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In this work, we analysed the latitudinal trends in the nursery habitat colonization processes of the European
flounder (Platichthys flesus). This was accomplished by estimating the duration of the pelagic and metamorphic
stages, as well as the duration of the spawning period, in several nursery areas across its geographical distribution
range in the European Atlantic Coast: Mondego estuary (Portugal), Vilaine estuary (France), Slack estuary
(France), Wadden Sea (Netherlands) and the Serfjord (Norway). All juvenile flounders were captured with
beam trawls in June/July 2010, and otolith microstructure was used to determine the duration of each stage by
means of daily growth increments. The pelagic and metamorphic stages were longer at the middle of the distri-
bution range, and lasted in total up to two months after hatching. The spawning period occurred between mid-
January and early-July over the species' distribution range, with a time lapse of nearly two months between the
Mondego estuary and the Serfjord, as a consequence of warmer water temperature earlier in the season in
southern areas. In general, total length of the captured fish showed a latitudinal cline between the northernmost
and southernmost sampling sites, with higher values at the middle of the distribution range. The results also
suggested the existence of a countergradient growth compensation mechanism in the northernmost popu-
lations. Apart from temperature, which sets the general metabolic pace of organisms, differences between
sites were also related with local features, such as the extension of the continental platform and adaptations

to transport and retention mechanisms.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Estuarine and shallow coastal habitats provide important nursery
grounds for many flatfishes worldwide (e.g. Grioche et al, 1997;
Martinho et al.,, 2009, 2010; van der Veer et al.,, 1991, 2011). For most of
the marine fish that use these areas as nursery grounds, spawning takes
place offshore, implying the migration of pelagic larvae or recently meta-
morphosed benthic juveniles from the continental shelf into estuarine
and coastal areas (Grioche et al., 1997; Koutsikopoulos and Lacroix,
1992). Larval dispersion across the continental shelf has several advan-
tages, including the colonization of new settlement habitats and minimi-
zation of intraspecific competition (Bailey et al, 2005). However, an
increasing duration of the pelagic stage might also lead to a longer expo-
sure to unfavourable hydrodynamic conditions and predation, resulting
in higher mortality rates (Duffy-Anderson et al.,, 2011; Hovenkamp and
Witte, 1991). This is particularly important for flatfishes, since they
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represent an extreme in the process of metamorphosis between larvae
and juveniles (Bailey et al., 2008; Geffen et al., 2007).

For flatfishes, recruitment strength is determined mainly during the
pelagic stage (Bolle et al.,, 2009; van der Veer, 1986; van der Veer et al.,
2000), being later regulated on post-settlement stages (e.g. Ustups et al.,
2013; van der Veer, 1986). Nevertheless, some studies have suggested
that the factors controlling recruitment of a species vary over its
geographic range, along a latitudinal gradient (e.g. Miller et al., 1991;
Pauly, 1994; van der Veer et al., 2000; van der Veer and Leggett, 2005;
Vinagre et al., 2008). Hence, it becomes of interest to adopt a macro-
ecological approach to examine fish-environment relationships, since
the latitudinal position is a good descriptor of the adaptation of popula-
tions to the local environment and of their tolerance to climate fluctua-
tions (Brunel and Boucher, 2006; Hermant et al., 2009).

Latitude is a proxy for several environmental gradients such as tem-
perature, seasonality and insolation, which are cross-correlated and
interact among them (Willig et al., 2003). In particular, temperature-
mediated processes control a major part of a fish's life cycle (Fonds,
1979; Pauly, 1994), setting the fundamental rates of metabolism, energy
uptake, storage and use (Kooijman, 1993; Neill et al., 1994), including
also spawning, growth and reproduction migrations (Buckley, 1982;
Fincham et al,, 2013; Neuheimer et al., 2011; Sims et al., 2004; Vinagre


http://dx.doi.org/10.1016/j.seares.2013.07.014
mailto:fmdm@ci.uc.pt
http://dx.doi.org/10.1016/j.seares.2013.07.014
http://www.sciencedirect.com/science/journal/13851101

62 F. Martinho et al. / Journal of Sea Research 84 (2013) 61-69

et al., 2008). Hence, it is expected that the influence of latitude in the early
stages of flatfish is mainly felt through differential environmental condi-
tions related to their position along the geographical distribution range.

In the Eastern Atlantic, the European flounder (Platichthys flesus,
Linnaeus, 1758) is a common species, occurring in the coastal, brack-
ish and fresh waters of Western Europe and from the White Sea to
the Mediterranean and the Black Sea, ranging between 40° N and
72° N. Presently, and apart from a geographically isolated set of popula-
tions in the Mediterranean and Adriatic Seas (Borsa et al., 1997), the
current southern distribution limit of this species is assumed to be on
the Portuguese coast (Cabral et al, 2007). The life cycle of flounder
includes batch spawning in coastal areas, and the migration of young
metamorphosing fish to nursery grounds, where benthic settlement con-
cludes the pelagic larval stage (Nissling and Dahlman, 2010; van der Veer
etal., 1991). In the particular case of flounder, the settling of larvae is con-
sidered to occur simultaneously with metamorphosis (ICES, 2008). This
process is preceded by a combination of passive shoreward transport
(Grioche et al,, 1997) and active swimming adjusted to tidal rhythms
(Jager, 1999), resulting in a more effective inshore transport of fish larvae
into nursery areas (Grioche et al., 1997; Rijnsdorp et al., 1985).

Based on the work by Miller et al. (1991), who suggested that the
patterns of recruitment variability occur over a latitudinal scale, the
main objective of this work was to determine the existence of a latitudi-
nal trend in the nursery colonization processes and in the spawning
period of P. flesus across the northeastern Atlantic, where conspicuous
gradients in environmental factors (mainly temperature) are anticipated.
In particular, we estimated the duration of the spawning period, the
pelagic and metamorphic stages, as well as the geographical differences
in total length and length-weight relationships of juveniles, in order to
determine whether latitude imposes a significant influence on the life
cycle of flounder over its distribution range.

2. Material and methods
2.1. Study sites and juvenile fish collection

Flounder 0-group juveniles were collected in several estuarine and
shallow coastal nurseries covering a range of 20° in latitude: Serfjord
(Norway), western Dutch Wadden Sea (The Netherlands), Slack estuary
(France), Vilaine estuary (France) and Mondego estuary (Portugal)
(Fig. 1). The sampling sites were selected in order to cover most of the
geographical distribution range of P. flesus in European waters. More
information of the sampling areas is presented in Table 1. 0-Group juve-
nile flounders were collected in the estuarine nurseries between mid-
June and mid-July 2010, using several beam trawl tows. The sampling
dates were chosen based on the spawning period reported in literature,
in order to ensure that spawning and larval migration towards the
nursery grounds had finished. Since the aim of this study was not to
analyse trends in juvenile densities, differences between sampling
methods were not accounted for. All beam trawls were fitted with a
5 mm mesh size in the cod end, in order to ensure a similar selectivity
for flounder juveniles. After collection, all fish were transported in ice-
boxes to the laboratory and frozen for later analysis.

Average monthly sea surface temperature (SST) data for 2010 in the
coastal area was obtained from the International Comprehensive Ocean-
atmosphere Data Set (ICOADS) online database (http://dss.ucar.edu/

Table 1
Summary of the main features of each Platichthys flesus nursery area sampled in this study.
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Fig. 1. Geographical location of the five sampled nursery areas of 0-group Platichthys flesus
in the Eastern Atlantic: A — Mondego estuary, B — Vilaine estuary, C — Slack estuary,
D — Dutch Wadden Sea, E — Serfjord.

pub/coads, dataset 540.1, Worley et al., 2005), covering the 1° Lat x 1°
Long square nearest to each nursery ground sampled.

2.2. Data analysis

All fish were measured (total length, TL, mm) and weighed (wet
weight, W, g), and the respective length-weight relationships were
determined for each population. In a sub-sample of randomly chosen
juvenile fish from each location covering the whole range of total
lengths observed, left sagittae otoliths were removed, cleaned and
mounted with sulcus up on microscope slides (Serfjord, n =14;
Wadden Sea, n = 14; Slack Estuary, n = 17; Vilaine Estuary, n =
17; Mondego estuary, n = 12). Left otoliths were chosen due to
their more symmetrical shape, when compared to the right one
(ICES, 2008). Otoliths were polished in the sagittal plane using 0.1 pm
sandpaper until the daily rings in the nucleus were visible. All daily in-
crement counts were made using a light microscope at 100 x and 400 x
magnifications for the peripheral areas, and at 1000 x magnification for

Nursery area Country Latitude Longitude Area (km?) Sampling Date
Serfjord Norway 60° 30’ N 5°24'E 742 17.07.2010
Wadden Sea (Balgzand) Netherlands 53°04’ N 5°03'E 52.0 17.07.2010
Slack Estuary France 50°48' N 1°36'E 0.01 01.07.2010
Vilaine Estuary France 47°30'N 2°300 W 113 02.07.2010
Mondego Estuary Portugal 40° 08’ N 8°52' W 8.6 17.06.2010
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the nucleus. Otolith microstructure was used to determine the dura-
tion of the different stages: pelagic (larval), metamorphosis (time
period between first morphological asymmetry and the completion
of juvenile features) and benthic (post-metamorphosis juveniles),
in agreement with Geffen et al. (2007) and Daverat et al. (2012).
The pelagic stage corresponded to the otolith nucleus, the metamor-
phic stage corresponded to the rings between the innermost and the
outermost accessory primordia. The duration of the benthic stage
was determined as the number of rings between the first ring after
the outermost accessory primordial (i.e. the first ring that forms a
complete circle after the outermost accessory primordia) and the
edge of the otolith. The total increment counts provided an estimate
of the total age in days, in accordance with Bos (1999) and Amara
et al. (2009). Otolith increments were counted twice, and the dura-
tion of each stage (days) was regarded as the average of the two
counts. In case the difference between the two counts was more
than 10%, the otolith was removed from further analyses. In each
otolith, the maximum diameter through the nucleus was measured
under a microscope. Uncertainty in the identification of early incre-
ments was calculated by interpolation over the distance between
the hatching ring and the first clearly defined increment, using an
average otolith growth rate of 0.6 um-d~! determined for plaice
(Pleuronectes platessa) (Fox et al., 2007; Hovenkamp and Witte, 1991).
However, and since this early growth rate has not been validated for
flounder, these values were not included in the overall counts, but
were considered as the underestimation of the pelagic stage.

Hatch dates were estimated from age (number of daily rings) and
date of capture. The duration of the spawning period was estimated
by the difference between hatch dates of the oldest and youngest spec-
imens for each location. The duration of the spawning period was com-
pared along the European Atlantic coast, based on the present work and
other published literature.

2.3. Statistical analysis

Geographical differences in total length were assessed using a
Kruskal-Wallis ANOVA, since data did not meet the necessary re-
quirements for an ANOVA procedure, followed by Dunn's pairwise
multiple comparison a posteriori tests, whenever the null hypoth-
esis was rejected. Analysis of covariance (ANCOVA) was used to
compare length-weight relationships amongst locations (using log-
transformed data, in order to compare the slope of the regressions), as
well as geographical differences in the slopes of the linear relationships
between total length, otolith diameter and age (in days). Differences in
the timing of spawning and both timing and duration of the pelagic
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16.00 1
14.00 1
12.00

10.00 A

SST (°C)

8.00 1

6.00 1

4.00 1 -

2.00 1
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and metamorphic stages were evaluated by means of ANOVA, followed
by Tuckey's pairwise multiple comparison a posteriori tests, whenever
the null hypothesis was rejected.

Age-standardized total length was obtained by fitting the regressions
obtained for total length and age, and given the example of fish with
120 days, in order to allow for direct comparisons between sites. For
each site, the respective confidence level of 0.95 was also determined.
All statistical tests were performed in R software (R Development Core
Team, 2009), considering a significance level of 0.05.

3. Results

Average SST values showed a typical variation of temperate ecosys-
tems in the five nursery areas (Fig. 2). The highest thermal amplitude
was observed in the northern areas near Serfjord and the Dutch
Wadden Sea, ranging between 3.5 °C and 15.2 °C, and between 3.9 °C
and 17.4 °C, respectively. Both milder winter conditions and higher
summer temperatures were observed in the southern areas, with SST
ranging from 6.0 °C to 17.4 °C near the Slack estuary, from 8.7 °C to
17.9 °C near the Vilaine estuary, and between 13.3 °C and 18.0 °C near
the Mondego estuary.

Significant linear relationships between juvenile flounder total length
and otolith diameter were obtained for all sampling sites (Fig. 3). In this
case, the slope in the data from the Serfjord was significantly different
than those in the other sites, with fish having larger otoliths than those
in southern populations (F = 14.76; p < 0.05). Significant linear rela-
tionships were also obtained between total length and age (in days) for
all sites (Fig. 4). However, no significant differences were observed be-
tween sites (F = 0.36; p > 0.05).

A comparison of the duration of pelagic, metamorphic and ben-
thic (until sampling occurred) stages between all study sites showed
that the start of each stage occurred earlier at lower latitudes (Fig. 5).
The underestimation of the early pelagic stage, based on plaice
growth data (Fox et al., 2007; Hovenkamp and Witte, 1991), was de-
termined to be 15.8 days (sd = 3.1); still, this value was not includ-
ed in the estimation of the subsequent stages. The pelagic stage was
different between sites, particularly between the middle and the
edge sampling areas (F = 21.80; p < 0.05). At the northern edge near
Serfjord, this stage lasted on average for 23.5 (sd = 6.5) days, while
at the southern edge near the Mondego estuary this stage lasted for
29.6 (sd = 3.2) days. In the centre of its geographical crange, the pelag-
ic stage duration of P. flesus lasted for 34.5 (sd = 4.7) days near the
Wadden Sea, 23.0 (sd = 3.3) days near the Slack estuary and 33.6
(sd = 3.9) days near the Vilaine estuary. The metamorphic stage was
also different between sites (F = 10.39; p < 0.05), being shorter at

Sorfjord
=== \Wadden Sea
=== Slack Estuary
== = \/ilaine Estuary

== \ondego Estuary

Fig. 2. Monthly sea surface temperature in 2010 for the 1° Latitude x 1° Longitude square nearest to each sampled nursery area.
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Fig. 3. Linear regressions between total length (mm) and otolith diameter (mm) for a sub-sample of 0-group juvenile Platichthys flesus in all sampled areas. All linear relationships were

significant for p < 0.05.

the extremes of the species' distribution range: 14.1 (sd = 2.8) days in
Serfjord and 15.0 (sd = 2.7) days in the Mondego estuary, and longer
in the centre: 16.5 (sd = 1.2) days in the Dutch Wadden Sea, 20.0
(sd = 2.5) days in the Slack estuary and 20.6 (sd = 5.7) days in the
Vilaine estuary. Differences in the time of spawning, larval and meta-
morphosis were also found across sites (F = 45.83, p < 0.05; F =
48.41, p < 005; F = 50.85, p < 0.05, respectively).

The onset and duration of flounder's spawning period, based on the
present and other published literature, showed a latitudinal cline with
spawning starting earlier at lower latitudes (Fig. 6). The estimate of
the spawning duration for the Vilaine area was nearly three months,
while in the other areas spawning duration was less than one month.
In particular, spawning near the Mondego estuary lasted from late-
February (27th February) to late-March (24th March); in the northern
Bay of Biscay (Vilaine), spawning took place between mid-January
(14th January) and mid-April (18th April), while in the northern
French oast (Slack), spawning occurred from late-March (25th March)
to mid-April (19th April). At higher latitudes, spawning lasted between
early-April (9th April) and early-May (1st May) near the Dutch Wadden
Sea (southern North Sea), and between late-April (25th April) and mid-
May (18th May) near the Serfjord (northern North Sea).

Larger fish were captured in the Vilaine estuary (France) (TL, 74.3 mm
(sd = 12.4), n = 54), and in the Mondego estuary (TL, 60.3 mm
(sd = 8.5), n = 12) (Fig. 7A). The smaller fish were found in the

northernmost areas: Serfjord (TL, 39.5 mm (sd = 7.1), n = 70),
Wadden Sea (TL, 51.5 mm (sd = 4.8), n = 42) and Slack estuary (TL,
549 mm (sd = 6.8), n = 84). Significant differences in total length
were observed between the juvenile flounders from the Vilaine and
the northernmost nurseries (Serfjord, Dutch Wadden Sea and Slack es-
tuary), between fish from the Mondego estuary and Serfjord, between
the Slack Estuary and Serfjord, and between the Dutch Wadden Sea
and Serfjord (H = 53.93; p < 0.05).

Age-standardized total length for a fish of 120 days old, confirmed
the previous trend (Fig. 7B), with similar total length observed for the
two northern populations (Serfjord and Dutch Wadden Sea), lower
values in the southernmost area (Mondego estuary) and larger fish in
the two French estuaries. Length/weight relationships were similar
among sites, with the exception of the Mondego estuary (F = 794.60;
p < 0.05) (Fig. 8).

4. Discussion
4.1. Pelagic, metamorphic and benthic stages

The early population dynamics of fish are mainly controlled by
density-independent mechanisms, acting on the early life stages (eggs

and larvae), prior to the nursery residency stage (Leggett and Frank,
1997; van der Veer, 1986; van der Veer and Leggett, 2005; van der
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Fig. 4. Linear regressions between total length (mm) and age (days) for a sub-sample of 0-group juvenile Platichthys flesus in all sampled areas. All linear relationships were significant for

p < 0.05.

Veer et al,, 2000). In this sense, adopting a large-scale ecological point of
view allows for the establishment of trends along a species distribution
range, relating the duration of the early-life stages to the prevalent
environmental conditions. In response to the different temperature
regimes (Heath, 1992), the onset of spawning and consequently the

BPelagic BMetamorphosis

Sorfjord

Wadden Sea

Slack Estuary

Vilaine Estuary

Mondego Estuary

start of the pelagic, settlement and benthic stages exhibited a delay
between the southernmost (40° N) and the northern area (60° N)
of nearly two months, similar to other flatfishes such as the common
sole (Vinagre et al., 2008) and winter flounder Pseudopleuronectes
americanus (Sogard et al., 2001).

OBenthic  OBenthic (following sampling)

January  February March

April May June July

Fig. 5. Average duration in days of each stage of the nursery habitat colonization process by juvenile Platichthys flesus in all the sampled areas in 2010, disregarding the underestimation of
the early pelagic stage; dark grey — pelagic stage, medium grey — metamorphic stage, light grey — stage phase, light grey with white stripes — continuation of the benthic stage, after

sampling was performed. Horizontal bars represent standard deviation.
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In general, the pelagic stage lasted longer at the southern limit and in
the centre of the distribution range, varying between an average of
30 days in the Portuguese coast and 34 in the French coasts and Dutch
Wadden Sea. In the northernmost areas, the pelagic stage lasted on
average 24 days. These results contrast with the findings by Minami
and Tanaka (1992), who determined a positive relationship between
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the duration of egg and larval stages and latitude for several flatfishes.
In fact, the duration of the egg and larval stages in plaice (P. platessa)
has been determined to be temperature-dependent, since higher
water temperature reduces the development time (Hyder and Nash,
1998). The duration of the pelagic stage of about one month confirmed
previous results for the North Sea (e.g. Kerstan, 1991; van der Veer et al.,
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Fig. 7. A) Comparison of the range of total length (mm) for 0-group juvenile Platichthys flesus in each studied area in 2010. Each boxplot represents the median value (black dot), the 25%
and 75% quartiles (grey squares), and the lines extend to the minimum and maximum values. B) Age-standardized total length values for fish with 120 days, calculated by means of the
significant linear relationships obtained in all sampling sites between total length (mm) and age (days). Error bars represent the 0.95 confidence level.
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Fig. 8. Length/weight relationships for the juvenile Platichthys flesus in the selected nursery grounds.

1991). However, given the level of uncertainty identified for the early
pelagic stage (ca. 16 days), the whole duration of this stage may be up
to 50 days.

The differences in the duration of the pelagic stage might also be re-
lated to the distance between the spawning grounds and the nursery
habitats (Bailey et al., 2008). In the Eastern Atlantic, flounder spawning
grounds are located over the continental shelf, between 20 and 50 m
depth in the English Channel, southern Bight of the North Sea and Baltic
(Dando, 2011; Grioche et al.,, 1997; Sims et al., 2004; van der Veer et al.,
1991). Despite being relatively close to the shore, the various spawning
grounds are probably subjected to different environmental features,
which include local topography, transport and retention mechanisms,
leading to a differential delivery time of larvae towards estuarine nurs-
ery habitats, as reviewed in Bailey et al. (2005). In addition, the timing of
spawning is likely adapted to the timing of prey biological cycles, sea-
sonal and geographic abundance of predators, and seasonal changes in
transport conditions (Bailey et al., 2005; Grioche et al., 1997).

As a transition stage between the pelagic and benthic realms, meta-
morphosis is a critical period in flatfish, affecting the feeding, growth,
survival of the larvae (Yamashita et al., 2001) with consequences for
the population dynamics (Leggett and DeBlois, 1994; van der Veer
et al., 2000). The metamorphic stage, which co-occurs with benthic set-
tlement (ICES, 2008), was shorter at the extremes of the surveyed distri-
bution range. Depending on the relative location of spawning and
nursery habitats, adaptations to local features might drive these differ-
ences, implying that the time frame for metamorphosis might not be
equal across a species distribution range. Such adaptations include the

use of retention mechanisms to remain within favourable areas, or con-
versely, taking advantage of transport pathways to adequate habitats,
by means of Ekman transport or selective tidal stream transport
(STST) (Bailey et al., 2005; Grioche et al., 1997; Rijnsdorp et al., 1985).
However, these patterns might vary across geographical areas, as dem-
onstrated for plaice (Bailey et al., 2005; Bergman et al., 1989; Rijnsdorp
etal, 1985).

Metamorphosis in fish, and particularly in flounder, has been deter-
mined to be a temperature-dependent process (e.g. Hutchinson and
Hawkins, 2004). The present results for the southern area of distribution
corroborate this assumption, since the duration of this stage was shorter
at lower latitudes characterised by warmer water temperature in the
winter. However, this trend does not seem to apply to our results
from the northernmost area, where the metamorphic stage was also
shorter than in the central area of distribution. This may be attributed
to the shorter duration of the growing season at the northernmost
areas, where countergradient growth compensation might be occurring
(Campos et al.,, 2009). Despite being exposed to lower temperatures at
higher latitudes, fish benefit from higher productivity and a prolonged
photoperiod during the growing season (Geffen et al., 2007), a particu-
larly important aspect for a visual predator such as flounder (De Groot,
1971), enabling a faster growth. In addition, larval size at metamorpho-
sis, coupled with the ability to feed and/or to tolerate food deprivation,
is a crucial factor in determining the fishes' responses to environmental
drivers for settlement (Geffen et al., 2007).

The timing of settlement relies on each species' spawning period, the
spawning ground location and the duration of the pelagic stage
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(Martinho et al., 2008). In parallel with the previous stages, the onset of
the post-metamorphic benthic stage occurred with a delay of nearly
two months between the two furthest apart areas. Along the French
coast, this stage occurred nearly simultaneously at both the Vilaine
and Slack estuaries, mainly due to a more reduced pelagic stage of the
Slack populations.

Taking into account the observed delay of each life stage with in-
creasing latitude, the onset of each stage occurred at warmer water
temperatures particularly in the southern areas, suggesting the adapta-
tion of populations to local features, owing to possible genetic differ-
ences among them (Conover and Present, 1990).

4.2. Latitudinal trends in the spawning season

The present results, combined with data in published literature, con-
firm the existence of a latitudinal cline in the spawning season, in which
spawning starts earlier at lower latitudes. As observed by Amara et al.
(2000), warmer water temperature during the winter influences the be-
ginning of the spawning season, which is in agreement with the present
data. Besides temperature, latitudinal trends in photoperiod can also be
an important factor for triggering spawning in flounder, as observed for
the European seabass (Dicentrarchus labrax) and common sole Solea
solea (Vinagre et al., 2008, 2009).

The spawning duration was longer in the centre of the distribution
range, taking into account also data from literature. A novel aspect
was that, unlike in other studies, spawning at higher latitudes near
60° N started earlier in the season. Since spawning is highly dependent
on temperature (e.g. Fonds, 1979; Sims et al., 2004), it could be possible
that in the recent years the onset of the spawning season might have oc-
curred earlier, given the warming of seawater that has been observed
over the Atlantic Ocean (see Hermant et al., 2009). As for the central
area, the present results confirm the observations of Grioche et al.
(1997), who showed that the spawning season off the French coast of
the English Channel occurred between February and April. The excep-
tionally long spawning season of the Vilaine populations might also be
explained by a wider origin than the populations settling in the other
nurseries. In addition, recent work has provided an indication that phe-
notypic traits such as peak spawning are indeed affected by tempera-
ture and vary between populations (Fincham et al., 2013), as observed
in this study.

4.3. Variations in body size across the distribution range

The relationship between total length of juvenile flounder and oto-
lith diameter was similar in all sites, with the exception of the Serfjord,
where the slope of the regression was much steeper. As observed for the
North Sea plaice (P. platessa), otolith growth might not only be a func-
tion of somatic growth, but can also be influenced by factors such as
food availability, temperature and metabolic rates (Hovenkamp, 1990).

Results from the present work indicate that the pattern in total
length of 0-group fish showed a latitudinal cline. The largest individuals
were observed in the Vilaine estuary (France), followed by the Mondego
estuary (Portugal), and the smallest fish were observed in the northern
areas. In the southern areas, warmer water temperatures and an earlier
start of the spawning season contribute to a faster growth and an earlier
colonization of nursery grounds (Amara et al., 2000), as observed for
other flatfishes such as the common sole (Vinagre et al., 2008). The
fact that the northernmost fish exhibited a similar total length to
those from lower latitudes suggests the occurrence of countergradient
growth compensation. Accordingly, the northernmost populations
seem to compensate for lower environmental temperatures by growing
faster in the most favourable period. In fact, the phenotypic plasticity of
growth with respect to temperature increases with latitude (Conover
and Present, 1990), with fish showing a higher capacity for growth at
higher latitudes (Campos et al., 2009; Conover and Present, 1990). In
addition, juvenile flounders at the southern limit of their distribution

range must be facing a high degree of physiological stress due to higher
water temperatures (Portner et al., 2001).

In part, the present results seem to agree with the species range hy-
pothesis proposed by Miller et al. (1991), in which populations at the
edges of their distribution range should be more controlled by abiotic
factors. This happens mainly since the boundary populations are living
at the edge of their optimal thermal niche, with population dynamics
being also controlled by local conditions, particularly hydrodynamics,
that may overrule general latitudinal trends as suggested by Leggett
and Frank (1997), van der Veer et al. (2000), van der Veer and Leggett
(2005) and Freitas et al. (2008). Overall, temperature seems to exert a
two-way response pattern on this species: on one hand, higher temper-
atures at the southern limit allow for an earlier start of the spawning
season, while on the other hand it may limit growth (Vasconcelos
et al., 2009), since flounder is typically a cold water species. In addition,
local features must also contribute for a reduced fitness of these popula-
tions. These local features in the southern areas include the highly dy-
namic coastal zones, whose strong exposure to northerly winds and
frequent upwelling events during the estuarine colonization induces
offshore Ekman advection (Vinagre et al, 2008), which may impair
the colonization by larvae.
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