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1. INTRODUCTION

Estuaries worldwide support a diverse
range of marine teleosts (Cronin and Mansueti,
1971; Dando, 1984; Wallace et al., 1984; Potter
et al, 1999; Whitfield, 1998). The most
common life history of fishes that use those
systems involves spawning of planktonic eggs
in the sea, and the subsequent recruitment to
estuaries as post-larvae or juveniles. In
general, only a few species spawn within
estuarine ecosystems (Haedrich, 1983; Dando,
1984) and among the species that reproduce
within  permanently open estuaries, the
spawning of pelagic eggs is very uncommon
(Dando, 1984). However, it has been
documented that in the Rio de la Plata estuary
a great number of coastal fishes spawn
planktonic eggs in the inner part of the estuary
at the head of the salt wedge that characterizes
the system (Macchi et al., 1996; Acha et al.,
1999; Acha and Macchi, 2000; Militelli and
Macchi, 2001; Berasategui et al., 2004
Rodrigues, 2005).

As the nursery grounds of the above
mentioned species are inside the estuary
(mainly in Samborombon Bay and Barra del
Indio Shoal) retention, defined as the stay at -or
drift towards appropriate habitat (Bakun, 1996),
become a necessary process in order to
sustain the location of this spawning grounds
(at the inner part of the estuary). Several
authors have suggested that retention in this
kind of estuary would be a natural
consequence of the theoretical circulation
coupled to a salt wedge (e.g. Mann and Lazier,
1991). That is, a convergent flow between
continental and oceanic waters would retain
ichthyoplankton near the head of the salt
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wedge preventing their exportation towards
coastal waters (Acha et al., 1999; Acha and
Macchi, 2000; Mianzan et al., 2001). However,
neither the occurrence of retention processes
in the Rio de la Plata estuary, nor the physical
and/or behavioral involved mechanisms have
still been studied.

Recent papers have shown that the Rio de
la Plata dynamics is complex, highly variable
and essentially wind dominated (Simionato et
al., 2004a; Simionato et al., 2006). Those
papers demonstrated that estuarine scales of
variability replicate atmospheric ones, and that
currents response to changes in wind direction
is very fast. They also revealed that, in
response to winds, the estuary produces
currents with a phase lag with respect to wind
direction that depends on its location in the
estuary as a result of topographic rectification.
Current speed, even at the bottom layer, is
significant and is a function of wind direction.

As a result of the described features, in
time scales relevant to biota, the Rio de la
Plata displays weather and climate, as the
atmosphere does (Simionato et al., 2006). On
the other hand, atmospheric circulation over
the region in synoptic to intra-seasonal scales
is characterized by high variability associated
to several processes (see Nogues-Paegle and
Mo, 1997; Vera et al., 2002; Simionato et al.,
2005). As a result of those features, winds in
the region rarely blow from the same sector for
more than a few days but tend, instead, to
alternate their direction mainly from Northerly to
Southerly and, consequently, currents present
a similar variable feature. A striking question is,
then, whether this highly variable ecosystem
can favor fish eggs and larvae retention and, if
that is the fact, what are the involved
mechanisms. Therefore, the aim of this paper
is to explore the role of wind variability on
ichthyoplankton transport patterns in the Rio de
la Plata estuary. For that purpose a set of
process oriented numerical experiments is

1383



Proceedings of 8 ICSHMO, Foz do Iguacu, Brazil, April 24-28, 2006, INPE, p. 1383-1391.

conducted, in which neutral particles
resembling planktonic fish eggs and early
larvae are released along the frontal zone of
the Rio de la Plata and its vicinity -spawning
grounds of the above mentioned species- and

tracked for different wind conditions in short
time scales. Results of the numerical
simulations are complemented with an analysis
of local wind data statistics.

Rio de la Plata Estuary Bathymetry
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Fig. 1: Bathymetry of the Rio de la Plata Estuary (in meters) and main geographical and
topographical features. Note that vertical and horizontal scales are not the same.

2. STUDY AREA

The Rio de la Plata (Fig. 1), located in
the eastern coast of southern South America at
approximately 35° S, is one of the largest
estuaries of the world (Shiklomanov, 1998),
draining the second basin of the continent
(average 25,000 m®s™; Jaime et al., 2002).

This system displays a complicated
geometry and bathymetry. The estuary is
divided into two regions by the Barra del Indio
shoal, a shallow area that crosses the river
between Punta Piedras and Montevideo (Fig.
1). The upper region is mainly occupied by
fresh water. Downstream, density is controlled
by salinity. Water stratification is controlled by
the confluence of highly buoyant continental
discharge advecting offshore, lying on denser
shelf waters that intrude into the estuary as a
topographically controlled salt wedge. This salt
wedge is typically between 100 and 250 km

long (Guerrero et al., 1997) and defines a
bottom salinity front, over the Barra del Indio
shoal (Fig. 1) following the 10 m isobath
(Guerrero et al., 1997). Samborombdn Bay, a
very shallow and extensive area -depths
ranging from 2 to 10 m- extending south of
Punta Piedras, has been described as an
important nursery ground for several coastal
fishes (Lasta, 1995; Mianzan et al., 2001).

3. NUMERICAL MODELING

The numerical model used in this study
is the Estuary, Coastal, and Ocean Model
(ECOM), a three-dimensional hydrodynamic
computer code (Blumberg, 1996) for
application to marine and freshwater systems.
It is a sigma coordinate, hydrostatic, primitive
equation model derived from Princeton Ocean
Model (Blumberg and Mellor, 1987) coupled
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with a particle tracking routine (sum of an
advective deterministic component and an
independent random Markovian component).

An orthogonal coordinate domain
spanning the region between 58° 36'W to 50°
W and 38° 30’ S to 30° S was constructed, with
variable horizontal resolution between 3.5 and
7.5 km and 10 vertical sigma levels. Finest
horizontal resolution was set over the Rio de la
Plata estuary and its maritime front, where grid
spacing (Ax and Ay) is less than 4 km. Highest
vertical resolution was set near surface and
bottom. High-resolution bathymetry data were
provided by the Servicio de Hidrografia Naval
of Argentina

ECOM applies a time splitting
technique for computational efficiency. The
external and internal time steps were set to 20
seconds and 10 minutes, respectively, in
compliance with the Courant, Friedrich and
Lewy (CFL) criterion. Horizontal mixing
coefficients of salt, temperature and
momentum were parameterized using the
Smagorinski  (1963) formulation with the
adimensional parameter (HORCON) of 0.2.
Vertical mixing coefficients were parameterized
using the 2.5 level closure scheme of Mellor
and Yamada (1982) with a base value (UMOL)
of 1 x10°m*s™.

Boundary conditions at the sea surface
are wind forcing and zero salt and heat fluxes.
At the bottom, momentum is balanced by a
quadratic bottom stress with a bottom drag
coefficient given by the “law of the wall”; salt
and heat fluxes and vertical velocity are zero.
The coastal wall boundary is impenetrable,
impermeable and no-slip.

At  open boundaries, boundary
conditions are such that the bore triggered by
the plume passes through the boundaries. For
free surface elevation, the radiation condition
developed by Reid and Bodine (1968) was
used. Advection scheme is Smolar_r proposed
by Garcia Berdeal et al. (2002), in which the
numerical diffusion introduced by upwind finite
difference schemes (Smolarkiewicsz, 1984;
Smolarkiewicsz and Clarke, 1986;
Smolarkiewicsz and Grabowski, 1990), is
corrected with an anti-diffusion velocity
estimated using a recursion relationship.

Initial conditions for particles release
were obtained starting model from rest and
spinning it up until stabilization of the salinity
frontal zone at its observed location in both,
summer and winter. Frontal zone was modeled
as dependent only on salinity, following

Simionato et al. (2001). Model was initialized
with constant salinity of 33, representative of
continental shelf waters, and a temperature of
10°C. A mean discharge of 25,000 m® s was
considered as a representative runoff for all
runs. A boundary condition that represents the
evolution of M,, by far the most important tidal
constituent (D’Onofrio et al., 1999), coming
from a larger scale model (Simionato et al.,
2004b) was imposed to sea surface elevation.
To characterize summer and winter winds, a
climatology of the 1979-2001 period of National
Center for Environmental Prediction/National
Center for Atmospheric Research
(NCEP/NCAR) 10 m wind components
reanalyzes data (Kalnay et al., 1996) was used.
Summer is defined as December-February and
winter as June-August period. After 150 days of
integration, simulations remarkably reproduce
both, bottom and surface salinity fronts so as
the salt wedge structure when compared to
observational results (Guerrero et al., 1997).

Once the initial ‘summer’ and ‘winter
conditions were obtained, groups of 100
particles each were launched at 12 locations
along three lines parallel to the Punta Piedras-
Montevideo line over the Barra del Indio Shoal,
following the bottom salinity front at both, near
surface and bottom (model layers 2 and 9).
Launching 100 particles at each location allows
the study of particle spreading due to
dispersive properties of the environment in
addition to advection, and the identification of
particles most likely position after a particular
forcing situation.

Given the high variability in wind
directions that characterizes the region (Fig. 2),
simulations under real wind conditions would
difficult the identification and understanding of
processes that may favor retention in the area.
Therefore, the modeling strategy was to
develop short term simulations in which the
effect of winds from 16 directions (22.5° apart)
on particle advection and dispersion was
studied. Simulations were done for both, winter
and summer initial conditions. Wind speed was
setto 6 m s, a representative value of the
mean and the mode for all seasons in the
NCEP/NCAR reanalyzes climatology at 35.24°
S - 54.37° W. Winds were slowly changed from
their initial seasonal value during one day by
applying a ramp, and particles were released
after another 24 hours of simulation. Particles
were tracked during a 7-days period, after what
daily particle density field (number of particles
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per area unit) was computed for both, surface
and bottom launched groups.

In order to simplify the comprehension
of the numerical simulations results set, a
Principal Components (Empirical Orthogonal
Functions - EOF) analysis was applied to the

Brazil, April 24-28, 2006, INPE, p. 1383-1391.

daily particle density field independently for
both, summer and winter simulations, and for
particles launched in surface and bottom layers
(Figs. 3 and 4).
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Fig. 2: 4-daily wind vectors stick diagrams

for the four seasons of 1995 from NCEP/NCAR

reanalyzes at 35.24° S - 54.37° W

4. RESULTS AND DISCUSSION

EOF results indicate that the
preferential motion of particles launched along
the bottom salinity front of the Rio de la Plata
simulating fish eggs and early larvae is mainly
driven by blowing wind direction. This motion
can be explained in terms of four modes, which
essentially produce two orthogonal dispersion
patterns associated with the coexisting bottom
bathymetry and coast line (Figs. 3 and 4). The
first pattern, occurring for winds with a

Southerly (Northerly) dominant component is
related to a preferential northeastward
(southwestward) particles motion along the
Barra del Indio shoal. The second pattern,
associated to winds with a dominant Westerly
(Easterly) component is connected to a
downstream (upstream) preferential particle
motion across the shoal. Nevertheless, for
most of particles, upstream motion is inhibited
by the shoal in the lower layers and the
continental discharge in the upper ones,
resulting in preservation of most of them in the
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Bottom launched particles
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Fig. 3: Results of numerical solutions EOF analysis for bottom launched particles. Maps show the
modes or characteristic particle density fields. Lines representing the 5, 7.5 and 10 m isobaths have
been superimposed. The inner panels show the associated loadings which represent the correlation

between each mode and numerical solutions for every wind direction. + indicates particles
launching positions.
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Fig. 4: Results of numerical solutions EOF analysis for surface launched particles. Maps show the
modes or characteristic particle density fields Lines representing the 5, 7.5 and 10 m isobaths have
been superimposed to the graphs. The inner panels show the associated loadings which represent
the correlation between each mode and numerical solutions for every wind direction.+ indicates
particles launching positions.
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vicinity of their launching position -especially for
particles released near the bottom-, whereas
remaining particles show, in general, a
displacement towards Samborombén Bay.
Therefore, according to our results, for most
wind directions the majority of particles
launched over the bottom salinity front would
either remain trapped in the proximity of their
initial position or  move in north-
eastward/southwestward direction along the
Barra del Indio shoal. When particles have
northeastward to  southwestward preferential
motion along the shoal, they can be moved out
the bottom frontal zone, either northward to the
Uruguayan coast or southward into
Samborombdén Bay. Nevertheless, additional
similar numerical experiments (not shown) in
which particles were launched at those areas,
indicate that they have a high probability of
being restituted to the frontal zone as wind
direction reverses. Moreover, Samborombdn
Bay displayed a similar feature to the bottom
frontal zone, in which particle motion is
essentially bathymetrically controlled and,
therefore, tends to develop along the coast,
with associated wind directions slightly
displaced to North-South for Modes 1 and 2,
and East-West for Modes 3 and 4.

This way, only under persistent winds
with  a northwest dominant component,
particles would be exported out from the frontal
zone with a poor chance of being restituted to
that area. When those facts are considered
together with observed wind variability in the
relevant time scales, an indication of the
reasons why the bottom frontal zone of the Rio
de la Plata might display retentive features
even in presence of high wind variability
becomes evident and could explain (at least in
part) why this area functions as spawning
ground. In effect, as illustrated by Fig. 2, wind
direction in the region mainly tends to vary, in
synoptic to intra-seasonal scales, from a
dominant Northerly component to a prevailing
Southerly one. This feature would maintain
particles, particularly those released near the
bottom, moving alternatively northeastward to
southwestward and vice-versa along the Barra

del Indio shoal during most of the time -from
about 60% in Winter to 75% in Spring; Fig. 5-.
Moreover, persistent Northwesterly winds -that
would export particles out of the area- are
neither frequent nor strong or persistent (Figs.
5 and 6), and Easterly/Southeasterly winds -
which often occur in association to local
cyclogenesis and can be very strong (Seluchi
and Saulo, 1996)- tend to retain particles in the
area. This way, even though larval fish
retention has been postulated to be an
interaction between water dynamics and
behavioral traits (e.g. Sinclair, 1988), our
results show that physical forcing might
generate by itself a retentive scenario at the
inner part of this estuary. Retentive features
would be the result of the estuarine system
response to natural wind variability acting over
bathymetric  features more  than a
consequence of the salt wedge structure.

Retention along the bottom salinity
front implies that larvae are kept over a zone of
high micro and mesozooplankton biomass
(Mianzan et al., 2001; Kogan, 2005;
Berasategui et al., 2006), the Estuarine
Turbidity Maximum. Moreover the high levels
of turbidity of this area are thought to reduce
visual predation over fish larvae and juveniles
creating a predation refuge (Chesney, 1989).
Therefore, retention within this structure
appears to be an important life history strategy
that promotes ichthyoplankton survival.
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Fig. 5: Monthly wind direction histograms from the 1979-2001 period of the NCEP/NCAR reanalyzes at
35.24° S - 54.37° W. Histograms bars were colored by wind directions related to each of the described
motion modes for bottom launched particles.
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