, Diplodus vulgaris and 
Dicentrarchus labrax: juvenile specimens (j) were collected in the estuarine nursery areas of Douro, Ria de 
Aveiro, Mondego, Tejo, Sado, Mira, Ria Formosa and Guadiana (Vasconcelos et al., 2007a); and young 
adult specimens (a) were collected in coastal areas off the Portuguese coast and classified to each 
nursery estuary based on multi-elemental fingerprints of juveniles. Outliers (     ) and extremes (     ) are 
also represented. 

 

 

Frequency distributions of posterior group membership probabilities varied with species 

(Fig. 4). Posterior probabilities for Solea solea were in general lower than the ones found for the 

remaining species with only 6.1 % of S. solea presenting probabilities above 0.7. For Solea 
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senegalensis, Platichthys flesus and Dicentrarchus labrax posterior probabilities were above 0.8 

for the majority of the individuals, 71.1 %, 77.8 % and 65.5 %, respectively. No particular 

estuary or coastal area was responsible for lower posterior group membership probabilities and 

no relationship was detected between lower posterior probabilities and an increase in the 

distance between collection area and estuarine nursery. 

 

 

 
 

Figure 4. Frequency of posterior group membership probabilities of the predicted estuarine nursery origin 
of Solea solea, Solea senegalensis, Platichthys flesus and Dicentrarchus labrax. Each species was 
collected in four areas off the Portuguese coast and assigned to each estuarine nursery through linear 
discriminant function analysis based on multi-element fingerprints of juveniles. Coastal sampling areas are 
P. Varzim (     ), Porto (     ), Aveiro (     ), Figueira (     ), Nazaré (     ), Peniche (     ), Sesimbra (     ), 
Setúbal (     ) Sagres (     ), Olhão (     ). Results for Diplodus vulgaris are not shown, as they could not be 
reliably assigned to an estuarine nursery. 
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4. Discussion 
Identification of estuarine nursery origin of coastal young adults collected in several areas 

off the Portuguese coast was successfully achieved for four of the analysed species based on 

the previously defined juvenile elemental fingerprints (Vasconcelos et al. 2007a). Results 

support the applicability of otolith elemental fingerprints to assess nursery function in this set of 

estuaries and species, providing a baseline and research directions for future assessments of 

the proportional contribution of these sites. Fish sampled in coastal areas had diverse nursery 

origins, both in and between collection areas, with different proportions of individuals assigned 

to each of the estuarine nurseries.  

 
4.1. Solea solea 
Young adults of common sole sampled along the Portuguese coast portrayed the existence 

of individuals with distinct nursery origins dispersed throughout the coast. This is consistent with 

reports for other areas, namely for the Bay of Biscay where offshore dispersal of late juveniles 

and adults resulted in a well mixed homogeneous population within the entire bay 

(Koutsikopoulos et al. 1995). Additionally, in the Irish Sea and coast of England Symonds & 

Rogers (1995) observed that juveniles from the nursery grounds also dispersed into wide areas 

but once adults recruited to an area they tended to remain there. It is not possible to infer, with 

current results, in what time frame migrations occur, or even if adult fish will remain in these 

specific areas, only that sampled Solea solea seem to have mixed nursery origins in the 

Portuguese coast.  

Higher percentages of fish originating from an estuarine nursery area are most likely due to 

the exportation of a higher number of successful recruits from that estuary. Though results 

suggest the importance of the Mondego and Tejo estuaries some aspects should not be 

overlooked. Classification results of juvenile Solea solea to different nursery grounds (70.2%) 

were the lowest of the five species in Vasconcelos et al. (2007a), which may possibly explain 

the observed poorer posterior group membership probabilities in young adults classified both to 

the Mondego and Tejo. In contrast, classifications to the Douro were the most reliable even if 

few individuals were assigned. As emphasized in Vasconcelos et al. (2007a) further research 

should be directed towards enhancing estuarine juvenile elemental fingerprints of S. solea. New 

data for juveniles, namely through analysis of other elements and isotopes, are necessary to 

improve the precision in the identification of nursery origin in adults. 

 

4.2. Solea senegalensis 
In the last decades the distribution area of Senegal sole has expanded further north along 

the NE Atlantic and it is expected to occur more frequently (Désaunay et al. 2006), including 

Portuguese estuaries and coastal areas, although no study has so far described its dispersal 

and movement patterns. Sampled individuals of Senegal sole presented assorted juvenile 

nursery origins throughout the coast. Identification of estuarine nursery origin reliably assigned 

most sampled fish, namely to the estuaries closer to the areas where young adults were 
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captured. 

Solea senegalensis classified to the Sado estuary nursery were well dispersed throughout 

the coast. This is the most southern estuarine system in this coast with acknowledged nursery 

grounds for this species and results suggest that it could represent an important source nursery 

for coastal populations, even though reported peak densities are lower than those described for 

the Tejo estuary (Cabral et al. 2007). On the contrary, sampled S. senegalensis identified as 

originating from the northerner Ria de Aveiro nursery were less represented and more locally 

distributed. Even though sample sizes were small, differences in the results for this species 

between northern and southern estuaries may arise from lower juvenile entry and success in 

possibly limiting environmental conditions of the more northern estuarine nurseries.  

 

4.3. Platichthys flesus 
Elemental compositions of the otolith juvenile section in Platichthys flesus sampled along 

the north Portuguese coast were similar and most fish were assigned to the Douro estuary. 

Beforehand, a high contribution from the Douro estuary to coastal populations could be 

expected given the particularly high abundance of this species (Vinagre et al. 2005, Cabral et al. 

2007). High percentages of flounder assigned to the Douro contrast with the lower proportion of 

classifications to more southern estuaries which is also in accord with reports on the decrease 

of flounder densities near its southern limit of distribution located along the center of the 

Portuguese coast (Cabral et al. 2001). 

Tag recapture studies on plaice Pleuronectes platessa L., 1758, a Pleuronectidae species 

phylogenetically close to Platichthys flesus (Pardo et al. 2005), on the west coast of England 

and Wales pointed out common large scale movements in plaice (Dunn & Pawson 2002). This 

study also outlined the existence of sub-stocks of plaice in each area and another contingent in 

all areas that undertook permanent dispersal to other areas, including migrations from the 

northern Irish Sea to the southern coast of the UK. Similar complex movement patterns of P. 

flesus may occur in the northern Portuguese coast. Flounder collected in Matosinhos, close to 

the Douro, were classified as originating from two other estuarine nurseries. Moreover, adult 

individuals tagged inside the Douro estuary have been recaptured within a fortnight dispersed 

up to 30 nautical miles north and south of the estuary’s mouth (Damasceno-Oliveira, personal 

communication). 

 

4.4. Diplodus vulgaris 
Differences found in the multi-element otolith composition of common two-banded sea 

bream sampled along the coast portrayed possible distinct nursery origins. Nevertheless, 

classification of coastal fish rendered high Mahalanobis distances and nursery origin of young 

adult Diplodus vulgaris could not be reliably assigned to the previously characterized estuaries, 

even though the main estuarine nursery grounds of this species in the Portuguese coast were 

well defined and discriminated; particularly since juveniles of D. vulgaris are found in high 

densities in these estuarine systems, above all in Ria Formosa (Monteiro et al. 1987, Ribeiro et 



CHAPTER 8 

177 

al. 2008). However, considering the lack of match between the elemental fingerprints in 

sampled juveniles and young adults, juveniles’ affinity for higher salinity areas, as well as the 

importance of coastal areas for juveniles of this species in other geographical areas, namely in 

the Mediterranean Sea (Vigliola 1999, Gillanders et al. 2001), it is not possible to rule out the 

existence of coastal sites in the Portuguese coast that may contribute to the marine stocks. It is 

therefore essential to improve the knowledge on possible coastal nurseries for this species and, 

in case they are found along the Portuguese coast, characterize their elemental fingerprints. In 

coastal areas of the Mediterranean Sea site characteristic fingerprints were not identified in 

juveniles of D. vulgaris, probably due to environment homogeneity (Gillanders et al. 2001), 

however, successful coastal site discrimination in other species (Geffen et al. 2003, Castro 

2007) suggests that this should be possible for D. vulgaris along the Portuguese coast. 

 

4.5. Dicentrarchus labrax 
Diverse juvenile origins were identified for sampled Dicentrarchus labrax along the 

Portuguese coast. The largest percentage of sampled individuals was reliably identified to the 

Mondego estuary. The Tejo estuary also had a high percentage of classifications albeit with 

some individuals classified with a lesser degree of confidence. To aid the application of natural 

tags in these cases, additional data enhancing fingerprint definition in the Tejo or of 

uncharacterized sources should be sought. Distant migrations of D. labrax have been reported 

in the Bay of Biscay and the English Channel (Fritsch et al. 2007) and in the coasts of England 

and Wales (Pickett et al. 2004). For example, in the latter, 300-500 km migrations of tagged sea 

bass were commonly found, with 22 % of recaptures made outside the considered home 

regions. Results in both these studies pointed out a substantial mixing of individuals amongst 

regions and widespread movement of both juvenile and recruiting D. labrax. Present results 

suggest that similar widespread movements and migrations of sea bass are also likely to occur 

in the Portuguese coast. Hindsight might advise the use of a larger spatial spectrum of nursery 

sites to identify juvenile origin of species with such movement patterns. 

 

4.6. Species comparison and overview 
Identification of the estuarine nursery of origin for coastal individuals sampled along the 

Portuguese coast showed great promise in the application of habitat tags in four species, 

confirming its applicability in future assessments of the proportional contribution of these sites to 

coastal populations. Relevant guidelines for the application of these tags and future directions 

for such studies were also highlighted. 

Preliminary evidence on nursery use was found in the present study. Species such as Solea 

solea, Solea senegalensis and Dicentrarchus labrax had diverse estuarine nursery origins 

dispersed along the coast, whilst sampled Platichthys flesus were found to have a predominant 

nursery origin. To achieve a comprehensive assessment of the nursery role of the estuarine 

systems along the Portuguese coast it will be fundamental to undertake a broader and 

comprehensive sampling design. 



EVIDENCE OF ESTUARINE NURSERY ORIGIN OF COASTAL ADULTS 

178 

Studies in Europe have discriminated estuarine areas (De Pontual et al. 2000, Daverat et al. 

2004, Vasconcelos et al. 2007a) and offshore stocks of marine species (Secor et al. 2002, 

Rooker et al. 2003, Stransky et al. 2005, Swan et al. 2006) but these have not been used to 

assess connectivity. Only a few studies, in North America and Australia, have identified 

connectivity between estuarine nursery habitats and coastal adult habitats. Estuarine origin of a 

Sparidae in the SE Australian coast was determined based on elemental fingerprints. Analysing 

15 estuaries, results showed that an average of 89 % adult fish collected in the coastal reefs 

originated from a group of estuaries closer to them (Gillanders 2002). In the current study, 

although a smaller number of estuaries were considered the length of coast is similar (around 

600 km) and even if many individuals were assigned to the estuaries closer to them, 

classification to distant estuaries in some species points towards wide dispersal movements. 

When applying discriminant function analysis, or other methods as maximum likelihood 

estimation, aspects such as the possibility of classifications due to chance alone must be 

checked but are generally disregarded in several studies (White & Ruttenberg 2007). 

Randomization tests in the present study confirmed the suitability of the discriminant functions 

and classification results were above those that would occur due to classification by chance 

alone. In addition, since all samples are necessarily classified as belonging to one of the 

previously established groups it is therefore essential to equate the hypotheses that some 

classifications might be false positives, particularly when the obtained Mahalanobis distances in 

the LDFA are very high, as in Diplodus vulgaris, or posterior group probabilities are low, as in 

some Solea solea. In nursery connectivity studies this may occur, amongst others, when: adults 

are from a nursery which was not previously characterized, juveniles spent a reduce time period 

in a nursery area or multiple nursery sites exist within one site and were not fully characterized.  

To ensure the effectiveness of using elemental fingerprints in connectivity studies all 

possible contributing sources should be characterized (Campana 1999). Based on this 

statement, elemental fingerprints characteristic of the main eight estuaries were previously 

accurately identified for the five species considered (Vasconcelos et al. 2007a) and provided the 

basis for the present study. The promising results in the identification of the nursery origin of 

adults suggest that, amongst other issues, future studies should undertake a more 

comprehensive sampling of adults, increasing sample sizes, to achieve an effective estimate of 

the relative contribution of each estuary to the overall coastal populations. In addition, an 

expansion of the study area in order to include the discrimination of estuaries in the south and 

northwest coasts of Spain may also be worthwhile, considering the dispersal ability of the 

analysed species. 

Assessing contribution of estuarine vs. coastal nurseries (Gillanders & Kingsford 1996, 

Brown 2006a) for Diplodus vulgaris, is currently unattainable for the Portuguese coast, due to 

the lack of data confirming the existence of coastal nurseries. Nevertheless, this should not be 

disregarded and evaluated in future studies. 

Elemental fingerprints have been shown to differ amongst years in some cases (Gillanders 

& Kingsford 2000, Dorval et al. 2005). Analysis of elemental fingerprints of both juvenile and 
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adults in subsequent years should focus on the temporal variability of the tags and on the links 

between element concentrations in otoliths and the environment. This would allow to better 

understand broad scale spatial and temporal differences and to improve the applicability of 

natural tags. 

It is necessary to combine connectivity results with density, growth and survival estimates of 

juvenile fish to fully understand the processes that determine the relative contribution of juvenile 

production from estuaries and recruitment to offshore adult stocks. This information should be 

used for the management of fish populations and classification of ecologically important 

habitats. Some of the estuaries identified as nursery of origin for most individuals are also 

greatly affected by anthropogenic pressures (Vasconcelos et al. 2007b). Combining information 

on the anthropogenic pressures affecting nursery areas with their connectivity data should 

promote a holistic and problem-orientated management of the selected nursery areas. 

Management and conservation efforts could also be more judiciously invested in particularly 

important habitats or estuaries, rather than focusing on all estuaries or seagrass, marsh or 

mangrove habitats within them (Gillanders et al. 2003), with priority given to habitats with high 

connectivity and nurseries for multiple species. Differential measures ought to be considered 

since present results suggest species contributions may differ amongst estuaries. When 

applicable, protection measures could include the establishment of protected areas for habitats 

that contribute significantly to the replenishment of adult populations. 

Eggs and larvae of the studied species may be passively transported long distances before 

settlement and even if larval exchange rates are found to be more locally confined, as in Cowen 

et al. (2000), later life history stages present wide scale dispersal movements. Therefore coastal 

populations are most likely to be well mixed and the spatial scale of connectivity studies must 

be defined taking this into account if effective nursery estimates are to be obtained. The scale of 

migrations and movements identified in this and other studies recommend the elaboration of 

widespread protection plans for some of these commercially valuable species. The contribution 

of individual estuaries to fishing stocks and management of such resources and habitats may 

advocate the creation of internationally discussed and supported management plans, namely 

concerning the common protection of fisheries resources within the European Union framework. 

Stocks composed and replenished by organisms from specific nurseries that contribute to a 

wide coastal area, exploited by multi-national fleets, might justify a common protection by those 

which economically explore them. 

 

5. Conclusions 
The estuarine nursery origins of young adults of four fish species sampled along the 

Portuguese coast were successfully identified applying previously defined otolith elemental 

fingerprints. Overall, sampled fish had diverse estuarine nursery origins dispersed along the 

coast. Predominant nursery sources varied amongst species and differences in the spatial scale 

of fish dispersal were also found. To establish the effective proportional contribution of the 

Portuguese estuarine systems to coastal stocks further research is necessary. It is of the utmost 
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importance to establish baseline data on juvenile densities, growth, condition, movements and 

survival from nursery habitats to fully understand connectivity dynamics. Ultimately, knowledge 

on the connectivity between estuaries and coastal marine stocks will allow the safeguard of the 

habitats that most contribute to the replenishment of adult coastal populations and promote 

integrated management plans. 
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CHAPTER 9

Connectivity between estuaries and marine areas: integrating metrics to 

assess multi-species nursery function of estuaries

Abstract:  Natural or anthropogenically induced variations in estuarine nursery grounds and the 
dynamics of marine fish populations potentially promote differences in the connectivity between 
estuaries and marine adult subpopulations, i.e. their importance as nursery or effective juvenile 
habitat (EJH). The differential nursery function of nine estuaries along the Portuguese coast for 
commercially important fish species  Solea solea,  S. senegalensis,  Platichthys flesus,  Diplodus 
vulgaris and Dicentrarchus labrax was evaluated. Through the integration of distinct metrics, the 
complementarity between an estuary’s potential to contribute to adult  subpopulations (juvenile 
distribution area, density, number, condition) and its effective contribution (connectivity with the 
marine  environment  measured  via  otolith  elemental  fingerprints)  was  assessed.  Estuaries’ 
contributions  varied  for  each  species  with  relative  patterns  depending  on  analysed  metrics. 
Overall, estuaries identified as the most important nursery and/or EJH differed with species and 
no single estuary was best for all,  highlighting species specific regulation of  nursery function. 
Management and conservation wise, focus should be directed to sites with higher contributions to 
adult  subpopulations  of  multiple  species.  The  importance  of  defining  precise  scientific  and 
management objectives was emphasized by the inversions in the ranking of estuaries obtained 
with the nursery or EJH criteria. Estimates of potential juvenile contribution from estuaries, namely 
total number of juveniles, were in agreement with effective contribution estimates for S. solea, P. 
flesus and D. labrax, albeit not significantly, supporting the idea that processes affecting juveniles 
upon egression from the estuaries may have little significance on recruitment outcome to marine 
adult subpopulations.

Keywords: nursery; effective juvenile habitat; juvenile fish; connectivity; estuary

1. Introduction

The ecological and economical relevance of estuarine nursery function in supporting marine 

adult subpopulations of diverse fish species has long raised interest (for reviews see Beck et al. 

2001, Able 2005). The use of segregated habitats during the juvenile life period is a key ecological 

feature of these species: adults inhabit the marine environment and after spawning larvae/post-

larvae/juveniles enter shallow coastal areas and estuaries, where they spend the first months or 

year of life, benefiting from high food availability, water temperature and refuge from predators, 

until they return to the marine environment (Miller et al. 1985, Koutsikopoulos et al. 1989, Gibson 

1994). The use of estuaries by juveniles of such marine estuarine-opportunist species is likely to 

vary amongst estuaries and/or within them, partly determined by estuarine colonization as well as 

habitat  quality  and quantity  (Rijnsdorp et  al.  1992,  Gibson 1994,  van der  Veer et  al.  2000). 

Changes  in  these  features  are  driven  both  by  natural  variability  and  anthropogenic  actions 

(Vasconcelos et al. 2007a, Courrat  et al. 2009).  Recent reformulation of the nursery concept, 

stating that nursery grounds promote enhanced densities, growth and survival of juveniles and to 

be considered as such, a habitat or site must produce relatively more adult recruits per unit area 

than others used by a particular species (Beck et  al.  2001),  as well  as the definition of  the 

effective juvenile habitat (EJH) concept, for habitats or sites which overall contribute most to adult 
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populations (Dahlgren et al. 2006), have opened new research directions. The requirement to 

identify  areas with higher  proportional  contributions  to adults’  habitats  and incorporate  these 

effective  connectivity  measures  in  nursery  studies  drove  the  paradigm shift  from the classic 

approaches on nursery function (e.g. Desaunay et al. 1981, Le Pape et al. 2003a, Minello et al. 

2003) and has rendered encouraging results on connectivity for some species and areas (e.g. 

Gillanders 2002, Elsdon et al. 2008, Rooker et al. 2008).

Understanding the processes occurring between both juvenile and adult life stages is vital to 

improve our understanding of connectivity and ascertain the differential importance of the areas 

used by juveniles. However, such complementary data can only be obtained by defining and 

applying  specific  tools.  Fishing  surveys  provide  direct  quantification  of  juvenile  density  and 

distribution areas (e.g.  Le Pape et  al.  2003a, Rooper et  al.  2004).  Indirect  quantifications of 

growth rates in captured juveniles, such as marginal otolith increment width or nucleic acid based 

condition indices, produce reliable measures of individual response to habitat quality (e.g. Kuropat 

et al. 2002, Amara et al. 2007). Quantifications of connectivity using otolith elemental composition 

as a natural tag of habitat use enable the retrospective identification of the juvenile source of adult 

fish  (e.g.  Gillanders  &  Kingsford  1996,  Thorrold  et  al.  2001,  Brown  2006).  Some  combined 

approaches have been applied to assess nursery function, for instance, analysing juvenile density 

and condition (e.g. Sogard 1992, Rooker et al. 1997), juvenile density and habitat area (e.g. Riou 

et al. 2001, Le Pape et al. 2003a, Rooper et al. 2004) or potential and effective contributions 

(Fodrie & Levin 2008, Chittaro et al. 2009) and have provided fundamental information on the 

interaction  of  the  processes  involved.  However,  further  comprehensive  multi-disciplinary 

approaches are still required.

Marine species which use estuaries as nursery areas have evolved metapopulation structures 

that indicate hierarchical interactions between metaestuarine systems (Ray 2005). Therefore, it is 

essential to study these species and habitats within broad-scale spatial contexts. Furthermore, 

estuaries and coastal areas often provide putative nurseries for several species simultaneously 

(Elliott & Dewailly 1995). Thus, although a habitat or site may have a weak nursery function for a 

particular  species,  it  may  have  an  important  nursery  function  for  others,  heightening  the 

importance of multi-species approaches.

Along the Portuguese coast  several  estuaries have been identified as important  putative 

nursery areas for commercially important  marine fish species, namely  Solea solea (Linnaeus, 

1758),  S.  senegalensis  Kaup,  1858,  Platichthys  flesus (Linnaeus,  1758),  Diplodus  vulgaris 

(Geoffroy Saint-Hilaire, 1817) and Dicentrarchus labrax (Linnaeus, 1758) (e.g. Veiga et al. 2006, 

Cabral et al. 2007, Martinho et al. 2007). The present study aimed to assess if multi-species 

nursery and EJH function varied amongst a set of estuaries along this coast, according to their 

effective  connectivity  with  marine  adult  subpopulations,  measured  via  otolith  elemental 

fingerprints,  and  if  estuaries  identified  as  nursery  or  EJH were  equivalent  amongst  species. 

Moreover,  the  complementarity  between the  potential  and  effective  contribution  of  individual 

estuaries was evaluated by integrating information on juvenile distribution, density, condition and 

connectivity between estuaries and the marine environment. Results provided vital information on 
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the significance of distinct  metrics commonly applied in nursery function studies and on their 

implications  for  the  definition  of  fisheries  management  and  species-  or  spatially-explicit 

conservation plans.

2. Materials and Methods

2.1 Study area

Nine estuarine systems of the Portuguese coast (Minho, Douro, Ria de Aveiro, Mondego, 

Tejo,  Sado, Mira, Ria Formosa and Guadiana) (Fig. 1) were selected for their importance as 

putative nursery areas for many fish species. These systems are distributed along a latitudinal 

gradient (ca. 950 km of coastline) and differ in hydrological and geomorphological features (Table 

1),  as  well  as  in  their  resulting  natural  vulnerability  to  disturbances,  namely  from  present 

anthropogenic pressures of distinct sources and intensities (Vasconcelos et al. 2007a) (Table 1).

Figure 1. Location of sampled estuarine systems of the Portuguese coast (white circles    ) and areas off 
the  coast  (dotted  circles     )  and  fish  species  collected  in  each  area  (SS  -  Solea  solea,  SN  -  S. 
senegalensis, PF -  Platichthys flesus, DV -  Diplodus vulgaris  and DL - Dicentrarchus labrax). Estuarine 
systems were sampled for juveniles and areas off the coast were sampled for young adults.  Potential 
contribution of each estuarine system to the marine adult subpopulations was estimated for all  species 
present in each system and effective contribution, estimated through the identification of the estuarine 
juvenile source of young adults collected off the coast, for species marked with an asterisk (*).
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2.2 Assessment of nursery function

Data on common sole  Solea solea, Senegalese sole  S. senegalensis, flounder  Platichthys 

flesus,  common two-banded sea bream  Diplodus vulgaris  and sea bass  Dicentrarchus labrax 

comprising multiple aspects of juvenile ecology and their individual responses in these estuaries 

as  well  as  of  their  recruitment  to  marine  environments  were  assessed  and  integrated.  An 

estuary’s potential to contribute to adult subpopulations in the marine environment was analysed 

based on several metrics: area, juvenile density, total number and condition in important sites for 

juveniles. Its effective contribution was estimated based on the percentage of adults sampled in 

the marine environment classified to having spent their juvenile life period in that estuary (Table 

2).

Table 1. General  characterization  of  analysed  estuarine  systems and juvenile  sites within them: total 
estuarine area and percentage of intertidal area, as well as natural vulnerability (0 represents lowest and 1 
highest)  and  anthropogenic  pressure  level  (0  represents  lowest  and  1  highest),  as  assessed  in 
Vasconcelos et al. (2007a); and environmental characteristics of juvenile sites namely mean (and standard 
deviation in brackets) water temperature (ºC), salinity and depth (m) in July 2006 sampling surveys

Estuary

Overall Juvenile sites

Area
Intertidal 

area
Natural 

vulnerability
Anthropogeni
c pressures

Temperature Salinity Depth

(km2) (%) (index) (index) (ºC) (m)

Minho 23 35 - - 21.3 (2.6) 11.3 (11.2) 2.8 (0.6)
Douro 10 11 0.54 0.47 23.5 (1.3) 11.7 (4.1) 8.6 (2.3)

Ria de Aveiro 74 87 0.62 0.42 23.8 (1.3) 30.8 (6.2) 1.6 (0.6)

Mondego 10 64 0.67 0.28 21.8 (2.9) 21.9 (9.0) 1.8 (1.4)

Tejo 320 40 0.33 0.76 25.1 (2.6) 21.9 (12.9) 2.4 (2.1)

Sado 180 44 0.58 0.49 26.0 (1.0) 29.3 (14.2) 1.2 (0.2)

Mira 5 42 0.78 0.14 24.7 (3.8) 20.8 (15.4) 3.4 (1.0)

Ria Formosa 91 81 0.67 0.32 25.8 (0.6) 36.1 (0.3) 2.7 (0.7)

Guadiana 20 24 0.71 0.21 26.5 (0.7) 16.9 (10.4) 3.7 (1.5)

Table 2. Summary of descriptors and metrics used to assess nursery function of each estuary

Estuary’s potential contribution (measured in the estuarine environment)

Descriptor Metric (unit)

Habitat quantity for juveniles Area of juvenile sites (km2)
Juvenile density Density in juvenile sites (individuals km-2)

Juvenile number Total number in juvenile sites (individuals)

Habitat quality for juveniles Juvenile condition (RNA:DNA)

Estuary’s effective contribution (measured in the marine environment)

Descriptor Metric (unit)

Estuarine source of marine adults Number of adults identified to an estuary (% of analysed adults)
Number of adults identified to an estuary per unit area of juvenile 
sites in that estuary (% of analysed adults)

2.2.1 Potential nursery function metrics
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Juvenile  density  and  distribution  of  the  five  species  were  determined  for  the  selected 

estuaries through fishing surveys in Spring and Summer  (May and July,  respectively)  of  two 

consecutive years (2005 and 2006). Several potential nursery sites were sampled within each 

estuary using a beam trawl preferably during the night; ca. 10 replicate tows were made per site in 

each sampling  period  and year.  Sampling  site  locations  were  based  on  preliminary  surveys 

covering the entire estuaries and on previous  knowledge on the systems.  Mean densities of 

juveniles of each species per estuarine site were determined. Sites consistently with high juvenile 

densities  were  identified  as  juvenile  sites  and  their  area  determined  using  GIS  software. 

Considering all juvenile sites, mean juvenile densities per estuary were also determined. The total 

number of juveniles of a species in an estuary was estimated based on the area of juvenile sites 

and their mean juvenile densities. Data from July surveys were used for the analysis as it was, in 

general, the highest density period for all species.

Individual’s response to habitat quality was assessed with RNA:DNA ratio (Vasconcelos et al. 

2009), a biochemical condition index commonly applied as a proxy for fish nutritional condition 

and growth rate, determined in juveniles of each species collected in each estuarine site in July 

2005 and 2006. RNA:DNA ratio was determined in fish muscle tissue through a fluorometric 

method, as described by Caldarone et al. (2001) and adapted by Fonseca et al. (2006). RNA:DNA 

results  for  each  species  were  corrected  for  fish  length  and,  for  the  present  analysis,  were 

determined for each estuary as the mean of all juvenile sites sampled within it.

2.2.2 Effective nursery function metrics

To  estimate  the  effective  contributions  of  the  analysed  estuaries  to  adult  marine 

subpopulations,  juvenile  otolith  elemental  fingerprints  were  characterized  as  species-specific 

natural tags for the different estuaries (Vasconcelos et al. 2007b) and subsequently applied to 

identify the estuarine juvenile source of marine young adults (Vasconcelos et al. 2008). Briefly, 

otolith  elemental  fingerprints  of  the  sampled  estuarine  sites  were  characterized  for  the  five 

species, using juveniles collected in July 2005. The chemical composition (Li, Na, Mg, K, Mn, Cu, 

Zn, Sr, Ba, Pb) of sagittal otoliths was analysed using solution based inductively coupled plasma 

mass spectrometry (ICP-MS). Subsequently, the chemical composition of the juvenile section of 

sagittal otoliths of young adults, sampled along the Portuguese coast in 2006, was analysed with 

laser ablation ICP-MS and compared against the estuarine elemental fingerprints of juveniles to 

identify the estuarine juvenile source of  the sampled young adults.  In the present  study,  the 

effective contribution of an estuary to adult subpopulations corresponded to the percentage of 

young adults classified to it as the estuary where they spent their juvenile life period.

2.3 Data analysis

Initially, fish species were analysed independently and the pattern of variability of each metric 

amongst the several estuaries explored. For each species, the estuary which overall contributed 

the most to marine adult subpopulations was identified as an EJH (following Dahlgren et al. 2006) 

whereas the estuary which contributed the most per unit area of the juvenile sites was identified 
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as  a  nursery  (following  Beck  et  al.  2001).  The  relationship  between  potential  and  effective 

contributions was analysed using Spearman rank correlation coefficient between pairs of metrics 

(namely juvenile density vs overall effective contribution, area of juvenile sites vs overall effective 

contribution, number of juveniles vs overall effective contribution and similarly for contribution per 

unit area) and using Kendall coefficient of concordance test amongst all metrics simultaneously.

Subsequently, a collective analysis of the data for all fish species was conducted using the 

sum of the species results for each metric, with the exception of juvenile condition.

3. Results

3.1.1 Multi-metric assessment of nursery function to individual species

Estimated potential and effective contribution of the estuaries varied with applied metrics (Fig. 

2).  Moreover,  these  differences  in  estuarine  contribution  were  also notably  evident  amongst 

species.

Juvenile Solea solea had higher condition in the Douro and also in Ria de Aveiro, Mondego 

and Tejo. The larger juvenile sites were found in the Tejo and Ria de Aveiro (11.5 km2 and 9.2 

km2, respectively), whilst higher densities occurred in the Mondego and Mira estuaries (19.9 x 103 

individuals km-2 and 7.3 x 103 individuals km-2, respectively) with the total number of juveniles 

highest in the Tejo estuary (29.1 x 103 individuals). Most adults were classified to the Tejo and 

Mondego  estuaries  as  juvenile  sources  (45.4%  and  39.4%,  respectively).  Overall,  the  Tejo 

contributed the most to marine subpopulations and was identified as the most important EJH, 

whilst the Mondego was the most important nursery due to the high contribution per unit area of 

its juvenile sites (88.5%).

Juveniles  of  Solea  senegalensis  had  higher  condition  in  the  Ria  de  Aveiro  and  Sado 

estuaries. Juvenile sites’ area, density and total number of juveniles were larger in the Tejo and 

Sado (13.1 km2 and 8.4 km2, 4.6 x 103 individuals km-2 and 3.1 x 103 individuals km-2, 60.0 x 103 

individuals and 26.5 x 103 individuals, respectively). The Sado was identified both as an EJH and 

a nursery as it had the highest overall contribution to marine subpopulations (52.9%) as well as 

per unit area (49.2%).

Flounder  juveniles  (Platichthys  flesus)  showed  higher  condition  values  towards  northern 

estuaries with higher values attained in the Minho. Juvenile sites were larger in the Douro and 

Minho (2.3 km2 and 1.8 km2), whereas densities and total number of juveniles were higher in the 

Douro (11.4 x 103 individuals km-2 and 26.1 x 103 individuals). The Douro estuary had the highest 

overall contribution to marine adults (53.3%) and corresponded to an EJH, whilst the Mondego 

had the highest contribution per unit area (50.8%) and was considered as a nursery. 

Individual condition of juvenile Diplodus vulgaris was higher in the Ria de Aveiro, Mondego and 

Mira estuaries. Juvenile sites were larger in the Sado and Ria Formosa (4.2 km2 and 3.5 km2), 

albeit mean densities, as well as total juvenile number, were highest in the Ria Formosa (52.9 x 

103 individuals km-2 and 185.3 x 103 individuals). Retrospective identification of estuarine juvenile 

source of marine adults was not achieved and therefore the effective role of these estuaries as 

EJH and nursery could not be evaluated. 
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Juvenile  Dicentrarchus  labrax had  higher  condition  towards  the  southern  estuaries  with 

highest values attained in the Mira, Tejo and Mondego estuaries by decreasing order. Juvenile 

sites were larger in the Douro and Sado estuaries (2.8 km2 and 2.5 km2), densities were higher in 

the Mondego, Ria de Aveiro and Tejo (9.6 x 103 individuals km-2, 7.3 x 103 individuals km-2 

Figure 2. Solea solea,  S. senegalensis,  Platichthys flesus,  Diplodus vulgaris and  Dicentrarchus labrax. 
Estuaries’ potential contribution for each fish species: mean juvenile condition (RNA:DNA), area (km2 and 
proportion relatively to the total area of juvenile sites in all estuaries), mean juvenile density (individuals 
km-2,  represented as inds. km-2),  total  number of fish (individuals,  represented as inds., and proportion 
relatively to the total number in all estuaries) of juvenile sites. Estuaries’ effective contribution for each fish 
species: percentage of marine adults classified to an estuarine juvenile source (overall and per unit area of 
juvenile sites in that estuary) via otolith elemental fingerprints. For each species, an estuary was identified 
as the most important effective juvenile habitat (EJH), i.e. highest overall effective contribution following 
Dahlgren et al. (2006), and nursery, i.e. highest per area unit contribution following Beck et al. (2001).
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Figure 2 (continuation).
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and 5.3 x 103 individuals km-2) whilst total number of juveniles was highest in the Tejo estuary 

(9.6 x 103 individuals). The Mondego estuary had the maximum contributions overall (41.4%) and 

per unit area (57.9%) to marine adults and was therefore classified as both an EJH and a nursery.

3.1.2. Agreement amongst metrics

For  each species,  according  to  the  analysed metric  the  patterns  in  the results  amongst 

estuaries varied (Fig. 2). Regarding the metrics to assess the potential contribution of estuaries, 

the variation in area of juvenile sites and juvenile density amongst estuaries had a similar pattern 

only  for  Solea  senegalensis.  For  the  remaining  species,  in  many  cases,  higher  densities  of 

juveniles occurred in smaller sites. This was particularly evident for  S. solea: the Mondego had 

the highest densities and the smallest distribution areas, whilst the Ria de Aveiro, Tejo and Sado 

had low densities but large juvenile sites. Overall, the variations in these metrics were intricately 

related with the differences in the estimated total number of juveniles of each estuary.

Pairs of metrics of potential and effective estuarine juvenile contribution,  namely the total 

number of juveniles estimated for an estuary (potential contribution) and the overall number of 

adults classified to that estuary as a juvenile source (effective contribution), were in agreement in 

Solea solea,  Platichthys flesus  and Dicentrarchus labrax  although not significantly when tested 

with  Spearman  rank  correlation  coefficient  (Fig.  3).  Contrarily,  the  relationship  between  the 

number  of  juveniles  and  effective  contribution  per  unit  area  was,  in  general,  ambiguous. 

Correlation between density and overall effective contribution was high in P. flesus and D. labrax, 

even if not significantly, and was also high between density and contribution per unit area for S. 

solea  and D. labrax, though only significant for the latter (rs = 1.000,  P < 0.01). An agreement 

between total area of juvenile sites and their contribution was only observed for P. flesus whilst a 

significant  negative  correlation was observed considering  the contribution  per  unit  area (rs = 

-1.000,  P <  0.01).  Concordance  amongst  all  metrics,  tested  with  Kendall  coefficient  of 

concordance, was not significant for any of the species.

3.2 Multi-species nursery function

Estuaries differed in the number of analysed species present, with all five present only in the 

Ria de Aveiro and Mondego, and in the total area used by juveniles of all  species combined 

(higher in the Tejo and Ria de Aveiro - 15.4 km2 and 10.7 km2, respectively), as well as in its 

proportion relatively to the total estuarine area (maximum of 28.0% in both the Douro and Mira) 

and to the total area utilized by juveniles in all estuaries (highest in the Tejo and Ria de Aveiro, 

31.4% and 21.8%, respectively) (Table 3).

Considering all of the analysed species present, the total number of juveniles was highest in 

the Ria Formosa (185.3 x 103) with elevated values also attained for the Tejo and Sado estuaries. 

Overall, densities were higher in the Ria Formosa and in the Mondego (52.9 x 103 individuals km-2 

and 35.6 x 103 individuals km-2,  respectively).  In estuaries such as the Sado, Tejo or Douro, 

juvenile sites simultaneously used by multiple species were dominant whereas in
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Figure 3. Solea solea, S. senegalensis, Platichthys flesus and Dicentrarchus labrax. Relationship between 
determined potential and effective contributions of estuarine systems of the Portuguese coast to each fish 
species. Potential contribution metrics are plotted on X-axis (total number of juveniles, density and area of 
juvenile sites) and effective contribution metrics are plotted on the Y-axis (percentage of marine adults 
identified to an estuary as juvenile source overall and per unit area of juvenile sites): a) juvenile number vs 
overall contribution, b) juvenile number vs effective contribution per unit area, c) juvenile density vs overall 
effective contribution, d) juvenile density vs effective contribution per unit area, e) area of juvenile sites vs 
overall effective contribution,  f) area of juvenile sites vs contribution per unit area. Pairs of metrics with 
significant correlations when tested with Spearman rank correlation coefficient (P < 0.5) are represented 
with black circles (     ) and pairs with non-significant correlations with grey circles (     ).
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others, such as the Minho, Ria Formosa and Guadiana, sites were utilized by only one of the 

analysed species.

Overall, the effective contribution of juveniles from an estuary to adult subpopulations was 

highest in the Tejo and Mondego estuaries (26.6% and 26.0%, respectively) and therefore they 

were  identified  as  EJH.  The  extent  of  juvenile  sites  effectively  contributing  to  the  marine 

populations  varied amongst  estuaries and the  contribution  per  unit  area  for  all  species  was 

markedly higher in the Mondego (75.9%). Thus the latter was identified as nursery.

4. Discussion

4.1 Multi-metric assessment of nursery function

The present approach enabled the quantitative assessment of the differential nursery function 

of estuaries along the Portuguese coast. This was accomplished for four commercially important 

marine fish species (Solea solea,  S. senegalensis,  Platichthys flesus  and Dicentrarchus labrax) 

based on the estuaries’ potential contribution and effective connectivity with marine areas. For 

each species, estuaries differed in their effective contribution to marine adult subpopulations and 

therefore in their identification as EJH and/or nurseries, sensu Dahlgren et al. (2006) and Beck et 

al. (2001), respectively. For Diplodus vulgaris, even though data on the potential contribution of 

estuaries  was  obtained,  effective  contributions  could  not  be  established  as  results  of  the 

identification of estuarine juvenile source of marine adults were inconclusive (Vasconcelos et al. 

2008). In general, an estuary’s importance as nursery or EJH for a species differed and highlighed 

the  relevance  of  both  criteria  in  providing  responses  to  different  scientific  and  management 

objectives.  Overall,  differential  results amongst  species emphasize the importance of  species 

specific  dynamics  in nursery  function  regulation.  Some potential  contribution metrics  were in 

agreement with effective connectivity ones in certain species, reinforcing the idea that processes 

affecting juveniles after leaving the estuaries may have little significance on the regulation of final 

recruitment  to  adult  sub-populations  of  marine  fish  and  that  juvenile  numbers  may correctly 

represent connectivity of nursery grounds.

Differential  connectivity between juveniles in estuarine/coastal  environments and adult  marine 

subpopulations  has  been  evaluated  through  otolith  elemental  fingerprints  by  quantifying  the 

contributions  of  different  habitat  types  (Gillanders  &  Kingsford  1996,  Yamashita  et  al.  2000, 

Forrester & Swearer 2002, Brown 2006) and individual or groups of estuaries (Gillanders 2002, 

Hamer et al. 2005), thus providing an assessment of their importance as EJH. Furthermore, the 

size of juvenile distribution areas has been addressed in synchrony with effective connectivity as 

a measure of the nursery value of distinct habitat types (Fodrie & Levin 2008) or regions within an 

estuary  (Chittaro  et  al.  2009).  Present  results  represent  the first  evidence  of  the correlation 

between measurements of  effective contribution of  individual  estuaries and estimates of  their 

potential  contribution.  Moreover,  they  provided  a  comprehensive  view  of  estuarine  nursery 

function as a whole since the current approach assessed multiple species that simultaneously use 

these estuaries in the juvenile phase.

Overall, no estuary was identified as the best nursery or EJH for all species. Distinct
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Table 3. Solea solea,  S. senegalensis,  Platichthys flesus,  Diplodus vulgaris and Dicentrarchus labrax. Potential and effective contribution of estuaries along the Portuguese 
coast. Estuary’s potential contribution: number of fish species, area, density and total number of individuals of the five fish species of juvenile sites; and area of juvenile sites 
simultaneously used by multiple species. Estuary’s effective contribution (assessed through otolith elemental fingerprints): area of sites where adults spent their juvenile period; 
percentage of marine fish identified to that estuary overall, according to the Effective Juvenile Habitat definition by Dahlgren et al. (2006), and per unit area of juvenile sites, 
according to the nursery definition by Beck et al. (2001).

Estuary’s contribution Estuary

Metric Unit Minho Douro R. Aveiro Mondego Tejo Sado Mira R. Formosa Guadiana

Potential contribution: estuarine juvenile sites
Species (n) 1 3 5 5 4 4 3 1 3

Total area (km2) 1.8 2.8 10.7 0.9 15.4 8.4 1.4 3.5 4.2

(% of estuary) 7.8 28 14.5 9 4.8 4.7 28 3.8 21

(% of juvenile sites of all estuaries) 3.7 5.7 21.8 1.8 31.4 17.1 2.9 7.1 8.6

Density (x 103 individuals km-2) 3.6 12.9 4.3 35.6 6.4 10.4 20.5 52.9 2.5

Total number (x 103 individuals) 6.6 36.1 46.4 32.1 99.3 87.2 28.7 185.3 105.5

(% of juveniles in all estuaries) 1.2 6.8 8.7 6 18.7 16.4 5.4 34.8 2

Potential contribution *: estuarine juvenile sites simultaneously used by multiple species 

Total area (km2) 0 2.3 4.6 0.6 13.1 8.4 1.1 0 1.3

(% of juvenile sites) 0 82.1 43 66.7 85.1 100 78.6 0 31

Effective contribution

Juvenile sites’ area (km2) - 2.3 9.2 0.6 13.3 8.4 1.1 - -

(% of juvenile sites of all estuaries) - 6.6 26.4 1.7 38.1 24.1 3.2 - -

Source of adults (% of all adults) - 15.6 16.8 26 26.6 13.2 1.7 - -

(% of all adults per unit area) - 11.9 3.2 75.9 3.5 2.8 2.7 - -
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estuaries  were  identified  as  the  most  important  for  a  species,  namely  the  Douro  (EJH for 

Platichthys  flesus),  the  Tejo  (EJH  for  Solea  solea),  or  the  Sado  (nursery  and  EJH for  S. 

senegalensis) whereas the Mondego stood out as a nursery for three species (S. solea, P. flesus 

and  Dicentrarchus labrax)  and as an EJH for  D. labrax.  In general,  identifying an area as a 

nursery or EJH for a species did not imply that it was of equivalent importance for any of the 

remaining species present; highlighting species specific patterns in nursery function outcome as 

well  as  the  importance  of  multi-species  assessments  towards  a  broad  understanding  of  the 

importance of these areas for coastal populations and the need for their integrated management.

The overview on the  estuaries’  multi-species  nursery  function,  analysing  the sum of  the 

effective  contributions  for  all  species,  was similar  to a  guild approach analysis,  focusing  the 

general  use  of  estuaries  by  marine  estuarine-opportunist  species  (Elliott  et  al.  2007),  and 

identified the Tejo as the most important EJH and clearly the Mondego as the most important 

nursery. Whereas the nursery criterion attained some analogous results to those with individual 

species, the EJH highlighted the importance of the Tejo for several species in terms of overall 

contribution, since it was the best EJH for Solea solea and the second best for S. senegalensis 

and Dicentrarchus labrax. The current approach outlined the importance of estuaries successfully 

used by a higher number of species and which had higher contributions as a whole for several of 

these. Management and conservation wise focus and resources should be directed to them.

Ranking estuaries in terms of their nursery value for a species, according to either the nursery 

or the EJH concepts, resulted in an inversion of the results for Solea solea and Platichthys flesus 

as the estuaries with the highest effective contributions of juveniles were those with the largest 

juvenile  distribution  areas.  Contrarily,  for  S.  senegalensis and  Dicentrarchus  labrax,  single 

estuaries  were  both  nursery  and  EJH,  particularly  for  the  latter  as  the  highest  contributions 

resulted  from  a  small  juvenile  area.  Similar  inversion  in  results  have  been  reported  whilst 

analysing the importance of different habitats or sites for juveniles (Fodrie & Levin 2008, Chittaro 

et al. 2009) and supported the rationale for the identification of EJH (Dahlgren et al. 2006) in 

addition to nursery (Beck et al. 2001). The relevance of considering both criteria arises from the 

little importance attributed by Beck et al. (2001) to estuaries or habitats with small contributions 

per unit area but which overall contribute significantly to adult subpopulations, as are the cases of 

the Tejo, for S. solea, and the Douro, for P. flesus.

Knowledge on the selection of particular estuarine areas or habitats by juveniles (Cabral & 

Costa 1999, Goldberg et al. 2002, Lazzari 2008) and on enhanced growth or survival in those 

habitats (Phelan et al. 2000, Ross 2003, Fonseca et al. 2006) provides strong support towards 

identifying essential  fish habitats as the basis for healthy fisheries and efficient  management 

strategies (Rosenberg et al.  2000). Ultimately, recognizing sites or habitats used by juveniles 

which effectively maintain adult  subpopulations should lead to the development  of  integrated 

management plans for these areas and species. Such identification is paramount to obtain the 

highest  returns in terms of  ecological  and economical  resources and functions as well  as to 

optimize management and conservation efforts. Since the application of the nursery and EJH 

criteria  may  render  converse  results,  an  adequate  definition  of  the  scientific,  economic  and 
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management  objectives  is  essential  to  ensure  the  approach  responds  to  the  established 

purposes.

4.2 Agreement amongst metrics

The relative potential contribution of individual estuaries, namely determined via the estimated 

total number of juveniles, showed an agreement in three species with the effective contributions 

determined through otolith elemental fingerprints. A strong match between potential and effective 

contributions was also found by Fodrie & Levin (2008) amongst different habitat types. Selecting 

efficient methodologies is a key aspect in the success of ecological assessments. Present results 

revealed the compatibility between potential, or expected, and effective relative contributions of 

juvenile source areas at the resolution level of individual estuaries. Moreover, they provided new 

insight to the effective connectivity between juvenile and adult habitats as they suggest that once 

juveniles egressed from the estuaries they were similarly affected by processes which influence 

juvenile movement to adults’ habitats, such as mortality rate. In effect, variability in year class 

strength  of  marine  estuarine-opportunist  species  has  been  assigned  mostly  to  processes 

occurring during the earlier life stages, e.g. larval and post-settlement stages, whereas factors 

affecting juvenile, subadult and adult fish are less influent (Le Pape et al. 2003b, Levin & Stunz 

2005).

The relationship between juvenile condition, density and area of juvenile sites, with both the 

potential  and effective estimates of  juvenile recruitment from estuarine areas, advises against 

their independent use as proxies of successful nursery function.  Juvenile condition or growth, 

often assessed as a measure of habitat quality in nurseries (Kuropat et al. 2002, Le Pape et al. 

2003a, Ross 2003, Amara et al.  2007),  had different  relationships with the remaining metrics 

according to species. Comparing juvenile condition results with the estimated number of juveniles 

exported and juvenile source of adults, it is evident that: whereas in some species there was a 

direct relationship, with highest condition indicative of increased number of exported juveniles, 

connectivity with adult habitats and nursery function overall (e.g. Platichthys flesus), in others the 

link  was  not  clear.  Inter-estuarine  variability  in  juvenile  condition  has  been  associated  with 

different  environmental  parameters,  such  as  temperature,  as  well  as  shown  to  be  density-

dependent (Vasconcelos et al. 2009), likely as a result of increased competition for resources 

limiting nutritional status (Rijnsdorp & Van Leeuwen 1996, Nash & Geffen 2000). 

Based on the adult  and juvenile distributions,  densities and their inter-annual variabilities, 

recruitment levels of species which use confined nursery grounds are fundamentally related with 

juvenile habitat availability or quantity, as ultimately these define the nursery’s carrying capacity 

(Rijnsdorp et al. 1992, Gibson 1994, Iles & Beverton 2000, Le Pape et al. 2003a, Manson et al. 

2005). Concurrently, Fodrie & Levin (2008) stated that California halibut Paralichthys californicus 

(Ayres, 1859) populations could be nursery-habitat  limited however, not  by density-dependent 

growth or mortality during the juvenile phase but likely by density-dependent settlement or juvenile 

emigration from already occupied nurseries (Schmitt  & Holbrook 2000). Despite the effects of 

habitat quantity on population size, recruitment levels of juvenile flatfishes from nursery grounds 
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are a result  of the interplay between both habitat quality and quantity (Gibson 1994) as also 

evidenced by the relationship between higher juvenile densities and lower juvenile condition in 

Solea solea and Platichthys flesus (Vasconcelos et al. 2009). With the exception of  P. flesus, a 

correlation between size of juvenile distribution area and its overall effective contribution was not 

observed for most species, as in Chittaro et al. (2009). The mismatches between the variations in 

juvenile distribution area, densities and number of juveniles amongst these estuaries, suggest the 

analysed  juvenile  habitats  have  a  differential  maximum nursery  capacity  determined  by  the 

combination of  habitat  quantity,  quality and estuarine colonization processes (Rijnsdorp et  al. 

1992, Brown et al. 2005).

Juvenile densities are still commonly used as a measure of nursery function (Ross 2003, Able 

et al. 2006, Cabral et al. 2007). Even though in the present study higher juvenile densities were 

associated in some species with nursery role or EJH that was not the general case. Likewise, little 

correspondence between the effective contribution of regions within an estuarine system and their 

mean juvenile densities has been reported (Chittaro et al. 2009). Both results advise that, for such 

systems and species, juvenile densities should not be used directly as a measure of nursery 

function. Instead, the size of juvenile distribution area should be used to estimate the expected 

number  of  juveniles,  as  it  more  accurately  reflected  the  egression  of  juveniles  from  these 

estuaries, as confirmed with the determined effective estuarine juvenile source of adults. The area 

of  juvenile  distribution  has  been  previously  applied  to  estimate  the  potential  contribution  of 

different habitat types to adult stocks, namely by modelling annual variation of juvenile distribution 

and densities to identify important habitats for fish juveniles (Riou et al. 2001, Le Pape et al. 

2003a). On the other hand, juvenile densities have been a good indicator of effective unit area 

productivity of juvenile habitats in Southern California and suggested that variability of recruitment 

pulses to adult stocks are not dampened by density-dependent nursery-ground processes (Fodrie 

&  Levin  2008).  Even  though  density-dependent  processes  may  entail  depressed  maximum 

juvenile growth, measured juvenile condition was always indicative of good nutritional status and 

high growth rates (Vasconcelos et al. 2009). Overall, the outcome of the processes occurring in 

juvenile  habitats  that  effectively  influence  recruitment  is  suggested  to  be  largely  expressed 

through the combined effects of habitat quantity and quality and their restrictions to the number of 

settled juveniles.

Considering  the  high  dispersal  ability  and  potential  inter-annual  variability  in  year-class 

strength of these species, future research should be directed towards the ultimate objectives of 

determining exchange rates and dependence levels amongst closely or distantly related meta-

populations and meta-estuaries of these species, as well as verifying the consistency through 

time of EJH and nursery areas within and between estuaries. This knowledge will be essential to 

define both habitat conservation and fisheries management strategies.
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General discussion 

The present study aimed to evaluate effective nursery function amongst a set of estuarine 

systems. Specifically, through the study of some of the main estuaries along the Portuguese 

coast and main commercially important marine fish species Solea solea, Solea senegalensis, 

Platichthys flesus, Diplodus vulgaris and Dicentrarchus labrax, acknowledged for the use of 

these estuaries as putative nursery grounds, via an integrative, multi-species and multi-metric 

approach, in order to: expand knowledge on the life cycle of these species and use of these 

areas; explore the significance and relationship of distinct metrics commonly applied separately 

in the study of nursery function; increase the knowledge of estuarine nursery function regulation 

as a whole; and accurately identify nursery areas and effective juvenile habitats. 

Anthropogenic disturbances which are conspicuous in estuarine systems worldwide, namely 

amongst systems in urbanized regions (Goldberg 1995, Blaber et al. 2000, Costa et al. 2002, 

Kennish 2002), were evident for the analysed set of estuaries through the results of the multi-

metric index of anthropogenic pressures presented in Chapter 2. As a result of the combination 

of different predominant types and intensities of human activities with the estuaries’ natural 

characteristics and vulnerabilities, groups of estuaries differed in the overall intensity and types 

of pressure they are subjected to as well as in the expected ecological impacts and end-points 

of the identified pressure sources, several of which affecting nursery function. The designed 

multi-metric index can easily be updated with new data for these systems, enabling the 

evaluation of trends in anthropogenic disturbance, and is a template for application in other 

estuaries. This approach is complementary to other recently developed index approaches 

based on community responses to anthropogenic pressures (e.g. Borja et al. 2008, Henriques 

et al. 2008, Martinho et al. 2008a) or even specifically on nursery species responses (e.g. 

Courrat et al. 2008). Moreover, it can be applied at a broad scale in large sets of estuaries as a 

standardized method to identify the main sources of concern and can also be an important tool 

considering the difficulty in distinguishing natural from anthropogenically induced changes 

(Gilliers et al. 2006, Elliott & Quintino 2007). 

In Chapter 3, comprehensive sampling surveys throughout the estuaries identified important 

sites for juveniles and extracted differential use patterns amongst them. Identifying essential fish 

habitat has been defined as a major management objective since habitat itself has been 

recognized as the very basis of healthy fisheries (Rosenberg et al. 2000). Therefore, identifying 

important estuarine areas or habitats for juveniles of these marine species is in direct 

accordance with this directive. The simultaneous use of estuaries and areas within them by 
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more than one species highlights the increased ecological value of these habitats. Results 

provide an enhanced understanding of the environmental preferences of these species in 

estuaries and on their tolerance to variability in available habitat features. Environmental factors 

which were particularly associated with inter-estuarine variations in species density are 

suggested to act as determinant regulating factors for differences in estuaries’ juvenile 

production. Further studies based on detailed intra-estuarine sampling should, ultimately, allow 

building spatially-explicit models as a means to predict changes in species occurrence and 

density (Stoner et al. 2001) due to potential future alterations in estuaries. The latter are a major 

concern in view of the continuing habitat loss and degradation of analysed systems, directly or 

indirectly due to human action (Kennish 2002). 

Juvenile responses to habitat quality in estuarine nurseries, measured through two 

condition indices in Chapter 4, provide a large scale perspective on the variability of juvenile 

nutritional status and growth amongst a large set of estuaries. Highest habitat quality for 

juvenile growth of different species was found in distinct estuaries, as might have been 

expected considering previously reported variations for other geographical areas and species 

(Kuropat et al. 2002, Gilliers et al. 2004), and differences in species-specific responses 

highlighted the importance of evaluating individuals biological yield whilst assessing nursery 

function. The relationship between juvenile condition and sites’ environmental characteristics, 

such as juvenile density in some of the species, provided further evidence that, even though in 

many populations variability in year-class strength is generally determined in even earlier life 

stages (eggs and larvae) (van der Veer et al. 2000, Ray 2005) abiotic and biotic factors in 

estuarine habitats can enhance or impair juvenile condition (Rinjsdorp & van Leeuwen 1996, 

Nash & Geffen 2000). 

Contamination of juveniles by pollutants represents a direct impact of anthropogenic 

pressures on estuarine nursery function, as it may impair juvenile growth (e.g. Fonseca et al. 

2009). Lower juvenile growth and densities have been reported in heavily contaminated 

estuaries (Gilliers et al. 2006) and variability in juvenile contamination by trace metals amongst 

these systems was assessed in Chapter 5. The similar low levels of contamination detected in 

juveniles amongst all estuaries, with the exception of D. vulgaris, suggest that none of these 

estuaries in particular impairs survival and growth of juveniles within the time frame these spend 

in them. In addition, it also suggests that the level of contamination exported from these 

estuaries to adult stocks is similar, even if the estuaries contribute with different quantities of 

juveniles to these stocks. 

The differences in the otolith elemental composition of juveniles from all estuaries enabled 

the definition, with a high degree of accuracy, of elemental fingerprints characteristic of each 

estuary, according to species (Chapter 6). This validation verified the imperative 

characterization of potential source nurseries (Campana et al. 2000) and allows their 

subsequent use as natural tags of habitat use to assess the movement of these juveniles from 

estuarine to marine environments, as emphasized in Beck et al. (2001). Moreover, successful 

discrimination of elemental fingerprints amongst sites is particularly relevant towards achieving 
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high classification success of coastal fish to individual estuaries (Gillanders 2002). The 

differences in otolith elemental composition amongst juveniles of presently analysed species, 

explored in Chapter 7, were particularly evident in juveniles occupying the same sites and 

revealed strong species-related patterns in otolith elemental composition, thus disabling the use 

of site fingerprints from a particular species as a proxy for other species occupying the same 

estuarine site, as in Brown (2006) and Gillanders & Kingsford (2003). This could have been of 

great practical advantage in subsequent applications of otolith natural tags. 

In Chapter 8, the retrospective identification of the estuarine juvenile source of young adults 

collected along the Portuguese coast was successfully accomplished for all analysed species, 

except D. vulgaris, by statistically matching the elemental composition of the juvenile section of 

their otoliths with the estuarine elemental fingerprints previously established in Chapter 6. 

Results represent the first evidence of connectivity amongst juveniles from these estuaries and 

the adult sub-populations of S. solea, S. senegalensis, P. flesus and D. labrax in the marine 

environment. They reinforce the role of estuaries as nurseries for these species (Le Pape et al. 

2003, Leaky et al. 2009) and suggest a possible lower importance of estuaries compared to 

coastal areas for D. vulgaris (Henriques & Almada 1998), although in this case further directed 

studies are necessary. The successful discrimination at the level of individual estuaries, as 

accomplished for estuarine-spawning marine fish in Thorrold et al. (2001), opposed to groups of 

estuaries in Gillanders (2002), provides the basis for further investigation at this resolution level 

along the Atlantic and Mediterranean coasts for the presently analysed species. The identified 

juvenile source of individuals characterized a relative differential connectivity of the sampled 

estuaries, which is a reflection of their differential contributions of juveniles, as also suggested 

for some of these and other species and areas based on density variations (Le Pape et al. 

2003, Rooper et al. 2004). Overall, a restricted number of estuaries were responsible for higher 

or most of the determined contributions to adult subpopulations of particular species, as in 

Gillanders (2002). At the spatial scale of this analysis, observed dispersal patterns are in 

support that the populations of these species are open, although future studies are necessary to 

address this issue. 

The combination of the results of the several metrics used to study different aspects of 

nursery function (habitat quantity, juvenile density, habitat quality and connectivity) revealed 

some agreement between the potential export of juveniles (estimated from mean juvenile 

densities and their distribution area in the estuary) and the effective juvenile export (estimated 

from the identification of estuarine juvenile source of adults along the coast) of the analysed 

estuaries, whilst remaining metrics had more complex relationships. Present results highlighted 

the specific validity and limitations of these two types of metrics (potential and effective export) 

to adequately assess nursery function and provide fundamental information towards their 

application, namely considering the vast number of studies, based solely on one of these 

metrics, that directly measure nursery function without a validation of their significance (Beck et 

al. 2001, Riou et al. 2001, Le Pape et al. 2003). Nevertheless, the great advantage of effective 

metrics is that they provide a spatially-explicit evaluation of connectivity links. Moreover, 



CHAPTER 10 

212 

effective metrics allowed the ranking of estuaries according to the nursery and effective juvenile 

habitat definitions by Beck et al. (2001) and Dahlgren et al. (2006). They also demonstrated that 

different estuaries comply with both definitions as well as that individual estuaries’ nursery 

function is not consistent amongst species, as previously suggested in other studies based on a 

single potential contribution metric (Kuropat et al. 2002, Le Pape et al. 2003, Rooper et al. 

2004). Identifying important estuaries or sites for juveniles of these species is a key step 

towards the correct design of management and conservation strategies or measures. Hence, 

the multi-species character of many of the estuaries and sites, and the differences in their 

importance to the analysed species, imply that it is imperative to define precise management 

objectives to obtain the desired outcomes. 

 

Final remarks 

Upon successful evaluation of the relative value of estuaries as nursery areas for several 

species, through the application of diverse metrics, future research should focus diverse issues. 

Inter-annual variability in recruitment to marine sub-populations of these species has been 

reported and mainly associated with previous variations in hydrographical conditions and larval 

survival and transport as well as with variations in the size of nursery grounds (Rijnsdorp et al. 

1992, Gibson 1994). Moreover, similar underlying factors have been suggested to account for 

large inter-annual variations in juvenile densities in some of these estuaries (Vinagre et al. 

2007, Martinho et al. 2008b, 2009). Directly evaluating the annual variability in recruitment to 

adult sub-populations of these species as a function of changes in estuarine nursery function is 

a priority for future research. Simultaneously, the effects of changing biotic and abiotic factors to 

such variability should also be addressed. Since inter-annual variation in otolith elemental 

fingerprints may also occur (Gillanders & Kingsford 2000), assessing connectivity over time may 

require characterizing elemental fingerprints in several years and matching the correct juvenile 

and adult year classes. Moreover, differential juvenile contribution, and respective nursery role, 

of important sites for juveniles identified within these estuaries should also be addressed. 

On the other hand, the extent to which marine populations are open or closed is of great 

scientific interest, particularly since some populations have evidenced extensive self-recruitment 

(Lockwood & Lucassen 1984, Gillanders 2002, Hamer et al. 2005), despite large dispersal 

abilities of adults and sub-adults (Pickett et al. 2004), and meta-population structures show 

hierarchical interactions with meta-estuarine systems (Ray 2005). Comprising a set of estuaries 

and marine areas which approach the full distribution range of the species (Rooker et al. 2008) 

would fulfil the interest of evaluating the connectivity of all subpopulations of these species, 

linked either via the export of juveniles from estuaries, the reciprocal larvae dispersal from 

spawning grounds to nurseries or the movement of adults. 

Ultimately, adding a dimension of annual variability and expanding the spatial coverage of 

the study area, to include other estuaries further North and South, should be the next step 

towards the ultimate goal of providing data to model nursery function responses, and their 

effects on connectivity with adult subpopulations, to scenarios of natural and artificial alterations 
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in estuaries, environmental variability, design of management strategies and estuarine and/or 

marine protected areas. 
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