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a b s t r a c t

Knowledge of early life history of most fish species in the Mediterranean Sea is sparse and processes
affecting their recruitment are poorly understood. This is particularly true for bluefin tuna, Thunnus
thynnus, even though this species is one of the world’s most valued fish species. Here we develop, apply
and validate an individually based coupled biological–physical oceanographic model of fish early life
history in the Mediterranean Sea. We first validate the general structure of the coupled model with
a 12-day Lagrangian drift study of anchovy (Engraulis encrasicolus) larvae in the Catalan Sea. The model
reproduced the drift and growth of anchovy larvae as they drifted along the Catalan coast and yielded
similar patterns as those observed in the field. We then applied the model to investigate transport and
retention processes affecting the spatial distribution of bluefin tuna eggs and larvae during 1999–2003,
and we compared modelled distributions with available field data collected in 2001 and 2003. Mod-
elled and field distributions generally coincided and were patchy at mesoscales (10s–100s km); larvae
were most abundant in eddies and along frontal zones. We also identified probable locations of spawn-
ing bluefin tuna using hydrographic backtracking procedures; these locations were situated in a major
salinity frontal zone and coincided with distributions of an electronically tagged bluefin tuna and com-
mercial bluefin tuna fishing vessels. Moreover, we hypothesized that mesoscale processes are respon-
sible for the aggregation and dispersion mechanisms in the area and showed that these processes were
significantly correlated to atmospheric forcing processes over the NW Mediterranean Sea. Interannual
variations in average summer air temperature can reduce the intensity of ocean mesoscale processes in
the Balearic area and thus potentially affect bluefin tuna larvae. These modelling approaches can
increase understanding of bluefin tuna recruitment processes and eventually contribute to manage-
ment of bluefin tuna fisheries.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The North Atlantic bluefin tuna (Thunnus thynnus thynnus, Lin-
naeus, 1758) is a large, highly migratory pelagic predator whose
historical range encompasses the shelf and open sea areas of the
North Atlantic, the Mediterranean Sea and the Black Sea (Mather
et al., 1995; Fromentin and Powers, 2005). The species spawns in
spring and summer in the Gulf of Mexico and Mediterranean Sea,
after which adults migrate north for feeding (Mather et al., 1995;
Cury et al., 1998). Major fisheries on bluefin tuna have existed
for centuries but, despite the high economic importance of these
fisheries, there are still major gaps in knowledge of bluefin tuna
ecology (Fromentin and Powers, 2005).
ll rights reserved.
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Some of the largest gaps relate to recruitment and oceano-
graphic processes affecting survival of the early life stages. For
example, in the Mediterranean Sea some spawning areas were
identified decades ago (e.g. near the Balearic Islands and Sicily;
Mather et al., 1995; Fromentin and Powers, 2005), but others have
only recently been identified (e.g. near Cyprus; Karakulak et al.,
2004), while the presence of spawning in other areas may vary
over time and is not well documented (e.g. the Adriatic Sea; Math-
er et al., 1995; Fromentin and Powers, 2005). In different locations,
the survival probability of eggs and larvae is not known and could
vary both within and among years possibly as a response to spatial
and temporal variability in different environmental conditions.

To improve knowledge of the early life history of bluefin tuna
and how it is influenced by environmental conditions, comprehen-
sive field investigations have been conducted since 2001 around
the Balearic Islands, northwest Mediterranean Sea (Alemany
et al., 2006; Garcia et al., 2006b). The spawning habitat for bluefin
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tuna is characterized by the presence of numerous mesoscale
oceanographic features that appear to aggregate and retain several
larval species (Alemany et al., 2006; Garcia et al., 2006b). These
frontal structures seem to concentrate bluefin tuna larvae at re-
stricted spatial scales.

Given that temperatures during the larval production period are
relatively high (Mather et al., 1995; Garcia et al., 2006b), bioener-
getic demands of larvae for food (i.e. zooplankton) will also be high
(Houde, 1989; MacKenzie et al., 1990). However, the Mediterra-
nean Sea is characterized by relatively low levels of plankton pro-
duction (Agostini and Bakun, 2002; Sabates et al., 2007a); hence,
larvae have a bioenergetic requirement for high concentrations of
prey in an environment that paradoxically, is relatively unproduc-
tive. As a consequence, localized areas with higher prey concentra-
tions and physical processes which can aggregate and retain larvae
together with their prey or advect larvae to relatively prey-rich
areas, could increase survival probability (Sabates et al., 2007a).
In the Mediterranean, mesoscale dynamics (Velez-Belchi and Tin-
tore, 2001) may favor locally elevated plankton production rates
(Agostini and Bakun, 2002), or produce ‘‘predator refuges” (Bakun,
2006). These phenomena could promote or suppress survival of
eggs and larvae produced at different times throughout the year
and in different areas.

In this study, we developed and applied an individual-based
coupled biological–physical oceanographic model for bluefin
tuna larvae around the Balearic Islands (Fig. 1A). We used this
model to investigate the spatial, seasonal and interannual vari-
ability of egg and larval distributions in this area, and to deter-
mine the influence of regional climatic and hydrographic
variations on their distributions. Numerical simulations were
performed under simple biological constraints in order to iden-
tify bluefin tuna spawning grounds and the emerging patterns
of aggregation, retention and dispersion of bluefin tuna larvae.
We focused in particular on how mesoscale hydrographic
activity affects the seasonal and year-to-year variability of
spawning and subsequent larval distributions around the Bale-
aric Islands.

However, before applying the model, we tested its numerical
structure and performances with a detailed Lagrangian dataset
on drift and growth of anchovy larvae collected in the summer
of 2000 in the northwest Mediterranean Sea (Sabates et al.,
2007b).
Fig. 1. Map of the area examined for (A) the bluefin tuna and (B) anchovy
distributions. The star, H represents the site of release of larvae in the anchovy
tracking experiment, while the two circles are the locations where atmospheric
forcing data were extracted for analysis.
2. Materials and methods

2.1. Geographic and oceanographic context

The area investigated for bluefin tuna distribution is located
around the Balearic Islands and included the Balearic Sea in the
North, the Algerian Basin in the South (Fig. 1A), and it is open in
the north to the Catalan Sea (Fig. 1A and B). The Balearic Sea is
characterized by cooler and more saline waters than the Algerian
Basin, where warmer and fresher waters of Atlantic origins are
present (Pinot et al., 2002). Northern and southern regions are con-
nected by the presence of the Balearic Channels: Ibiza Channel,
Mallorca Channel and Menorca Channel. The Ibiza Channel corre-
sponds to the 80-km wide (at the surface) and 800-m deep passage
intersecting the Balearic topographic ridge between Ibiza and the
Iberia peninsula at Cape La Nao. The passage between Ibiza and
Mallorca, the Mallorca Channel, is a shallow sill with a 500-m
depth, while the Menorca Channel is the shallow (<200 m) passage
between Mallorca and Menorca (Pinot et al., 2002).

The area is characterized by several front and eddy structures
related to strong mesoscale activity generated at the interface be-
tween different water masses of Atlantic (AW) and Mediterranean
(MW) origins (e.g. Pinot et al., 2002). The average circulation in the
area is strongly affected by the Northern Current flowing south-
westward into the Balearic Sea (Fig. 1). Close to the Ibiza channel
this current splits and one branch proceeds southward mixing into
the Algerian Basin with the warmer and fresher Atlantic water,
while a minor portion forms the Balearic Current that is also rein-
forced by water flowing northward through the Mallorca Channel
(Astraldi and Gasparini, 1992). This average climatological circula-
tion and associated fronts are, however, highly variable on a year-
to-year and seasonal temporal scale (Pinot et al., 2002).
2.2. Hydrodynamic model

The hydrodynamic model used in this work is an implementa-
tion of the Ocean General Circulation Model – OPA – in the Medi-
terranean Sea (Madec et al., 1998). The OPA is a general ocean
circulation model that solves the primitive equation under hydro-
static and Boussinesq approximations. Small-scale mixing pro-
cesses are parameterized with a bi-Laplacian formulation of the
horizontal eddy viscosity and diffusivity, and a 1.5 turbulence clo-
sure scheme for the vertical components (Blanke and Delecluse,
1993).

The system of partial differential equations are solved on a
numerical grid with resolution of 1/8� extending from 29�N to
46�N in latitude and from 12�W to 38�E in longitude including
the Mediterranean Sea and part of the Atlantic Ocean. The vertical
grid has 43 levels with spacing varying from 6 m in the surface, up
to 200 m in depth with partial step parameterization for the
bathymetry (Pacanowski and Gnanadesikan, 1998). Daily high-res-
olution wind stress and air-sea fluxes provided by ECMWF (Euro-
pean Centre for Medium-Range Weather Forecast; 0.5� � 0.5�)
and monthly climatology of 31 major river runoffs are used to force
the model, while initial temperature and salinity fields are derived
from the MEDATLAS II monthly climatology. Relaxation of salinity
and temperature towards climatological values are used to model
the exchanges in the Gibraltar area between Atlantic and Mediter-
ranean waters (Bozec et al., 2006).

This state-of-the-art eddy-permitting configuration of OPA is
able to well reproduce major patterns of the surface and thermoha-
line circulation in the Mediterranean Sea (Bozec et al., 2006). At the
surface, the anti-estuarine circulation is well reproduced with the
presence of the Alboran Gyre (Vargas-Yañez et al., 2000) and the
penetration of the Atlantic Waters in the western basin through
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the Algerian current. The flow separates into two branches at the
Sicily Strait (Astraldi et al., 2002): one passes through the strait
while the other flows north in the Tyrrhenian Sea toward the Cor-
sica Strait and finally feeds the Liguro-Provençal Current (Millot,
1999). In the eastern basin, we find the Atlantic Ionian Stream
flowing eastward to the Levantine Basin (Robinson et al., 1999)
and finally joining the cyclonic coastal circulation of the sub-basin
(Alhammoud et al., 2005). The thermohaline circulation is also cor-
rectly represented during the simulation with deep and intermedi-
ate water mass formation in the main convection sites of the
Mediterranean Sea: The Gulf of Lion, the Adriatic Sea, the Levantine
Basin and the Aegean Sea (MEDOC Group, 1970; Vilibic and Orlic,
2000). The circulation of the model at surface and depth repro-
duces the observed patterns, and has also been used to determine
the impact of the penetrative solar radiation on water mass trans-
formation (Bozec et al., 2008).

Hydrodynamic fields (temperature, salinity, currents and diffu-
sivity) have been stored every 5 days from 1999 to 2003 and this
dataset was then used for the analyses of fish larvae dispersion.

2.3. Individual-based model of fish early life stages

Numerical particles representing eggs and fish larvae are moved
by a particle tracking scheme that included a corrected random
walk to model their positions during the simulated period. The
random walk was modified to include a particle displacement term
that is a function of the local diffusivity gradient (Visser, 1997).
Three-dimensional fields of velocity and vertical diffusivity were
extracted from the archived hydrodynamic simulations and inter-
polated to the particle positions in order to obtain the determinis-
tic and the stochastic component of the model. These
interpolations were performed with a bi-linear interpolation
scheme on the horizontal while, to reduce numerical artifacts (Ross
and Sharples, 2004; North et al., 2006), a smoothing spline algo-
rithm (de Boor, 1978) is used on the vertical. Under the assumption
of isotropic turbulence at the scales of the organisms, we use ver-
tical eddy diffusivity to derive stochastic components along both
horizontal and vertical directions. Integration in time is performed
with a second order Runge–Kutta scheme and time step equal to
dt = 60 s. All the archived three-dimensional fields from the phys-
ical model, which were stored at 5 days interval, were then linearly
interpolated to match this shorter time step.

Eggs are neutrally buoyant passive moving particles and after a
given period of time they switch into a larval stage where a behav-
ioral swimming component is included in the model – typically
one body length per second and in a random direction. Larvae
are assumed to grow in length as a function of age (bluefin tuna
simulations) and temperature (anchovy simulations) while no
mortality terms have been parameterized. Temperature is interpo-
lated with a tri-linear interpolation scheme to the particle
positions.

We tested our particle-tracking algorithm with several 1D and
2D test cases using passive moving particles (no swimming com-
ponent) in order to verify the robustness of the model under both
stationary and varying hydrographic conditions. For the values of
diffusivity gradients found in the upper layers of the Balearic area
(<35-m depth) our model always satisfies the well-mixed criteria
showing uniform particles’ concentration on the vertical when no
other processes were included.

2.4. Identification of drift patterns: aggregation, retention and
dispersion

To provide information about the patterns of retention, disper-
sion and aggregation of eggs and fish larvae, a Eulerian grid at res-
olution of 1/24� was nested into the OPA grid in the area of the
initial particles release. This grid was then used to derive all the
statistics on particle dispersion processes.

We first estimated the expected number of particles per grid
cell as �c ¼ N0=B, where B = the total number of grid cells in the
nested grid, and N0 = the number of particles released when the
simulation starts. The particle concentration in each grid box is a
fluctuating quantity cijðtÞ, where i and j are the indexes to the spe-
cific cell of the nested grid. This quantity can be used to derive an
aggregation index estimated as the ratio of cijðtÞ and �c averaged
over the simulated period T:
hCiji ¼
T�1PT

t¼0cijðtÞ
�c

ð1Þ

This index will be >1 where particles aggregate while it will be
<1 in the sites where particles disperse.

Furthermore, particles are grouped on the basis of the initial
box of release and then, similarly to Hinrichsen et al. (2003b), dis-
persion and retention were estimated on the nested grid by calcu-
lation of simple statistical parameters of particles drift (Fig. 2).
Ensemble averaging over individual trajectories of the same group
enables calculation of dispersion scales in terms of average dis-
tances moved from the point of release (dij) and in terms of vari-
ances of the mean drift distances among particles of the same
group (rij). The dispersion is then estimated as the root mean
square of the variance.

While the aggregation index hCiji is a measure of particles’
aggregation, the method above allows discrimination among dif-
ferent dispersion and retention patterns that are relevant for the
ecology of the early life stages of fishes. For example, a typical con-
dition of retention is one in which particles do not move far apart
from the point of release, i.e. small dij and low rij (Fig. 2a). On the
other hand, when particles move for a long distance from the point
of release (large dij) but exhibit a low variability (low rij), a differ-
ent case of retention can be identified by the model (Fig. 2b). Sim-
ilar arguments can be used for the dispersion patterns with small
or large dij but high rij (Fig. 2c and d). The statistical analyses per-
formed with the model output can then provide maps in the given
area of emerging patterns of larval aggregation, retention and dis-
persion as averages over the simulated period.
2.5. Model setup

We conducted several particle-tracking studies for different
purposes using anchovy and bluefin tuna larvae (Table 1). To vali-
date the general structure of the model (e.g. tracking algorithm,
circulation patterns), we executed a set of numerical experiments
using anchovy as a reference species and compared the results
with observations collected by Sabates et al. (2007b) along the Cat-
alan coast (Fig. 1B). These authors sampled in June 2000 a parcel of
water tracked for 10 days with three surface drifters (10-m deep)
launched at the core of the shelf-slope current where low salinity
surface waters related to the Rhône River were detected. Hence,
this dataset allows us to directly compare the outputs of the model
to the observed distribution patterns and the size distribution of
anchovies observed on different days.

In the model, anchovy eggs are assumed to hatch 3 ± 0.5 days
after release and at an initial length L0 = 3.0 ± 0.3 mm. Larvae are
then followed using a temperature-dependent growth rate
G = 0.06T (�C) � 0.565 that fits well with available observations
on anchovies in different areas (Palomera et al., 2007).

Two sets of experiments were run for anchovies. In the first
simulation (exp01) we used the model to replicate the positions
of the drifters in the tracked water. A group of particles
(�5 � 104) was then released in a small area (� in Fig. 1B), close



(a) Retention dij <, σij < (b) Retention dij >, σij <

(c) Dispersion dij <, σij > (d) Dispersion d ij >, σij <

Fig. 2. Retention and dispersion mechanisms analyzed in the model. The large square and small dots respectively indicate the center of spawning areas and larval drifters
(after Hinrichsen et al., 2003b). Four cases (a–d) are showed with large (>) and small (<) values in the distance (di,j) and variance (ri,j) over the distances moved by the
particles in the box i,j.

Table 1
List of numerical simulations performed in this study. Two fish larvae species have been analyzed: bluefin tuna and anchovy, for a total of 29 simulations.

Name Species Release Period Description

Exp01 Anchovy 1 01/06–13/06, 2000 Single release of 5 � 104 particles in the Rhône River plume followed for 12 day (� in Fig. 1B)
Exp02 Anchovy 1 01/06–13/06, 2000 Single release of 2 � 105 particles in the entire area followed for 15 days (Fig. 1B)
Exp03 Tuna 2 18/06/2001, 08/07/2003 Releases of 2 � 105 particles in the entire Balearic area followed for 20 days (Fig. 1A)
Exp04 Tuna 25 03/06–13/07, 1999–2003 Releases every ten days of 2 � 105 particles in the entire Balearic area followed for 20 days (Fig. 1A)
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to the initial position of the experiment of Sabates et al. (2007b)
and followed for 12 days.

In the second experiment (exp02), a larger group of particles
(�2 � 105) was uniformly distributed in and off the Catalan conti-
nental slope (Fig. 1B) and then their trajectories simulated for
15 days. In both cases, particle positions were constrained to the
upper 35 m. At the end of the simulations, the emerging patterns
of larval aggregation, retention and dispersion were analyzed as
described below for the distribution of bluefin tuna larvae.

A second series of drift modelling simulations analyzed the drift
patterns of bluefin tuna eggs and larvae in the Balearic area
(Fig. 1A). We released particles on dates which corresponded
approximately to the timing of recently published independent
ichthyoplankton sampling performed by others (Garcia et al.,
2003, 2005a, 2005b, 2006a). Particle release dates were therefore
June 18, 2001 and July 8, 2003 (exp03, Table 1).

Each release consisted of 2 � 105 egg particles uniformly distrib-
uted in the top 35 m of the Balearic area (Fig. 1A). Egg development
and larval growth were then followed for 20 days beyond which lar-
val swimming behaviour could potentially dominate hydrographic
transport processes (Mather et al., 1995). No vertical migratory
behaviour was imposed on the larvae, although the positions of eggs
and larvae were constrained to the upper 35 m of the water column
by applying reflecting vertical boundary conditions in the model.

Hatching is assumed to occur 2 ± 0.5 days after release and the
length at hatch, L0 = 2.5 ± 0.25 mm (Miyashita et al., 2001). There is
little information about growth of bluefin tuna larvae under differ-
ent temperature conditions; hence, a reliable temperature-depen-
dent growth function cannot be derived. However during 2003–
2005, temperatures were 23.0–27.8 �C and growth rates of larval
bluefin tuna in the Balearic area averaged 0.4 mm/day (0.35–0.43,
Garcia, pers. comm.). We therefore, assumed that growth rate was
constant and similar to that observed, which is also similar for labo-
ratory-reared larval tuna species at similar temperatures (Miyashita
et al., 2001; Kawamura et al., 2003; Sawada et al., 2005). Growth rate
affects larval length and consequently their swimming velocity.
Although differences in swimming velocity can play an important
role for the movement of larvae in the vertical, it is assumed that
growth-related differences in larval velocity due to temperature will
have a relatively small influence on the spatial dispersion of bluefin
tuna around the Balearic Islands (see Section 4.3).

Therefore, in summary, several numerical experiments have
been performed with the Lagrangian individual-based model de-
scribed above; the parameters and values used in those experi-
ments are given in Table 1 (see Section 2.6).

2.6. Seasonal and year-to-year variability

A third set of tracking studies investigated the seasonal and
interannual variability of bluefin tuna larvae aggregations for a
limited number of years (exp04). Numerical particles were released
every ten days in our model setup between June 3rd and July 13th
during 1999–2003 (exp04, Table 1).

For each release, we derive the average aggregation value (�C) as
the mean of hCiji in the Balearic area:

�C ¼ 1
B

X

ij

hCiji ð2Þ
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Then, a simple index of patchiness (w) was calculated at the end
of each 20-day simulation:

w ¼
1

B�1

P
ij hCiji � �c
� �2

�C
ð3Þ

The equation above is the simple variance over mean ratio and
is used to analyze temporal variability of the aggregation patterns
over multiple years and multiple releases.
3. Results

3.1. Model evaluation with anchovy larvae distribution

For the sampling period of anchovy larvae (June 2000), the
hydrodynamic model predicts a salinity front along the shelf-break
of the Catalan coast that separates the relatively low salinity coast-
al waters from the saltier open ocean waters (Fig. 3a). This front is
a semi-permanent feature in the area but observed data (Sabates
et al., 2007a) show fresher coastal waters resulting in a salinity
gradient stronger than that simulated by the model.

The associated model circulation is generally southward
(Fig. 3a). At the north, an intense jet (the Northern Current; Pinot
et al., 2002) is simulated offshore while a weaker flow character-
izes the shelf area. Farther south, the two current systems become
separated by a cyclonic eddy, centered at 3.0�E, 41.12�N. Compared
with the observations (Sabates et al., 2007a), this eddy structure
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displaced the core of the Northern Current farther south and far
from the shelf.

The net southward transport of simulated anchovy eggs and lar-
vae released in the Northern Current (exp01) agrees well with
observations during most of the simulated period (Fig. 4). How-
ever, beginning on day 7 and relative to the drogues, particles
move southward slowly and results in a large difference between
the drift measured by the drogues and predicted drift locations.
This difference is likely due to the weaker circulation of the model
and it is almost constant in the following days yielding a net shift
of final positions of the particles relative to the drifters (Fig. 4). The
mean increase of larval size in the model (0.56 mm/day) is similar
to the average growth rate of anchovy larvae observed in the field,
i.e. 0.57 mm/day (Sabates et al., 2007b).

The above circulation produces clear patterns in the spatial
distribution (retention, aggregation, dispersion) and transport
(velocities, distances travelled) of the modelled anchovy larvae
(exp02; Fig. 3). A coastal to open ocean gradient appears to be
present in the average distances moved by the particles suggest-
ing a stronger coastal retention (Fig. 3b). This conclusion is par-
tially confirmed by the aggregation map (Fig. 3c) where
modelled anchovy larvae appear to concentrate in the northern
part of the area but also off the Catalan coast around 3�E and
41�N, i.e. in the cyclonic eddy described above. The latter is not
supported by observations while the aggregation of larvae around
3�300E, 42�N agrees very well with larvae distribution in the field
(Sabates et al., 2007b).
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Fig. 4. Particle distributions simulated between the 1st and 11th of June 2000. Data
were compared with the positions (�) of the observed Lagrangian drifters.
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The dispersion map (Fig. 3d) reveals that particles originating in
the coastal region are exposed to a larger variance in the travelled
distance than those released offshore. The area of highest variance
in travel distance appears to be characterized by the presence of
the residual Rhône River plume flowing southwestward along the
Catalan coast. This is a boundary region between the coastal area,
associated with low velocity, and the offshore region (Fig. 3b).
Thus, particles initially very close to each other can have a very dif-
ferent fate depending on if they are trapped along the coast or in
the more intense offshore circulation.
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We think that the higher dispersion processes shown by these
areas can be responsible for the observed strong reduction in the
abundances of larvae at day 9 (Sabates et al., 2007b).
3.2. Distribution of bluefin tuna larvae around Balearic Islands

Particles representing bluefin tuna eggs and larvae showed
strong spatial variability at mesoscales in their distributional and
transport characteristics during both 2001 (Fig. 5) and 2003
(Fig. 6).

In summer 2001, the modelled circulation (Fig. 5a) was charac-
terized by the presence of the Balearic Current flowing northeast-
ward, north of the Balearic Islands and acts as the southern
boundary for the salty MW. The current is fed at the Spanish coast
by the coastal branch of the Northern Current and reinforced north
of Menorca by the conjunction with the southward offshore jet dis-
cussed above. South of the Balearic Islands, an eastward meander-
ing jet (velocities are 10–20 cm/s) was associated with the frontal
region that bounds the fresher AW. Part of this jet flows anti-cycl-
onically around Ibiza. The general circulation modelled in 2001
agrees well with the observations collected in the same period
by Garcia et al. (2003). The most intense current in the Balearic ba-
sin is correctly represented as the current south of the archipelago,
and the salinity distribution and mesoscale patterns are also simi-
lar. Moreover, both data (Garcia et al., 2003) and simulations pres-
ent a region of weak currents immediately south of Menorca
(Fig. 5a).

In 2001, modelled eggs starting in the southern part of the mod-
el domain (Algerian basin) were transported larger distances than
those originating in the MW (Fig. 5b). This finding is consistent
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with the results obtained in the aggregation pattern (Fig. 5c) that
appears more homogeneous in the north.

Water masses in the southern section of our model domain
were dominated by AW. The frontal region appears to be charac-
terized by a narrow aggregation pattern lying south of Mallorca
and Menorca, and a relatively strong aggregation west of Ibiza
(Fig. 5c). This aggregation meander is surrounded by areas with
much lower particle concentrations. In particular, a large gap is
present around 2�300E and 39�N, which is an area with relatively
high dispersion properties and low velocities (Fig. 5a and d). Other
areas of aggregations are present in the MW and especially in the
coastal area influenced by the Balearic current.

These aggregation and dispersion patterns are consistent with
the distributions of bluefin tuna larvae collected in the area and
in the same period of 2001 (Garcia et al., 2003; see also Fig. 7a).
Highest concentrations of bluefin tuna larvae were observed south
of the islands and in the channels between the islands.

The distribution of tuna larvae in the Balearic area has also been
analyzed for July 2003, when model results can be compared with
observations. In July 2003, the circulation was characterized by a
weak front south of the Balearic Islands (Fig. 6a) and therefore,
much weaker mesoscale structures with respect to 2001. This re-
sults in a spatial distribution of modelled larvae that was very dif-
ferent from that estimated in 2001. In 2003, modelled larvae were
aggregated along relatively narrow bands of water north of Ibiza
and the Mallorca Channel, and south of the Mallorca Channel, Mall-
orca and Menorca (Fig. 6c). In comparison, modelled larvae in 2001
were most abundant in a wider strip of water farther south of the
Mallorca Channel, Mallorca and Menorca (Fig. 5c).

Modelled larvae travelled shorter distances in 2003 (Fig. 6b)
than modelled larvae did in June 2001 (Fig. 5b). For example, in a
large area south of Ibiza and Mallorca, eggs and larvae produced
in 2001 travelled at least 200 km during the 20-day simulation
(Fig. 5b), whereas they travelled �100 km in 2003 (Fig. 6b). Larvae
produced north of Ibiza and Mallorca in 2003 also moved shorter
distances than in 2001.

The dispersion (Fig. 6d) also appears lower in 2003 although the
highest values are still in the region of AW. The resulting spatial
pattern of aggregation (Fig. 6c) was similar to that estimated for
2001 for the higher values (Fig. 5c) but with a much weaker spatial
gradient. In general, all the patterns (distances travelled, aggrega-
tion, and dispersion) appear spatially more homogenous than
those obtained in 2001.

In the aggregation maps (Figs. 5c and 6c), a few sites are charac-
terized by very low values of the particle aggregation index (�0).
These areas are the result of strong water advection from regions
outside the analyzed domain where no particles were released.
Hence, this flushing effect is particularly evident close to the coasts
and close to the northern and southern boundaries of the numerical
domain. However, the empty areas in the Menorca Channel in 2001
(Fig. 5c) and to a less extent in 2003 (Fig. 6c) were the result of a
strong and rapid advection of water from below 35-m depth. This
upwelling is likely connected to the Balearic Current flowing north
of Mallorca and is also evident in our animations of the regional cir-
culation (electronic Supplementary material; Videos 1 and 2).

3.3. Identification of probable spawning sites

We can reconstruct the probable spawning site of surviving
eggs and larvae of bluefin tuna by extracting the initial position
of those particles that at the end of the simulation were close to
the observed positions of the larvae (Garcia et al., 2005b). The high-



Fig. 7. (a) Reconstruction of the observed distribution of bluefin tuna larvae in
2001, 2002 and 2003 (after TUNIBAL project; Garcia et al., 2005b). Larger (smaller)
circles represent higher (lower) probability of capture in the given area, and maps
show the salinity distribution at 35-m depth and initial positions of the particles
collected in the aggregations sites (circles) in (b) 2001 and in (c) 2003.
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est field concentrations in 2001 were in the Mallorca Channel and
west of Mallorca (Fig. 7a). According to the model, both areas
(Fig. 7b, circles) are composed of particles that originated as eggs
in a region south of Mallorca (Fig. 7b). Some of these eggs and lar-
vae moved relatively large distances (hdi = 220 km) with interme-
diate dispersion (hri � 13 km) ending up in the Menorca
Channel. Another group of particles aggregated in the Mallorca
Channel but their drifting distance is shorter (hdi � 85 km;
hri � 15 km) and their initial position is close to their spawning
ground (Fig. 7b). A smaller group of particles appears to originate
west of Ibiza along a pattern that resembles the coastal current of-
ten observed in that area. Considering both aggregation sites, the
temperature experienced by larvae along the drift is 16.4–23.8 �C
(average T = 20.6 �C) while the range of salinity is 37.0–37.5 psu
(average S = 37.3 psu).

One of the most striking features of the spatial distribution of
the origins of particles, which eventually overlapped with field-
caught larvae, was that nearly all were located close to and along
the Mediterranean–Atlantic front (salinity range 37.4–37.6 psu);
this frontal region is evident from the modelled salinity distribu-
tion at 35-m depth (Fig. 7b) and is located west and north of Ibiza
and the Mallorca Channel (see Fig. 8).

The distribution of larvae in the field in July 2003 appears much
different from that in previous years. Larvae were located far from
the coast and mainly south of Ibiza (Fig. 7a). By backtracking the par-
ticles collected in those areas at the end of the simulations, we can
estimate the likely spawning sites in 2003 that produced these sur-
vivors (Fig. 7c). Most of the particles appeared to originate in an area
close to their final position (southwest of Ibiza) indicating relatively
little advection from the spawning site; this result is consistent with
the modelled travelled distances in this year (hdi � 70 km,
hri � 10 km; Fig. 6b).

However, as shown in the salinity distribution in 2003 (Fig. 7c)
and consistent with the situation in 2001 (Fig. 7b), all particles
were released close to the salinity front, whose position in 2003
was south of Ibiza (Fig. 7c and 8). The range in temperature expe-
rienced along the drift was 15.6–26.6 �C (average T = 21.4 �C) while
the range of salinity was 36.8–37.7 psu (average S = 37.2 psu).

3.4. Seasonal and year-to-year variability in drift/retention patterns

The distribution of the salinity front (approximated as the posi-
tion of the 37.5 psu isoline) around the Balearic Islands shows high
year-to-year variability (Fig. 8). While in 1999 the front was
�100 km northwest of the Ibiza Island, it appeared to move south-
ward and closer to the coast in 2000–2002. In 2003, the position
appeared very different with the front lying �80 km south of Ibiza.
However, considering the average salinity distribution over differ-
ent years and times of the year (June–July), the front appears to
dwell on an east–west direction with stronger seasonal variability
towards the eastern section (Fig. 8).

We can derive with a similar particle-tracking procedure as per-
formed for 2001 and 2003 an average aggregation map for the
years 1999–2003 (exp04). The map (Fig. 9a) shows a general aggre-
gation area all around Mallorca with higher concentrations associ-
ated with the Balearic Current in the north, and close to the
Mallorca and Menorca Channels in the south (Fig. 9a). However,
this average aggregation map is highly variable both on year-to-
year and seasonal scales.

Patchiness index, w, during 2003 was generally lower than in
the other five years of our comparison (Fig. 9b). This was evident
for nearly all months: w was much higher in June 2001–2002 than
2003. The low patchiness index in 2003 is consistent with the rel-
atively homogeneous larval spatial distribution patterns discussed
in the previous section. In some years, patchiness decreased
throughout the summer whereas in other summers, it was similar
in all months (1999, 2003) or even slightly increased (2000).

3.5. Correlation between patchiness index and general circulation of
the NW Mediterranean

The NW Mediterranean Sea has a generally cyclonic circulation
connecting the Ligurian Sea, Gulf of Lions and Balearic Sea, and
whose strength is related to the baroclinic and barotropic re-
sponses to wind forcing.

It can then be of interest to investigate whether there is a
qualitative correlation at interannual scales between the local
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patchiness index (w, Eq. (3)) and the atmospheric forcing of the
NW Mediterranean that was used in the model (ECMWF analysis;
Fig. 10). We, therefore, conducted an exploratory analysis to eval-
uate the hypothesis that interannual variability in the year-specific
averaged patchiness in the Balearic area covaried with the mean
June–July values of the wind stress (Fig. 10a), the wind zonal com-
ponent (Fig. 10b) and the air temperature (Fig. 10c) at two loca-
tions (Gulf of Lyons, 42�N, 5�E; Balearic Islands, 48�N, 2�E; Fig. 1).
We also used the difference between the zonal wind stress in the
Gulf of Lyons and a southern location whose latitude corresponded
to that of the Balearic Islands (48�N, 5�E) as proxy for the large-
scale wind stress curl in the NW Mediterranean. We then com-
pared this proxy with the average patchiness index (Fig. 10d).

Results show that patchiness tended to be higher when both the
wind stress (Fig. 10a), the zonal component of the wind (Fig. 10b)
and the derived wind curl (Fig. 10d) were larger, while a strong de-
crease of w occurred when air temperature increased (Fig. 10c).
These relations are more evident when the atmospheric forcing
in the Gulf of Lions (squares) was considered.
4. Discussion

4.1. General patterns

We have developed and applied an initial version of a process-
based model of the ecology of early life-history stages for anchovy
and bluefin tuna in the Mediterranean Sea. For both species, the
simulated drift of eggs and larvae are fairly similar to the observed
larvae distributions. These similarities suggest that the model and
its assumptions are capable of reproducing many of the key pro-
cesses and features of both the biology of the species and the local
hydrography.

Along the Catalan coast, the model produces a weaker salinity
gradient compared to that observed in June 2000 (Sabates et al.,
2007b). This results in a weaker flow at the shelf boundary which
impacts the southward transport of tracers and anchovy larvae
along the shelf-break yielding a significant difference between pre-
dicted particles’ drift and the observed drogues positions (Fig. 4).
However, it should also be noted that at day 5 of the Lagrangian
experiment in Sabates et al. (2007b), an intense storm crossed
the area forcing the interruption of the survey for 30 h. While the
modelled circulation was affected by this event, the detailed effects
of the storm on particle dispersion might not be accurately repre-
sented since atmospheric forcing is applied on a daily average and
the oceanographic dataset has a 5-day resolution. We recognize
that although the model is eddy-permitting, it cannot entirely
reproduce observed wind-driven mesoscale activity without data
assimilation.

Most of the circulation patterns observed in the Balearic area
were well represented in our circulation model. The strong Balearic
Current is always present in the summer months close to the
coastal area of the Balearic Islands. The current in 2001 was part
of a local advection of water from deeper layers (<35 m) in an area
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close to the Menorca Channel. Several mesoscale structures were
present in our simulations and they are mainly driven by interac-
tions among waters of Atlantic and Mediterranean origins, plus the
interaction with topography. The anticyclonic circulation around
Ibiza is also well reproduced and in 2001, this structure contributes
to the dispersion and aggregation patterns along the thermohaline
front.

Spatial distributions of the modelled bluefin tuna larvae and
salinity can be characterized as being dominated by mesoscale
(10s–100s km) patchiness and variability. Several gyre-like and
frontal features are evident in both the larval and hydrographic
distributions. These features have been reported earlier using sa-
tellite imagery and direct sampling (Garcia et al., 2003; Alemany
et al., 2006; Sabates et al., 2007a). Several mechanisms are respon-
sible for this hydrographic variability (Sabates et al., 2007a) and in-
clude: the inflow of Atlantic water, the residual circulation of the
wider Mediterranean Sea, and interaction of these flows with land-
masses, including the Balearic Islands (Bakun, 2006; Garcia et al.,
2006b), regional wind conditions, and river runoff (Agostini and
Bakun, 2002). These processes can potentially establish local areas
with enhanced plankton production (Agostini and Bakun, 2002;
Bakun, 2006). How and whether fish larvae benefit from these
structures can in future be investigated by using the modelling ap-
proaches developed here, in combination with ecosystem models
of plankton production.

The biological component of our model is relatively simple
when compared to existing biological–physical oceanographic
models of larval fish ecology (Hinckley et al., 1996; Werner et al.,
2001; Hinrichsen et al., 2003b). We presently have a poor-knowl-
edge of bluefin tuna larval ecology (e.g. vertical migratory behav-
iour, temperature and food-dependence of growth and survival
rates, and larval dietary preferences), and we had to use pragmatic
descriptions and assumptions of some key rates and behaviours of
bluefin tuna larvae. Our description of growth is representative of
the length-at-age distribution of surviving bluefin tuna larvae ob-
served in the Balearic area (Garcia et al., 2003, 2006a), but the sen-
sitivity of our model outputs to biological assumptions deserves
further investigation. In particular, the vertical distribution and
buoyancy of eggs and larvae needs more study. Many species of
larvae typically develop vertical migratory behaviour during
ontogeny. Moreover, if larval food is located below the upper
35 m where our simulated larvae resided, they may perform verti-
cal migrations to deeper layers where copepod nauplii aggregate
(Sabates et al., 2007a). Such vertical migrations, if performed by
bluefin tuna larvae, could influence their horizontal displacement
and our interpretations of transport and retention.

Knowledge gaps, such as those noted above, can potentially be
filled in the future so that outputs can be improved. However, un-
der the assumptions and limits of our approach, the correspon-
dence between our modelled larval distributions and those
observed in the field (Garcia et al., 2005b) for different years, hav-
ing very different hydrographic forcing, suggest that the approach
is capable of representing many of the main features of larval
growth and drift. Comparisons with different species and years
suggests that our modelling approach can be used to simulate drift
and growth of bluefin tuna and anchovy eggs and larvae in the
Mediterranean Sea, and for assessing the importance of productiv-
ity triads (Agostini and Bakun, 2002; Bakun, 2006). Moreover, tuna
larvae become piscivorous and cannibalistic at a relatively small
size (5–6 mm; Young and Davis, 1990; Catalan et al., 2007), as do
other scombrid larvae (Hillgruber and Kloppmann, 2001). We be-
lieve that the model developed here could potentially be used in
a multi-species context to investigate the potential for bluefin tuna
predation on other species (e.g. anchovy) and itself (cannibalism).
For example, by releasing modelled larvae at different times of the
year and mapping the spatial overlap of the early-spawned and
late-spawned survivors within a spawning season, the potential
for cannibalism in the field could be identified.

4.2. Spatial patterns

Model results suggest that mesoscale processes affecting ex-
changes between different water masses (i.e. MW and AW) are reg-
ulating spawning of bluefin tuna in the Balearic area. Eggs are
released in proximity of the front and in Atlantic waters, while lar-
vae are dispersed by local circulation that is influenced by the
shape of the baroclinic meanders (Fig. 11). These structures com-
monly produce convergent and divergent structures characterized
by local vertical velocities that can be one order of magnitude high-
er than the largest vertical velocity usually observed in upwelling
areas (Tintore et al., 1991; Pinot et al., 1995; Velez-Belchi and Tin-
tore, 2001). In the summer of 2001, our model simulations showed
an intense upwelling of water from 35-m depth in proximity of the
Menorca Channel, very close to one of the aggregation sites for
bluefin tuna larvae (Fig. 11).

In summary, the Balearic area in the period of bluefin tuna
spawning appears mainly affected by the ocean front that pro-
motes an atypical ‘‘ocean triad” where aggregation patterns and
retention sites produced by mesoscale processes with strong verti-
cal dynamics (upwelling) are located close to each other (Fig. 11)
and not spatially segregated (Agostini and Bakun, 2002). This com-
bination of mesoscale processes yields favorable reproductive hab-
itat during the period of larval development (Sabates et al., 2007a).
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We observed different patterns of spatial variability in the mod-
elled distributions in 2001 and 2003. These differences were also
reported from field data (Garcia et al., 2005b) and we suggest that
they are related to the positions of the Balearic front (Fig. 8). The
generally higher stratification associated with intense summer
heating and lower wind speeds in 2003 (e.g. Olita et al., 2007) pro-
duces a thermohaline structure and circulation patterns much dif-
ferent from those in 2001. In 2003, the Mediterranean suffered the
impact of an unusual atmospheric heatwave related to an increase
of air temperature, decrease in wind stress and reduction of other
atmospheric fluxes (Black et al., 2004; Schar et al., 2004; Olita et al.,
2007). This anomalous heating influenced the thermal structure of
the upper 15 m of the Mediterranean Sea resulting in a stronger
stratification and reduced mixing (Sparnocchia et al., 2006; Olita
et al., 2007) 2003 was the warmest year in Europe during the last
500 years (Luterbacher et al., 2004). The ability of our model to
reproduce the larval distribution in such an exceptional year sug-
gests that it may be useful for investigating a wide range of cli-
matic scenarios, including those expected under future climate
change. Interestingly, the spawning area identified in 2001 by
our modelling exercise (schematically represented in Fig. 11), not
only corresponds to the site where small larvae were captured
(Garcia et al., 2005b), but also to the area where electronically
tagged bluefin tunas swam during June 2001 and June–July 2003
(Block et al., 2003, 2005), and more generally to the spatial distri-
bution of commercial fishing vessels targeting bluefin tuna (Garcia
et al., 2005b; Fig. 11).

The patchiness index (w, Eq. (3)) around the Balearic Islands is
related to local ocean dynamics and in particular to the position
and intensity of the local fronts and associated mesoscale eddy
field, which are in turn related to the atmospheric forcing and bot-
tom topography. In this particular area, no specific studies have yet
investigated the relation between the position and strength of the
frontal region south of the Balearic Islands and the atmospheric
forcings. The region is a transition between the NW Mediterranean
circulation and the circulation in the Algerian basin, characterized
by the fresher AW. The NW Mediterranean has a generally cyclonic
circulation forced by local wind regimes, e.g. Tramontana and Mis-
tral wind, whose effects on the ocean are mainly in the Gulf of
Lyons (Heburn, 1987).

As a consequence, the correlations between our estimates of w
and the local atmospheric forcings (Fig. 10) showed a clearer rela-
tion when data in the Gulf of Lyons were considered. We argue that
this difference in spatial forcing of patchiness near the Balearic Is-
lands probably reflects the major influence of winds blowing over
the Gulf of Lyons in the large-scale circulation of the NW Mediter-
ranean Sea, because of topographic and planetary-b effects (Hogg,
1973; Madec et al., 1996; Herbaut et al., 1997). However, probably
the most ecologically relevant result is that the patchiness seemed
to decay exponentially with increases in the air temperature in the
Gulf of Lyons (Fig. 10c) which, in summer and in the Mediterra-
nean region, are generally related to the local heat balance more
than to remote advective contributions, e.g. the sensible heat flux
component has its minimum in July–August (Ruiz et al., 2008).

The presence of the atmospheric heatwave over Europe in the
summer of the 2003 appears to have strongly reduced the meso-
scale activity in the model and hence led to an exponential reduc-
tion of w. Since these anomalous atmospheric conditions are
expected to become more frequent as climate change progresses
in the 21st century (IPCC, 2007), bluefin tuna larvae could experi-
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ence a reduction of mesoscale oceanographic activity in the Bale-
aric area. The resulting hydrodynamics conditions will then be dif-
ferent from those to which bluefin tuna has adapted its spawning
behaviour in the NW Mediterranean.
4.3. Modelling aspects and limitations

The movement of the numerical particles was simulated using a
Lagrangian individual-based model that includes a deterministic
term (related to the fluid velocity), a stochastic term (accounting
for the mixing processes) and a biological term (larvae swimming
velocity). All those components interact to determine the particles’
individual displacement, although their magnitudes differed.

The deterministic component has the largest influence in the
20 days drifting period especially in the Balearic area where veloc-
ities can easily exceed 20 cm/s (Figs. 5 and 6). In comparison, the
biological term related to larval swimming velocity, and hence
the assumed growth model, is relatively minor. The total displace-
ment in 20 days due to the swimming is in any case at least an or-
der of magnitude lower than that produced by the fluid velocity.
Nevertheless, this term was included in our particle-tracking algo-
rithm because it produces a more general description of the larval
vertical positions and thus a more robust simulation of the disper-
sion processes. However, our description of growth is only a first
approximation and deserves further investigation. We suggest that
a more rigorous estimation can be obtained using a growth-tem-
perature model that combines daily otolith increments of bluefin
tuna larvae in the Balearic with the modelled temperature experi-
enced by larvae while drifting (Mariani et al., 2008).

The displacement derived from the stochastic term is time-step
dependent: the shorter the time step is, the larger the total dis-
placement of the particles. Therefore, the absolute values reported
in the moved distance and dispersion maps, can only provide the
order of magnitude of these parameters rather than exact quanti-
ties. However, to account for such effects we performed simula-
tions similar to exp03 but with the random displacement model
switched off. We then re-evaluated the spatial maps (Figs. 5 and
6) obtaining almost the same patterns but with �10% difference
in the moved distances.

Consequently, although it is simpler and might be reasonable to
model only the deterministic term of the tracking model (Lett et al.,
2006, 2007), we think that the stochastic component and a large
number of numerical particles allowed the model to provide a
more robust statistic of the turbulence dispersion patterns in the
Balearic area. Moreover, the addition of size-dependent swimming
behaviour could also shape the spatial patterns in different years or
different times of the year, particularly if non-random swimming
directions were included. However, the evaluation of the relative
importance of each term in producing the observed spatial pattern
needs further investigation.

Our definitions of retention and dispersion processes are differ-
ent from those used by other authors in upwelling areas (Lett et al.,
2006, 2007). We estimated retention as the combination of two
different processes: the averaged distance moved by a group of
particles and its variance (Hinrichsen et al., 2003b). We did not di-
rectly quantify the enrichment (Lett et al., 2006, 2007) but areas of
enrichment can be identified from locations of low values of aggre-
gation and from the dynamics of the particles dispersion (Videos 1
and 2 in the Supplementary Electronic material). It is also worth
noting that aggregations of passive particles is possible in our mod-
el since eggs and larvae were constrained in the first 35 m and
therefore they can easily aggregate in converging areas (such as
fronts) with mechanisms that realistically reproduce observed
behaviour of planktonic organisms (Genin et al., 2005).
4.4. Contribution to fisheries management

The abundance of bluefin tuna has declined significantly since
the 1970s and a new management plan for the recovery of the pop-
ulation in the eastern Atlantic–Mediterranean has recently been
implemented (ICCAT, 2008a). There are also problems with unre-
ported and misreported commercial catches of bluefin tuna in
the Mediterranean (ICCAT, 2008b). The fisheries have become
increasingly regulated in recent years, including the establishment
of quotas in the east Atlantic–Mediterranean in the late 1990s, and
an increase in minimum landing size in the Mediterranean in 2007
to reduce captures of juvenile tuna (ICCAT, 2008b).

Improvements in understanding the reproductive biology and
processes affecting early life history could contribute to the man-
agement of tuna populations in several ways. First the identifica-
tion of spawning areas, combined with hydrographic model
estimates of retention/loss of spawning products, could be the ba-
sis for developing fishery-independent recruitment indices.

Second, the identification of spawning areas and the quantifica-
tion of their utilization could be a step toward the development of
marine protected areas or areas closed to fishing of bluefin tuna or
other species of interest. Establishment of such areas to promote
recovery of bluefin tuna could potentially be beneficial, but the
locations, sizes, shapes, and timing (seasonal and multi-annual
duration) of such areas, and their implementation in relation to
other regulations, needs to be considered carefully to provide the
most benefit. In particular, knowledge of where spawning and
nursery sites are located and how these locations vary with popu-
lation characteristics (abundance, age/size structure) and hydro-
graphic forcing is needed.

Some of this knowledge can be acquired directly through field-
work of distributions of larval, juvenile and spawning adults (e.g.
Karakulak et al., 2004; Garcia et al., 2005a; Teo et al., 2007), partic-
ularly when combined with process-based modelling studies. For
example, our results, and those of Garcia (Garcia et al., 2003,
2005a, 2005b; 2006), suggest that it may be possible to identify
the most likely spawning areas based on knowledge of water mass
characteristics (e. g. temperature, salinity, density), and the most
likely sites of 0-group nursery areas under different hydrographic
conditions, as has been shown for fish larvae in other ecosystems
(Hinrichsen et al., 2003a; Brickman et al., 2007).
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Third, modelling approaches such as those developed here can
also be used to reconstruct the locations of spawning areas of juve-
niles recovered in different areas (Christensen et al., 2007). This
information could be helpful in quantifying the spatial contribu-
tions of different spawning areas (e. g. Balearic area, Sicily, Cyprus)
to juvenile production, how these contributions change over time,
and the potential for mixing of offspring from different areas.
Applications of this modelling approach to topics such as these
could improve the ecosystem basis for management of this stock.
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