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A B S T R A C T

The largest beds of the Patagonian scallop (Zygochlamys patagonica) have been associated with high chlorophyll-
a concentration observed along the Patagonian Shelf Break Front but there is no supported hypothesis about how
this benthic-pelagic connection is maintained. In this work we address the main physical processes driving the
benthic-pelagic linkages through oriented numerical experiments derived from a realistic, high-resolution
numerical model, and Lagrangian stochastic simulations. The results support the hypothesis of an important
dynamical control of the slope current on the fate of surface released passive particles and their subsequent
bottom settlement. A high percentage of the particles released at the surface settled over the scallop beds. The
particles remaining at the surface layer followed a prevailing NE flow direction with low cross-shelf dispersion.
Additional experiments show that the secondary cross-shelf circulation forced by the slope current promotes
downwelling and hence the settlement of particles on the westward side (onshore) of the shelf break. The percent
of particles settling over the scallop beds exceeded 80% by the addition of vertical stochastic turbulence and
tidal forcing. These results highlight the importance of including the vertical diffusivity in particle tracking
experiments to better estimate benthic-pelagic interaction processes.

1. Introduction

An important task in marine ecosystems is to identify, characterize
and quantify the flux of energy between organisms from different
marine habitats. A relevant example is the potential dynamical
connection (coupling) between the pelagic (surface) and benthic
(bottom) layer communities. The structure of several benthic commu-
nities have been associated with the phytoplankton production in the
overlying water column (Grebmeier and Barry, 1991; Hily, 1991; Graf,
1992), however relatively little is known about the physical factors
involved in the interaction between the pelagic and benthic productiv-
ity. These physical mechanisms are necessary for communities located
at greater depths because they allow the phytoplankton produced in the
euphotic zone and associated organic matter to reach such depths (Graf,
1992). Once near or on the seafloor, the organic matter is often initially
consumed by suspension feeders (Josefson and Conley, 1997).

Physical processes influencing frontal productivity mediating the
benthic-pelagic connection include wind-forced upwelling events, tidal
mixing and shelf-break dynamics. Cycles of upwelling and relaxation

generated by the wind can induce areas of higher chlorophyll-a (Chl-a),
where filter-feeders are more abundant and had higher growth rates
than in neighboring areas where Chl-a is lower (Menge et al., 1997).
The downward motion and subsequent establishment of some benthic
species has been significantly correlated with these wind events in the
US west coast (Wing et al., 1995). The interaction between tidal
currents and sloping bottom topography can also generate nutrient
flux from the deep region onto shallower areas (i.e. Georges Bank; Tian
et al., 2015). Once on the shelf or at the bank edges, tidal mixing
redistributes nutrients upward reaching phytoplankton in the near-
surface layer and carries particulate matter downward to the benthic
communities (Loder et al., 1992). Shelf break fronts separate con-
tinental shelf water from slope water and often show high levels of
biological productivity. Model results for the Mid Atlantic Bight have
suggested that the transverse shelf circulation may be effective in
advecting regenerated near-bottom nutrients along frontal isopycnals,
potentially reaching the euphotic zone (Gawarkiewicz and Chapman,
1992) and supporting the Chl-a maximum found at the surface (Marra
et al., 1990). The upward nutrients' flux towards the euphotic zone
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might explain the decrease in some species of benthic suspension
feeders at the shelf break (Gaston, 1987). In the Celtic Sea the breaking
of internal waves at the shelf edge is thought to play an important role
on the observed nutrient and Chl-a distributions (Sharples et al., 2009)
and possibly the high abundance of benthic communities at the bottom
(Heip et al., 2001).

The Patagonian Shelf Break Front (SBF), one of the most productive
areas of the world ocean (Acha et al., 2004; Lutz et al., 2010), is located
near the edge of the extensive Patagonian shelf and marks the transition
between waters of the continental shelf and the cold, nutrient-rich
subpolar waters of the Malvinas Current (MC, Fig. 1). The sharpest
surface temperature gradients that characterize the front are located
along the 200 m isobath (Franco et al., 2008), suggesting a strong
topographic control of the frontal system. Shelf break upwelling
induced by the interaction of the MC with the bottom topography has
been suggested to bring nutrients from the slope current to the euphotic
zone sustaining the phytoplankton blooms in the SBF (Matano and
Palma, 2008; Combes and Matano, 2014; Valla and Piola, 2015). In-situ
(Carreto et al., 1995), and remote sensing measurements (Saraceno
et al., 2005; Romero et al., 2006) showed that the SBF is associated with
a band of high Chl-a (see Fig. 1), which is a frequently used proxy for
phytoplankton abundance. The region of high Chl-a forms a quasi-
continuous band located close to the shelf break mainly during austral
spring and early summer (Acha et al., 2004; Romero et al., 2006,
Fig. 1).

The Patagonian scallop (Zygochlamys patagonica) is a suspension
feeder bivalve mainly of sedimented phytoplankton and organic matter
(Schejter et al., 2002; Mauna et al., 2011) that inhabits soft substrata.
The largest beds are located in the bottom of the outer shelf and shelf

break between 38°S–45°S at depths of ~80–200 m (Fig. 2) nearly
matching the surface location of the SBF (Bogazzi et al., 2005; Ciocco
et al., 2006). A high concentration of diatoms was reported in gut
contents of Patagonian scallops located in the largest bed (number 1,
see Fig. 2) (Schejter et al., 2002). The Patagonian scallop is an
important economic resource in Argentina, yearly catches of
~50,000 t rank this fishery among the most important scallop fisheries
in the world (Soria et al., 2016). The fishery, certified as sustainable by
the Marine Stewardship Council (www.msc.org) in 2006 and 2012, has
been carried out since 1996 (Ciocco et al., 2006; Soria et al., 2016).

As the largest Patagonian scallop beds are co-located with the zone
of highest primary productivity, it has been suggested that the SBF
supplies the planktonic food towards these beds (e.g. Bogazzi et al.,
2005; Ciocco et al., 2006; Soria et al., 2016). However, while the latter
is in the surface layer the former are found at approximately 150/200 m
depth. There is at present no supported hypothesis about how these
pelagic-benthic connection (or coupling) is accomplished or what are
the main physical processes relating the surface expression of the SBF
with the scallop beds at the outer shelf and shelf break. In this study we
analyze the dynamical linkages between the surface and bottom layer of
the SBF employing a suite of Lagrangian particle tracking simulations
built on the results of a three dimensional hydrodynamical model.

2. Material and methods

2.1. Hydrodynamic numerical model

The Lagrangian particle tracking approach, explained in the follow-
ing section, uses the outputs of a high-resolution ocean hydrodynamical
model developed by Combes and Matano (2014). To summarize, the
ocean model is the Regional Ocean Modeling System (ROMS_AGRIF
version; Debreu et al., 2012), which is a three dimensional, free surface,
hydrostatic, eddy-resolving primitive equation ocean model. The model
uses a high-resolution “child” grid embedded into a coarser-resolution
“parent” grid. The parent grid encompasses the entire southern hemi-
sphere. It has a spatial resolution of 1/4° with 40 terrain-following
vertical levels. The child domain extends from 82°W to 41°W and from
64°S to 20°S, with a spatial resolution of 1/12° and 40 vertical levels.
The bottom bathymetry is derived from ETOPO1 (Amante and Eakins,
2009). At the northern boundary, the parent grid is nudged towards the
monthly mean climatology from the Simple Ocean Data Assimilation

Fig. 1. Schematic of the circulation in the SW Atlantic Ocean. The concentration of
surface Chlorophyll-a (mg m−3) obtained with the SeaWIFs radiometer (summer
average) is shown in color. Magenta lines indicate the schematic shelf circulation. (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 2. Location of the largest Patagonian scallop beds (red polygons) (e.g., Bogazzi et al.,
2005). Scallop beds 1 and 4 are numbered. The gray heavy line indicates a polygon which
extends 50 km western from the location of the particles releases in the SBF. The 100 and
200 m isobaths are shown in blue. (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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model (SODA; Carton and Giese, 2008). SODA also provides the initial
condition. At the surface the model is forced with monthly mean
climatology wind stress from ERA_Interim (Dee et al., 2011) and fresh
water and heat fluxes from the COADS (da Silva et al., 1994) data sets.
The model forcing also includes a 23,000 m3 s−1 discharge from La
Plata River (34.4°S), and the M2 tidal component (Egbert and Erofeeva,
2002). The ocean model provides the 3 day-averaged three-dimensional
currents and vertical diffusivity fields to be used by the Lagrangian
particle tracking model. More detailed technical description of the
model configuration, including the spin-up procedure and implementa-
tion of tidal, wind, heat and freshwater forcing, river discharge,
boundary conditions and mixing parameterizations, as well as a
comparison of the model results with observations can be found in
Combes and Matano (2014).

2.2. Particle tracking model

The particle tracking algorithm computes the trajectories of passive
particles based on the following equation:
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where X is the 3D position of the particle, A is the advection term and Sv
and Sh are sub-grid scale turbulent stochastic terms in the vertical and
horizontal directions respectively. The realistic hydrodynamic ocean
model provides the tracking algorithm with the 3D velocities (A), the
vertical diffusion coefficient (Kv) on which the formulation of the
vertical stochastic term (Sv) is based, and the horizontal diffusion
coefficient (Kh) for the computation of Sh.

To integrate the stochastic differential Eq. (1) we used the Larval
Transport Lagrangian Model (LTRANS, Schlag et al., 2008) implemen-
ted with a higher order stochastic numerical scheme (Franco et al.,
2015). The stochastic displacement (sub-grid scale) of the particles was
calculated using a time step of 4 s. This relatively small time step is
recommended to avoid artificial vertical accumulations of particles in
situations involving nonhomogeneous vertical diffusivity (Ross and
Sharples, 2004). LTRANS is endowed with a sophisticated scheme of
interpolation and smoothing of the vertical diffusivity field (Tension
Splines) that does not add inflection points and preserves the mono-
tonicity and convexity of the data.

Usually studies using coastal circulation models regard the coeffi-
cient of horizontal diffusion (Kh) either constant or null in the
simulations. However, in regions with eddies or strong currents, which
could 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 the stochastic horizontal diffusion using a
Gaussian random flight process with additional displacements (∂x
and ∂y) in the form of a “naive” random walk (Visser, 1997):

x y K Wt∂ , ∂ = 2 ∂h
1/2 (2)

where ∂W(t) is one incremental Wiener process.
Larval transport and dispersion can also be affected by its buoyancy

(settling or terminal velocity) and/or its individual behavior (i.e.,
swimming, mortality) particularly in small scales. In our simulations
we assumed that individuals have no swimming ability or biological
attributes, which may be appropriate for a monthly time scale.
Therefore the particle's movement is completely dominated by advec-
tion and turbulent diffusion processes. This condition is not too
restrictive if we consider that swimming speeds of phytoplankton are
of the order of 0.1 to 0.5 mm/s (Ross and Sharples, 2008) while vertical
velocities larger than 8 mm/s have been estimated for the SBF (Valla
and Piola, 2015).

More than 50,000 passive particles were released from the surface
layer (0 > z > −5 m) along the climatological position of the SBF

(200 m isobath) and over the latitudinal extension of the beds
38°S–45°S. A total of 8,456 particles were released every 5 days and
tracked for each selected month (30 days). The simulations were set-up
during the months of spring and early summer, when a high phyto-
plankton biomass is associated with the SBF. The analysis of the particle
tracking experiments was divided into two distinct groups of statistics.
In the first group we computed the number of particles that reach the
bottom at the end of each monthly simulation. Particles (“larvae”) were
recorded as “settled” if they arrived within any of the user-specified
settling or habitat polygons. Note that in this context settling does not
refer to the particle terminal (Stokes) velocity but to the attachment of a
specific particle to the bottom. The model was set up for the settlement
(that is bottom establishment) of the particles that reach the bottom
inside of the scallop bed areas. Each scallop bed was configured as a
polygon by using its boundary positions (longitude, latitude) indicated
in Fig. 2. To determine if the particle was inside or outside of an
irregularly shaped polygon, we employed the technique recommended
by Schlag et al. (2008). Particles reaching the bottom outside of the
beds were free to move with the currents. We also analyzed differences
in the particle horizontal dispersion behavior when adding a horizontal
random-walk with two values of Kh (1 and 50 m2 s−1), which are
reasonable for the shelf break region (Ledwell et al., 1998; Thorpe,
2005). We configured 10 distinct stochastic simulations for each month.
In the second group of experiments we tracked the position of passive
particles that remain in the surface or euphotic layer
(0 > z > −10 m) during the same period. The purpose of these
simulations was to monitor the surface dispersion of the particles as a
proxy of food availability for the scallop beds.

2.3. Dispersal kernel (2D)

To characterize the main area of dispersion of the particles that
remain in the euphotic layer at the end of each monthly particle-
tracking experiment we computed the dispersion ellipses (2D dispersal
kernel). The configuration of the dispersion ellipses involves averaged
horizontal mean positions of each particle and indicates the areas of
highest concentration of particles located in the surface layer at the end
of each monthly simulation. Each one of these areas represents regions
of high quantity of planktonic food (e.g., phytoplankton, organic
matter) originated in the SBF. A Principal Component Analysis (PCA)
was used to compute the dispersion ellipses. The distortion of a particle
group was quantified by a horizontal covariance matrix, the compo-
nents of which account for the covariance between particle displace-
ments relative to their centre of mass.

2.4. Dynamics of coupled benthic-pelagic processes

Finally, we investigated the potential dynamical drivers of the
benthic-pelagic interaction between the Patagonian SBF and the bottom
of the outer shelf and shelf break region. To address this problem we
developed a suite of four additional particle tracking experiments
where we neglected the horizontal sub-grid scale turbulence (Kh) and
we analyzed in turn particular forcing mechanisms. The first two
experiments were designed to access the importance of vertical advec-
tion without the inclusion of sub-grid scale stochastic turbulence
(Kv= 0). In EXP1 the main forcing mechanism at the shelf break in
the hydrodynamical model was the slope current, whereas in EXP2 tidal
forcing was also included. The remaining tracking experiments in-
cluded the sub-grid scale vertical turbulence algorithm without (EXP3)
and with tidal forcing added (EXP4). The settlement polygon extended
50 km to the west from the location of the particles release site (SBF)
used in the previous numerical simulations (200 m isobath) (Fig. 2).
This is in correspondence with a previous study showing that the
latitudinal band of high Chl-a develops mainly along the western side of
the SBF (e.g. Romero et al., 2006).
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3. Results

3.1. Characterization of the SBF

The monthly position of the SBF was characterized by calculating
the cross-shelf break gradient of SST (Sea Surface Temperature) from
the realistic model results according to Franco et al. (2008) (gSST
°C km−1, Fig. 3). As the SBF develops at the transition from warm shelf
waters to colder MC waters, it is associated with negative maximum
cross-shelf break SST gradients near the shelf break. The model
reproduced a band with negative maximum cross-shelf break SST
gradients mainly nearly the 200 m isobath (shelf break, Fig. 3). Our
analysis of the modeled gSST also showed the surface expression of the
fronts associated with the two main branches of the MC (in November
and December in Fig. 3) (Franco et al., 2008). The northernmost and
largest scallop bed matches the location of the highest negative
maximum of gSST from the outer shelf to the 200 m isobath.

3.2. Particle tracking experiments

3.2.1. Bottom settlement
The monthly number of particles settled at each Patagonian scallop

bed for each of the Kh values was calculated as the mean number of
particles recorded by the 10 different stochastic simulations (Fig. 4). A
higher value of horizontal diffusivity can induce a higher horizontal
dispersion of particles and hence they could reach surrounding areas
over the largest beds.

For every monthly simulation using Kh = 50 m2 s−1 a higher
number of particles settled in the largest bed (number 1, see Fig. 2).
Although this difference is not seen in October in Fig. 4 the concentra-

tion of particles settled for the simulations using Kh = 1 and 50 m2 s−1

was of 5368 and 6509, respectively. In addition, when Kh = 50 m2 s−1

was used particles settled over a significantly larger area in the east side
of this bed and some particles also settled in its west side from October
to December (not shown). Previous studies reported a δ13C-enriched
phytoplankton accumulation in the east side of this scallop bed, while
in surrounding areas (west side of the bed) more degraded organic
matter becomes important in the trophic web (Mauna et al., 2011).

The largest differences using Kh = 1 m2 s−1 compared to
Kh = 50 m2 s−1 were observed in the largest scallop bed (number 1)
during December with a total of only 3256 particles settled and in
scallop bed number 4 where 5096 particles settled during September.
The results showed that more than a half of the particles released at the
surface along the SBF can reach the bottom and settle over the scallop
beds; the highest percentage of settlement is of 62% (December,
Kh = 50 m2 s−1) and the lowest 52% (September, Kh = 1 m2 s−1).

3.2.2. Surface dispersion
Dispersion ellipses were defined for the experiments which used

Kh = 50 m2 s−1 to determine the areas of higher dispersion in the
surface layer. The results showed that the dispersion of the particles
agrees with the location of the SBF and the circulation on the
Patagonian shelf and slope. The SBF and the strong N-NE flow of the
MC prevented a higher offshore dispersion of the particles drifting at
the surface. North of ~38°S the particles were dispersed following the
circulation generated in the Brazil-Malvinas Confluence (BMC) region.
The highest percentage (11%) of particles reaching the BMC region and
advected offshore towards the deep ocean was recorded by the
simulations using Kh = 1 m s−2 during December. In November a very
low concentration (1.2%) of particles located at the surface drifted

Fig. 3. Monthly mean of cross-shelf break SST gradients (gSST, °C km−1). Location of the largest Patagonian scallop beds (gray polygons) along the outer shelf and shelf break are shown.
The area of particle release at the surface of the SBF is show by a thick line (magenta) in the top left panel (September). The 200 m isobath is shown as a black line. (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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further north forced by the mean advection reaching ~36°S in the outer
shelf (Fig. 5). Surface particles were located over the shelf and west of
the 200 m isobath mainly north of 41°S (Fig. 5, inserts located at the
bottom right of each panel). A higher dispersion of surface particles
onto the continental shelf was recorded by the experiments using
Kh = 50 m2 s−1. Frequent intrusions of MC waters into the outer shelf
could occur through horizontal divergence of the flow over the slope
and/or by upwelling. Once particles are dispersed by intrusions from
flows onto the shelf and outer shelf they can remain in the surface or
can be transported to the bottom. We suggest that such intrusions from
the slope onto the outer continental shelf could explain the high
settlement of particles in bed number 4 (located ~−40.8°S). Our
results also showed that the particles that remained in the surface layer
at the end of each monthly simulation were not located over bed
number 1 (Figs. 2 and 5).

The results show a significantly lower percentage of particles in the
surface when compared with the settled particles in the scallop beds.
The percent of particles remaining at the surface increases from
September (~8%) towards early summer (December, 20%) for
Kh = 1 m2 s−1. The higher stratification in the surface layers could be
hindering the vertical transport of particles located in the surface. The
same seasonal tendency was recorded using Kh = 50 m2 s−1 with a
slight difference in the percentage of particles located at the surface.

3.3. Physical processes affecting benthic-pelagic interactions at the SBF

To determine the relative contribution of the slope current, tidal
forcing and sub-grid scale stochastic turbulence on the particle settle-
ment over the scallop beds we conducted a series of four additional
sensitivity experiments (see Section 2.4). Since the highest particle
settlements on scallop beds were observed in November, the velocity
fields of this month were selected to carry out the corresponding
tracking experiments. In EXP1 41% of the particles released at the
surface settled inside the selected polygon (the gray rectangle in Fig. 2)
showing the effect of the (secondary) transverse circulation associated
with the slope current, generating upwelling on the eastern side of the
SBF and downwelling on the western side (see Fig. 9, Matano and
Palma, 2008). These vertical fluxes can carry nutrients to the surface
east of the front and organic matter to the bottom west of the front.
When tidal forcing was included in the ocean model (EXP2) the results
showed a slight enhancement on benthic-pelagic coupling with 49% of
the particles settled at the selected polygon. EXP3 and EXP4 highlight
the importance of the sub-grid scale stochastic turbulent processes in
the vertical. In EXP3 71% of the particles settled boosted by the intense
vertical mixing (Kv) generated by the interaction between the slope
current with a steep topography (Fig. 6a). The simultaneous addition of
tidal forcing (EXP4) intensified the vertical mixing processes (Kv) in the
bottom and upper layers over the outer shelf and shelf break (Fig. 6b)
resulting in a significant additional increase in turbulent vertical
transport and settlement of particles (82%). In summary, the cross-

Fig. 4. Number of particles settled at each Patagonian scallop bed for each month. Results of simulations for Kh = 1 m2 s−1 are show by a thick blue circle and for Kh = 50 m2 s−1 by a
thin magenta circle. The scale for the number of particles settled is shown in the upper left panel (September). The 200 m isobath is indicated as a thin blue line. (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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shelf circulation induced by the slope current at the shelf break
connects the surface layer with the bottom layer but the interaction
process was markedly enhanced by stochastic turbulent mixing (also
induced by the slope current in the subsurface layers) and the inclusion
of tidal forcing.

4. Discussion

In this study we have investigated the main physical processes
responsible for the horizontal advection and vertical transport of
passive particles (resembling surface plankton) in the SBF employing
the results of a 3D high resolution hydrodynamic numerical model. The
model reproduced the surface expression of the two main branches of
the MC associated with a band of negative maximum cross-shelf break
SST gradients mainly near the shelf break. These features matched well
with the analysis of satellite SST by Franco et al. (2008) and other
studies that characterize the SBF climatological position and the
multiple branches of the MC (Piola et al., 2013; Valla and Piola, 2015).

Using the hydrodynamic model velocity fields, a large number of
passive particles were then released at the surface along the SBF
climatological position and over the latitudinal extension of the scallop
beds and tracked in time using a Lagrangian stochastic algorithm. The
particle tracking model showed that the surface dispersion of the
particles agrees with the location of the SBF and the circulation on
the Patagonian shelf and slope with weak horizontal dispersion.
Intrusions of MC waters onto the continental shelf near 41°S were
previously reported (Piola et al., 2010). Their work suggests that the
intrusions of cold, nutrient-rich waters of the MC are important in
promoting the local development of phytoplankton near 41°S. Our

results showed the occurrence of a higher concentration of particles
(resembling ‘phytoplankton’) over this area mainly in September and
October (Fig. 5, inserts).

Once the particles are dispersed by intrusions onto the shelf they
can remain in the surface layer or can be transported to the bottom. The
tracking simulations have shown that in fact> 60% of the particles
released at the surface settled in the scallop beds after one month. This
percentage is almost independent of the month of release, an additional
confirmation of the strong control of the slope current on the shelf
break dynamics. Sensitivity experiments without stochastic forcing
indicated that a large part of the downward motion of the surface
particles can be attributed to the (secondary) transverse circulation
associated with the slope current. This result is in agreement with the
idealized model of Matano and Palma (2008) where the northward
motion of a slope current generates upward motion on the eastern side
of the shelf-break and downwelling motion on the western side. Such
vertical fluxes can provide nutrients to the euphotic layer east of the
front and organic matter to the bottom layers west of the front. In the
realistic model, permanent intrusions of MC waters could occur through
horizontal divergence of the flow over the slope and/or by upwelling.
We suggest that such intrusions from the slope onto the continental
shelf could explain the high settlement of particles in scallop bed
number 4 (located ~40.8°S).

The bottom settlement of particles is enhanced by the addition of
vertical stochastic turbulence and tidal forcing exceeding 80% of the
number or particles released at the surface. The interaction of the slope
current with a steep topography intensifies the vertical mixing in the
subsurface and bottom layer but the inclusion of the semidiurnal tides
enhance the mixing along the water column and therefore the vertical

Fig. 5. Location (x, y) of the particles in the surface layer (0 > z > −10 m) at the end of each monthly experiment (green points). The positions are the mean location from 10 trials.
Dispersion ellipses (2D) of the particles are shown in red. The area of intrusions of MC waters onto the continental shelf near 41°S can be seen by an insert in the right bottom of each
panel. The experiments used Kh = 50 m2 s−1. The 200 m isobath is shown as a thin blue line. (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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coupling (Fig. 6). 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
density gradients generating disturbances in the stratification. In the
SBF semidiurnal amplitudes in the cross-shore (U) component of the
velocity near 44°S of about 8–11 cm/s were previously reported along
the water column, from 10 m depth until 160 m, in a mooring deployed
during the early spring of 2005 (Franco, 2013). This periodical
semidiurnal breakdown of the vertical stratification in the area of
surface frontal variability can further contribute to flux particles
initially located at the base of the surface mixed layer downward and
inshore, following front isopycnals down to the seafloor.

To illustrate this process at the SBF we show in Fig. 7a the cross-
shelf structure of observed density anomaly and fluorescence (a proxy
for Chl-a) derived from observations collected near 44°S on 15–16
October 2005 (early spring, see Charo and Piola, 2014). The pycnocline
is located around 50 m depth and the SBF structure is associated with a
weakening in vertical stratification over the shelf break as determined
by the Brunt–Väisälä frequency, N < 2 cph (Fig. 7a). High fluores-
cence is observed at the shelf break, with highest concentration in the
upper 50 m of the water column, and relatively high concentration
(> 3 mg m−3) extending vertically beyond 100 m depth over the outer
shelf and shelf break, east of the 200 m isobath (Fig. 7b). Observations
of high Chl-a concentration from the surface of the shelf break down to
the bottom mixed layer, and distributed almost homogeneously in the
water column (slightly decreasing up to 80 m depth) are also shown by
Carreto et al. (2016).

The dynamics of the Patagonian SBF and its related benthic-pelagic
interaction processes have some similarities with the Northeastern Peak

on Georges Bank. Modeling studies in this region indicate that much of
the nutrient supply to the surface frontal waters is driven by short but
intense mixing events during each semidiurnal tidal cycle (Franks and
Chen, 1996), with the steep slopes of the bank generating on-bank
residual flows that allow the transport of bottom layer nutrients to the
front supporting a high primary productivity. The densest sea scallop
(Placopecten magellanicus) beds on the seafloor of Georges Bank tend to
lie under the region where the pycnocline intersects the bottom and
therefore receive more particulate matter downward. As the tide moves
the tidal fronts back and forth, the scallop beds can be under either
stratified or well-mixed waters (Pringle and Franks, 2001). Our results
suggest that in the SBF the main mechanism of nutrient supply to the
upper layers is the transverse circulation and vertical mixing generated
by a strong equatorward western boundary current (the MC; Matano
and Palma, 2008). The inclusion of tidal forcing in the experiments,
however indicates that some nutrients may reach the SBF and the
bottom by the periodic semidiurnal motion induced by the tides at the
shelf break.

5. Summary and conclusions

The analysis of the modeled particle trajectories released at the
surface of the SBF in several numerical experiments allowed us to
estimate the surface larval dispersal routes, the degree of interaction
between the surface and the bottom layer, and the main physical
processes involved in this interaction.

The model results support the hypothesis that the MC is the
dominant circulation mechanism at the shelf break and thus predomi-
nantly determines the passive larval behavior. The strong N-NE flow of

Fig. 6. Cross section of vertical diffusivity (Kv, m2 s−1) for experiments (a) EXP3 and (b) EXP4 near 44°S. (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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the MC does not allow significant cross-shore dispersion of the particles
at the surface. At the end of the simulation some of the particles that
remain in the surface layer reached the BMC region and are advected
offshore towards the deep ocean. Once the particles are dispersed by
intrusions onto the shelf and outer shelf they can remain in the surface
or can be transported to the bottom.

The same experiments have shown that> 60% of the particles
released at the surface are able to settle at the bottom in the scallop
beds after one month. This percentage is almost independent of the
month of release, an additional confirmation of the strong control of the
MC on the shelf break dynamics. The downward motion of the particles
in the western (onshore) side of the shelf-break is favored by the
secondary circulation resulting from the interaction between the MC
and the bottom topography. Sensitivity experiments also show that the
contact of the surface particles with the bottom is enhanced by the
addition of sub-grid scale stochastic turbulent processes in the vertical
and the semidiurnal tidal component in the boundary forcing.

Overall our results emphasize the importance of the physical forcing
in the linkage processes between the pelagic and benthic communities
in the SBF region. Such processes could supply planktonic food to the
scallop beds and could mediate the survival of the epibenthic commu-
nity which inhabits the bottom over the shelf break. Improving our
knowledge about these interactions is crucial to provide a better
understanding about fluctuations in the recruitment of a wide group

of marine species. This study, based on the tracking of passive particles
is a first step in that direction.
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