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ABSTRACT: European flounder Platichthys flesus life history patterns were investigated in 3
basins along a latitudinal gradient (Minho, N Portugal; Gironde, SW France; Seine, N France). We
used coupled Sr:Ca and Ba:Ca otolith signatures and microstructure to retrospectively determine
habitats occupied by flounder during their life, including early larval ontogeny. Flounder exhibited high life history plasticity among and even within basins, apparent by the diversity of habitats
used during larval ontogeny and throughout their lives, and by the age at which flounder
migrated to freshwater. Egg signatures probably had a strong maternal influence, and our interpretation suggests that flounder spawned and/or hatched predominantly in brackish waters in the
Minho, while in the Gironde and Seine, flounder spawned and/or hatched either in coastal, brackish or freshwater environments. The freshwater egg signature was most frequent in the Seine.
These interpretations contradict the current general assumption that flounder spawn exclusively
in coastal waters. During pre-metamorphosis and metamorphosis, flounder were predominantly in
brackish waters in the Minho, while in the Gironde and Seine, they were mainly in coastal and
freshwater environments, respectively. The diversity of flounder life histories (LH) (i.e. sequence
of habitat residence: freshwater, brackish or coastal) after metamorphosis was similar between the
Minho (LH = 13), Gironde (LH = 13) and Seine (LH = 14) basins. The age at which flounder
migrated to freshwater also varied among sites, at an earlier age in the Minho and Gironde
(< 0.5 yr old) than in the Seine, where flounder migrating from the coast into freshwater reached
maximum frequencies at age 1.3 yr old. Thus, catadromy in European flounder may be facultative,
and the factors influencing flounder high LH plasticity deserve thorough research.
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Studies of fish life histories regarding their migratory behavior increased with the advancement of
otolith microchemistry analysis (Begg et al. 2005,

Campana 2005), particularly those of diadromous
fishes sensu McDowall (1997). Diadromous fishes
perform regular migrations between freshwater and
the sea, and often migrations occur at a predictable
time or life history phase. Migrations must be medi-
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ated by physiological processes, and they involve the
bulk of the population. There are 3 types of diadromous migrations: anadromy, catadromy and amphidromy. Anadromous fishes feed and grow at sea and
migrate, as adults, to reproduce in freshwater, catadromous fishes feed and grow in freshwater and
migrate to sea to reproduce, and amphidromous
fishes migrate to sea soon after hatching, where they
feed and grow, and migrate again to freshwater as
postlarvae or juveniles (see McDowall 1997 for more
detailed definitions). However, classifying a species
as strictly anadromous, catadromous or amphidromous is not straightforward since there are species
that exhibit various migratory tactics and variations
of the predominant one (McDowall 1997, Arai et al.
2006, Chapman et al. 2006, Barriga et al. 2007, Mangel & Satterthwaite 2008).
Those species capable of developing diverse life
history strategies, particularly as they relate to migratory tactics, are able to persist in varied and unpredictable environments (Chapman et al. 2006, Kerr &
Secor 2012). It is also hypothesized that the coexistence of different life history strategies within 1 population might result from the success of those diverse
strategies to maximize individual fitness (Arai et al.
2006). Thus, life history plasticity has obvious adaptive value at the species and population levels and
even at the individual level; however, it is among the
least explored topics within ichthyology. Indeed,
there are only a few examples of species exhibiting
this characteristic, such as inanga Galaxias maculatus
(Chapman et al. 2006, Barriga et al. 2007), pond smelt
Hypomesus nipponensis (Arai et al. 2006), 3-spined
stickleback Gasterosteus aculeatus (Arai et al. 2003),
several eel species Anguilla spp. (Tsukamoto et al.
2002, Daverat el al. 2006) and salmonids (McDowall
1997, Mangel & Satterthwaite 2008). The mechanisms
are not well understood, but differences in biotic and
abiotic interactions, individual growth rates and genetics probably explain the majority of the plasticity
at the species and population levels.
The European flounder Platichthys flesus (hereafter, flounder) is another species exhibiting great
plasticity of several life traits, including alternative
reproductive strategies. Summers (1979) established
that this species is catadromous, and this is still the
most widely accepted life history (Franco et al. 2008).
However, there is still controversy about classifying
flounder as catadromic, semi-catadromic, estuarine
migrant, marine-estuarine opportunistic (Elliott et al.
2007) or even as a truly estuarine resident species
(Elliott & Dewailly 1995). Recent works clearly
proved that flounder is not an estuarine resident spe-

cies (Daverat et al. 2011, Morais et al. 2011), although
field observations confirmed that flounder use estuarine habitats (Jager 1999, Marchand et al. 2003) as
well as freshwater habitats for extended periods
(Radforth 1940, Beaumont & Mann 1984). Indeed,
freshwater was found to trigger the metamorphosis
of flounder (Hutchinson & Hawkins 2004), and larvae
are able to migrate upstream efficiently to their estuarine nursery ground using selective tidal transport
(Bos 1999).
Flounder have very distinct reproductive strategies
between Atlantic estuaries and the Baltic Sea. In the
Baltic Sea, 2 alternative strategies were described:
one for southern and one for northern portions of the
sea (Nissling et al. 2002). In the southern Baltic,
flounder migrate from coastal feeding areas to spawn
in the deep basins and have large, pelagic eggs
which are positively buoyant despite the low salinity
of the area (Nissling et al. 2002, Nissling & Dahlman
2010). In the northern Baltic, flounder are more stationary and spawn in shallow bank or coastal areas.
The eggs of these flounder are smaller, more thickshelled and demersal and can be fertilized at lower
salinities, down to 6.5 (Solemdal 1967). A recent
study has shown that there are genetic differences
between flounder from the northern and southern
part of the Baltic, corresponding to the outlined ecological types (Florin & Höglund 2008). Further south
in the species’ distribution area, in the Minho basin
(NW Iberian Peninsula), it was hypothesized that
flounder used both the coastal area and the estuary
as spawning grounds (Morais et al. 2011). Alternative
habitat use was also suggested in the Gironde estuary population (W France), where most flounder used
freshwater habitat in the juvenile stage, although a
smaller proportion of the sample was resident in the
brackish estuary or undertook several movements
between coastal, estuarine and freshwater habitats
(Daverat et al. 2011).
The studies conducted in the Minho (Morais et al.
2011) and Gironde basins (Daverat et al. 2011)
inferred the migration patterns and habitats used by
flounder by analyzing trace elements incorporated in
the sagittal otoliths of fish (Campana 1999, Gillanders 2005). Sagittal otoliths (hereafter, otoliths) are 1
of 3 pairs of otoliths that fish have in their inner ear
and are composed of calcium carbonate (CaCO3) in a
non-collagenous matrix (see Campana 1999 and
Elsdon et al. 2008 for a comprehensive review of
otoliths and otolith microchemistry). Trace elements,
such as strontium (Sr) and barium (Ba), are incorporated into otoliths proportionally to their concentration in the ambient water or as a function of fish
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metabolism and diet (Campana 1999), substituting
calcium (Ca) in the CaCO3 otolith matrix (Elsdon &
Gillanders 2003a). The absorption pathways of elements are through branchial uptake or intestinal
assimilation into the plasma and then to the crystallizing otolith (Campana 1999). Sr and Ba are particularly suitable to reconstruct environmental history
and infer migration patterns of diadromous fish
(Campana 2005) since the concentration of Sr is substantially higher in seawater than in estuaries or
freshwater ecosystems (Secor & Rooker 2000, Kraus
& Secor 2004), while the opposite trend is observed
for Ba (Elsdon & Gillanders 2006, Miller 2011). Variations of these relationships between otolith and
ambient concentrations may occur as a function of
fish physiology (Yamashita et al. 2000) or local geology (Kraus & Secor 2004, Elsdon & Gillanders 2006).
The combined analysis of Sr:Ca and Ba:Ca ratios
along the growth plane of otoliths provides a powerful discriminative tool to retrospectively track fish
migration and assign environments based on salinity.
The aim of the present study was to explore the
alternative habitat use tactics of flounder along a latitudinal gradient from the north of Portugal to the
north of France, using an indirect, retrospective
approach: otolith microchemistry analysis using laser
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ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). The first objective was to identify the alternative use of coastal habitat or estuarine
habitat as a spawning area. The second objective
was to investigate the level of dependence on freshwater habitat use at the juvenile stage. A comparison
of the life histories of flounder was undertaken by
comparing the habitat use of flounder samples from 3
different locations: the Minho estuary and adjacent
coastal area (N Portugal), the Gironde estuary (SW
France) and the Seine estuary and adjacent coastal
area (N France).

MATERIALS AND METHODS
Study sites
Minho estuary and adjacent coastal area
The Minho estuary and its adjacent coastal area
are located on the NW Iberian Peninsula between
Portugal and Spain (Fig. 1). The estuary has an area
of ~23 km2, with 9% of this area made up of intertidal
zone. It is a mesotidal estuary, with tides varying
between 0.7 and 3.7 m (Alves 1996), and it tends to

Fig. 1. Locations of European flounder sampling sites in each of the 3 studied catchment areas (a: Minho; b: Gironde; c: Seine),
as noted by small rectangles in each catchment inset map

Mar Ecol Prog Ser 465: 267–280, 2012

270

form a salt wedge near the mouth of the estuary during periods of high river flow. The limit of tide penetration is ~40 km inland, with the uppermost 30 km a
tidal freshwater wetland. The mean depth of the
estuary is 2.6 m, and the maximum depth is ~26 m
(Antunes et al. 2011). Average annual freshwater
inflow is 300 m3 s−1 (Ferreira et al. 2003).
The coastal area adjacent to the Minho estuary has
a narrow continental platform (Palenzuela et al.
2004), which varies between 30 and 75 km in width,
and is influenced by the NW Iberian upwelling system, the northernmost limit of the Eastern North
Atlantic upwelling system (Alvarez et al. 2008). The
coastal upwelling occurs during spring and summer
and is accompanied by northerly winds along the
coast, although it sometimes occurs during winter.
The summer upwelling introduces nutrient-rich and
cold deep waters into the coastal estuarine ecosystems (Alvarez et al. 2008).

Gironde estuary and adjacent coastal area

1999). The Seine estuary is ~160 km long. The annual
average freshwater inflow is ~450 m3 s−1, with considerable variation between low (100 to 200 m3 s−1)
and high discharge (1500 to 2000 m3 s−1) (SIE 2011).
The coastal area adjacent to the Seine estuary is
the Bay of the Seine, which forms a quadrilateral
~5000 km2 in area measuring ~50 km from north to
south and ~100 km from west to east, with mostly
regular morphological features. Opening wide onto
the central English Channel in the north, the Bay of
the Seine never exceeds 30 m in depth. In the inshore
coastal zones, especially in the western part of the
bay (Bay of Veys) and in the eastern part adjacent to
the Seine estuary, sediment consists mostly of fine
sand and silty/muddy fine sands (Gentil & Cabioch
1997).

Sample collection and otolith preparation
A total of 123 juvenile and adult flounder were collected for the present study in the Minho (44 samples), Gironde (47 samples) and Seine basins (32
samples) (see Table 1 and Fig. 1 for detailed information on the number of samples and sites sampled in
each basin).
In the Minho estuary, fish were collected in October 2007 with a beam trawl in 2 sampling areas, one
located in the freshwater tidal area and the other in
the brackish area of the estuary, while fish from the
northern Portuguese coast were purchased at the
¡Caminha (Portugal) fish market in December 2007
(Fig. 1a). In the Gironde estuary, fish were collected
with a beam trawl from the estuarine brackish area in
January 2005, while freshwater specimens were collected from the Dronne River using electro-fishing in
September 2008 (Fig. 1b). In the Seine estuary, fish
were collected with a beam trawl in 2 sampling

The Gironde estuary is located on the SW Atlantic
coast of France (Fig. 1.) and has an area of ~625
km2, with 9.7% of its area an intertidal zone. It is a
well mixed mesotidal estuary, with tides varying
between 2 and 5 m (Castaing 1981). The Gironde
estuary is ~150 km long. The annual average freshwater inflow varies between 800 and 1000 m3 s−1,
with considerable variation between low (270 m3
s−1) and high discharge (1200 to 1500 m3 s−1) (SIE
2011).
The coastal area adjacent to the Gironde estuary
has a 160 km wide continental platform and is a part
of the Bay of Biscay. This coastal area has a mean
depth of 30 to 50 m where the sediments consist of
fine mud, the so-called ‘vasière Ouest Gironde’,
stretching from the Gironde estuary
to Pertuis de Maumusson. This coastal
Table 1. Mean (±1 SD) total length (cm), fresh weight (g) and age (yr) of Euroarea is highly influenced by the
pean flounder collected at each sampling site in Minho, Gironde and Seine
catchments. Number of fish (n) collected at each site and date of capture are
Gironde estuary plume (Herbland et
also noted
al. 1998).

Seine estuary and adjacent coastal
area
The Seine estuary is located in N
France (Fig. 1) and has an area of
~282 km2. It is a well mixed macrotidal estuary, with tides varying between 3 and 8 m (Brenon & Le Hir

Location

n

Date of
capture

Minho freshwater
Minho estuary
N Portuguese coast
Gironde freshwater
Gironde estuary
Seine estuary
Bay of the Seine

14
15
15
5
42
3
28

Oct 2007
Oct 2007
Dec 2007
Sep 2008
Jan 2005
Jul 2000
Jul 2007

Total
Fresh weight
length (cm)
(g)
8.8 ± 1.7
7.7 ± 6.7
28.9 ± 2.6
23.4 ± 3.3
27.4 ± 2.2
32.0 ± 4.3
28.5 ± 3.9

11.1 ± 1.8
15.2 ± 8.3
275.5 ± 104.3
158.0 ± 60.2
199.7 ± 46.2
246.8 ± 80.1
243.8 ± 102.6

Age
(yr)
0.1 ± 0.3
0.3 ± 0.5
1.7 ± 0.7
1.2 ± 0.5
2.1 ± 0.7
2.7 ± 0.5
1.7 ± 0.8
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areas: 1 coastal area (Antifert harbor) in July 2000
and 1 lower estuary area in July 2007 (Fig. 1c).
Flounder were measured (± 1 mm) and weighed
(± 0.1 g), and otoliths were collected. The left otolith
from each pair of otoliths was prepared for LA-ICPMS analysis. Each otolith was rinsed 3 times with
Milli-Q water, dried and then embedded in epoxy
resin. Otoliths were ground in the sagittal plane
exposing the core (primordia) and all annuli. The
ground otolith surfaces were polished (1 µm diamond
paste) and finally ultra-sonically cleaned.

Elemental analysis with LA-ICP-MS
The concentrations of Sr, Ba and Ca in the otoliths
of flounder captured in the Minho estuary and adjacent coastal area were determined using a Thermo
Finnigan Element 2 ICPMS coupled to a Merchantek
LUV 213 Nd:YAG laser located at the University of
Manitoba (Winnipeg, Canada). Instrument parameters and typical running conditions are summarized
by Halden & Friedrich (2008). A 12 µm diameter
beam and 2 µm s−1 scan speed were used to optimise
spatial resolution and sensitivity for these otoliths.
Continuous transects were ablated across the otoliths
from the rostrum to post-rostrum edge through the
core. Calcium at 40 wt% CaO was used as an internal
standard, and the external calibration was done
using NIST glass 610 with the nominal values
reported by Pearce et al. (1997). Scans of NIST 610
were performed after every 1 to 3 samples, depending on the time required for each sample. Measured
trace element concentrations, standard deviations
and detection limits were processed using GLITTER
software (Van Achterberg et al. 2001).
The flounder otoliths from the Gironde and Seine
estuaries were analyzed for Sr, Ba and Ca across a
transect perpendicular to the growth marks from the
core to the edge. Element concentrations were determined using a ICP-MS − Elan DRC II (Perkin Elmer)
coupled with a high repetition rate infra-red femtosecond laser ALFAMET (Alfamet, Novalase SA;
Amplitude Systemes), with a pulse rate of 3 kHz, a
power of 115 mW and ablation spot size of 20 µm. In
addition, a low volume ablation cell (3.7 cm3) was
used to minimize signal peak broadening and
enhance the signal-to-noise ratio. Quantification of
trace elements in otoliths was achieved by external
calibration using a series of 13 coprecipitated carbonate pellets (Barats et al. 2007) ranging from 0.1 to
500 µg g−1. Matrix matching calibration was preferred over conventional NIST glass sample to en-

Fig. 2. Flounder sagittal otolith showing the egg, premetamorphosis and metamorphosis transects defined along
the laser transect

sure the best accuracy. An otolith certified reference
material (NIES 22) was also pelletized and used in
the calibration curve. The calibration curve was systematically repeated every 12 samples using 3
enriched pellets and the CRM NIES 22 to correct for
low-frequency drift resulting from changes in room
temperature, plasma and electronics. Data obtained
by both LA-ICP-MS instruments are comparable
since they were both calibrated against known, certified reference material. The limits of detection (µg
g−1 in otoliths) achieved in the present study were as
follows: 86Sr = 3.6 and 138Ba = 0.03. These limits were
based on a 3σ criterion, where σ is the standard deviation for the mean blank count of each isotope. All of
the element concentrations in the otoliths were
above the detection limits.

Evaluation of flounder life history stages and age
After LA-ICP-MS analysis, all otoliths were
observed under a microscope to estimate fish age,
according to ICES’ ageing protocol (ICES 2008), and
to determine the sections of the laser ablation transect corresponding to each life stage (i.e. egg, premetamorphosis or metamorphosis) (Fig. 2).

Statistical analysis
The principles of the statistical analysis that we
used to analyze the Sr and Ba distributions along
flounder otoliths (transects) were detailed by Fablet
et al. (2007) and Daverat et al. (2011), who expanded
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a Bayesian labeling method from a mono-elemental
transect (Sr:Ca) (Rabiner 1989) to a multi-elemental
transect (Sr:Ca and Ba:Ca) to assign retrospective
fish habitat use. In our study, for each individual lifehistory transect, as inferred from Sr:Ca and Ba:Ca
ratios, a calibration over time was performed in
MATLAB® to obtain Sr:Ca and Ba:Ca time series. For
each otolith, annual ring positions along the transect
axis, acquired with respect to the distance to the
accessory primordium, were used as time references
to transform Sr:Ca and Ba:Ca series to time series
using a linear interpolation. Even though flounder
otoliths have a seasonal deposition, the linear interpolation assumes constant growth over the year, but
assigning a chemical signature or habitat to a certain
season (growth period) is not an objective of the present work, so this methodology does not invalidate our
analysis. The time series were interpolated at a
monthly precision, corresponding to 12 samplings in
between 2 annual rings; thus, hereafter, this time axis
is referred as the ‘age axis’ because it refers to the
time spent from metamorphosis.
As previously mentioned, we used a Bayesian labeling framework to assign habitats to the Sr:Ca and
Ba:Ca individual time series to retrieve retrospective
habitat use. There was no direct validation because
the sample did not contain any fish that could be geolocated with a direct method throughout their entire
life. The challenge of otolith microchemistry methods
is to assign habitat to chemical composition series using all available knowledge. One major hypothesis
used was that coupled Sr:Ca and Ba:Ca measures
can be regarded as a proxy of the habitat or saline
compartment. The model also considers that Sr:Ca
and Ba:Ca signatures may have slight seasonal variations following river water discharge and that fish
age could have an effect on habitat assignment
(ontogenetic effect). Then, a hidden Markov chain
model was used to account for the nature of each individual fish movement. This meant that the model
considered each individual Sr:Ca and Ba:Ca time series as a whole. The principle was that the probability
of a fish to go from one habitat to another habitat at
time t was dependent on the habitat used at time t − 1
and on the assigned habitat at time t + 1. This procedure is called a Bayesian labeling issue, which is illustrated by the following examples: (1) the probability for a fish to go from the sea to the river without
being observed in the estuary was very low, and (2)
as fish got older, they tended to be more sedentary.
The hidden Markov chain algorithm (Rabiner 1989)
retrieved the most probable individual habitat used
(or sequences of habitats) using a backward and for-

ward fitting (each time step was dependant on the
subsequent and previous steps). There is no p-value
associated with the results because the data concern
the most probable habitat sequence for each fish, nor
was there any level of confidence since there is no
comparison between otolith microchemistry and the
habitats used by fish during their life.
We fitted 3 Gaussian mixture models to the 3 Sr:Ca
and Ba:Ca distributions (the distribution of all points
and all individuals for the Minho, Gironde and Seine)
to acquire a probability distribution for Sr:Ca and
Ba:Ca values to be assigned to 3 habitat categories
according to salinity: (1) coastal area, (2) brackish
estuary and (3) freshwater tidal area. We further
modeled the distribution of the Sr:Ca and Ba:Ca signatures for each habitat as a Gaussian distribution
parameterized by a linear model (function of season
and age of the fish). For the Gironde estuary, the
range of Sr:Ca and Ba:Ca values measured in a validation experiment (Daverat et al. 2011) was used to
allocate an habitat type (i.e. coast, brackish estuary
or freshwater tidal area) to a Gaussian mode. For the
Minho and Seine samples, it was verified that the Sr
and Ba otolith composition at the edge of the otolith
was consistent with the expected gradient of Sr and
Ba values at the location of capture (i.e. an expected
highest value of Sr and lowest value of Ba in coastal
habitat and lowest value of Sr and highest value of Ba
in freshwater habitat). The analysis of individual patterns of habitat use was set with a Bayesian labeling
issue, made from the series of Sr:Ca and Ba:Ca measures and according to the maximum a posteriori criterion. Thus, Bayesian labeling allowed retrieval of
the temporal habitat sequence for each specimen, i.e.
coast (C), brackish estuary (E) and the freshwater
tidal area (F). To account for realistic temporal dynamics of movement among habitats, first-order
Gaussian hidden Markov models (Rabiner 1989)
were used. The non-supervised classification of the
habitat use patterns for each species was then performed using a method designed for speech analysis
(Rabiner 1989). The habitat use patterns were defined as the sequence of the successive habitats visited by the fish (e.g. the movement pattern issued
from habitat sequence CCCCEEEECCCCC was
CEC). Given the whole otolith set, the automated and
unsupervised classification of individual habitat use
patterns could be determined as well as the relative
frequencies of these categories of habitat use patterns. In contrast to an expert-driven analysis, the
non-supervised categorization does not exploit any
prior knowledge, typically some expert knowledge,
on the expected categories to be defined. The cate-
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gorization is only issued from data characteristics and
statistics. As the habitat sequences were calibrated
over time, a variety of measures could also be
defined to characterize individual life traits, such as
the distribution of the age at entrance into freshwater
habitat. Data analyses also included the data corresponding to flounder larval development.

RESULTS
Reconstructed habitats of flounder
during ontogeny
The most common habitat signatures assigned to
the egg stage (hereafter, egg signature) for the 3
basins were brackish water and coastal (Fig. 3). A
freshwater signature was only observed in flounder
collected in the Gironde estuary (18%) (Fig. 3b) and
in the Seine coast (28%) (Fig. 3c).
The most common habitat signatures assigned to flounder during the
pre-metamorphic and metamorphic
stages varied between the 3 basins
(Fig. 3). In the Minho area, the most
common pre-metamorphic habitat
assigned to flounder collected in the
3 habitats was brackish water (54 to
100%) (Fig. 3a); in the Gironde, the
coastal habitat was the most frequent
and varied between 41 and 100%)
(Fig. 3b), and in the Seine, both
brackish and freshwater signatures
had similar relative frequencies that
varied between 39 and 50% (Fig. 3c).
During metamorphosis, the most
common habitat for Minho flounder
was brackish water (67 to 92%)
(Fig. 3a), for Gironde flounder, it was
the coast (81 to 100%) (Fig. 3b), and
for Seine flounder, it was freshwater
habitats (57 to 100%) (Fig. 3c).
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In the Minho basin, the most frequent life history
for flounder collected in the coast and estuary was
EC (27%), while for those flounder collected in the
freshwater tidal area, it was F (86%) (Fig. 4a). In
the Gironde basin, the most frequent life history for
fishes collected in the estuary was FEC (38%),
while for those flounder collected in the freshwater
tidal area, it was F (80%) (Fig. 4b). In the Seine
basin, the most frequent life history for fishes collected in the coast was FE (17%) and EFEC (17%),
while for those flounder collected in the estuary, it
was FEC, FC and C (33%) (Fig. 4c).
Permanent residency in 1 habitat was registered in
all 3 basins (Fig. 4). In the Minho, 13% of flounder collected in the coast had permanent brackish estuarine
residency, 20% and 13% of flounder collected in the
brackish part of the estuary had permanent freshwater
and brackish estuarine residency, respectively, and
86% of flounder collected in the freshwater tidal area
had permanent freshwater residency (Fig. 4a). In the

Analysis of flounder life histories
after metamorphosis
The diversity of flounder life histories after metamorphosis was similar
among basins: 13 different life histories in the Minho and Gironde basins
(Fig. 4a,b) and 14 in the Seine basin
(Fig. 4c).

Fig. 3. Percentage of European flounder otolith signatures or reconstructed
habitats (coast, brackish and freshwater tidal or not tidal) for the egg, premetamorphic and metamorphic stages in (a) Minho, (b) Gironde and (c) Seine
catchments. The number of samples collected in each site is detailed in Table 1
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Fig. 4. Percentage of European flounder habitat use patterns during their life after metamorphosis, estimated by the distribution of Sr:Ca and Ba:Ca signatures for each habitat as a Gaussian distribution parameterized by a linear model specific to each
catchment (a: Minho; b: Gironde; c: Seine). Each habitat sequence is represented by the successive types of habitats (C: coast;
E: estuary; F: freshwater) visited by the fish, e.g. the habitat sequence EEEEFFFEE would be represented by the sequence
EFE. The frequencies of habitat use patterns are shown in decreasing order

Gironde, 11% of flounder collected in the estuary had
permanent coastal residency, while 80% of flounder
collected in freshwater had permanent freshwater
residency (Fig. 4b). In the Seine, 7% of flounder collected in the coast had permanent brackish estuarine
residency, and 33% of flounder collected in the estuary had permanent coastal residency (Fig. 4c).

flounder migrating from the coast reached freshwater before 0.5 yr old, while those migrating from
the estuary continued migrating to freshwater until
1.5 yr old (Fig. 5b). In the Seine, flounder migrating
from the coast into freshwater reached maximum frequencies at the age 1.3 yr old, while most flounder
migrating from the estuary reached freshwater
before 0.5 yr old (Fig. 5c).

Age of flounder when migrating
to freshwater habitats

DISCUSSION

Most Minho flounder migrated to freshwater
before reaching 0.5 yr old (Fig. 5a). In the Gironde,

Summers (1979) established that European flounder exhibit catadromous behavior, consisting of
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development and maturation in brackish and freshwater ecosystems and migration to marine environments to reproduce. Although no other studies have
definitively shown that the species exhibits this
behavior, it is widely accepted (e.g. Borsa et al. 1997,
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Minier et al. 2000, Marchand et al. 2003, Franco et al.
2008). However, there has been no broad-scale,
multi-site study showing the existence of a generalized catadromous strategy across the entire distribution range of the species. Our study, with analysis of
individuals from a limited part of the flounder distributional range, reveals that the catadromous strategy
is one of many life history strategies used by European flounder.

Location of flounder spawning environments

Fig. 5. Age distributions of European flounder collected at
(a) Minho, (b) Gironde and (c) Seine catchments at their
arrival in freshwater habitats for fish migrating from the
estuary (E) and coast (C)

Otoliths of embryos are formed shortly after egg
fertilization (Zhang & Runham 1992) and are imprinted with the chemical signature of the water in
which the eggs were hydrated (marine, brackish or
freshwater environments), at least for salmonids (e.g.
Zimmerman & Reeves 2000, Miller & Kent 2009). In
salmonids, the progeny of females that matured in
seawater (i.e. eggs developed in a high Sr environment) and spawned in freshwater environments (i.e.
sea-run mothers) showed an elevated Sr concentrations in the otolith core followed by an abrupt
decrease of Sr concentration (e.g. Kalish 1990, Volk
et al. 2000). A similar pattern was found in flounder
otoliths, which was also attributed to sea-run mothers
(Morais et al. 2011). Thus, the assignment of a coastal
signature in the otoliths must be made with caution
since a ‘maternal’ effect caused by a marine mother
may exist.
Even if the sea-run mother hypothesis is incorrect,
and the elevated levels observed in the otolith’s core
correspond to an artifact formed in the otolith primordium, we hypothesize that the environment
attributed to pre-metamorphic larvae should represent the area where hatching occurred, due to the
reduced period elapsed from fertilization to hatching.
River inflow and predominant ocean currents must
also be considered. In our study, the egg signatures
of flounder collected in freshwater in the Gironde
area were 60% coast and 40% brackish, while the
coast was the only environment attributed to premetamorphic flounder collected in freshwater. Our
interpretation is that all flounder collected in freshwater hatched in the coast area, with 40% of them
being the progeny of mothers migrating from a
brackish ecosystem. As a result of this hypothetical
interpretation, we suggest that spawning occurred
predominantly in a brackish water environment in
the Minho area, with some progenitors migrating
from the coast to spawn in the estuary. Although the
number of flounder collected in freshwater and
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brackish waters was small in the Gironde and Seine,
we still interpreted the signatures as flounder
hatched similarly in coastal, brackish and freshwater
environments. More study is required to validate this
interpretation.
Our interpretations suggest that European flounder is not an exclusively catadromic species (e.g.
Summers 1979, Franco et al. 2008). The estuarine
spawning of flounder has to be confirmed by sampling eggs in the different habitats within the river
basins. In support of our interpretations, 2 sympatric
flounder populations were observed to have different
reproductive strategies and spawning habitats in the
Baltic Sea to cope with the prevailing low salinity
conditions (Florin & Höglund 2008). The northern
population produces demersal eggs in low salinities
in coastal areas and on banks, while the central/
southern population produces pelagic eggs mainly in
areas of higher salinities and in the deepest basins
(Nissling et al. 2002). The observations from the
Baltic Sea flounder and those of our study strongly
suggest that flounder are able to use coastal and
estuarine spawning habitats at various sites along
their distribution range, thus further supporting the
suggestion that catadromy is facultative for European flounder.

Location of flounder nursery grounds
The interpretation of the flounders’ otolith microchemistry data as a proxy for nursery environments is
subject to caution because ontogeny and environment both influence the incorporation of Sr and Ba in
otoliths during pre-metamorphosis and metamorphosis. The Sr:Ca otolith signature of common sole Solea
solea larvae reared in constant salinity decreased
during metamorphosis, while field-reared larvae
Sr:Ca otolith signatures were also controlled by the
variations of salinity of the rearing environment (de
Pontual et al. 2003). Previous work showed that Ba
incorporation into otoliths was negatively correlated
to growth rate during ontogeny (Walther et al. 2010),
while other studies concluded that Ba incorporation
was mostly environmentally driven (Elsdon & Gillanders 2003a,b). For European flounder, there is no evidence to date that suggest an ontogeny effect on the
incorporation of elements to the otolith (Morais et al.
2011). However, it is unlikely that ontogeny has a
greater effect than the surrounding environment.
Thus, we inferred that flounder used 3 distinct habitats (i.e. marine, brackish and freshwater environments) in the Minho, Gironde and Seine catchments

during pre-metamorphosis and metamorphosis. The
capture location of flounder did not pre-establish
the assignment of pre-metamorphic and metamorphic habitats (nor egg signature). This observation
emphasizes the importance of habitat connectivity
for the successful recruitment of flounder, similar to
other estuarine-dependent fishes (Gillanders 2005,
Ray 2005).
In our study, flounder populations were estuarine
dependent (brackish and freshwater estuarine habitats) where the probability for direct settlement was
high (i.e. estuarine nursery recruitment has to occur
before settlement), mainly in the Minho and Seine
populations. Direct settlement would be advantageous given that larvae or juveniles would not need
to expend energy in osmoregulation and in migrating to nursery habitats (Shiao et al. 2003) and would
also benefit from increased prey availability and
predator refugia (Cyrus & Blaber 1987). Flounder
larvae at the pre-metamorphosis and metamorphosis
stages in freshwater environments were less abundant in the Minho and Gironde relative to Seine
flounder at the same stages. Nonetheless, the arrival
of flounder in freshwater habitats occurred at an
early age in the 3 catchments, similar to results from
several field studies sampling flounder larvae and
juveniles in tidal freshwater areas in the Minho
(Freitas et al. 2009) and Gironde estuaries (M. Lepage pers. comm.), and also in other estuaries such as
the Canche and Otie (both in France) (Amara et al.
2009). Further, the assignment of both the pre-metamorphic and metamorphic stages is supported by
previous work that has documented flounder in
estuarine ichthyoplankton (Ramos et al. 2010). However, we do not exclude the possibility that some of
these flounder resided in a coastal brackish environment, namely in river plumes. River plumes also
influence otolith microchemistry (Patterson et al.
2004, Schaffler et al. 2009), and thus, the signature
of this habitat could bias our interpretation. River
plumes can also be suitable habitats for pre-metamorphic and metamorphic larvae, similarly to estuarine nurseries, because they also provide enough
food for larvae to sustain enhanced growth rates (De
Vries et al. 1990). Those larvae and juveniles that
have not made direct settlement and/or rapid settlement into an estuarine nursery could use selective
tidal stream transport to migrate upstream into an
estuary (Bos 1999, Jager 1999). The intricate relationship between otolith microchemistry, river
plume and habitat use/natal origin suggests that
further studies are required. These can be conducted since analytical improvements now allow

Daverat et al.: Plasticity of European flounder life history patterns

distinguishing fishes’ natal origin even when the
abiotic difference between locations is low (Schaffler et al. 2009).

Ecological significance of flounder’s diversified
life history patterns
The diversity of flounder life history patterns found
in each of the 3 catchments, differing both in number
and frequency, was one unpredicted result of our
study. The plasticity exhibited by flounder regarding
their spawning grounds, environments used during
ontogeny and the age at migration to freshwater
was also unexpected. These results were similar to
the life history patterns of flounder in the Baltic
Sea (Nissling et al. 2002, Florin & Höglund 2008).
Whether flounder life history pattern plasticity was
mostly influenced by environment, genetics or both
factors was not within the scope of our study. However, for other diadromous fishes such as eel and
salmon, the plasticity of their life history patterns
(e.g. spawning environments, and habitat use) could
be explained by a conditional strategy (Hutchings &
Myers 1988, Tsukamoto et al. 1998, Daverat et al.
2006). The conditional strategy theory predicts that
genetically monomorphic individuals select a tactic,
depending on their status or condition, to acquire
higher fitness (Gross 1996). Since each tactic has
unequal fitness, the one that procures better fitness
will dominate (Thibault et al. 2007). For example, the
plasticity of American eel Anguilla rostrata life history patterns was not related to its status (size, sex or
age) prior to migration (Thibault et al. 2007) but to
environmental conditions, similarly to A. anguilla
and Japanese eel A. japonica (Daverat et al. 2006).
However, the phenotypic reproductive plasticity of
Atlantic salmon Salmo salar has a genetic basis, but
at the individual level, the environment can still be a
driving force (Piché et al. 2008).
For flounder, the interactive effects of temperature,
food availability and substrate type are important
factors driving life history patterns (Lassalle &
Rochard 2009, Camp et al. 2011). However, salinity
and dissolved oxygen might not be the most important environmental cues since flounder is a euryhaline species (Summers 1979, Nissling et al. 2002,
Freitas et al. 2009), even able to tolerate hypoxic
conditions without compromising osmoregulation
(Lundgreen et al. 2008). Telemetry studies conducted
in the Seine during summer showed that adult flounder preferred colder freshwater habitats at the
confluences of Seine tributaries, ~4°C colder than
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warmer sites in the lower part of the Seine main river
and tributaries (E. Rochard pers. comm.). In the
Minho estuary, the abundance of juveniles is greater
in warmer freshwater tidal habitats (Freitas et al.
2009), up to 9°C warmer during summer coastal
upwelling events, than in the brackish estuary (E.
Dias unpubl. data), allowing juveniles to attain faster
growth rates (Fonds et al. 1992). Other factors than
temperature, such as juvenile density and habitat
contamination, may also interact (Gilliers et al. 2006,
Amara et al. 2009) and influence flounder life history.
Our current data are insufficient to assess a latitudinal trend in life history tactics, as observed for
brown trout Salmo trutta, which is predominantly
anadromous in cooler, northern latitudes and predominantly non-anadromous in southern latitudes
(McDowall 1997). We were unable to assess the relationship between plasticity of life history patterns
and the area of the river basin and estuary, continental platform width or river discharge. These factors
are among the main factors influencing the structure
of estuarine fish assemblages (Nicolas et al. 2010)
and flounder juvenile recruitment (Martinho et al.
2009). The inter-annual variability of river discharge
may be an indirect driver of flounder life history plasticity, probably due to its control in setting estuarine
productivity (Whitfield 1994, Loneragan & Bunn
1999) and in influencing the rate of direct and indirect recruitment of fishes in estuaries (Chícharo et al.
2001). The management of European flounder estuarine fisheries relies on accurate, multidisciplinary
scientific data. Currently, it appears that management of these fisheries cannot rely either on a single
country or general European Union policy because
the plasticity of flounder life histories varied
markedly among proximate estuaries. This type of
policy can induce selective fishing mortality on individuals that use 1 particular migratory tactic, with
unpredictable consequences for flounder genetic
diversity and stock structure (Olsen et al. 2004,
Thériault et al. 2008). At the local scale, sustainable
management of flounder stocks is contingent on
both connectivity among coastal, brackish and freshwater habitats, which in dam-regulated ecosystems
depends on maintaining water discharge below critical levels (Morais et al. 2009), while from a metapopulation perspective, it is important to understand the
roles of spatial heterogeneity in population structure
and connectivity (Smedbol et al. 2002). Ultimately,
flounder fishery management must be supported by
solid population trait data, and future work should
investigate the mechanisms underlying migratory
plasticity in European flounder.
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