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a b s t r a c t

Availability of planktonic food in the bottom is the most important factor to explain the persistence and
recurrent localization of Patagonian scallop (Zygochlamys patagonica) populations. The establishment of
the scallop Sea Bay bed (SBB) has been related with food supply from the Northern Patagonian Frontal
System (NPFS). In this article outputs from high resolution numerical models combined with particle
tracking methods were used to identify for the first time potential physical mechanisms of food transfer.
The model results showed no evidence of benthic-pelagic coupling between the NPFS and the SBB. They
also revealed that the dominant instantaneous semidiurnal tidal currents and the mean NeNE flow on
the inner-middle Patagonian shelf are the main dynamical mechanisms preventing particles released at
the surface of the NPFS to reach the SBB area. Sensitivity studies changing the stochastic numerical
method for solving the particle trajectories, the release month and location of the particles, the
magnitude of the horizontal turbulent diffusion coefficient and the frequency of the wind forcing did not
alter this conclusion significantly.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The Patagonian continental shelf has high rates of tidal energy
dissipation locally induced by large tidal amplitudes, constituting
one of the most energetic tidal regimes in the world (Simpson and
Bowers, 1981; Glorioso and Flather, 1997; Egbert and Ray, 2001;
Palma et al., 2004). Current meter observations indicate that the
tidal forcing accounts for more than 90% of the kinetic energy
variance in the inner portion of the Patagonian continental shelf
(z < 50 m) and at least half of the variance in the outer shelf (Rivas,
1997). Strong currents driven by the dominant semidiurnal tide
(M2) inhibit the formation of the seasonal thermocline in some
coastal areas of the Patagonian shelf, inducing homogenization of
the whole water column even during the spring and summer when
the surface heat flux increases (Glorioso, 1987; Rivas et al., 2006).

The Northern Patagonian Frontal System (NPFS, e.g., Sabatini
and Martos, 2002; and references therein) presents a NEeSW
alignment following the bathymetry between ~42� and 45�S
(B.C. Franco), uspalma@criba.
i).
(Fig. 1). Historical hydrographic records indicate a significant
interannual variability of the NPFS location (Ehrlich et al., 2000;
Sabatini and Martos, 2002). In particular, during 1996 and 1998
an anomalous increase of the water temperature was reported in
the region and the NPFS emerged separated in two main fronts,
with the spacing between them located near the mouth of the
Nuevo Gulf (see Ehrlich et al., 2000). Both branches of the NPFS
were located significantly nearest to the coast as compared with
the mean position defined by Sabatini and Martos (2002).

The highest rates of tidal energy dissipation occur in the
northernmost part of the NPFS (Palma et al., 2004; Tonini et al.,
2013). This area is located in the southeastern tip of the Vald�es
Peninsula extending to the northeast (~42�S) and it has a high-
lighted importance as one of the most important frontal areas of
the shelf. Along this sector of the NPFS is located the Vald�es Front
which is associated with high concentrations of chlorophyll-a,
zooplankton, and fishes (Carreto et al., 1998; Sabatini and Martos,
2002; Acha et al., 2004). In the southernmost part of the NPFS
(~43�e45�S) rates of tidal energy dissipation are not so high. This
area is related with spawning and nursery areas of the anchovy
(Engraulis anchoita) and hake (Merluccius hubbsi), two important
commercial fish species of Argentina (Ehrlich and Ciechomski,
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Fig. 1. Study area located in the Southwestern Atlantic Ocean (SWAO, left panel); Schematic illustration of the NPFSmeanposition (e.g., Sabatini andMartos, 2002) and the Sea Bay bed
area (SBB, dark gray polygon) (right panel). The North Patagonian Gulfs (Nuevo Gulf -NG-, San Matías Gulf -SMG-, and San Jose Gulf -SJG-) and the 50 and 100 m isobaths are shown.
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1994). Other authors also indicated that the main spawning period
of adult hake occurs during spring and summer in the stratified side
of the frontal area (NPFS) along 43�e45.5�S (P�ajaro et al., 2005).

Previous studies have suggested that the establishment of the
Patagonian scallop Sea Bay bed (SBB, ~43.9�S and ~62.5�e63.5�W)
(Fig. 1), occurs matching the NPFS location (see Bogazzi et al., 2005;
Ciocco et al., 2006). Availability of planktonic food in the bottom is
the most important factor to explain the persistence and recurrent
localization of Patagonian scallop populations (Orensanz et al.,
2006). The NPFS has been suggested to be able to supply plank-
tonic food towards the SBB through benthic-pelagic coupling pro-
cesses; however, the physical processes which could induce such
coupling between the NPFS and SBB are not known. A high inter-
annual variability in the recruitment of the species in the SBB is
reported by Ciocco et al. (2006). Therefore, improving our knowl-
edge about the dynamics and variability of the NPFS is crucial to
improve fisheries management and overfishing prevention strate-
gies, and to provide a better understanding about fluctuations in
the recruitment of a wide group of marine species.

The primary aim of this study is to investigate the physical
processes which could induce benthic-pelagic coupling between
the NPFS and SBB. To address this investigation we will employ
results from idealized and realistic numerical models combined
with stochastic Lagrangian particle tracking methods. In Section 2,
the numerical models and the calculations are described. Section 3
characterizes the dynamics and variability of the NPFS at semi-
diurnal and intra-seasonal scales, and analyzes how the dynamics
of this frontal system and its variability affect particles transport.
Some conclusions follow in Section 4.

2. Material and methods

2.1. Hydrodynamic numerical models

To analyze the dynamics and variability of the NPFS we
employed idealized and realistic numerical simulations based on
the Regional Ocean Modeling System (ROMS, Shchepetkin and
McWilliams, 2005).

2.1.1. Idealized numerical model of a tidal frontal system
The study of Bogazzi et al. (2005) suggests that the NPFS would

maintain the existence of the SBB by supplying planktonic food
from the surface. However, Simpson (1998) argued that in a tidally-
controlled environment horizontal particle movements of more
than ~10e15 km from the average frontal position are unlikely. The
purpose of the idealized model is precisely to show the strength of
this argument in a controlled experiment resembling the Patago-
nian shelf environment using a quasi two-dimensional version of
ROMS.

The model has a periodic domain open in the north-south di-
rection and an idealized continental shelf with 400 km (WeE). The
parameterization of vertical mixing is calculated using the Large-
eMcWilliamseDoney (LMD) turbulent closure scheme, with higher
vertical resolution at the top and bottom layers (Large and Gent,
1999). The spatial resolution of the horizontal grid is of about
6 km. The semidiurnal tidal component (M2) was imposed at the
lateral open side (E) of the model domain with an amplitude of
0.75m. This tidal amplitude generates a mean sea level rise of 1.5 m
in the coast during the high tide according observations reported
previously near the Vald�es Peninsula. At the same lateral open side
(E) of the model domain a combination of radiation and advection
conditions is used (Marchesiello et al., 2001). Seasonal surface heat
fluxes for the Patagonian region are calculated as recommended by
Rivas (1994) and incorporated in the model through a parameter-
ization following the formulation of Barnier (1998). Awind stress of
0.1 Pa with uniform westward direction (i.e., simulating the pre-
dominant offshore wind) is imposed at the surface. The model was
run during 3 years were a statistical steady state of energy balance
was achieved. The outputs of the model for the last year of simu-
lation were analyzed.

2.1.2. Realistic numerical model of the NPFS
For our realistic experiments outputs (three dimensional cur-

rents and vertical diffusivity fields) from a high resolution hydro-
dynamic model (ROMS, 3-D) of the North Patagonian region were
used (Tonini et al., 2013). The resulting flow patterns and tracer
fields (temperature and salinity) obtained with this model were
analyzed and validated against the available observations in Tonini
et al. (2013); here only a brief summary is given. The spatial reso-
lution of the grid is variable, withmaximum resolution (~1 km) into
the gulfs. In the vertical the model equations were discretized in 20
sigma levels, with higher vertical resolution at the top and bottom
layers. The bathymetry is based on digitized nautical charts. At the
lateral open boundaries of the model they impose tidal amplitudes
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andphases of six constituents (M2, S2, N2, O1,M1 andP1) interpolated
froma global tidalmodel (TPOX6, Egbert et al.,1994). Themodelwas
forcedat the sea surfacewith themonthlymean climatologicalwind
stress (tw) from the SCOW 8-year Quikscat climatology of ¼ degree
spatial resolution (Risien and Chelton, 2008) and heat fluxes from
Rivas (1994) and freshwater fluxes from COADS.

2.2. Particle tracking models

A high concentration of chlorophyll-a is associated with the
NPFS mainly during the spring and early summer (Acha et al.,
2004). The Patagonian scallop is primarily a suspension filter
feeder of phytoplankton (Schejter et al., 2002), although the species
may also feed onmore degraded suspended organic matter (Mauna
et al., 2011). Therefore, our study is aimed to investigate the
benthic-pelagic coupling processes occurring in the NPFS during
the months from September to December. To perform a compara-
tive study on the semidiurnal and intra-seasonal variability of the
NPFS obtained with the idealized and the realistic model, the
outputs of both hydrodynamicmodels for themonths of September
to December recorded every 1 h of simulation were used. The
Lagrangian stochastic model was used to perform the numerical
experiments of particle tracking using the horizontal and vertical
velocity components and the vertical diffusivity coefficient taken
from the models at each 1 h. The stochastic displacement of the
particles was calculated using a time step of 2 s for the idealized
model and 4 s for the realistic model experiments. This small time
step is recommended to carry out Lagrangian stochastic simula-
tions to avoid artificial vertical accumulations of particles in situ-
ations involving nonhomogeneous vertical diffusivity (see Ross and
Sharples, 2004).

2.2.1. Lagrangian stochastic model
The Lagrangian Stochastic (LS) modeling theory has been the

basis of larval dispersal models and Individual Based Models
(IBMs). The use of such models in biophysical modeling studies has
increased broadly (Werner et al., 1996, 2001; Siegel et al., 2003).
Usually, the Lagrangian approach follows particles in space at each
time step and their movement is modeled with a Stochastic Dif-
ferential Equation (SDE), known as a Random Displacement Model
(RDM). The RDM was derived from the Langevin equation model
and it is consistent with the advectionediffusion equation through
a probability distribution function (FokkerePlanck equation; see
Rodean, 1996). The RDM for steady nonhomogeneous diffusivity in
the vertical coordinate (z) is:

dz ¼
�
wðz; tÞ þ vKðz; tÞ

vz

�
dt þ ½2Kðz; tÞ�1=2dWðtÞ (1)

where dz is the change in the vertical position of the particle, the
first term in the right-hand-side is the drift component [composed
by advection, w(z, t) and a drift correction], and the second term is
the stochastic component of the SDE. K is the turbulent diffusion
coefficient and dW(t) is one incremental Wiener process. The
Wiener process is a continuous, Gaussian, and Markov process
which is consistent with a diffusionmodel (Rodean,1996). Gardiner
(1983) presented the interpretation of an incremental Wiener
process dW(t), in which each increment is independent, and a
Gaussian random variable with mean E(dWn) ¼ 0 and variance
E((dWn)2) ¼ dt. Several oceanographic studies used distinct for-
mulations of the RDM, particularly with respect to the calculation
of the diffusion (or mixing) coefficient K(z) in the stochastic
component of the SDE (Hunter et al., 1993; Visser, 1997; Ross and
Sharples, 2004; North et al., 2005, 2006; Ross, 2006). According
to Hunter et al., 1993, an improvement in the formulation of the
RDM can be achieved by computing the mixing coefficient at an
intermediate point of the (vertical) space interval. Regrouping
terms in (1) the new RDM (i.e., Hunter/Visser approximation)
would be:

dz¼
�
wðz;tÞþvKðz;tÞ

vz

�
dtþf2K½zþ1=2vKðz;tÞ=vz;t�g1=2dWðtÞ

(2)

Visser (1997) demonstrated that Eq. (2) is also equivalent to the
(Eulerian) advectionediffusion equation. However, the formulation
of this equation requires the use of an interpolation scheme to
calculate the vertical mixing coefficient at an intermediate point.
Following the formulation used by Hunter/Visser a model of larval
transport was developed (LTRANS, Larval Transport Lagrangian
Model) at the University of Maryland (Schlag et al., 2008). The
model is configured to predict the movement of particles due to
advection, turbulence, and larval behavior for biophysical studies.
This off-line particle tracking model is endowed with a sophisti-
cated scheme of interpolation and smoothing of the vertical
diffusivity field (Tension Splines). The ‘tension spline’ scheme does
not add inflection points, as simple ‘spline’methods. Moreover, the
scheme preserves the monotonicity and convexity of the data field.
Properly designed interpolation schemes are important in the
presence of nonhomogeneous diffusivity fields since the drift and
diffusion coefficients of a SDE needs to be sufficiently smooth for
the transition probability of the Markov process to satisfy the
FokkerePlanck equation (Kloeden and Platen, 1999).

Usually studies using coastal circulation models regarded the
coefficient of horizontal diffusivity (Kh) either constant or null in
the simulations. However, in a region with eddies or strong tidal
currents that induce intense turbulent mixing the stochastic
behavior (sub-grid scale) might also be considered in the horizontal
for particle tracking. LTRANS contains a provision for a horizontal
turbulent coefficient to simulate horizontal diffusion using a
Gaussian random flight process with additional displacements (dx
and dy) in the form of a “naive” random walk (Visser, 1997):

ðdx;dyÞ ¼ ð2KhÞ1=2dWðtÞ (3)

In this work we analyzed differences in the particle dispersion
behavior when adding a horizontal random-walk with two values
of Kh (1 and 50 m2/s) which are reasonable for the study region
(Ledwell et al., 1998).
2.2.2. Numerical solutions to RDM
The simplest and usually employed numerical scheme to

approximate the numerical solutions of the RDM is the Euler
method, also known as EulereMaruyama (EM). This scheme has a
strong order of convergence g¼ 0.5 and weak order of convergence
b ¼ 1. Numerical methods with higher order of convergence in the
strong sense are used in stochastic problems when higher precision
in the integration of each particle path is required (i.e., each simple
Wiener path). A higher order stochastic numerical scheme ob-
tained by truncation of the stochastic Itô-Taylor series is the Mil-
stein method (e.g., Milstein, 1974, ML). Milstein higher order
method present strong convergence (g ¼ 1) to solve Itô-SDEs.

Some studies have shown how high order (in the strong sense)
stochastic schemes are important to better solve boundary condi-
tions when the RDM is applied (Stijnen et al., 2006; Charles et al.,
2009). If the numerical solutions do not solve well the particle's
trajectories near the boundaries of the model domain some parti-
cles may be reflected by boundary conditions. In this work we
implemented the LTRANS model to compare the EM method, the
standard HuntereVisser approach (LT) and the higher order



Fig. 2. (A) Temperature (�C) section along the idealized shelf and location of the particles released at the start of the simulation (black dots). (B) Vertical gradient of temperature (�C/
m) section and location of the particles after 10 days of particle tracking simulation. Particles released from the area of surface frontal variability and above the pycnocline are shown
(magenta dots). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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numerical scheme of ML for solving the classical formulation of the
RDM (Eq. (1)). Furthermore, we compare the numerical solutions
for both RDM formulations (Eqs. (1) and (2)). The discrete form of
the RDM formulations for the proposed integration schemes is
given in Appendix A.

2.2.3. Statistical analysis
Particles were tracked, as described above to characterize each

monthly condition; their ending positions were used in defining a
2-D dispersal kernel (ellipse of dispersion). A Principal Component
Analysis (PCA) was used to compute the ellipses of dispersion. The
distortion of a particle group is quantified by a horizontal covari-
ance matrix, the components of which account for the covariance
between particle displacements relative to their center of mass.
The dispersion is extreme in the direction of the semi-major axis;
whereas its length gives the root-mean square (rms) displacement
(Sentchev and Korotenko, 2007). This approach was used to
investigate the following effects on the larval dispersion: (i) larval
release month (September through December), (ii) stochastic nu-
merical method (EM, LT, and ML) and (iii) horizontal diffusivity
(Kh).

3. Results and discussion

3.1. Idealized tidal frontal system

During early October the tidal frontal system showed a vertically
well mixed and homogenized coastal area until ~40 km offshore
and a strong offshore thermal stratification (Fig. 2A and B). The
surface thermal front recorded a progressive displacement towards
the coast until late October, which was induced by surface seasonal
heat fluxes. Frontal movements during November and December
vary only in the semidiurnal cycle (not shown). Displacements of
the tidal fronts from their mean positions may result from simple
tidal advection or adjustments due to changes in the stirring and
heating rates (Simpson, 1981). The intra-seasonal displacement of
the surface thermal front recorded is of ±35 km and it occurs from
the last 10 days of September, when the structure of the tidal frontal
system is already characterized and stratified, until late October. In
addition, the model recorded oscillations in the semidiurnal cycle
of ~8e10 km. In the semidiurnal scale predictions of numerical
models are a very useful tool to study the variability of the tidal
fronts (Simpson, 1998). The model results agree with satellite
derived sea surface temperature observations indicating a
displacement of some tens of km of the Vald�es Front between
spring and summer (Pisoni et al., 2014). The variability recorded in
the position of the surface thermal front therefore highlights that
the surface heat cycle is the dominant forcing on the spatial vari-
ability of a typical tidal front in the Patagonian region.

The influence of the semidiurnal tidal advection on the thermal
structure of the front is showed to occur in both the bottom and the
surface mixed layers (see Temp_OCTm2.avi in Supplementary
Material). This movie reproduces a one day simulation of the
idealizedmodel for early October. The semidiurnal tidal oscillations
induce horizontal displacements of the surface front. Therefore, the
semidiurnal vertical cycle of stratification also induces vertical
mixing and transport of the particles concentrated in the area of
surface frontal variability. The periodic semidiurnal breakdown of
the vertical stratification in the area of surface frontal variability
may induce particles initially located at the bottom of the surface
mixed layer to be transported towards the bottom mixed layer.
Simpson and Souza (1995) reported that semidiurnal oscillations in
the stability of the water column are forced mainly by tidal
advection when horizontal movements interact with vertical den-
sity gradients generating disturbances in the stratification.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.ecss.2014.12.006.

The influence of semidiurnal tidal oscillations on transporting
particles initially located in the surface of the frontal area was
investigated with a particle tracking experiment. A total of 4000
particles were released along a broad area (~80 km) through the
idealized shelf from the surface to 20 m depth (Fig. 2A). A set of 10

http://dx.doi.org/10.1016/j.ecss.2014.12.006


Fig. 3. Monthly meridional gradient of surface temperature [gyTSM (�C/km)]. The monthly mean position of the NPFS at high (nearest the coast) and low tides are indicated (light
gray lines).
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distinct particle tracking simulations were performed for a total
simulation period of 10 days. Particles released from the area of
surface frontal variability and above the pycnocline (0e10 m) are
shown in Fig. 2A (magenta dots). LTRANS (LT approach) was
configured to stop any particle that reaches the bottom.

The statistical result of the average positions (x, z) of the parti-
cles at the last time step of the set of 10 distinct simulations showed
that all particles released from the vertically homogenous coastal
area of the tidal front reach the bottom. The particle tracking results
showed that 31% of the particles released from the area of surface
frontal variability (located initially above the pycnocline) reach the
bottom matching approximately the area of frontal variability in
the surface. Only 5% of the particles released from the stratified area
reach the bottom (Fig. 2B). The largest settlement in the bottom
occurs from the mixed coastal area to the offshore position of the
bottom front of the tidal frontal system.
3.2. Northern Patagonian Frontal System (NPFS)

The intra-seasonal and semidiurnal variability of the NPFS was
characterized mainly by calculating the meridional gradient of sea
surface temperature from the realistic model results (gyTSM,
Fig. 3). The meridional gradient of sea surface temperature is
stronger than the zonal gradient in the study area and it highlights
the presence of two major thermal fronts along the NPFS.
Furthermore, the gyTSMmatched well with the results obtained by
the total gradient of sea surface temperature in those different
months (see Franco, 2013). This methodology (gyTSM) showed the
presence of twomain fronts with negative thermal gradients which
are separated just in front of the mouth (EeNE) of the Nuevo Gulf.
Such negative thermal fronts have distinct extensions of frontal
variability and as we will show later these differences are also re-
flected in the particle transport dynamics. The monthly mean



Fig. 4. Location of dispersal ellipses (2D) of the particles released from the lines of monthly variability areas for three distinct fronts identified along the NPFS (light gray lines
labeled as g1, g2, and g3). The experiments used Kh ¼ 1 m2/s and ellipses are shown according the numerical method employed: EM (black), LT (red), and ML (blue). The polygon
configured for settlement of particles (SBB) is illustrated by dark gray lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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position of the NPFS was characterized based on the observation of
gyTSM during semidiurnal tidal cycles. The area of monthly frontal
variability was established between the mean positions of the high
and low tides, taking into account the first and last semidiurnal
cycle of each month. These positions are indicated in Fig. 3 for each
month (gray lines). The monthly mean position of the NPFS has
large intra-seasonal variability, mainly north of ~43.75�S. The most
pronounced thermal gradients (gyTSM) between latitudes
~43.75�e44.5�S are observed almost aligned to the coast and the
frontal variability occurs mainly in the semidiurnal period
(~8e10 km). In the meridional direction this gyTSM appear as a
sequence of positive and negative gradients due to the contours of
the coast. NPFS monthly mean positions at high and low tides
which are indicated by two parallel lines north of ~43.75�S and by
one line toward 44.5�S (65�W) delimit the areas of particles release
for each month, respectively.
3.3. NPFS particle dispersal and benthic-pelagic coupling processes

Commercial trawl fishery for scallops recorded during 1989 and
1995e2003 were concentrated near the area defined as SBB (see
Bogazzi et al., 2005). For our experiments a major area of occur-
rence of the scallop, which correspond mainly to the benthic bed
area, was considered to delimit a polygon illustrated in Fig. 1 and
figures shown hereafter. This polygonwas set up for the settlement
of the particles that reach the bottom in this area in each numerical
experiment. However, particles reaching the bottom outside of this
polygon are free to move with the currents. To characterize the
dispersion in the upper mixed layer a total of 800 particles were
released at the surface (z ¼ 0 m) from the area of frontal variability
of the Vald�es Front (g1), 600 particles from the front located be-
tween the mouth of the NG to ~43.75�S (g2) and 500 particles from
the front located between ~43.75�S and 44.5�S (g3). Lines
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indicating the locations of the releases are shown by light gray in
Fig. 4. Only particles located in the surface and upper mixed layer
(0 < z < 10 m) were considered to calculate the PCA and the
configuration of the ellipses of dispersion (2D). Our statistical re-
sults were calculated by reproducing a set of 10 distinct simulations
for each numerical method (EM, LT, and ML). The configuration of
the ellipses of dispersion (2D) involves mean positions (x, y) of each
particle for the last 24 h of each monthly simulation. The mean
positions (x, y) obtained for each particle in each one of the 10
distinct trials of a single experiment were averaged statistically.
Then, the ellipses of dispersion for each month can be compared
and allow us to perform a sensibility analysis by changing the
values of the coefficient of horizontal diffusivity and the stochastic
Fig. 5. Location of dispersal ellipses (2D) of the particles released from the lines of month
labeled as g1, g2, and g3). The experiments used Kh ¼ 50 m2/s and ellipses are shown accord
configured for settlement of particles (SBB) is illustrated by dark gray lines. (For interpreta
version of this article.)
numerical scheme used in each experiment. In Fig. 4 are shown the
results for the experiments using Kh ¼ 1 m2/s and in Fig. 5 the
Kh ¼ 50 m2/s. These statistical results (ellipses of dispersion) indi-
cate the areas of highest concentration of particles located in the
euphotic zone after each month of simulation. Each one of these
areas should represent hence areas of high quantity of planktonic
food (e.g., phytoplankton and organic detritus) originated in the
fronts.

The strong circulation induced by the instantaneous tide in this
coastal region induces a weaker horizontal dispersion of the par-
ticles from their front of release.We observed a higher dispersion of
the particles towards the coast and this evidence is stronger when
the NPFS is closer to the coast. For instance, in December a higher
ly variability areas for three distinct fronts identified along the NPFS (light gray lines
ing the numerical method employed: EM (black), LT (red), and ML (blue). The polygon
tion of the references to color in this figure legend, the reader is referred to the web
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number of particles flowed into the NG, SMG, and SJG. The inflow of
particles into the North Patagonian gulfs was evidenced mainly in
November and December and hence the larger is the length of the
ellipses resulting from the particles released from the front g2. This
result is shown in the experiments using both values of Kh (Figs. 4
and 5). The dispersion of some particles into the SMG and SJG
changed the main direction (NE) of the ellipses configured for the
particles released from the Vald�es Front (g1) in distinct months
(Figs. 4 and 5). The ellipses configured for the particles released
from the fronts g2 and g3 agree with the general pattern of circu-
lation on the Patagonian shelf, forced mainly by residual tidal flow
and the surface Ekman transport, which generates a predominant
flow in the direction NeNE (Tonini et al., 2013). In neither of the
months the bulk of the particles were dispersed towards the area
Fig. 6. Location of the positions (x, y) of the particles released from the lines of monthly var
the last day of simulation for each month are shown. The positions are the mean location f
dots). An additional line of release located in the stratified area of the NPFS is shown by a b
gray lines. (For interpretation of the references to color in this figure legend, the reader is
delimited by the polygon. A higher Kh induced larger horizontal
dispersion (rms) and hence a larger length of semi axes of the el-
lipses. However, this change did not affect significantly the main
directions of the particles dispersion from the distinct fronts (the
major semi axis direction).

Our results indicate that particles released from the NPFS are not
dispersed towards the Patagonian scallop SBB. In coastal areas
surrounding the NPFS the dominant circulation of instantaneous
semidiurnal tide and the mean flow towards NeNE on the inner-
middle shelf cannot transport particles released in the NPFS to-
wards the bed. According to Bogazzi et al. (2005) the area of the
bed, located mainly where the largest concentration of fishing
effort is recorded occurs near ~43.9�S and 63�e63.5�W corre-
sponding to an approximate distance of 170e200 km from the
iability area of the NPFS. Particles located in the bottom mixed layer (depth < 40 m) at
rom 10 trials for each numerical method: EM (black dots), LT (red dots), and ML (blue
lack line. The polygon configured for settlement of particles (SBB) is illustrated by dark
referred to the web version of this article.)
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coast. Our model results showed that the NPFS is located near the
coast at this latitude (~43.9�S) and the frontal position is oscillating
mainly at the semidiurnal cycle near approximately 65�W (~30 km
from the coast).

In the last step of the numerical experiments we aimed to
characterize the coverage area of the particles released from the
surface (z ¼ 0 m) of the area of monthly frontal variability of NPFS
and that reach the bottom mixed layer (z < 40 m). The objective of
this experiment was to investigate the possible benthic-pelagic
coupling processes occurring in the study area. A total of 4000
particles were released at the surface (z ¼ 0 m) from the area of
frontal variability of the NPFS. It includes a release line located over
the stratified side of the front (see Fig. 6). The experiments also
assessed the effect of choosing a different stochastic numerical
method (EM, LT, and ML) on the particle's horizontal dispersion.
The statistical results were also calculated by reproducing a set of
10 distinct simulations for each numerical method. Monthly mean
positions of each particle (x, y) and for each numerical methodwere
calculated by the average of the positions during the last 24 h of
each simulation in each one of the 10 distinct simulations. Results
of the experiments that used Kh ¼ 50 m2/s for the distinct nu-
merical methods are shown by different colors in Fig. 6. The higher
value of Kh was selected to investigate the possible benthic-pelagic
connection between the NPFS and the SBB in a situation of higher
horizontal diffusivity. Higher differences in horizontal dispersal of
the particles released using the different numerical stochastic
methodswere observedmainly over the NG and deeper areas of the
SMG. However, in none of the 240 numerical experiments simu-
lated in this study some of the particles approached the polygon
representing the area of occurrence of the SBB, during the entire
time of the simulations.

In tidal shelf fronts the wind is important inducing mixing
mainly in the coastal and homogenous side of the front. Our ex-
periments were forced with climatological mean winds and there
might be concern about the effect of high frequency (i.e., daily)
wind variability on the particle's behavior. To examine this influ-
ence we have reproduced the experiment of particles released from
the lines of monthly variability area of the NPFS during September,
when the tidal front is located more offshore. Daily wind stress for
2010 obtained from the ERA-Interim reanalysis database (Dee et al.,
2011) was imposed to conduct our experiments. A total of 4000
particles were released at the beginning of September and followed
during 30 days. The dispersion of the particles reported from 10
trials at the last day of simulation (not shown) indicated that no
particle could reach the SBB. Ancillary experiments conducted
releasing particles in the coastal zone also indicated no trend of the
particle displacements to follow an offshore path towards the SBB.
These results further support our conclusion that the strong tidal
currents characteristic of this region can be more important than
high-frequency wind variations.

It has been shown that differences in the modeling of the ver-
tical stochastic behavior of particle tracking algorithms can sub-
stantially modify the horizontal particle trajectories (Stijnen et al.,
2006). To quantify this behavior we compared the vertical dis-
placements of particles released from the high tide line south of the
Vald�es Front in our last experiment for the month of December
(Fig. 6) using the different numerical approaches (EM, LT and ML).
Although the standard deviation of the vertical movement exceeds
10 m in approximately half of the tracked particles (not shown) the
average horizontal displacements (dispersal ellipses) did not show
significant differences (Figs. 4 and 5).

Individual phytoplankton behavior surely has some influence on
its dispersion. We do not have available data to consider the up-
ward swimming speed or different settling velocities (influenced
by the size and density) for the species of phytoplankton
concentrated in the NPFS. However the magnitude of upward
swimming speed for several species of phytoplankton is in order of
10�4 m/s (Durham et al., 2009), while vertical velocities in the
Patagonian region are mainly in order of 10�3 m/s. Then active
phytoplankton behavior does not appear to be a significant factor
enough to change the conclusion of our study. Such issues, how-
ever, can be explored in future works.

Biophysical modeling can be an important tool with which to
track larvae from spawning to settlement and to infer patterns of
larval dispersal (Werner et al., 2001). A previous study of Edwards
et al. (2007) provides a baseline in quantifying and understanding
larval dispersal on the inner- and mid-shelf of the central southeast
US continental shelf. The authors employed a 3D circulation model
combined with Lagrangian particle-tracking to follow particles and
to calculate the dispersal kernels (2D). Off-line particle-tracking
simulations were also analyzed to determine resulting changes in
larval dispersal and connectivity on the central Chilean coast (Aiken
et al., 2011). None of them however, have used particle-tracking
methods to determine benthic-pelagic coupling processes by
comparing the dispersal of the planktonic food and the location of a
marine benthic bed. This approach is a useful baseline to under-
stand the productivity and survival of benthic species, as well as
fluctuations in their distribution and abundance.

4. Conclusions

Particle tracking studies driven with flow fields generated by
high resolution numerical models and state-of the art stochastic
models did not support any evidence of a benthic-pelagic coupling
between the NPFS and the nearby SBB. Sensitivity studies
changing the stochastic numerical method for solving the particle
trajectories, the release month (i.e., initial stratification) and
location (frontal and coastal) of the particles, the frequency of the
wind forcing (climatological and daily) and the magnitude of the
horizontal turbulent diffusion coefficient did not alter this
conclusion significantly. The robustness of the numerical results is
related to the dominant presence of strong instantaneous semi-
diurnal tidal currents in the study area which prevented particles
released at the surface of the NPFS to reach the SBB sector at the
bottom.

The dominant NeNE mean flow over the inner-middle Patago-
nian shelf suggests that food (i.e., phytoplankton and organic
detritus) should arrive at the SBB main area from the SeSW di-
rection. Rivas et al. (2006) recorded a high concentration of chlo-
rophyll-a over the inner-middle shelf at latitude of the fronts g2
and g3 (Fig. 4). The occurrence of Patagonian scallop near the SBB
area could be sustained by this high concentration of chlorophyll-a
(phytoplankton) that occurs in the inner-middle shelf covering the
area of the bed during spring and summer. This hypothesis is also
supported by awide distribution of the species reported around the
SBB main area and offshore the NPFS position in distinct years (see
Fig. 7, Sabatini and Martos, 2002; Fig. 4, Bogazzi et al., 2005).
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Appendix A

Itô-EulereMaruyama (EM):

znþ1ðtÞ ¼ znðtÞ þ
�
wðz; tÞ þ vKðz; tÞ

vz

�
dt þ ½2Kðz; tÞ�1=2dWðtÞ

(1)

Itô-Milstein (ML):

znþ1ðtÞ ¼ znðtÞ þ
�
wðz; tÞ þ vKðz; tÞ

vz

�
dt þ ½2Kðz; tÞ�1=2dWðtÞ

þ 1
2
½2Kðz; tÞ�1=2v½2Kðz; tÞ�

1=2

vz

n
½dWðtÞ�2 � dt

o

(2)

The discrete form of the modified formulation for the Eq. (2) is:
Hunter/Visser (LT):

znþ1ðtÞ ¼ znðtÞ þ
�
wðz; tÞ þ vKðz; tÞ

vz

�
dt

þ f2K½zþ 1=2vKðz; tÞ=vz; t�g1=2dWðtÞ (3)
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