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a b s t r a c t

The recruitment variability of the marine fish species Dicentrarchus labrax, Platichthys flesus and Solea
solea was evaluated in the Mondego estuary (Portugal) from 2003 to 2007. The relationships between sea
surface temperature, NAO index, coastal wind speed and direction, precipitation and river runoff prior to
the estuarine colonization and the abundance of 0-group fish were evaluated using gamma-based
Generalized Linear Models. Dicentrarchus labrax and P. flesus 0-group decreased in abundance towards
the end of the study period, while S. solea, despite low abundance in 2004, increased in abundance in
2007. For D. labrax, river runoff, precipitation and east–west wind were significant; for P. flesus,
precipitation, river runoff and both north–south and east–west wind components were significant
parameters, while for S. solea only river runoff was important. Results were compared with recent
projections for climate change scenarios, to evaluate their effects on future recruitment levels.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Estuaries are regarded as highly important sites for fish,
particularly as nursery areas for marine species (Beck et al., 2001;
McLusky and Elliott, 2004). In general, spawning takes place
offshore, implying the migration of larvae from the continental
shelf towards coastal areas and estuaries (e.g. Norcross and Shaw,
1984; Koutsikopoulos and Lacroix, 1992). Among other factors,
hydrodynamics is a key factor for the recruitment success of marine
fishes (van der Veer et al., 2000; Wilson et al., 2008); given the
natural variability in current speeds and direction, the potential for
drift into nursery environments of varying quality might be
expected to result in high recruitment variability (Bailey et al.,
2005).

Larval dispersion in early stages has several advantages, such as
the potential for dispersion and colonization of new habitats, gene
flow and minimization of intra-specific competition. Nonetheless,
there are evident risks in dispersion towards estuarine waters, one
of which is the high variability in recruitment strength. This
problem is acute for marine fishes whose planktonic stages have
high mortality rates (commonly measured at 5–40% per day) and
whose larval stages may metamorphose into quite different juve-
nile forms (Bailey et al., 2008). Among other species, many flatfish
have their major spawning period in winter-early spring, when
All rights reserved.
strong storm-related winds predominate, so there could be adap-
tations to wind-induced circulation (Marchand, 1991; Bailey et al.,
2005). In the case of many estuarine-dependent species whose
juvenile nursery habitats are spatially distinct from spawning
locations, physical processes affecting the transport during the
pelagic stages are of great importance to year-class strength (Amara
et al., 2000; Bailey et al., 2005). Recruitment success in marine
species seems to be regulated mostly by density-independent
factors (van der Veer et al., 2000) related with the surrounding
environment and climate, but also by density-dependent mecha-
nisms such as predation, feeding and mortality. The strongest
evidence of density-dependent regulation of recruitment in
temperate flatfishes, both coastal and offshore, is the strong and
direct relationship between the size of the nursery area and the
output of juveniles (level of recruitment) (Rijnsdorp et al., 1992; van
der Veer et al., 2000).

It is generally agreed that river plumes may have a crucial role as
indicators of the proximity of nursery areas for fish larvae (e.g.
Marchand, 1991; Amara et al., 2000). This means that in years of
high river drainage these plumes extend over a greater area,
increasing the probability of being detected by fish larvae spawned
in the coast that will then direct their movement towards the
nursery grounds (Vinagre et al., 2007). In agreement, Martinho
et al. (2007a) reported higher abundance of estuarine residents and
marine species that use estuaries as nursery grounds in years with
higher freshwater flow. Changes in precipitation and river runoff
regimes (due to climate change) will significantly impact on coastal
ecosystems, and particularly on marine fish species whose larval
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stages depend on finding estuarine waters. In addition, large
oceanic patterns such as the North Atlantic Oscillation (NAO) have
been correlated with a range of long-term ecological measures,
including the abundance of certain fish. Such environmental
influences are most likely to affect susceptible juveniles during
estuarine residence (Attrill and Power, 2002), thus having a poten-
tially influential role in determining stock recruitment levels.
Accordingly, variations in the NAO index were linked to different
precipitation scenarios over the Portuguese territory (Zhang et al.,
1997), being a potential indicator of changes in climate patterns
over the years.

Previous work conducted in the Mondego estuary (Portugal,
Southern Europe) (Leitão et al., 2007; Martinho et al., 2007a,b,
2008; Dolbeth et al., 2008) reported that this estuary acts as an
important nursery ground for marine species such as the European
sea bass Dicentrarchus labrax, flounder Platichthys flesus and sole
Solea solea. In fact, these are among the most abundant species of
the fish community (Martinho et al., 2007a). Understanding the
combined effects of both large-scale oceanic and hydrological
patterns with local specific pressures is thus crucial to the esti-
mation of recruitment levels and ultimately, to the stock assess-
ment for coastal fisheries. The objectives of this work were to assess
the influence of the NAO, coastal wind speed and direction, sea
surface temperature (SST), precipitation and river runoff on the
recruitment variability of three marine species that use estuaries as
nursery areas: D. labrax, P. flesus and S. solea and to evaluate the
impact of future climate change scenarios on the recruitment of
these species.
2. Materials and methods

2.1. Study site

The Mondego River estuary is a small intertidal system, located
in the western Atlantic coast of Portugal (40�080N, 8�500W) (Fig. 1).
Its terminal part is divided into two arms (north and south) that
join again near the mouth. The north arm is deeper, with 5–10 m
depth at high tide and tidal range of 2–3 m, while the south arm is
shallower, with 2–4 m depth at high tide and tidal range of 1–3 m.
The south arm is quite silted up in the upstream areas, which causes
the freshwater to flow mainly by the north arm. In the south arm,
about 75% of the total area consists of intertidal mudflats, while in
the north arm they account for less than 10%. The water circulation
in the south arm is mainly dependent on the tides and on a small
freshwater input, carried out through the Pranto River, a small
Fig. 1. Geographical location of the Mondego estuary in the Portuguese
tributary system, which is regulated by a sluice according to the
water needs in the surrounding rice fields.

The Atlantic coast of the Iberian Peninsula is dominated in the
summer months by equator-ward winds that generally start in late
May or early June and persist through until late September or early
October (Smyth et al., 2001). These winds cause an equator-ward
mean surface flow to form above the predominantly pole-ward
slope current and hence to generate coastal upwelling, inducing
Ekman transport of the surface water away from the coast (Huth-
nance, 1995; Smyth et al., 2001; Mason et al., 2005). During the
winter, winds change between northerly and southerly compo-
nents, favourable of both upwelling and downwelling events,
respectively (e.g. Santos et al., 2004). Local features of the north-
west coast of Portugal include the Western Iberia Buoyant Plume
(WIBP), a low salinity surface water fed by the winter-intensified
runoff of several rivers (Santos et al., 2004), and the Iberian Pole
ward Current (IPC), a weak undercurrent that often extends to the
surface in the winter (Peliz et al., 2003).
2.2. Sampling strategies and data acquisition

Fish were collected from June 2003 to July 2007, in the following
regime: from June 2003 to November 2006 on a monthly basis, and
from January 2007 to July 2007, every two months. Sampling was
carried out at five selected stations (M, N1, N2, S1 and S2) (Fig. 1b)
at night, using a 2 m beam trawl, with one tickler chain and 5 mm
mesh-size in the cod end. At each station, three tows of about 5 min
were carried out, covering at least an area of 500 m2. All fish caught
were immediately frozen, and in the lab were identified and
counted.

Hydrological data were obtained from the INAG – Instituto da
Água (http://snirh.inag.pt): monthly precipitation (from 2003 to
2007) was obtained from the Soure 13F/01G station (near the
estuary), and freshwater runoff was acquired from INAG station
Açude Ponte Coimbra 12G/01A, near the city of Coimbra (located
40 km upstream) (see Fig. 1a). North Atlantic Oscillation (NAO)
index (given by the pressure differences between Lisbon (Portugal)
and Reykjavik (Iceland)) data were supplied by NOAA/National
Weather Service – Climate Prediction Centre (http://www.cdc.
noaa.gov). Sea surface temperature (SST), wind data, both north–
south and east–west components, were acquired from the Inter-
national Comprehensive Ocean-Atmosphere Data Set (ICOADS)
online database (http://dss.ucar.edu/pub/coads, Slutz et al., 1985)
concerning the 1�Lat� 1�Long square nearest to the Mondego
estuary.
coast (a) and of the five sampling stations within the estuary (b).
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2.3. Data analysis

Data on abundance of 0-group juveniles were plotted from the
original trawl data matrix according to Dolbeth et al. (2008) and
Martinho et al. (2008) who determined that only one cohort is
produced each year. Fish abundance (individuals per 1000 m2) was
determined as the number of 0-group fish caught in the total
sampled area. Monthly data were calculated as the average of all
abundance from the five sampling stations for each species. From
each yearly cohort, the abundance of the first three months when
estuarine catches start were chosen, since they represented the
onset of the 0-group settlement period; at this time, fish are
approximately three months old. In general, Solea solea’s recruit-
ment to estuarine waters starts in the winter, whereas for Plati-
chthys flesus and Dicentrarchus labrax the recruitment usually starts
in early and late spring, respectively (Dolbeth et al., 2008; Martinho
et al., 2008). The environmental parameters were obtained on the
third month prior to the first estuarine catch, based on their
expected influence on the colonization process.

The inter-annual relationship between the abundance of the
three species and the environmental patterns (predictors) was
analyzed with a Generalized Linear Model (GLM) in R software (R
Development Core Team, 2008), where the number of fish is related
to other measured variables through distributional assumptions
(Stefánsson,1996). A gamma distribution (only positive abundance)
was used to model the non-zero catches (Myers and Pepin, 1990;
Stefánsson, 1996). The GLM was built with an additive method-
ology: predictors were tested independently for significance and
subsequently, significant predictors were added to determine the
residual deviance, the percentage explained by each predictor and
the total percentage of the deviance explained by the model. The
final model was fitted only with the significant variables. Given that
the considered species have different characteristics in terms of
spawning, larval development and recruitment patterns, GLM
analyses were performed separately for each species. A significance
level of 0.05 was considered in all test procedures.

3. Results

3.1. Environmental background

Throughout the study period, both precipitation and river runoff
had clear seasonal and yearly variations (Fig. 2). During 2004 and
2005 an extreme drought was recorded, with precipitation and
river runoff values much lower than the 1961–1990 average (Fig. 2).
The harshest effects of the drought were experienced in 2005. In
2003, 2006 and 2007, precipitation levels were comparable among
years and to the 1961–1990 average (Fig. 2), being considered
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Fig. 2. Monthly variation of precipitation (mm), long-term average precipitation (1961–1
regular years. River runoff levels over the third month prior to the
estuarine colonization by 0-group juveniles presented high values
in 2003 and 2004 for Dicentrarchus labrax, in 2003, 2004 and 2006
for Platichthys flesus and in 2003, 2006 and 2007 for Solea solea
(Table 1). Over the same period, precipitation levels ranged from
35.90 mm to 80.90 mm for D. labrax, from 45.30 mm to 80.90 mm
for P. flesus and from 0.00 mm to 257.00 mm for S. solea.

Sea surface temperature (SST) ranged from 13.74 �C to 15.57 �C
for Dicentrarchus labrax, with the lowest values in 2005 and 2006
(Table 1). For Platichthys flesus, SST varied from 14.15 �C to 15.57 �C,
with the lowest values in 2003, and for Solea solea higher SST values
were recorded, ranging from 14.15 �C to 19.59 �C. As a general
trend, SST over the third month prior to the estuarine colonization
increased towards the end of the study period. NAO index in the
third month prior to 0-group first appearance in the estuary (Table
1) ranged from �1.83 to 1.02 for D. labrax, being negative in 2005
and 2006, and positive in the remaining years. For P. flesus, the NAO
index had negative values in 2004 and 2005, and positive values in
2003, 2006 and 2007, ranging from �0.30 to 1.26. For S. solea, the
NAO index was positive in 2003 and 2006, being negative in 2004,
2005 and 2007, varying from �2.24 to 1.26.

Concerning the upwelling favourable winds (north–south
component; negative values for northerly winds) (Table 1), for
Platichthys flesus there was a clear increase in intensity along the
study period from �1.55 m s�1 to �6.00 m s�1. For Dicentrarchus
labrax, positive winds were only registered in 2005, varying from
�6.00 m s�1 to 2.95 m s�1, and for Solea solea, southerly winds only
occurred in 2007, ranging from �5.36 m s�1 to 3.51 m s�1. For all
species, there was an increase in north–south wind intensity
towards the end of the study period. East–west wind component
(Table 1) (negative values for easterly winds) had in general lower
and positive values for all species, evidencing an increase in
intensity towards the end of the study period. The only negative
values were recorded in 2006 for P. flesus and S. solea.

3.2. Yearly variations in 0-group fish abundance

Abundance of 0-group fish was highly variable between 2003
and 2007, with the highest abundance for the three species being
reported in 2003 (Fig. 3). Dicentrarchus labrax was the species whose
highest average yearly abundance was recorded (19.1 Ind.1000 m�2

in 2003) (Fig. 3a). From 2004 onwards, abundance decreased
considerably, with a minimum of 1.0 Ind.1000 m�2 in 2007.
A similar tendency was reported for Platichthys flesus, with the
highest average yearly abundance in 2003 (2.8 Ind.1000 m�2) and
the lowest in 2006 (0.3 Ind.1000 m�2) (Fig. 3b). Solea solea 0-group
fish evidenced a distinct pattern: average yearly abundance in 2003
was higher (2.8 Ind.1000 m�2), but the lowest values were achieved
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Table 1
Values of the environmental variables used in the gamma-based GLM analysis by year and species.

Species Year SST (�C) River runoff (dam3) Precipitation (mm) NAO index Wind N–S (m s�1) Wind E–W (m s�1)

D. labrax 2003 14.15 403410.00 80.90 0.32 �1.55 0.00
2004 14.28 125055.00 35.90 1.02 �3.50 0.89
2005 13.91 26931.00 66.70 �1.83 2.95 0.00
2006 13.74 87139.00 78.40 �0.51 �1.65 4.65
2007 15.57 68402.00 61.30 0.17 �6.00 1.22

P. flesus 2003 14.15 403410.00 80.90 0.32 �1.55 0.00
2004 14.46 248020.00 61.60 �0.29 �2.67 0.00
2005 14.68 29532.00 47.30 �0.30 �3.06 2.50
2006 14.52 120468.00 45.30 1.26 �5.36 �0.94
2007 15.57 68402.00 61.30 0.17 �6.00 1.22

S. solea 2003 14.15 403410.00 80.90 0.32 �1.55 0.00
2004 18.64 53594.00 242.10 �1.26 0.00 0.00
2005 18.17 51028.00 0.00 �1.10 �2.76 0.68
2006 14.52 120468.00 45.30 1.26 �5.36 �0.94
2007 19.59 284262.00 257.00 �2.24 3.51 2.90

0.00

5.00

10.00

15.00

20.00

25.00

30.00

In
d

. 
1
0
0
0
m

-
2

In
d

. 
1
0
0
0
m

-
2

In
d

. 
1
0
0
0
m

-
2

0.00

1.00

2.00

3.00

4.00

5.00

6.00

0.00

1.00

2.00

3.00

4.00

5.00

2003 2004 2005 2006 2007

a

b

c

Fig. 3. Mean abundance (�standard deviation) of (a) Dicentrarchus labrax, (b) Plati-
chthys flesus and (c) Solea solea by year, from 2003 to 2007.
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in 2004 (0.6 Ind.1000 m�2), and from 2005 to 2007 there was
a tendency to increase almost to 2003 levels (Fig. 3c).

Peak abundance for the three species was compared to the ones
found in the most important Portuguese estuarine systems,
according to the available literature, mainly from beam trawl
surveys (Table 2). For Dicentrarchus labrax, peak abundance in the
Mondego estuary was higher than in other estuaries, and for Plat-
ichthys flesus and Solea solea abundance was comparable across the
range of selected estuarine systems, with the exception of the
Minho estuary, where abundance was clearly higher.
3.3. Relation between environmental parameters and 0-group
abundance

The final results of the Generalized Linear Models (GLMs) are
reported in Table 3. The analysis of deviance for Dicentrarchus
labrax showed that river runoff, precipitation and the east–west
wind component were significant predictors explaining the 0-
group abundance (p< 0.05). Besides the main effects, the first-
order interaction between river runoff and precipitation also was
significant. The model explained 78.6% of the deviance, being river
runoff mostly responsible for this (44.9%) (See Table 3). The
predictors precipitation and east–west wind component contrib-
uted similarly to the deviance (15.3% and 17.6%, respectively), and
the interaction between river runoff and precipitation contributed
with 0.7%. In general, there was a tendency for higher abundance of
0-group D. labrax during the period of estuarine settlement in years
of high river runoff and precipitation (Fig. 4a and b), in accordance
with the previous analysis. On the contrary, years with higher
intensity of westerly winds were associated with lower abundance
(Fig. 4c).

Analysis of deviance for Platichthys flesus indicated that river
runoff, precipitation and both north–south and east–west wind
components were significant predictors (Table 3). The model
explained 74.9% of the deviance, with river runoff also being
responsible for the majority of the deviance (73.7%). The remaining
predictors: precipitation, north–south and east–west wind
components accounted for 1.2% of the deviance (0.89%, 0.003% and
0.27%, respectively). No significant first-order interactions were
found between the main effects. Similar to Dicentrarchus labrax, P.
flesus 0-group abundance was higher in years with higher river
runoff and precipitation (Fig. 5a and b). Likewise, lower abundance
was associated with higher intensity of westerly winds, and lower
abundance was also associated with higher intensity of northerly
winds (Fig. 5c, d). Regarding Solea solea, the model accounted for



Table 2
Peak abundance reported for D. labrax, P. flesus and S. solea along the main estuarine systems of the Portuguese coast.

Species Location (estuary) Max abundance (Ind. 1000 m�2) Sampling gear Reference

D. labrax Ria de Aveiro 145.3 Beach seine Pombo et al. (2007)
Mondego 320.0 Beam trawl Martinho et al. (2007b)
Tejo 81.8 Beam trawl Cabral and Costa (2001)
Guadiana 10.0 Otter trawl Chı́charo et al. (2006)

P. flesus Minho 236.0 Beam trawl Cabral et al. (unpublished data)
Douro 9.1 Beam trawl Vinagre et al. (2005)
Ria de Aveiro 23.2 Beach seine Pombo et al. (2007)
Mondego 30.0 Beam trawl Martinho et al. (2007b)

S. solea Minho 67.0 Beam trawl Cabral et al. (unpublished data)
Douro 8.0 Beam trawl Vinagre et al. (2005)
Ria de Aveiro 0.6 Beach seine Pombo et al. (2007)
Mondego 23.1 Beam trawl Martinho et al. (2007b)
Tejo 25.9 Beam trawl Cabral and Costa (1999)
Sado 24.5 Beam trawl Cabral (2000)
Mira 15.7 Beam trawl Cabral et al. (unpublished data)
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46.1% of the deviance (Table 3). From the set of chosen predictors,
only river runoff was significant in the GLM analysis, being
responsible for the whole deviance. Similarly to P. flesus, no first-
order interactions between the main effects were found. In accor-
dance with the previous species, higher abundance of S. solea
0-group fish was found in years with higher river runoff (Fig. 6).
4. Discussion

4.1. Recruitment variability: role of environmental stressors

The present work focuses on the influence of environmental
aspects on the recruitment variability of marine fish species that
use estuaries as nursery areas: Dicentrarchus labrax, Platichthys
flesus and Solea solea. These species are among the most abundant
marine fishes in Portuguese estuaries (e.g. Ribeiro et al., 2006;
Table 3
Analysis of deviance table for the gamma-based GLM fitted to the abundance data of
the species considered in study. (Res. Dev. – residual deviance; %Expl. – percentage
of the deviance explained by the model).

Species Parameters p-Value Res. Dev. Deviance %Expl.

D. labrax Null 31.772

Main effects
Runoff 0.0163 17.478 14.294 44.989
Precipitation 0.0003 12.628 19.144 15.265
Wind E–W 0.0109 7.035 24.737 17.604

Interactions
Runoff: precipitation 0.0034 6.799 24.973 0.742

Total explained 78.600

P. flesus Null 11.207

Main effects
Runoff 0.0006 2.944 8.263 73.729
Precipitation 0.0024 2.845 8.362 0.885
Wind N–S 0.0460 2.845 8.362 0.003
Wind E–W 0.0166 2.815 8.392 0.266

Total explained 74.883

S. solea Null 24.055

Main effects
Runoff 0.0093 12.977 11.078 46.053

Total explained 46.053
Cabral et al., 2007; Martinho et al., 2007a), with typical seasonal
abundance peaks reflecting estuarine colonization by the young-of-
the-year. Since the present database concerns only five consecutive
years, it was not possible to determine trends regarding recruit-
ment variability and strength, since these species are known to
have high variability in recruitment rates in consecutive years
(Cabral and Costa, 2001).

Climate and its main features such as rain, SST, the NAO, wind
speed and direction, as well as tidal movements and ocean
currents, have been recognized as key issues in the estuarine
colonization and settlement processes of both marine fish and
invertebrate larvae (e.g. Marchand, 1991; Amara et al., 2000; Attrill
and Power, 2002; Almeida and Queiroga, 2003; Bailey et al., 2008).
One of the most significant aspects of this work was the identifi-
cation of the importance of river runoff in this process for the three
species in study. In fact, this was the only parameter that was
significant for all species. Previous studies in the Tagus estuary
(Portugal) revealed that river drainage is a determining factor in the
estuarine colonization process undertaken by marine species,
particularly for soles (Vinagre et al., 2007). In the Bay of Vilaine
(France), Amara et al. (2000) pointed out that the initiation of sole
estuarine colonization is regulated by a combination of river flow,
wind direction and intensity and tidal cycle.

During the study period a severe drought occurred, leading to
a significant decrease in precipitation and river runoff values.
According to the present results, higher runoff values were asso-
ciated with higher abundance of Dicentrarchus labrax, Platichthys
flesus and Solea solea, as well as precipitation for D. labrax and P.
flesus. River runoff not only affects the extent of river plumes into
coastal areas, but can also be responsible for salinity changes within
estuarine waters (one of the main factors responsible for the
structuring of estuarine fish communities (e.g. Marshall and Elliott,
1998; Drake et al., 2002; Costa et al., 2007; Leitão et al., 2007),
protracting or diminishing the available habitats for fish and suit-
able nursery areas. Effectively, Marques et al. (2007) and Martinho
et al. (2007a) described a higher proportion of marine species in
plankton and fish communities during low runoff periods, respec-
tively, due to a higher extent of the salinity incursion inside estu-
arine waters. The importance of river plumes for the estuarine
colonization of fish and invertebrate larvae has been related to the
existence of chemical cues that orient larvae towards estuarine
areas and settlement habitats, such as odour, temperature, salinity
and turbidity (e.g. Miller, 1988; Gibson, 1997; Arvelund and Take-
mura, 2006; Krimsky and Epifânio, 2008) and to potential higher
primary production (Costa et al., 2007). Also, in accordance with
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Vinagre et al. (2007), a wider extent of river plumes during high
freshwater flow will enhance the chance of larvae detecting and
moving towards estuarine waters, which is in agreement with the
present results. Regarding fisheries, Salen-Picard et al. (2002)
identified a positive relationship between high runoff values and
0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

0 100000 200000 300000 400000 500000
River runoff (dam

3
)

I
n

d
.
 
1
0
0
0
m

-
2

I
n

d
.
 
1
0
0
0
m

-
2

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

-8 -6 -4 -2 0

Wind N-S (ms
-1

)

a

c

b

Fig. 5. Abundance of 0-group P. flesus (Ind. 1000 m�2) (first three months) in relation to (a)
wind E–W component (m s�1) during the third month prior to the period of estuarine colo
S. solea landings after a 5-year time lag in the Golf of Lions (France,
Mediterranean coast). The same authors pointed out that flooding
events were responsible for an increase in benthic food resources
for juvenile fish. Sentchev and Korotenko (2004) based on three
dimension particle-tracking transport models, evidenced that tides
0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

I
n

d
.
 
1

0
0

0
m

-
2

I
n

d
.
 
1

0
0

0
m

-
2

40.00
Precipitation (mm)

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

50.00 60.00 70.00 80.00 90.00

-2.00 -1.00 0.00 1.00 2.00 3.00

Wind E-W (ms
-1

)

d

river runoff (dam3), (b) precipitation (mm), (c) wind N–S component (m s�1), and (d)
nization.



0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

0 100000 200000 300000 400000 500000
River runoff (dam

3
)

I
n

d
.
 
1
0
0
0
m

-
2

Fig. 6. Abundance of 0-group S. solea (Ind. 1000 m�2) (first three months) in relation
with river runoff (dam3) during the third month prior to the period of estuarine
colonization.

F. Martinho et al. / Estuarine, Coastal and Shelf Science 83 (2009) 460–468466
and freshwater discharge play a critical role in influencing flounder
larval transport over the eastern English Channel, from spawning
areas to nursery grounds. For the three studied species, the
spawning season in temperate latitudes and estuarine colonization
processes seem to have evolved to match the season when river
plumes have their maximum extent, thus increasing the chance for
recruitment success.

One important regulatory aspect in the estuarine colonization of
larvae and young stages seems to be transportation from the
continental shelf to estuarine nurseries, with several authors
stressing the importance of wind-driven and tidal-driven circula-
tions (e.g. Jennings and Pawson, 1992; Amara et al., 2000; Sentchev
and Korotenko, 2004). In the present study, wind was determined
as a significant predictor for Dicentrarchus labrax (E–W component)
and for Platichthys flesus (N–S and E–W components). Nevertheless,
for both wind components, the weakest intensities were associated
with the highest abundance of 0-group fish, possibly indicating that
lower wind intensity induces either weaker upwelling events or
turbulence. The present results are in accordance with prior results
obtained by Amara et al. (2000), who pointed out that strong
offshore winds can be unfavourable to the estuarine dispersion. For
D. labrax, Lancaster et al. (1998) concluded that differences in
recruitment levels could be attributed to variations in coastal wind
direction and strength.

For several species, selective tidal stream transport (STST) has
been proposed as the main process for larvae entering estuaries. For
Platichthys flesus, passive transport occurs in their early life, fol-
lowed by active STST (van der Veer et al., 1991), in which fishes
make use of strong tidal currents over one part of the tidal cycle for
transportation (Forward and Tankersley, 2001). In the Bay of Biscay
(France), Lagardère et al. (1999) observed that Solea solea larvae
were mainly located in the lower part of the water column before
migration to estuaries. Vinagre et al. (2007) pointed out that soles
undertake vertical movements to escape the top layer of water
masses that are most susceptible to wind and offshore advection,
important in upwelling systems such as the Portuguese coast. In
opposition, field studies conducted in South Wales indicated that
Dicentrarchus labrax larvae tended to occur in the upper part of the
water column, and the arrival of post-larvae into sheltered bays and
estuaries usually takes place during spring tides (Jennings and
Pawson, 1992). These differences could be attributed to the
different vertical guilds of D. labrax, a demersal and more active
swimming species, and P. flesus and S. solea, both benthic species.

The dominance of density-independent factors operating at
a local scale on the egg and larval stages stresses the importance of
hydrodynamic circulation as a key factor in determining year-class
strength (Leggett and Frank, 1997). Also, recruitment variability has
been shown to depend on the pelagic stage duration (van der Veer
et al., 2000), either before metamorphosis or during the juvenile
period (Lagardère et al., 1999; Amara et al., 2000). Despite fish
larvae having been described as active swimmers, Gibson (1997)
stressed that during the estuarine colonization processes they are
still under the influence of hydrodynamic forces and successful
recruitment during this stage is mostly dependent upon favourable
hydrographic conditions. Although density-independent factors
have been shown to influence recruitment variability in the marine
environment prior to estuarine colonization (e.g. Rijnsdorp et al.,
1992), density-dependent factors may also have a high prepon-
derance within nursery grounds, inducing high levels of juvenile
mortality (Gibson, 1994; Rogers, 1994).

For the species in study there was no relationship between early
juvenile abundance and sea surface temperature. However,
according to Rijnsdorp et al. (1992), recruitment is likely to be
mostly influenced by water temperature in the marine environ-
ment prior to or during the immigration to nursery areas. For Solea
solea, Le Pape et al. (2003) found a positive relationship between
SST and the growth of young recruits. The same authors also
pointed out that warmer temperatures are an important factor for
the attraction to estuarine nurseries. In opposition, for several
flatfish species (dab and plaice), a negative relationship between
year-class strength and water temperature has been determined
(van der Veer et al., 2000). Regarding Dicentrarchus labrax, Jennings
and Pawson (1992) pointed out that, in UK waters, post-larvae
migrate to inshore waters when temperatures are higher than
those of the surrounding sea.

The North Atlantic Oscillation (NAO) has been correlated with
a range of long-term ecological measures, including fish stocks.
Such environmental influences are most likely to affect susceptible
juveniles during estuarine residency, as estuaries are critical juve-
nile nursery or over-wintering habitats (Attrill and Power, 2002).
Nonetheless, none of the selected species revealed to have
a significant influence by the NAO, which as a large-scale oceano-
graphic process, influences not only the SST, but also the wind and
current patterns along the Portuguese coast (Henriques et al.,
2007). The main effects of the NAO on the recruitment and estua-
rine colonization of marine fish can be most likely observed at
a broader scale, either in time or space, than the ones used in this
study. Nevertheless, the isolation of single factors that can influence
recruitment patterns can be somewhat difficult, since the move-
ment from offshore waters to inshore protected areas is a complex
and intricate process. In fact, it is likely that local- and meso-scale
singularities in hydrography, bathymetry or landscape structure
may also contribute to regional differences in transport processes
(Bailey et al., 2008). In addition, and according to Mestres et al.
(2007), the extension of river plumes, derived from the only
predictor that was considered significant in the GLM analysis for
the three species (river runoff), is clearly influenced by the main
local driving mechanisms, namely the prevailing wind and the
freshwater discharge rate, and even within a species, there may be
local adaptations reflecting quite different strategies (Bailey et al.,
2008).

4.2. Dicentrarchus labrax, Platichthys flesus and Solea solea in
Portuguese estuaries

Regarding D. labrax, the highest abundance in Portuguese
estuaries was recorded in the Mondego estuary. In a recent work by
Vasconcelos et al. (2008), the authors identified by otolith
elemental fingerprints that about 40% of the coastal stocks of this
species were originated in the Mondego nurseries, thus reinforcing
the role of the Mondego estuary for coastal stocks. For P. flesus,
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a decrease in abundance towards south is consistent with Cabral
et al. (2001), who reported the decrease in abundance near its
southern limit of distribution, located along the centre of the
Portuguese Atlantic coast. The highest abundance was recorded in
the Minho estuary (North Portuguese coast), and in agreement,
Vasconcelos et al. (2008) indicated that at least half of this species’
coastal stocks were originated in a northern estuary (Douro
estuary). As for S. solea, nursery origins were determined to be
mostly from the Mondego and Tagus estuaries, although with less
reliability (Vasconcelos et al., 2008). This species seems to be the
most ubiquitous in the Portuguese coast, with similar abundance
found over the selected estuaries. However, the highest abundance
was recorded at the Minho estuary, similarly to P. flesus. As
a general trend, higher abundance was found in northern estuaries.

4.3. Climate change scenarios: future perspectives in recruitment
levels

Recent climate change projections for the Iberian Peninsula
point out that both temperature and drought periods are expected
to increase, with a concentration of rainfall in the winter months
(Miranda et al., 2006). More precisely, and based on the Intergov-
ernmental Panel on Climate Change–Special Report on Emissions
Scenarios (IPCC–SRES) (IPCC, 2001) models, winter precipitation by
the end of the XXI century is predicted to decrease to an average
15% (Miranda et al., 2006). According to the previous authors,
reductions in precipitation amounts throughout the year are
expected to be higher: �20% to �50%. Considering this, the
decrease in precipitation and consequently river runoff will lead to
a reduction of the extent of river plumes to coastal waters, which
has been determined as an important factor for the recruitment
success of marine fish that use estuaries as nursery areas. As
a significant outcome, runoff regime shifts can induce changes in
coastal fisheries: Meynecke et al. (2006) based on a data series from
1988 to 2004, concluded that dry years were often associated with
lower catches, leading to important economic and social losses. Due
to the concentration of precipitation in time, restricted to the
winter months, it is possible that species that migrate to estuaries
in spring, such as Dicentrarchus labrax and Platichthys flesus, can be
significantly impacted due to the decrease in runoff and to the
lesser extent of river plumes, in agreement with the present results
and with Vinagre et al. (2007). In fact, in the present study, these
species showed a decrease in abundance during and after the
drought, in opposition to Solea solea. In addition, previous work by
Dolbeth et al. (2008) indicated a breakdown of secondary
production in nursery species during the drought, which can be an
indicator that continued decreases in river runoff can in fact impact
on these species. Regarding this scenario, it is possible to infer that
D. labrax and P. flesus will be more affected by drought events in the
future, thus requiring efficient management measures.

Further improvements on this approach would be the integra-
tion of plankton and reproductive biology data in order to obtain
a more accurate scenario of the estuarine colonization processes. In
addition, extending this time-series would allow a better definition
of the physical and environmental conditions that contribute to the
recruitment variability in the studied species and that operate over
larger time and spatial scales.
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