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                       ABSTRACT  

Estuarine systems support the life cycle stages of commercially important marine fish 

and are influenced by large and local-scale climatic patterns. Also, extreme events triggered by 

climate changes may influence the functioning of nursery grounds and recruitment for several 

fish species. In this study, performed in the Mondego estuary, Portugal, we used an 11-year 

database (2003-2013) for analyzing the variability in the population of a marine juvenile 

migrant fish, the European sea bass Dicentrarchus labrax, regarding changes in abundance, 

population structure, growth rates and secondary production and annual day of peak 

abundance. Higher densities and production occurred at the beginning of the study, but no 

differences in 0-group growth could be observed. In order to detect change points in both 

biological and climatic data, the cumulative sum (CUSUM) of the deviations from the mean for 

the 2003-2013 period were determined for each parameter. The relationship between large- 

and local-scale drivers and 0-group abundance, secondary production and day of peak 

abundance were evaluated using a Pearson correlation analysis of CUSUM of biological and 

environmental data, considering the correspondent yearly values and with a time-lag of 1 year. 

The North Atlantic Oscillation (NAO) index, sea surface temperature (SST) and their respective 

winter values were tested as large-scale factors, while river runoff, salinity and water 

temperature were considered as local climate patterns. River runoff was the significant factor 

explaining D. labrax 0-group abundances and the NAO and water temperature were also 

significant predictors considering the 1-year lag. Regarding D. labrax 0-group secondary 

production, salinity and water temperature were the significant predictors. The NAO with 1-

year lag was also negatively correlated with the day of peak abundance. The observed 

variability regarding yearly trends in abundance of juvenile fish was mostly linked to local-scale 

climate patterns, which can influence habitat use patterns, whereas large-scale factors (NAO, 

SST) seem to operate at a wider time frame, as observed by the lag of 1-year on their influence 

on juvenile sea bass abundance.  

Keywords: European sea bass; recruitment variability; climatic changes; Mondego estuary; 

large-scale patterns. 
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                       RESUMO  

Os sistemas estuarinos albergam certas fases do ciclo de vida de peixes 

economicamente importantes, estando igualmente sob a influência de padrões climáticos de 

escala global e local. De facto, eventos climáticos extremos desencadeados por alterações 

climáticas podem afectar o funcionamento destes sistemas como zonas de viveiro e o 

recrutamento para várias espécies de peixes. Este estudo foi realizado no estuário do rio 

Mondego, Portugal, onde se usou uma base de dados de 11 anos (2003-2013) para analisar a 

variabilidade populacional de uma espécie de peixe migrante marinho, o robalo Dicentrarchus 

labrax, e assim observar diferenças na sua abundância, estrutura populacional, taxas de 

crescimento e produção secundária. Os valores de densidade e produção mais elevados 

ocorreram no período inicial do estudo, mas não se encontraram diferenças entre as taxas de 

crescimento do grupo 0+. Para detectar pontos de inflexão nos dados biológicos e climáticos, 

foram determinadas as somas cumulativas (CUSUM) dos desvios da média de cada parâmetro 

para o período de 2003-2013. As relações entre vectores de escala global e local e a 

abundância, produção secundária e dia do pico de abundância anual dos grupos 0+ de robalo 

foram avaliadas através de uma análise de correlação Pearson das CUSUM dos dados 

biológicos e ambientais, considerando os valores anuais correspondentes e do ano anterior. O 

índice da Oscilação do Atlântico Norte (NAO), temperatura da superfície do mar (SST) e 

respectivos valores foram testados como factores de escala global, enquanto o caudal de rio, 

salinidade e temperatura da água estuarina foram considerados padrões climáticos de escala 

local. O escoamento foi o factor significativamente relacionado com as abundâncias de D. 

labrax juvenis, mas também o índice NAO e a temperatura da água estuarina do ano anterior 

foram vectores significativos. Relativamente à produção secundária dos grupos 0+ de D. 

labrax, a salinidade e a temperatura de água estuarina foram os factores significativos. (O 

índice NAO respeitante ao ano anterior foi igualmente um parâmetro negativamente 

relacionado com os valores do dia anual de picos de abundância). A variabilidade observada 

nas dinâmicas anuais de abundância dos robalos juvenis foi maioritariamente associada a 

padrões climáticos de escala local, capazes de influenciar os padrões de uso de habitat. No que 

diz respeito a factores de escala global (NAO, SST), estes parecem actuar dentro de um prazo 

mais longo, tal como foi observado a sua influência na abundância de robalos juvenis a longo 

prazo. 

Palavras-chave: Robalo; variações de recrutamento; alterações climáticas; estuário do 

Mondego; padrões de escala global.
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Estuaries are transitional areas between river and sea waters and are essential 

ecosystems for the renewal of fisheries resources by providing important contributions to 

coastal fish stocks (Houde & Rutherford, 1993; Beck et al., 2001; Attrill & Power, 2002; 

McLusky & Elliott, 2004). These natural systems are also among the most productive and 

variable ecosystems on Earth (Nixon et al., 1986; McLusky & Elliott, 2004;  Able, 2005; Dolbeth 

et al., 2007a, 2008; Leitão et al., 2007), with low fish species diversity but high abundances of 

individual taxa (Whitfield, 1999; Baptista et al., 2010; Nyitrai et al., 2012). Estuarine waters 

sustain some life cycle stages of many commercially important marine and freshwater fish 

species  (Houde & Rutherford, 1993; Elliott & Dewailly, 1995; Attrill & Power, 2002; Able, 

2005), by displaying important environmental features such as migration pathways, shelter 

and nourishment areas (McLusky & Elliott, 2004; Dolbeth et al., 2008). Estuarine shallow 

waters also provide refuge from predators together with high productivity that enhance early 

stages growth (Beck et al., 2001; Able et al., 2013). Despite these characteristics showing 

benefits, both ecologically and economically, estuarine systems represent some of the most 

deteriorated ecosystems on the planet, due to human settlement since early ages  (Edgar et 

al., 2000; Beck et al., 2001; Dolbeth et al.,2007b).  Finally, but not less important, estuarine 

systems supply significant nursery grounds for marine fish (e.g. Beck et al., 2001; Cabral et al., 

2007; Martinho et al., 2007a; Baptista et al., 2010; Freitas et al.,2012; Cardoso et al., 2014). 

Nursery habitats are a subset of juvenile habitats that make a greater than average 

overall contribution to adult population, having a greater level of productivity than other 

juvenile habitats (Beck et al., 2001; Gillanders et al., 2003; Dahlgren et al., 2006) and the 

former may be measured by density, growth and survival of juveniles and movement to adult 

habitats. Briefly, nurseries must be larval reservoirs, host juveniles that develop steady growth 

and survive long enough in order to emigrate to adult habitats and reproduce (Beck et al., 

2001; Able et al., 2013). The nursery value of a habitat may vary annually due to temporal and 
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spatial larval supply to estuaries (Dahlgren et al., 2006; Able et al., 2013) and the same is 

applied for variations in recruitment patterns. 

Recruitment variability of marine fish population is one of the most important issues in 

fisheries ecology (Rijnsdorp et al., 2009). In fact, recruitment is considered to be an active 

process, in which fish larvae reach a particular developmental stage, and by receiving 

appropriate environmental cues, seek favorable nursery habitats (Jennings & Pawson, 1992). It 

is known that numerous factors contribute to recruitment variability (van der Veer et al., 

2000). Indeed, larvae and juvenile are influenced by two types of factors: density-dependent 

factors inside estuaries and density-independent factors outside estuaries (sea and coastal 

areas) (van der Veer et al., 2000; Cabral et al., 2007). Density-dependent factors may include 

food supply, predation, inter and intra competition and mortality (e.g. starvation), while wind 

and tidal circulation, currents, salinity and water temperature represent some density-

independent factors. Recruitment of juvenile fish is heavily determined by density-

independent factors in the larval stage (van der Veer et al., 2000; Cabral et al., 2007; Rijnsdorp 

et al., 2009; Able et al., 2014), due to adverse transport conditions, habitat degradation and 

climate change (Able et al., 2014).  

Concerning these aspects, long-term studies are important to analyze variability in fish 

populations related with changes in climate and provide a wider view of the fluctuations 

occurring during this period (Martinho et al., 2009). Also, continuous long-term time series of 

biological data (>10 years) have been recognized as being extremely important for 

understanding the functioning of ecosystems (Attrill et al., 1999). Considering that an increase 

in frequency and intensity of extreme weather events is also expected due to ongoing climate 

change (Collins et al., 2013; IPCC, 2013; Nyitrai et al., 2013; IPCC, 2014), their combination with 

continuous changes in the environment  may lead to dynamical changes of estuarine systems, 

specifically on their nursery role (Allen & Baltz, 1997; Nyitrai et al., 2013).  
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In this perspective, climatic changes are influencing climate patterns at large- and 

local-scales. For instance, the North Atlantic Oscillation (NAO) is considered the principal large-

scale factor concerning changes in meteorological conditions in Europe and North America, 

influencing fish stocks, community composition, recruitment and fisheries (Attrill & Power, 

2002; Stenseth et al., 2002; Nyitrai et al., 2013). At a local scale, the interaction between 

precipitation and river flow is important for larval migration into estuaries (Martinho et al., 

2009; Vinagre et al., 2009a; Baptista et al., 2010). 

In this work, the chosen study species was the European sea bass Dicentrarchus labrax 

(Linnaeus, 1758) (Perciformes, Moronidae), a demersal euryhaline and eurythermic species of 

high commercial and recreational value in north-east Atlantic waters and in the Mediterranean 

Sea. Depending on its life cycle stage, it inhabits the open sea, coastal waters, lagoons, 

estuaries and occasionally rivers (Pickett & Pawson, 1994; Pickett et al., 2004; Kottelat & 

Freyhof, 2007), and has a geographical distribution from Senegal to Norway, including the 

Mediterranean and the Black Sea (Cardoso et al., 2014; FAO, 2015). Sea bass is an abundant 

species in the Portuguese coast, being characterized by marked seasonal abundance patterns 

within estuarine nurseries (Jennings et al., 1991; Leitão et al., 2007; Martinho et al., 2007a; 

2008). Depending on the specific location, D. labrax spawns mainly from January to June, at 

temperatures above 9°C, and larvae begins their estuarine colonization from April onwards in 

the Atlantic coastal waters (Jennings & Pawson, 1992; Pickett & Pawson, 1994; Kottelat & 

Freyhof, 2007; Martinho et al., 2008). Previous studies  showed that estuaries are significant 

sources for adult sea bass stocks (e.g. Lancaster et al., 1998; Martinho et al., 2007a; 

Vasconcelos et al., 2008; Baptista et al., 2010; Dolbeth et al., 2010). In addition, and since it is 

an important commercial fish species, its fishery related activities may be adversely affected by 

temperature increase (Cabral & Costa, 2001; Vinagre et al., 2009b), especially in the areas that 

are in the southern extent of their distribution (Almeida et al., 2014). Still, long-term studies on 

sea bass abundance trends, as well as its relationship with environmental variability, are scarce 
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(e.g. Martinho et al., 2009; Cardoso et al., 2014), being necessary to further investigate how 

changes in climate drivers will influence these populations. Indeed, several authors have 

reported on the range extension and establishment of viable populations at more northern 

latitudes (such as the Norwegian coast, Baltic Sea and the Wadden Sea), as a result of warming 

of the ocean over the last 20 years (e.g. Brander et al., 2003; Bagdonas et al., 2011; Cardoso et 

al., 2014). 

Considering the previous statements, the aim of the present work was to assess the 

relationship between juvenile sea bass populations in the Mondego estuary (Portugal) and the 

climate patterns over a period of 11 years (2003-2013). The specific objectives were to: (1) 

analyze the variability in the densities, secondary production and day of peak abundance of 

juvenile D. labrax populations from 2003 to 2013; (2) assess sea bass population structure and 

determine the juvenile growth rates; (3) evaluate their relationship with climatic and 

environmental variations.  
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2.1 - Study site 

The Mondego estuary, with an area of 8.6 km2, is located in a warm temperate region 

characterized by a continental temperate climate (Pardal et al., 2002) and lies on the western 

coast of continental Portugal (40°08'N, 8°50'W). In this small estuary, two arms (north and 

south) are separated approximately 7 km away from the coastline, joining again closely to the 

river mouth (Fig. 1). The north arm is the main navigation channel and the deeper one, with 5-

10 m depth at high tide and a tidal range of 2-3 m, being constantly dredged to maintain its 

depth, so to preserve its frequent shipping activity. The south arm is shallower, with 2-4 m 

high tide, 1-3 m tidal range and is comprised about 75% of intertidal mudflats.  

 

 

Figure 1. Geographical location of the Mondego estuary (A) and of the five sampling stations (B), 
represented as black circles. 

 

Freshwater flow occurs mainly in the north arm, due to the partial silting condition in 

the southern arm upstream areas. The south arm water circulation depends mostly on the 

tidal influx of seawater and on the freshwater input from the minor tributary Pranto river, 
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controlled by a sluice in accordance to the water needs from the surrounding rice fields of the 

Mondego agricultural valley. A connection between the two arms was enlarged in the year 

2006, thus enabling a higher water circulation over the estuary’s south arm. 

 

2.2 - Sampling procedures and laboratory work 

The sampling methodology employed to obtain data on the Mondego estuary sea bass 

population is briefly summarized here. Sampling was performed monthly from June 2003 until 

January 2007. After this period, bimonthly catches were performed until December 2013, with 

the exception of October and November 2008, September and November 2010 and March 

2011, due to technical constraints and/or bad weather conditions. Five sampling stations (Fig. 

1) were established for the fishing effort, which occurred during night time at high spring tides, 

using a 2-m beam trawl with one tickler chain and 5-mm stretched mesh size in the cod end. 

According to Able (1999), beam trawls are the most effective quantitative benthic samplers in 

deeper habitats (>1m). At each sampling station, three hauls were towed at the speed of two 

knots for an average of 3 minutes along the current, covering at least an area of 500m2. 

Bottom-water physic-chemical parameters, such as temperature, salinity and dissolved oxygen 

were analyzed at each sampling station during fish sampling campaigns. Fish samples were 

transported to the laboratory, counted, sorted to species level and sea bass individuals were 

measured (TL, total length to nearest 1cm) and weighted (WW, wet weight, 0.01 g precision). 

Data from replicates collected at each station were averaged to form one monthly sample.  

 

2.3 - Acquisition of environmental data 

River runoff values were obtained from the Portuguese Environment Agency (APA; 

http://snirh.apambiente.pt; 25.02.2015) station Açude Ponte Coimbra 12G/01AE, near the city 

of Coimbra and located 40 km upstream of the Mondego estuary. 



MATERIALS AND METHODS 

   9 
 

The North Atlantic Oscillation (NAO) index (defined as the atmospheric pressure at sea 

level difference between Lisbon, Portugal, and Reykjavik, Iceland) data were supplied by NOAA 

- National Weather Service - Climate Prediction Centre 

(https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-

station-based; 28.03.2015). Sea surface temperature (SST) data concerning the 1° Lat x  1° 

Long square in the Portuguese coast nearest to the Mondego estuary were acquired from the 

International Comprehensive Ocean-Atmosphere Data Set (ICOADS) online database 

(http://rda.ucar.edu/datasets/ds540.1/,Slutz et al., 1985; 27.02.2015). 

 

2.4 - Data analysis 

Monthly density data (individuals per 1000 m2) were determined by averaging the 

total number of individuals in relation to the five sampling stations and total sampled area. 

Mean annual densities were calculated by averaging the monthly data from each year, from 

January to December. Annual abundance peaks of 0- group sea bass were assessed by 

determining the sampling day of each year with the highest density values per month. 

Population structure was determined by tracking recognizable cohorts from the 

successive sampling dates. Each spatial sample was aggregated and analyzed using the size-

frequency distribution of the consecutive sampling dates, based on the modal progression 

analysis. Cohorts were determined using the FAO-ICLARM Stock Assessment Tools software 

(FISAT II, http://www.fao.org/fi/oldsite/statist/fisoft/fisat/index.htm). Bhattacharya’s method 

was used at first to identify the location of the modes and then the estimated mean length for 

each age group was refined with the NORMSEP procedure, which separates normally 

distributed components of the size-frequency samples (Gayanilo Jr. et al., 2005). This analysis 

provides the mean length, standard deviation, population sizes and the separation indices for 

the identified age groups. All fish larger than 250mm TL were excluded from further analyses, 
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due to low numbers and the corresponding difficulty in assigning correctly the respective 

cohort. 

 After identification of the cohorts, annual production was calculated using the cohort 

increment summation method (Winberg, 1971), according to: 

       ∑ (
        

 
)

   

   

  ( ̅     ̅ ) 

where Pcn is the growth production (g WW 1000 m-2 year-1) of cohort n; N is the density (ind 

1000 m-2),  ̅ is the mean individual weight (g WW), and t and t + 1, consecutive sampling 

dates. Population production estimates correspond to the sum of each cohort production (Pcn). 

Negative production values were not included in the overall estimates and were assumed as 

zero production. Annual production was determined for each year, using the mean values 

from the month when estuarine colonization started until December. 

The mean annual biomass ( ̅) was estimated according to: 

 ̅   (
 

 
)   ∑( ̅      )

  

   

 

where T is the period of study, which is always 365 days (yearly cycles) as the mean annual 

biomass is being computed; Nc is the number of cohorts found in the study period;  ̅cn is the 

mean biomass (g WW m-2) of cohort n; tcn is the time period of the cohort n (days), from the 

first appearance of individuals until they disappeared. 

The determination of absolute growth rates (AGR, cm day-1) for each 0-group cohort 

was performed according to: 

     
          

      
 

where Lt2 and Lt1 are the total length (TL) at time t2 and t1 respectively. 

Detection of break points in biological and environmental parameters was computed 

by applying the cumulative sum (CUSUM) of the deviations from the mean of the 2003-2013 

reference range. Steepness and sign of the slopes allow the observation of deviations of a 
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certain frame of time from the time-series mean value (Ibañez et al., 1993; Marques et al., 

2014). 

The relationships between the cumulative sums of 0-group sea bass densities, 

secondary production and day of peak abundance (response variables) with the environmental 

variables (explanatory variables) were analyzed with Pearson’s correlation coefficient, using R 

software (R Development Core Team, 2013). The considered explanatory variables were 

divided in two distinct groups: large-scale factors and local-scale factors. In the first one, 

environmental variables included the North Atlantic Oscillation (NAO) index, sea surface 

temperature (SST) in the coastal area near the estuary, as well as their winter values regarded 

as isolated factors. In the second group, the included predictors were river (freshwater) runoff, 

salinity and mean estuarine water temperature. It was also tested a time-lag of one year 

between explanatory and response variables, in order to detect larger time scale patterns, an 

assumption based on the evidence that fish spawning, larval immigration and recruitment 

variability may be influenced by the previous environment history (Martinho et al., 2009; 

Vinagre et al., 2009a). All yearly environmental factors were obtained from January to 

December, with the exception of salinity and estuarine water temperature values, which were 

only considered from June to December, in order to better characterize the period of estuarine 

residency by 0-group sea bass. A significance level of 0.05 was used in all test procedures. 
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3.1 - Environmental characterization 

Average estuarine water temperature was in general higher than the SST in the 

adjacent coastal area, including SST winter values (mean values of 18°C, 17°C and 15°C, 

respectively) (Table 1). Average estuarine water temperature was lowest in 2004, whereas the 

highest value was observed in 2008. Overall SST was the lowest in 2013, while the highest 

value occurred in 2006 and considering only the winter periods of SST values, 2009 was the 

year that had the lowest average temperature, whereas 2007 was the year with the highest 

value in the study period (Table 1).  

 

Table 1. Mean yearly environmental variables, with the respective standard deviation,  for the Mondego 
estuary between 2003 and 2013: NAOw – North Atlantic Oscillation winter index; NAO – North Atlantic 
Oscillation index; SSTw – Sea surface temperature winter (°C); SST – Sea surface temperature (°C); 
Runoff – river runoff (dam

3
); Salinity – mean estuarine salinity; Temperature – mean estuarine water 

temperature (°C). Salinity and Temperature data were obtained between June and December for each 
year.  

Year 
 
NAOw 
 

NAO SST (°C) SSTw (°C) Runoff (dam
3
) Salinity Temperature (°C) 

2003 
-0.27 
(±0.52) 

0.03  
(±0.43) 

16.79 
(±2.33) 

15.07 
(±1.01) 

301003.17 
(±389613.671) 

20.90 
(±1.52) 

18.36 
(±3.81) 

2004 
-0.07 
(±0.77) 

0.16  
(±0.80) 

16.93 
(±2.65) 

14.53 
(±0.42) 

99959.50 
(±84989.513) 

20.02 
(±3.97) 

16.57 
(±4.92) 

2005 
-0.14 
(±1.66) 

-0.31  
(±0.92) 

16.91 
(±2.24) 

14.53 
(±0.50) 

47567.50 
(±67509.506) 

23.98 
(±5.40) 

17.45 
(±4.01) 

2006 
-0.58 
(±1.15) 

-0.31  
(±1.39) 

17.67 
(±2.54) 

15.00 
(±0.92) 

221018.25 
(±262223.712) 

18.27 
(±9.93) 

18.59 
(±3.00) 

2007 
0.26 

(±1.05) 
0.11  

(±0.74) 
16.77 
(±1.64) 

15.77 
(±0.80) 

105391.58 
(±113157.267) 

29.55 
(±2.18) 

16.58 
(±2.43) 

2008 
0.21 

(±0.37) 
-0.45  
(±0.93) 

17.43 
(±2.19) 

15.70 
(±0.56) 

72911.17 
(±79628.689) 

30.37 
(±0.35) 

20.81 
(±1.43) 

2009 
-0.27 
(±0.31) 

-0.32  
(±1.12) 

16.79 
(±2.61) 

13.60 
(±1.22) 

143870.58 
(±190079.471) 

27.82 
(±5.97) 

17.35 
(±1.92) 

2010 
-1.93 
(±0.57) 

-1.29  
(±0.71) 

16.78  
(±1.98) 

15.10 
(±1.39) 

258797.50 
(±283311.432) 

24.98 
(±3.02) 

18.47 
(±1.78) 

2011 
-0.69 
(±1.14) 

0.20  
(±1.45) 

17.39 
(±2.02) 

15.27 
(±1.02) 

96874.67 
(±145174.745) 

25.07 
(±2.82) 

17.62 
(±3.89) 

2012 
1.02 

(±0.92) 
-0.53  
(±1.02) 

17.08 
(±2.56) 

15.30 
(±1.15) 

52688.17 
(±58271.326) 

26.89 
(±4.50) 

18.26 
(±3.56) 

2013 
-0.77 
(±0.99) 

0.15   
(±0.97) 

16.74 
(±2.20) 

14.97 
(±0.74) 

214523.50 
(±226502.965) 

23.73 
(±3.54) 

18.75 
(±3.79) 

 



RESULTS 

   14 
 

River runoff volume varied greatly along the years, going from the lowest value of 

47567.50 dam3 in 2005, reaching up until to the maximum value of 301003.17 dam3 in 2003, 

with an average value of 146782.33 dam3. When runoff values increased, salinity decreased 

and the opposite pattern occurred when runoff values, influenced by lower precipitation 

levels, diminished. Salinity had a mean value of 24.7 in the study period, varying from 20.0 in 

the year 2004 to 30.4 in 2008 (Table 1). The NAO index had an average value of 0.23 in the 11-

year period and ranged from 0.03 to 1.29, while winter NAO index presented an average value 

of -0.29, ranging from -0.77 to 1.02 (Table 1). 

 

3.2 - Population structure, abundance and growth rates 

During the study period, the majority of sea bass population was constituted by 0 and I 

age groups, and only one cohort was produced per year (Fig. 2). Estuarine colonization by the 

new cohorts occurred mostly in June, but also often in May and July. Only one cohort, C8, 

started in August (2008, Fig. 2), which was also the latest month of D. labrax estuarine 

colonization in the entire study period. A total of 13 cohorts were identified. Considering 

cohorts C3, C4, C7, C11 and C12, a decrease in mean total length was observed during the 

autumn/early winter, beginning afterwards to increase in the spring/early summer months. 

 

Figure 2. Mean total length of Dicentrarchus labrax population (± standard deviation) during the study 
period in the Mondego estuary, with indication of each yearly cohort (C). 
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D. labrax 0-group abundance was higher than I-group fish during all the study period 

with the exception of 2004, when I-group densities were higher in the Mondego estuary (Fig. 

3). Only in 2008 and 2010 did the density values of the two groups occur in similar levels. 

Densities of 0-group sea bass were particularly high in 2003 and became lower and highly 

variable until 2013. In contrast, I-group densities presented constant values throughout the 

study period (Fig. 3).  

 

 
Figure 3. Mean annual density (± standard deviation) of Dicentrarchus labrax 0 and I-groups from 2003 
to 2013. Dicentrarchus labrax density data was analyzed from the beginning of each cohort until the end 
of each year (December). 

 

In relation to annual abundance peaks of 0-group sea bass, a general trend of the 

highest densities towards later days in each year was observed (Fig. 4). Most abundance peaks 

were observed in July and August (2004, 2008, 2009, 2011, 2012 and 2013). The latest 

abundance peak was observed on November 27th in 2007 and the earliest abundance peak 

value was on the 26th June in 2006 (Fig. 4). 
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Figure 4. Day of annual abundance peaks of 0-group Dicentrarchus labrax. Each year begins on the 1

st
 

January (1) and ends on the 31
st

 December (365), except in the leap years of 2004, 2008 and 2012 (366 
days). 

 

No differences in mean annual growth rates were observed between sea bass cohorts 

(F=0.31; p>0.05) (Fig. 5). Mean growth rates were determined as 0.45 mm d-1 (± 0.23), with 

maximum values of 0.71 mm d-1 and minimum of 0.30 mm d-1. Still, the highest growth rates 

for a 0-group cohort (until December) of 0.71 mm d-1 were observed in cohort C3 (2003). 

 

Figure 5. Mean annual growth rates (mm day
-1

) of Dicentrarchus labrax 0-group cohorts (± standard 
deviation), determined from the beginning of each cohort until the end of the year (December). 
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3.3 - Production dynamics 

Mean annual secondary production of 0-group D. labrax was relatively stable along the 

11-year; an exception was in 2003, when the maximum value of 0.04 g WW 1000 m-2 year-1 

was observed (Table 2). An increase in production values was observed since 2010. As for the 

mean annual secondary production in the total D. labrax population, a similar pattern was 

observed, with 0.42 g WW 1000 m-2 year-1 in 2003 as the maximum value observed. 

Concerning mean biomass, higher values were observed for 0-group cohorts in 2005, 2007 and 

2013, while the highest value occurred in 2003 and the lowest in 2004. An increasing trend 

could be noticed between 2010 and 2013. For the total population, biomass values were more 

constant than for 0-group values only, although the 2003-2005 period had much higher 

numbers than the remnant following dates, reaching 0.10 and 0.12 g WW 1000 m-2 in these 

years.  

 

Table 2. Secondary production values (g WW 1000 m
-2

 year
-1

), mean biomass (g WW 1000 m
-2

) and    ̅  
ratios for 0-group cohorts and total population of Dicentrarchus labrax, the former being established for 
each year of the study period, since the beginning of each cohort until the last sample of the year 
(December), and the latter for the total population groups in each year, comprising yearly cohorts from 
one year to the next.  

 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 

0-group production (g WW 1000 m
-2

 year
-1

) 

 0.04 0.001 0.01 0.01 0.01 0.002 0.01  0.002 0.004 0.01 0.02 

Total population production (g WW 1000 m
-2

 year
-1

) 

 0.42 0.21 0.13 0.14 0.06 0.11 0.08  0.07 0.07 0.09 – 

0-group biomass (g WW 1000 m
-2

) 

  0.07 0.001 0.04 0.03 0.04 0.01 0.02  0.01 0.01 0.01 0.04 

Total population biomass (g WW 1000 m
-2

) 

 0.10 0.12 0.04 0.03 0.03 0.04 0.05 0.01 0.03 0.03 – 

0-group    ̅ (year
-1

) 

 0.66 0.40 0.34 0.35 0.21 0.29 0.35 0.32 0.40 0.39 0.52 

Total population    ̅ (year
-1

) 

 4.39 1.81 3.12 4.00 1.94 2.61 1.55 5.55 2.19 3.08 – 
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In relation to secondary production and mean biomass of 0-group sea bass, 2003 was 

the year with the highest numbers, while regarding the total population of sea bass, the 2003-

2005 period showed maximum values (Table 2).    ̅ ratios of 0-group cohorts were inconstant 

throughout the years, but showed a decreasing trend from 2003, year of maximum value of 

0.66, to 2007, where it reached the lowest value. Thereafter, a relative increment in    ̅ 

values was noticed until 2013. Regarding    ̅ of the total population, maximum values were 

observed in 2003, 2006 and 2010, whereas 2004 and 2009 had the lowest values, thus showing 

an irregular pattern in the entire study period. 

The determined mean total length and absolute growth rates maximum values at the 

end of fast growing season (late autumn and early winter), concerning 0-group sea bass from 

other geographical latitudes, were summarized using a latitude gradient in Table 3. It was also 

taken into account the most important abiotic factors responsible for the observed size and 

growth patterns in each study site. The presented data in this work was within the scope of 

values described for other temperate estuaries, although the Mondego maximum values for 

mean total length were lower compared to similar latitudinal estuaries in southwestern 

Europe (Table 3). A latitudinal trend was observed from the different geographical data 

included in Table 3, where sea bass populations from higher latitudes seemed to have lower 

mean total lengths at the end of fast growing season and absolute growth rate values than the 

southern latitudinal ones. Also, one of the most prevailing environmental factors in all study 

sites, concerning sea bass total length and growth rates, was water temperature (Table 3). 
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Table 3. Mean total length (mm) and absolute growth rate (AGR) (mm d
-1

) maximum values of 0-group 
Dicentrarchus labrax at the end of fast growing season, according to geographical area, as well as the 
main environmental factors responsible for the observed habitat use and growth patterns; *Estimated 
values; †Estimated values based on length conversions by Aprahamian & Barr (1985); ‡Data only on 
females. 

Geographical area 
Total length 
(month) 

AGR  
Main environmental 
factors 

Author(s) 

The Netherlands 
Wadden Sea 
(52°56’N, 4°54’E) 

50* - 

Depth; Prey 
availability; Salinity; 
Water temperature; 
Wind speed 

Cardoso et al., 
(2014) 

Republic of Ireland  
Waterford Harbour 
(52°14’N, 6°57’W) 

128† 
(November) 

0.2†‡ 
Air and water 
temperature 

Kennedy & 
Fitzmaurice (1972) 

United Kingdom  
South Wales Coast  
(51°34’N, 3°53’W) 

– 0.6 Water temperature 
Jennings et al. 
(1991) 

United Kingdom  
Severn Estuary  
(51°33’N, 2°45’W) 

73† 
(November) 

– Water temperature  
Claridge & Potter 
(1983) 

United Kingdom  
Tamar Estuary  
(50°24’N, 4°12’W) 

130 
(November) 

– – Hartley (1940) 

France 
Vilaine and Loire Estuary 
(47°30’N, 2°30’W; 
47°12’N, 2°15’W) 

130 
(November) 

0.44 – 
Desaunay et al. 
(1981) 

France 
Thau Lagoon 
(43°25’N, 3°41’E) 

174 – – 
Barnabé (1973) 
 

Portugal  
Aveiro Lagoon 
(40°43’N, 8°40’W) 

170 
(December) 

– Water temperature Gordo (1989)  

Portugal  
Mondego Estuary 
(40°08'N, 8°50'W) 

117 
(December) 

0.71 
NAO; River runoff; 
Salinity; Water 
temperature 

Present study; 
Martinho et al. 
(2009) 

Portugal 
Tagus Estuary 
(38°46'N, 9°02'W) 

173 
(November) 

1.53 
Depth; Salinity; 
Water temperature 

Cabral & Costa 
(2001) 

Greece 
Messolonghi-Etoliko 
Lagoons 
(38°22'N, 21°22'E) 

100* 
(December) 

0.33* 
Prey availability; 
Water temperature  

Rogdakis et al. 
(2010) 

Spain 
San Pedro Estuary and 
Bay of Cádiz 
(36°31'N, 6°14'W) 

181 – – Arias (1980) 

Morocco 
Atlantic Coast 
(32°15'N, 9°30'W) 

190 
(November) 

0.83 – Gravier (1961) 

Egypt 
Alexandria Coast 
(31°16'N, 29°48'E) 

192 0.66 
Prey availability; 
Water temperature  

Wassef & El Emary 
(1989) 
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3.4 - Relation between environmental parameters and sea bass abundance 

CUSUM analysis, by considering the cumulative sums of the deviations from the mean 

of the 2003-2013 reference range on both sea bass densities and environmental time-series 

data, showed different trends depending on the period of potential change (Fig. 6). Briefly, a 

positive slope in each time-series of the CUSUM figure indicates the time frame in which the 

considered parameter was higher than the time-series mean, and contrariwise when there is a 

negative slope. Thus, regarding D. labrax 0-group variables, juvenile densities exhibited an 

intense decline relative to the time-series mean until 2005, when their abundance started to 

rise slightly. Later in 2006, a small decrease was observed until 2008, followed by a 

stabilization between 2009 and 2011 and finally increased again until 2013 (Fig. 6 A). 

Concerning sea bass secondary production, CUSUM analysis showed a steep decrease until 

2007, with a faint rise up to 2009, decreasing again in the next year and finally recovered 

slightly until 2013 (Fig. 6 B). In general, 0-group density and production presented similar 

variations from 2003 to 2013, showing a decline in the 2003-2007 period and afterwards, from 

2010 to 2013, started to increase slightly (Fig. 6 A, B). Day of peak abundance of 0-group fish 

showed an inverse trend with density and production, with an increase until 2008, and then a 

decrease until 2012 (Fig. 6 C). Both periods of 2003 and 2013 showed similar values. 

Cumulative sums of environment variability indicated that the NAO and NAO winter 

indices showed similar patterns, characterized by one slight decrease from 2005 to 2006 and a 

major negative slope from 2008 to 2010 and to 2011 for the NAO time-series and the NAO 

winter time-series, respectively, after which an increase occurred until 2012 (Fig. 6 D and F). 

Yearly and winter SST also experienced similar strong decrease in the 2008-2010 period and 

both had, after a slight decrease, increasing values from 2004 until 2006 for SST and from 2005 

to 2008 for SST winter values (Fig. 6 H and J). Only in the global SST time-series was observed 

again a strong downward change from 2012 to 2013.  
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Figure 6. Cumulative sums of mean yearly biological variables (black circles): 0-Group Density (A), 0-
Group Production (B) and 0-Group Day of Peak Abundance (C); and environmental parameters (gray 
circles): North Atlantic Oscillation Winter index (D), Salinity (E), North Atlantic Oscillation index (F), 
Water Temperature (G), Sea Surface Temperature (H), River Runoff (I) and Sea Surface Temperature 
Winter (J); data from 2003-2013. 
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The cumulative sums of salinity and water temperature were similar in the period of 

2006-2008 and 2005-2009, respectively, with major positive slopes during these periods (Fig. 6 

E and G). River runoff expressed the highest variability in the CUSUM time-series analysis (Fig. 

6 I), with clear contrast with break points in the 2006-2010 period of certain variables, such as 

NAO, NAO winter and SST (Fig. 6).  

The Pearson correlation analysis between the cumulative sums of 0-group abundance, 

secondary production and day of peak abundance, and the environmental parameters showed 

a significant influence of environmental drivers on the biological responses, considering both 

corresponding year and 1 year time lag datasets (Table 4). Regarding large-scale factors, the 

NAO lagged by one year was the only significant factor, explaining D. labrax 0-group 

abundance (r=0.68), secondary production (r=0.71) and day of peak abundance (r=-0.63) 

(Table 4).  

 

Table 4. Pearson correlation (r) values  between the cumulative sums of 0-group densities (N ind 1000 
m

-2
), secondary production (g WW 1000 m

-2
 year

-1
) and day of annual abundance peak, including the 

respective one year lag data, and the environmental parameters: NAOw – NAO winter index, NAO – 
NAO index, SST – Sea surface temperature (°C), SSTw – Winter sea surface temperature (°C), Runoff – 
River runoff (dam

3
), Salinity – Average estuarine salinity, and Temperature – Average estuarine water 

temperature (°C). Salinity and Temperature data were obtained between June and December for each 
year. Significant r values are highlighted in italic bold (p<0.05). 

 
Large-scale factors Local-scale factors 

  
NAOw NAO SST SSTw Runoff Salinity Temperature 

0-group density 0.16 0.56 -0.34 -0.01 0.61 -0.59 -0.15 

0-group secondary 
production 

0.15 0.57 -0.30 -0.06 0.59 -0.67 -0.21 

0-group day of peak 
abundance 

-0.16 -0.55 0.05 0.00 -0.25 0.60 0.32 

0-group density  
(1 year lag) 

0.24 0.68 -0.44 -0.20 0.07 -0.59 -0.64 

0-group secondary 
production (1 year lag) 

0.24 0.71 -0.34 -0.15 0.09 -0.62 -0.67 

0-group day of peak 
abundance (1 year lag) 

-0.42 -0.63 0.42 0.07 0.19 0.54 0.58 
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Concerning local-scale factors, river runoff was the significant predictor explaining sea 

bass 0-group abundance over the study period (r=0.61), whereas salinity explained 0-group 

production with a time-lag of one year (r=-0.67). Average estuarine water temperature lagged 

by one year was the only significant factor elucidating 0-group densities (r=-0.64) and 

secondary production (r=-0.67) (Table 4). 
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4.1 - Abundance, growth and production – influence of environmental conditions 

The present work focused on analyzing a decadal trend in estuarine habitat use 

patterns by juvenile European sea bass in a temperate nursery ground, and their relationships 

with changes in climate patterns.  Variance in the abundance patterns of juvenile sea bass in 

estuaries and inshore coastlines have been observed in many European estuarine and coastal 

areas (Kennedy & Fitzmaurice, 1972; Aprahamian & Barr, 1985; Henderson & Corps, 1997; 

Martinho et al., 2007a, 2009; Dolbeth et al., 2010; Cardoso et al., 2014), showing great year-

to-year variability. Focusing on single species responses, and particularly considering large time 

scales, allows for the identification of the critical factors responsible for shaping the patterns 

of community change (Genner et al., 2004), particularly under a climate change scenario. 

Abundance of juveniles varied greatly between 2003 and 2013, and 0-group fish were 

always found in higher densities than I-group, with the exception of 2004, when 0-group 

densities were particularly low. The presence of a majority of 0-group fish indicates that the 

estuary has been functioning as an effective nursery ground for this species in the long-term. 

Such high interannual variability in 0-group sea bass has been reported elsewhere (e.g. Cabral 

et al., 2001; Cardoso et al., 2014), as well as for other marine species that use estuaries as 

nursery grounds  (van der Veer et al., 2000, 2015; Cabral et al., 2007; Hermant et al., 2010; 

Martinho et al., 2010; Nyitrai et al., 2013). In fact, fish densities and year-class strength can be 

highly variable even in neighboring estuaries, as demonstrated by Dolbeth et al. (2010) and 

Vasconcelos et al. (2010). According to several authors, year-class strength in sea bass is 

mostly determined by growth conditions and overwintering survival ability of 0-group fish, 

considering the combined effects of both density-independent (abiotic) and density-

dependent (biotic) factors (Pawson, 1992; Martinho et al., 2009; Cardoso et al., 2014) on 

which cannibalism by 1 and 2-group towards 0-group age classes can also be an important 

contribution for the variability in D. labrax recruitment (Henderson & Corps, 1997). Also, the 

previous years to estuarine colonization by juveniles in the Mondego estuary, i.e. regarding 
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their egg and larvae phase, could have been characterized by variations in the hydrodynamic 

circulation and high rates of mortality, thus critically affecting post-larvae and 0-group D. 

labrax abundance, and respective cohort survival (Allen & Baltz, 1997; van der Veer et al., 

2000).  

CUSUM analysis revealed a positive correlation between sea bass abundance and river 

runoff values, indicating that years with high levels of 0-group densities, such as 2003 and 

2013, were characterized by elevated freshwater discharges, which are closely related to 

abundant precipitation regimes. In fact, high precipitation and river runoff play an important 

role in recruitment strength of marine juvenile migrant fish, such as sea bass, by expanding the 

river plumes into the coastal areas and thus providing particular cues that larvae take 

advantage of for their estuarine colonization (Boesch & Turner, 1984; Martinho et al., 2007b, 

2009, 2010; Dolbeth et al., 2008; Baptista et al., 2010; Nyitrai et al., 2012; Le Pape & 

Bonhommeau, 2013). Added to these factors, wind speed and direction, tidal movements and 

ocean currents have also been recognized as major density-independent factors concerning 

estuarine settlement by marine fish by influencing larval transport towards coastal areas 

(Jennings & Pawson, 1992; Henderson & Seaby, 2005; Martinho et al., 2009; Vinagre et al., 

2009a), hence shaping density patterns.  

Assessing secondary production is a way of measuring ecosystem functioning, and may 

reveal further insights into ecosystem change when combined with long-term datasets 

(Dolbeth et al., 2011). Despite that determining secondary production in marine fish can be 

difficult due to possible bias in determining effective population sizes and their changes 

(Cowley & Whitefield, 2002), estimating changes in marine fish production provide additional 

information than that obtained from other static measures such as density or biomass 

(Dolbeth et al., 2012). Annual secondary production patterns were similar to the variations in 

abundance of 0-group fish, and values for the whole population were within the reported 

range in previous surveys in the Mondego estuary by Dolbeth et al. 2010. For 0-group fish, 
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secondary production and    ̅ values were rather low, given that low biomass of the smaller 

sized individuals.  

Higher production values for both 0-group and total population occurred in the first 

year of the study, which were linked to high river runoff and precipitation values, and lower 

salinities. In fact, salinity is a key controlling factor for estuarine organisms with high seasonal 

patterns (Aprahamian & Barr, 1985; Attrill et al., 1999; Saillant et al., 2003; Martinho et al., 

2009; Dolbeth et al., 2010), such as juvenile D. labrax. Years with lower salinities were 

coincident with higher production values, evidenced by the strong negative correlation 

between the CUSUM of these two variables. This was observed at the beginning and at the end 

of the study period, as well as a contrasting effect, elucidated in the particular dry year of 

2005, already reported in previous studies in this area (Martinho et al., 2007b; Dolbeth et al., 

2008; Baptista et al., 2010; Nyitrai et al., 2013). In juvenile sea bass, secondary production 

increased in response to an increment in nutrient availability and in primary production 

(Houde & Rutherford, 1993; Costa et al., 2002; Dolbeth et al., 2007a; Vinagre et al., 2009a), 

which are known to provide better growth conditions to estuarine fish (Martinho et al., 2007b; 

Dolbeth et al., 2008; Vinagre et al., 2009a,b; Baptista et al., 2010; Nyitrai et al., 2013). As also 

observed by Dolbeth et al. (2010), the relationship between salinity and fish production might 

not be uniquely a direct one, related also with changes in food availability, larval immigration 

or competition for food and space, due to different river flow regimes. 

The remarkable high euryhaline features of the European sea bass have been 

recognized in several studies (Pickett & Pawson, 1994; Rogdakis et al., 2010; Tine et al., 2014). 

In fact, Tine et al. (2014) recently sequenced the genome of D. labrax and pointed out that it 

contains the largest set of functional aquaporins in vertebrates, membrane proteins involved 

in osmoregulation, as well as the highest number of gene copies associated to ion and water 

regulation among totally sequenced teleost fish, highlighting the resilience of sea bass to the 

typical salinity variations of estuarine systems. Even though, years of particular high salinity 
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levels (a consequence of small river drainage values), such as 2008, showed some of the lowest 

values of 0-group abundances and    ̅ ratios in the entire 11-year period.  

Temperature is considered as another key abiotic variable by influencing abundance 

and fitness along a fish life cycle (Magnuson et al., 1979; Henderson & Corps, 1997; Attrill & 

Power, 2004). As poikilothermic species, D. labrax is vulnerable to water temperature 

variations and these may affect fish metabolism, growth and reproduction (Almeida et al., 

2014), thus acting directly in fish thermal ecological niches (Magnuson et al., 1979; Cardoso et 

al., 2014). In this work, variations in water temperature explained the changes in abundance of 

0-group sea bass significantly with a time-lag of one year, implicating a strong influence of this 

local-scale driver in this species within the Mondego estuary (Table 4). This assumption is 

corroborated by the CUSUM analysis, where a negative correlation between average estuarine 

water temperature and D. labrax 0-group abundance and secondary production was found, 

considering one year lag between the independent and response variables. In marine 

organisms, high water temperatures trigger various responses, such as an increase in 

metabolic maintenance costs, inhibition of feeding behavior and lower investment in growth 

(Pickett & Pawson 1994; Henderson & Corps, 1997; Able et al., 2014). In addition, higher water 

temperatures also lead to fluctuations in food availability, thus influencing predator/prey 

interactions (Brett, 1979; Tulp et al., 2008; Cardoso et al., 2014). Therefore, temperature-

driven effects may indirectly affect, even in a long-term perspective, the nursery habitat use 

patterns by juvenile sea bass, as well as their growth and survival rates. In fact, water 

temperature has been shown to influence significantly the early life stages of D. labrax (see 

Table 3). 

Concerning annual abundance peaks, higher estuarine water temperature, especially 

in the driest years, coincided with later abundance peaks, occurring mostly in late 

summer/early autumn, when temperatures began to fall. Nonetheless, relations between 

temperature and juvenile abundance are not linear , considering that temperature affects 
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organisms’ physiology, fitness and survival with distinct intensity, spatial and temporal 

variations (Attrill & Power, 2004; Nyitrai et al., 2013; Able et al., 2014).  

Based on the present work and published literature, a latitudinal pattern was observed 

along the Atlantic and Mediterranean coasts regarding several early-life history characteristics, 

in which higher mean total length at the end of the growing season and growth rates occurred 

at lower latitudes, and decreased as latitude increased. Such observations were considered by 

some authors, to whom temperature and photoperiod influences the onset and duration of 

spawning, growth rates and life-span (Gravier, 1961; Kennedy & Fitzmaurice, 1972; Arias, 

1980; Wassef & El Emary, 1989; Jennings & Pawson, 1992; Vinagre et al., 2009b; Morrongiello 

et al., 2014). In more detail, spawning of adult sea bass started earlier at lower latitudes, from 

October in the Bay of Cadiz (Arias, 1980) to April in the Irish coast (Kennedy & Fitzmaurice, 

1968). Additionally, the onset of spawning is not solely triggered by an increase in water 

temperature, related with gonadal maturation, but rather with photoperiod (see Vinagre et al., 

2009b). According to the previous authors, spawning will occur when fish are subjected to a 

suitable day duration, given that temperature conditions are within favorable limits, whose 

maximum value for sea bass has been determined as 17°C (Devauchelle & Coves, 1988).  

The estimated growth rates of D. labrax 0-group cohorts, with a mean total value of 

0.45 mm d-1 and maximum value of 0.71 mm d-1 were within the range values observed in 

other northeast Atlantic and Mediterranean estuaries and coasts (see Table 3). However, the 

present data can be slightly underestimated, as the growth values from the 0-group cohorts 

were only considered between the onset of estuarine colonization and December of each year. 

The mean total length of 0-group sea bass from the Mondego estuary was lower in the end of 

fast growing season when compared to other close-by estuarine nurseries, such as the Aveiro 

lagoon (Gordo, 1989) and Tagus estuary (Cabral & Costa, 2001). This pattern had already been 

demonstrated by Martinho et al., 2008, and was confirmed its long-term occurrence. 

According to the previous authors, these results suggest that growth conditions in the 
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Mondego estuary might be sub-optimal for this species given its relatively small area, leading 

to a smaller overwintering size. This might also induce an earlier migration to the neighboring 

coastal areas by the largest specimens in the autumn, given by the decrease in the mean 

length of some 0-group cohorts (Fig. 2). Despite this, the Mondego estuary remains as one 

important supplier of juvenile fish for the coastal sea bass stocks, as determined by otolith 

microchemistry (Vasconcelos et al., 2008). In addition, long-term differences in growth among 

year-classes have also been attributed to the influence of environmental conditions 

experienced by fish as juveniles, which can have more significant and prolonged effects in 

population productivity than density-dependent growth responses (Morrongiello et al., 2014). 

 

4.2 - Influence of large-scale climatic patterns on sea bass populations 

One environmental predictor that stood out as a having a significant influence in the 

variations of 0-group sea bass densities, secondary production and annual abundance peaks 

was the North Atlantic Oscillation (given by the NAO Index - NAOI), considering a time-frame of 

one year lag. Various authors have assessed the direct and indirect effects of the NAO climatic 

phenomenon on both large-scale (Attrill & Power, 2002; Stenseth et al., 2002; Martinho et al., 

2009; Nyitrai et al., 2013) and local-scale climate patterns (Attrill & Power, 2002; Henriques et 

al., 2007; Martinho et al., 2009, 2012;  van der Veer et al., 2015), as well as on the biological 

components of marine ecosystems   (Attrill & Power, 2002; Stenseth et al., 2002;  Henriques et 

al., 2007; Vinagre et al., 2009a; Nyitrai et al., 2013). Briefly, a positive NAOI phase is 

characterized by dry winter weather in southern Europe and mild and wet winter weather in 

northern Europe, while a negative NAOI phase has roughly the opposite conditions (Stenseth 

et al., 2002). 

The NAOI showed a positively relationship with 0-group sea bass densities and 

secondary production, and also a negative relationship with the day of annual abundance 

peaks. These relationships show how large-scale factors affect local climate patterns and 
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consequently fish assemblages over an extended period of time (Henriques et al., 2007; 

Vinagre et al., 2009a; Nyitrai et al., 2013), and supports other studies where a positive 

relationship between the NAOI and D. labrax abundance, growth and recruitment was 

demonstrated in the Thames estuary (UK) (e.g. Attrill & Power, 2002) , at least during warm 

and positive NAOI years.  

The temperature differential between estuarine and marine waters, boosted by the 

NAO influence on climatic variability, is in the basis of facultative exploitation of optimal 

thermal habitats by commercially important fish species (Attrill & Power, 2002). According to 

this study, increases in the population size of southern species in the Thames estuary, such as 

sea bass, during warm, high NAOI years is consistent with an opportunistic use of available 

thermal habitat. Also, it was observed that minimum and average winter temperatures are 

lower in the Thames estuarine waters than in the North Sea during years of high NAOI, and 

vice-versa. Considering the Portuguese coast, the NAO has been indicated as a key element in 

influencing SST, wind and current patterns and precipitation cycles (Lancaster et al., 1998; 

Stenseth et al., 2002; Henriques et al., 2007), which are density-independent factors that 

determine the strength and direction of sea bass larvae transport towards estuaries and 

coasts. These factors, combined with the positive effects of river runoff in estuarine migration 

of fish larvae, as a promoter of a higher extension of river plumes towards coastal areas, are 

being influenced by global climate changes and will probably affect sea bass populations in an 

indirect way (Stenseth et al., 2002; Vinagre et al., 2009a). Precipitation, for instance, is 

expected to decrease in the Portuguese territory in the future, thus decreasing river drainage 

and river plumes that are essential for D. labrax larvae estuarine colonization (Zhang et al., 

1997; Vinagre et al., 2009a) , as well as for other commercially important estuarine-dependent 

species (e.g. Boesch & Turner, 1984; Martinho et al., 2009; Baptista et al., 2010; Nyitrai et al., 

2012; Pasquaud et al., 2012; Le Pape & Bonhommeau, 2013). 
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 On the other hand, the annual days of 0-group peak abundance was negatively 

correlated with the NAO of the previous year, contrary to 0-group densities and secondary 

production. In more detail, in years under a negative NAO phase, abundance peaks were 

observed later in the autumn season, particularly in November of 2005 and 2007. Despite that 

negative NAO conditions are characterized by wet and warm winters in southern Europe, 

stochastic episodes of climate extremes might occur, overriding the general climate patterns at 

a local scale. This seems to be the case of the 2005 and 2007 cohorts, which were the ones 

whose abundance peak was observed later in the season, matching also the occurrence of two 

extreme low precipitation periods which, as previously referred, are also determinant for the 

recruitment success of sea bass populations (Zhang et al., 1997; Martinho et al., 2009; Vinagre 

et al., 2009a; Baptista et al., 2010; Nyitrai et al., 2012, 2013). Hence, NAO positive years seem 

to favor an earlier colonization of estuarine nurseries, which in turn will benefit local 

populations by providing a wider window of opportunity for growth, allowing attaining a 

better overwintering condition for juveniles. 

Sea surface temperature was not significantly correlated with sea bass biological 

variables, which might be due to estuaries behaving as thermal buffers, by providing 

protection to juvenile fish species against harsher marine conditions and hence 0-group D. 

labrax may not be affected directly by oceanic conditions (Attrill & Power, 2002). Another 

reason may be the geographic localization of the Portuguese coast, which lies in the mid-range 

of sea bass distribution in the northeastern Atlantic Ocean. In fact, Vinagre et al., 2009b 

reported that the water temperatures during the spawning season are well within the range of 

thermal tolerance for this species, so it is expected that only sudden and high intensity 

changes in water temperature will trigger measurable changes in growth and survival of 

juvenile sea bass.  However, this is not the case of their northern limit populations, where 

increments in SST due to global climatic variability, are prompting increases in the population 

size and impelling a northwards shift towards higher latitudes, such as in the Wadden Sea 
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(Cardoso et al., 2014), east and southeast coast of England (Henderson & Corps, 1997; Attrill & 

Power, 2002; Pawson et al., 2007), west coast of Norway (Brander et al., 2003) and the Baltic 

Sea (Bagdonas et al., 2011). These phenomena are not exclusive to D. labrax populations, and 

are being reported for various marine and estuarine fish in the Atlantic inshore waters 

(Brander et al., 2003; Perry et al., 2005; Henriques et al., 2007; Rijnsdorp et al., 2009; Hermant 

et al., 2010; Martinho et al., 2010; Schaffler et al., 2013; Able et al., 2014).  

It was clear that estuarine usage by juvenile fish, and particularly D. labrax, is 

considered a climate-dependent behavior (Attrill & Power, 2002). As extreme weather events 

are predicted to increase in future years (IPCC, 2014), including droughts, floods and heat 

waves, along with changes in the trends of large-scale climatic patterns that encompass NAO 

and SST variations, it is expected that sea bass abundances, production and growth will be 

affected, at least in an indirect way. NAOI values showed an overall decreasing trend in the last 

years of the study period, indicating a transition from a positive to a negative phase, as it was 

already noticed by some authors (e.g. Martinho et al., 2012; Nyitrai et al., 2013) and 

implicating variations in the dynamic responses of D. labrax and other marine juvenile migrant 

fish not only in the Mondego estuary, but at a more broad scale. Despite that the observed 

variations in SST are not expected to affect directly 0-group sea bass along the Portuguese 

coast, at northern European latitudes, ocean warming seems to be an important vector for 

increasing abundance and expansion of this species (Henderson & Corps, 1997; Brander et al., 

2003; Vinagre et al., 2009b; Cardoso et al., 2014). This assumption emphasizes the significant 

contributions of long-term studies as tools to the analysis of recruitment, habitat use patterns 

and variations in fish populations (Martinho et al., 2009; Rijnsdorp et al., 2009) in a climate 

change scenario, given that the nursery role of some estuarine areas might be affected by the 

combined interaction of food and thermal constraints (Freitas et al, 2012). 
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4.3 - Conclusions 

This study elucidated how the 0-group populations of European sea bass Dicentrarchus 

labrax in estuaries are controlled by variations in both large-scale and local-scale climatic 

patterns, whose effects are observed in the abundance, production and on the process of 

nursery habitat colonization. Also, D. labrax nursery habitat use trends provided a good insight 

on how environmental changes, concerning global climatic changes, can significantly affect fish 

assemblages, and to a further extent, the structure and functioning of estuarine and marine 

ecosystems. 
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