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On the role of onshore
geostrophic flow on larval
retention in a permanent
upwelling zone along
north-central Chile
Eduardo A. Flores1,2*, Marcel Ramos1,2,3, Boris Dewitte2,3,4,
Orlando Astudillo3 and Lucas Glasner3

1Departamento de Biologı́a Marina, Universidad Católica del Norte, Coquimbo, Chile, 2Centro de
Ecología y Manejo Sustentable de Islas Oceánicas (ESMOI), Departamento de Biología Marina,
Universidad Católica del Norte, Coquimbo, Chile, 3Centro de Estudios Avanzados en Zonas Áridas
(CEAZA), La Serena, Chile, 4Climat, Environment, Couplages et Incertitudes (CECI), Université de
Toulouse, CNRS, Cerfacs, Toulouse, France
The Humboldt Archipelago (HAp), located off north-central Chile (~28° - 33° S) is

one of the most productive marine zones of the Humboldt Current System (HCS).

This area lies within a permanent upwelling zone, characterized by two upwelling

centers, 100 km apart, that define the Coquimbo Bays System (CBS). The resulting

increase in primary productivity and larval retention are mentioned as the main

factors that explain the high biodiversity. However, how these upwelling centers

interact remains unclear due to the interplay of various physical features such as the

general circulation, the meso- and submeso-scale structures (e.g., eddies), and

remote and local forcings (e.g., winds, topography) that affect larval transport in the

HAp. In this study, we focus on the role played by geostrophic and Ekman currents in

controlling the retention (and dispersion) of particles in these centers based on the

analyses of satellite data and hydrodynamicmodel outputs. Lagrangianmodels are in

particular carried out to document particles’ transport during selected oceanic

conditions corresponding to whether Ekman transport or geostrophic

recirculation prevails or are debilitated. The latitudinal variation of the Ekman

transport reveals two maxima at each upwelling center with differences in spatial

extent but not in intensity. Mean zonal geostrophic current occurs in alternating flow

at each upwelling center. Results of the Lagrangian experiments highlight the

importance of the cross-shore geostrophic flow on larval transport, where an

increased transport of particles to the north and northwest occurs at the southern

upwelling center, while the northern upwelling center (where HAp is located)

received particles from the south and retained particles released in the same area,

which is related to the cyclonic geostrophic recirculation and lower Ekman

transport. Particle retention increased with depth and under the relaxation and

downwelling scenarios revealing the importance of wind alternation for larval

retention. The CBS could act as an upwelling shadow in the south and an

upwelling trap in the north where the onshore flow of geostrophic current could

enhance larval retention and recruitment over longer periods when compared with

the Ekman transport timescale.
KEYWORDS

upwelling centers, geostrophic currents, Ekman transport, particle transport,
hydrodynamic model, Lagrangian model
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1 Introduction

The Humboldt Current System (HCS) is one of the eastern

boundary upwelling systems (EBUS), located along the west coast of

South America (Carr and Kearns, 2003; Largier, 2019). There, exists a

productive and diverse environment known as The Humboldt

Archipelago (HAp) (Thiel et al., 2007; Gaymer et al., 2008) which

includes islands, islets, bays, and promontories between 29° and 29.6° S.

There, physical, chemical, and biological processes take place that

sustain a biodiversity hotspot which is in the worldwide interest of

conservation due to several species of birds and marine mammals that

inhabit this system and are threatened by anthropogenic activities

(Gaymer et al., 2008).

The HAp has had great notoriety for its high productivity

attributable to the two upwelling centers, which are often referred

to as one primary (Punta Lengua de Vaca) and one secondary

(Punta de Choros), based mainly on the latitudinal extent of the low

sea surface temperature plume (Acuña et al., 1989; Strub et al., 1998;

Thiel et al., 2007). An interesting feature occurring at the headlands

is the upwelling filaments that could transport particles further west

during active upwelling events (Marıń and Delgado, 2007) favoring

drift at the surface. However, bays adjacent to the headlands could

be exempt from this dynamic, named “upwelling shadow” and

“upwelling trap” bays (Largier, 2019), in which retention and

recruitment are increased at surface layers. In other zones,

recruitment and retention increase when the wind (and therefore

Ekman transport) decreases, in which calm winds not only prevent

them from drifting but also offer an “optimal environmental

window” in terms of turbulence of the water column necessary

for prey encounter and vertical aggregations (Botsford et al., 2003;

Ayón et al., 2008; Fontana et al., 2016).

In the Coquimbo Bays System (CBS), upwelling favorable

winds, associated with the southeast Pacific anticyclone, are

present all year round (Strub et al., 1998; Shaffer et al., 1999),

alternating between active upwelling (which is more intense during

spring) with relaxation periods which has led to being recognized as

a permanent upwelling zone (Acuña et al., 1989; Thiel et al., 2007).

In this region, as in other eastern boundary systems, wind stress

induces upwelling from coastal divergence (Ekman transport) and

cyclonic wind stress curl (Ekman pumping) caused by the wind

drop-off near the coast (Bravo et al., 2016; Astudillo et al., 2017;

Jacox et al., 2018). Due to the mid-to-high latitude extra-tropical

storm activity, the upwelling favorable winds in this region are

highly variable at synoptic to intraseasonal timescales, particularly

in austral winter (Renault et al., 2012).

Along with the Ekman transport (derived from wind stress), cross-

shore geostrophic flow (derived from horizontal pressure gradient) can

also alter coastal upwelling and Ekman transport (Jacox et al., 2018).

This so-called geostrophic compensation has been observed (through

models) in other upwelling systems where the upwelling could be

reduced by half due to the onshore geostrophic flow (Marchesiello and

Estrade, 2010; Alory et al., 2021). Non-linear oceanic dynamics are also

at play in coastal upwelling (Gruber et al., 2011), which can modulate

the circulation induced by Ekman dynamics. In this regard, it has been

observed quasi-zonal striations of geostrophic flow in the Humboldt
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Current System (25° - 40° S) when a decade or more years of sea level

anomaly data are averaged (Belmadani et al., 2017). These striations are

indeed alternating bands of eastward/westward flow every 2°-5° of

latitude, which are related to mesoscale eddies activity (Capet et al.,

2013; Belmadani et al., 2017).

Recently, Buchan et al. (2024), analyzing the spatial distribution of

fin and blue whales and their prey in the HAp proposed that

geostrophic recirculation could increase zooplankton aggregations

that support their feeding ground. However, such a component of the

circulation is subject to a large variability due to stub to mesoscale

activity, which calls for further investigation. The differences in time

scales between geostrophic and ageostrophic flows, and their effect on

larval transport are difficult to address (Prants, 2022), particularly with

direct measurements, which means a high cost to sustain a monitoring

systemwith oceanographic instruments (Leis et al., 2011). In this regard,

satellite observations provide valuable information for oceanographic

variability, but have limitations near the coast mainly because of the

land-sea contrast, producing a “blind zone” in the final product (Dohan

and Maximenko, 2010; Capet et al., 2013). Here we use a modeling

approach that allows combining Eulerian and Lagrangian perspectives

and overcomes some of the limitations of the observational studies. In

particular, the model will be used as a data set in which different

scenarios can be selected, taking “typical” situations from Ekman

transport (i.e., active upwelling and relaxation) and geostrophic

recirculation (i.e., cyclonic and anticyclonic gyres) in the CBS.
2 Methods

2.1 Study area

The domain of the study area ranges from 27.5° to 33.5° S (north-

central Chile). The Coquimbo Bays System (CBS) is located between

29.20° - 30.35° S and is flanked by two headlands that are upwelling

centers: to the south the Punta Lengua de Vaca headland (30.35° S) and

to the north the Punta de Choros headland (29.20° S). The Humboldt

Archipelago (HAp) is located between 29.0° - 29.6° S which is in the

northern part of the CBS plus Chañaral de Aceituno (Figure 1).
2.2 Satellite data

Hourly horizontal wind speed (10 m above surface and 0.25° of

horizontal resolution) analyzed in this study were taken from ERA 5

reanalysis (Hersbach et al., 2023), for the period 2001-2011 (see Ramajo

et al. (2022), for validation against meteorological data in the zone).

The altimeter-derived geostrophic currents from AVISO (Archiving,

Validation, and Interpretation of Satellite Oceanographic data) with

daily temporal resolution and 0.25° of horizontal resolution

(Copernicus Climate Change Service, and Climate Data Store, 2018)

were used to explore geostrophic gyres in the study area.

Wind stress (t) was derived from ERA 5 wind field following

Gill (1982) formula and a non-linear wind drag coefficient (CD)

based on Large and Pond (1981), modified for low wind speeds

(Trenberth et al., 1990). To compute the Ekman transport (M) only
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meridional wind stress (ty) was considered following Kämpf and

Chapman (2016) as M =
ty

rsea fj j  , where rsea ≈ 1024  Kg=m3 is the

average seawater density and f is the Coriolis parameter.

Altimeter satellite data was used to validate model

mesoscale structures and to explore geostrophic dynamics in

the study area and the presence of striations in the region

following Belmadani et al. (2017).
2.3 Models

The hydrodynamic model used is the Coastal and Regional

Community Model (CROCO, https://croco-ocean.org) built on

ROMS_AGRIF (Regional Ocean Model System_Adaptive Grid

Refinement in Fortran, Shchepetkin and McWilliams, 2005) and

configured for north-central Chile from 27.5° to 33.5° S and 70° to

75° W (Figure 1). The temporal coverage ranges from 1 January

2001 to 31 December 2011 with daily temporal resolution, 1/36° (~3

km) of horizontal and 50 terrain-following vertical levels with

higher resolution at surface. Lateral boundary conditions come

from MERCATOR GLORYS12V1 reanalysis with 0.08° (~9 km)

resolution (daily). Atmospheric forcings are from daily means of

ERA5 (Hersbach et al., 2023), with 0.25° (~27 km) resolution. The

bottom topography is from the General Bathymetric Chart of the

Oceans (GEBCO Bathymetric Compilation Group, 2022), with 15

arcsec (~400 m) resolution. The model ran with a timestep of 150 s,

with two spin-up years and averaged results were stored every 24

hours of simulation. Some validation of the simulation is provided
Frontiers in Marine Science 03
in the Appendix (Supplementary Figures 1-3). The mean

meridional and zonal simulated currents are reasonably realistic

compared to observations (Supplementary Figure 2). An analysis of

the mean pattern of the simulated currents in the cross-section of

the CBS going from Punta Lengua de Vaca to Punta de Choros

(Supplementary Figure 4), and the zonal currents variability based

on an Empirical Orthogonal Functions (EOF) analysis, were carried

out (Supplementary Figure 5). Noteworthy that the model outputs

represent opposing flows in the CBS in the mean zonal component

(cyclonic recirculation) and the first mode of EOF shows an

alternance of this recirculation.

A Lagrangian tool (Ichthyop v.3.3.6, Lett et al., 2008) was coupled

to the hydrodynamic model to simulate particle transport. Simulated

particles are characterized by their position (latitude, longitude, depth)

in the 3D circulation field of the hydrodynamical model in which they

move following a Runge-Kutta 4th-order advection scheme. The

Ichthyop model has been previously used on the Chilean coast, as an

individual-based model for fish species (i.e., Soto-Mendoza et al., 2012;

Flores et al., 2020), and crustacean species (i.e., Yannicelli et al., 2012;

Meerhoff et al., 2018), and others invertebrates (i.e., Garavelli et al.,

2016; Blanco et al., 2019).
2.4 Scenarios criteria

Typical situations from Ekman transport and geostrophic

recirculation were defined to perform Lagrangian experiments by

releasing virtual particles. Time series of daily averaged Ekman
FIGURE 1

(A) Location of north-central Chile (small map to the left). (B) The hydrodynamical model domain with the release/destination zones (Z1 – Z8) for
the Lagrangian Experiments (main map). (C) Zoom in to the Coquimbo Bays System (CBS) and the Humboldt Archipelago (HAp, red dashed polygon)
with release/destination sub-zones (see methods).
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transport (Figure 2) and zonal geostrophic currents (Figure 3),

located at Punta Lengua de Vaca and Chañaral de Aceituno were

used for the selection of the events. Thresholds were defined based

on the variance (s2) and the maximum and minimum values of

each series, to ensure distinction between scenarios.

In the Ekman transport time series, three different scenarios were

defined: a) strong upwelling (offshore Ekman transport) when values

pass below the threshold (-3*s) of -1 (m2 s-1), b) upwelling relaxation

(near zero Ekman transport, ±0.06*s) when values range between -0.02
and 0.02 (m2 s-1), and c) downwelling (onshore Ekman transport)

when values pass above the threshold of (+3*s) 1 (m2 s-1) (Figure 2).

In the zonal geostrophic current time series, two scenarios were

defined by setting thresholds (±1.75*s) in each time series of 0.1

and -0.1 (m s-1) (Figure 3) and recording periods where the zonal

flow was opposite at each location (i.e., onshore zonal geostrophic

current at Chañaral de Aceituno and offshore zonal geostrophic

current at Punta Lengua de Vaca at the same period) resulting in d)

cyclonic gyre scenario and e) anticyclonic gyre scenario.

Another criterion applied to the five scenarios (the three from

Ekman transport and the two from geostrophic recirculation) was the

duration of the event (Table 1), which had to be greater than four days.

Brief events of less than four days were not considered for this study.
2.5 Lagrangian experiments

2.5.1 Release/destination zones and number
of particles

Eight release zones (Z1 – Z8) were defined along the coast of

north-central Chile (27.5° - 33.5° S), each with about ~50 km of
Frontiers in Marine Science 04
coastline and delimited by the 200 m isobath (Figure 1). In each

zone a total of 10,000 (ten thousand) particles were released

(meaning 80,000 particles were released into the domain per

experiment). The Z5 release zone was subdivided into four sub-

zones (Z5.1 – Z5.4) of ~ 10 – 14 km of coastline, releasing 2,500

particles in each sub-zone (to complete 10,000 in the total of

particles from Z5). The Z6 was subdivided into three sub-zones

(Z6.1 – Z6.3) of ~ 15 – 19 km of coastline, releasing 3,334 in Z6.1

and 3,333 in Z6.2 and Z6.3 (to complete 10,000 in the total of

particles from Z6). The Z7 was subdivided into two sub-zones (Z7.1

and Z7.2) of ~25 km of coastline, releasing 5,000 particles in each

sub-zone (to complete 10,000 in the total of particles from Z7). Each

release zone was also defined as a destination zone where particles

were counted at the end of the transport duration (e.g.,

recruited particles).

2.5.2 Transport duration and scenarios for
the experiments

The transport duration was established according to the period

of the different events per scenarios (Table 1). All particles were

released at three fixed depths of 5, 40, and 100 m and followed a

Runge-Kutta 4th-order advection scheme. The experiments were

performed separately for each event: nine for upwelling, relaxation,

and anticyclonic experiments, eight for cyclonic experiments, and

six for downwelling experiments (Figures 2, 3, underlined asterisks).

The particles move passively during the transport period

conditioned to the oceanographic dynamics of each event per

scenario, then from the fifth day of transport, the Lagrangian

model starts recording their presence in each destination zone. At

the end of the sixth day of transport, the median of distance of
FIGURE 2

The Ekman transport time series (m2 s-1) for both headlands: (A) Chañaral de Aceituno and (B) Punta Lengua de Vaca. The horizontal red, green, and
blue lines mark the threshold for the upwelling, relaxation, and downwelling scenario criteria. Underlined asterisks ( * ) are the events used in the
Lagrangian model. (see methods).
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particles from their release point, the number of recruited particles,

and the number of particles retained were calculated and averaged

among the experiments of the same scenario.

Trajectories of particles were also computed for a few selected

representative events per scenario that promote horizontal

advection or favor retention at each depth.
3 Results

3.1 Oceanographic conditions

Wind analysis for the period 2001-2011, shows two peaks of

wind stress at the headlands (Figure 2) and the related Ekman

transport in which the southern upwelling center appears more

meridionally extended (from ~31° to ~30° S) and with seasonal

variability (stronger during spring, weaker during winter) than the
Frontiers in Marine Science 05
northern upwelling center which is bounded to ~29° S and less

seasonal variability (Figure 4). In the other hand, it is observed an

onshore decay in wind intensity, known as the wind drop-off with

latitudinal variability associated with the topography and shape of

the coastline, being more spatially extended inside the CBS and

north of 29.5°S and minimum at the headlands and south of 30.5°S.

Themean geostrophic zonal currents for the period 2000-2011 from

AVISO product, shows some alternating zonal bands with positive zonal

geostrophic component (onshore) at ~32° S, negative zonal geostrophic

component (offshore) at ~30° S (Punta Lengua de Vaca) and positive

zonal geostrophic component at ~28.5° (Chañaral de Aceituno to the

north. Figure 5). We do not expect that the mean geostrophic zonal

current of the model matches that of the AVISO product because the

model simulates intrinsic variability not constrained by the atmospheric

and boundary forcings. However, the regional model can account

realistically for the main characteristics of these striations as noted in

previous studies (Belmadani et al., 2017). Noteworthy an onshore zonal

geostrophic band in the northern part of the study domain is observed

in both the satellite data and model output.

Altogether, the Ekman transport and the geostrophic currents

account for different regimes for each upwelling center, where the

northern upwelling center could be limited by the onshore

geostrophic flow, while, the southern upwelling center (which is

more spatially extended) could be enhanced by the offshore

geostrophic flow. Between the headlands, inside the CBS, occurs

the more extended wind drop-off of the study domain (~45 km),

where less Ekman transport (from coastal divergence) is reported.
3.2 Scenarios

In the temporal coverage of the hydrodynamic model (2001-

2011), the time series of Ekman transport varied simultaneously at
TABLE 1 Summary of duration (days) and number of the different events
per scenario analyzed.

Scenario
N°
of

events

Days

Min Average
Standard
deviation

Max

Upwelling 34 (9) 4 10.2 4.4 28

Relaxation 26 (9) 4 7.5 2.2 13

Downwelling 6 (6) 4 5.1 0.7 6

Cyclonic 8 (8) 7 15.4 6.9 26

Anticyclonic 9 (9) 11 15.7 5.2 25
The number of events used in the Lagrangian experiments (see Figures 2, 3) is indicated
in parentheses.
FIGURE 3

The zonal geostrophy time series (m s-1) for both headlands: (A) Chañaral de Aceituno and (B) Punta Lengua de Vaca. The horizontal red and blue
lines mark the threshold for the cyclonic and anticyclonic scenarios criteria. Underlined asterisk ( * ) marks the events used in the Lagrangian model.
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both headlands, however, the three scenarios differed in occurrence

and duration (Table 1). The average duration of upwelling,

relaxation period, and downwelling events were 10, 7, and 5 days

respectively. Upwelling events were more frequent (34 events) and

of longer duration during spring meanwhile downwelling events

were very few and ephemeral (periods less than six days and mainly

during the winter season). Only six events in the eleven years

analyzed fulfilled the downwelling criteria defined in this study

(Table 1). The zonal geostrophic time series had high variability in

which some inverse correlation was expected between the

headlands. Only eight and nine events between the years 2001-

2011 were found with the cyclonic and anticyclonic geostrophic

recirculation criteria respectively. The averaged events duration of

cyclonic and anticyclonic scenarios was 15.4 and 15.7 days

respectively. In both geostrophic scenarios, an onshore

geostrophic flow in the northern part of the study area (~28° S,
Frontiers in Marine Science 06
near Huasco, Supplementary Figure 6) was registered which agrees

with both satellite and model-averaged geostrophic field.
3.3 Lagrangian experiments

Figure 6 displays the distance traveled by particles from their

origin on the fifth day of transport. It indicates that the distances

were dissimilar between scenarios, zones, and depths. For surface

particles (5 m depth), the maximum distance was in the headlands

(upwelling centers, Z4 and Z7) but in different scenarios: in the

southern upwelling center (Punta Lengua de Vaca) the maximum

distance takes place during the relaxation period meanwhile in the

northern upwelling center (Chañaral de Aceituno) it is during the

active upwelling event (Figure 6A). Inside the CBS the particles

traveled further from their origin during active upwelling and
FIGURE 5

Mean zonal geostrophic current (m s-1) from altimetry of (from left to right) (A) the CROCO model, (B) AVISO product, and (C) the difference
between the model and satellite data, for the period of 2000-2011. Note that we do not expect that the zonal geostrophy of CROCO matches
exactly with the AVISO product.
FIGURE 4

Left panel, seasonal mean of the Ekman transport (m2 s-1). Right panel, mean wind stress (N m-2). Both panels are for the period 2001-2011 from
ERA 5 reanalysis of horizontal wind velocities.
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during the anticyclonic gyre scenario and the minimum distances

were during the relaxation and downwelling event (Figure 6A). For

the 40 m depth (Figure 6B), the scenarios of relaxation and cyclonic

gyre had the maximum distances traveled by particles and the

scenario of active upwelling had the minimum distances. For the

100 m depth, during the cyclonic gyre scenario, the particles moved

further from their origin and, conversely, in the anticyclonic

scenario, had the minimum distances (Figure 6C).

Retention time (residence time) also varied between scenarios,

zones, and depth. At the surface, the median retention time was

similar in the zones to the south of Punta Lengua de Vaca (Z1 – Z4)

and increased in the CBS (Z5, Z6), being the relaxation period with

the longest retention time (Figure 7A). At 40 m depth, retention

time increased, especially in the anticyclonic scenario to the south of

Punta Lengua de Vaca and in the CBS during the upwelling and

relaxation period (Figure 7B). Conversely, at 100 m depth retention

time decreased, except in the anticyclonic scenario which had the

longest retention time among all scenarios and depths in the

Higuera zone (Z6, Figure 7C).

Recruited particles were greater inside the CBS and the HAp at

the different depths but not in all scenarios analyzed (Figure 8).

Below surface recruited particles were greater in the cyclonic

recirculation scenario (Figures 8B, C). The number of particles

retained, on the other hand, was variable inside the CBS, with the

minimum values in the upwelling centers (Z4 and Z7) at the surface

(Figure 9A), but increased for 40 and 100 m depth. The retention

was greater during downwelling and relaxation period at the surface

(Figure 9A). In general, the retention was greater inside the CBS,
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especially in Tongoy Bay (Z5.1) during relaxation periods at the

surface and 40m (Figure 9B) and during upwelling at 100 m

depth (Figure 9C).

Particle trajectories are shown for selected events per scenario

(for the entire transport period of each event), where the events that

are representative of promoting particle advection at different

depths are active upwelling, anticyclonic recirculation, and

cyclonic recirculation at 5, 40, and 100 m depth respectively

(Figure 10). Meanwhile the events/scenario that are representative

to favor the retention and recruitment of particles at different

depths are relaxation period, active upwelling, and anticyclonic

recirculation at 5, 40, and 100 m depth respectively (Figure 11).
4 Discussion

This manuscript addresses the Ekman transport and the

geostrophic recirculation in a permanent upwelling zone of the

Humboldt Current System through Lagrangian experiments, by

following virtual particles in the 3D hydrodynamical field under

different scenarios of oceanographic variability described for

the zone.

In this study, as in others (Marıń and Delgado, 2007; Bravo

et al., 2016; Artal et al., 2019), based on wind stress, Ekman

transport, and Lagrangian experiments, it has been observed that

the intensity of the upwelling at the headlands (Punta Lengua de

Vaca and Chañaral de Aceituno) is near the same, but the

meridional extension is greater in Punta Lengua de Vaca to the
FIGURE 6

Boxplots of the median distances (km) traveled by particles on the fifth day of transport, for the different zones (n=8, with grouped subzones),
scenarios, and depths: (A) 5 m, (B) 40 m and (C) 100 m. Number of scenarios averaged: Upwelling, Relaxation, and Anticyclonic scenarios n=9,
Cyclonic scenarios n=8, Downwelling scenarios n=6.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1449369
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Flores et al. 10.3389/fmars.2024.1449369
FIGURE 8

Boxplots of the number of particles recruited, that is particles arriving in a destination zone different from the zone of origin (recruitment without
self-recruitment), for the different zones (n=8, with grouped subzones grouped), scenarios, and depths: (A) 5 m, (B) 40 m and (C) 100 m. Number of
scenarios averaged: Upwelling, Relaxation, and Anticyclonic scenarios n=9, Cyclonic scenarios n=8, Downwelling scenarios n=6.
FIGURE 7

Boxplots of the number of days that particles remain in the origin zone for the different zones (n=8, with sub-zones grouped), scenarios, and depths:
(A) 5 m, (B) 40 m and (C) 100 m. Number of scenarios averaged: Upwelling, Relaxation, and Anticyclonic scenarios n=9, Cyclonic scenarios n=8,
Downwelling scenarios n=6.
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south (~30.3° to 31.3° S), compared to the north headland that is

centered at 29.0° S (Figure 4), meaning that more particles would be

affected by the offshore Ekman transport at the southern upwelling

center. At the headlands, the particles were transported further (to
Frontiers in Marine Science 09
the north and northwest) during active upwelling events

(Figures 6A, 10A), which is related to the upwelling filaments

(Marı ́n and Delgado, 2007) favoring drift at the surface.

Conversely, Tongoy Bay (Z5.1, Figure 1) to the south and Choros
FIGURE 10

Particle trajectories from selected events promoting horizontal advection. Note the different time scales (days) of each panel: (A) 5 m, (B) 40 m and
(C) 100 m. For better visualization, two orders of magnitude were subtracted from the number of particles released in each zone (i.e., 10,000
particles released = 100 particles plotted).
FIGURE 9

Boxplots of the number of particles retained for the different zones (n=8, with grouped subzones), scenarios (n=5), and depths (n=3): (A) 5 m, (B) 40
m and (C) 100 m. Number of scenarios averaged: Upwelling, Relaxation, and Anticyclonic scenarios n=9, Cyclonic scenarios n=8, Downwelling
scenarios n=6.
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Bay (Z6.3, Figure 1) to the north, due to the orientation of the bay’s

headlands concerning the upwelling winds and the dominant flow

during upwelling, act as an “upwelling shadow” and “upwelling

trap” bays respectively, in which a warm surface layer develops with

a strong thermocline and high concentration of phytoplankton

would be expected (Largier, 2019) and where increased retention

and recruitment at surface layers were reported in the Lagrangian

experiments (Figures 8, 9). In the rest of the bays of the CBS and the

HAp, recruitment and retention increase in the relaxation period

(compared to active upwelling and downwelling conditions) at the

surface (Figure 11A), revealing the importance of this synoptical

physical variation of winds (“optimal environmental window”,

Ayón et al., 2008; Fontana et al., 2016) for the CBS and the HAp

productivity. Consequently, upwelling bays can retain and

concentrate locally released planktonic larvae, as well as recruit

those released remotely even with poleward flow during relaxation

events (Largier, 2019). Below the surface layers the velocity of the

currents decreases, where the influence of the winds is less and the

flow changes direction to the south (Silva and Neshybat, 1979; Strub

et al., 1998; Silva et al., 2009) resulting in less advection of particles

with depth, except during downwelling conditions, where the

surface flow is also poleward enhancing particle dispersion with

depth (Figure 6C).

The Ekman transport scenario defined in this study was not as

spatially variable as the geostrophic currents, whose scenario was

forced to be similar to the zonal striations reported in previous

studies (Davis et al., 2014; Belmadani et al., 2017), which resulted in

a cyclonic and an anticyclonic gyre off the CBS (the geostrophic
Frontiers in Marine Science 10
recirculation). Although some geostrophy is inherent to Ekman

transport (i.e., coastal jet), our goal was to determine if the

geostrophic recirculation contributes to the high productivity in

the HAp, where the onshore flow of geostrophic current could

enhance larval retention in longer periods when compared with

Ekman transport timescale. Particularly, the cyclonic geostrophic

recirculation, where the northern component is onshore, which

results from the alongshore sea surface height gradient due to the

action of upwelling winds (Jacox et al., 2018) and where the

southern component is offshore as a result of flows that separate

from coastal promontories and provide an offshore contribution to

geostrophic transport affected by the coastal geometry

(Marchesiello and Estrade, 2010; Davis et al., 2014; Jacox et al.,

2018). So, on the one hand, it has been reported that the onshore

geostrophic flow limits the Ekman transport at the surface layers

(Marchesiello and Estrade, 2010), and on the other hand, the

offshore geostrophic flow enhances the Ekman transport

(Marchesiello and Estrade, 2010; Rossi et al., 2013) which makes

the HAp a unique environment in which it obtains all the benefits of

upwelling (greater primary productivity) and not the main

disadvantages for planktonic larvae such as the increased loss by

advection outside of the nursery areas (Mackas et al., 2006; Pineda

et al., 2007). Buchan et al. (2024) provided evidence of zooplankton

aggregations related to the onshore geostrophic flow in the

Chañaral de Aceituno zone (Z7.1, Figure 1), inferring that the

geostrophic recirculation may have greater responsibility in

sustaining the high biological productivity in the HAp. Our

results support this premise, beyond the contribution of
FIGURE 11

Particle trajectories from selected events favoring retention and recruitment. Note the different time scales (days) of each panel: (A) 5 m, (B) 40 m
and (C) 100 m. For better visualization, two orders of magnitude were subtracted from the number of particles released in each zone (i.e., 10,000
particles released = 100 particles plotted).
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upwelling centers to the productivity, the geostrophic recirculation,

and particularly the onshore flow in the north headland allows the

arrival of particles from the south and the permanence of particles

in this area. These cross-shore geostrophic flows in EBUS regions

are currently being considered in the climate change projections as a

key factor controlling transport, beyond winds intensification in

upwelling trends (Bograd et al., 2022; Jing et al., 2023).

Due tomodel resolution (~3 km horizontal resolution), this study

does not include the effect of the small islands of the HAp and there

are no submarine canyons because of the smoothed bathymetry, in

which, an increase in retention and recruitment would be expected

with the addition of these topographic features. Despite the resolution

limitation of the models used in this study, this kind of approach has

proven to be useful for testing complex hypotheses spatially and

temporally (Leis et al., 2011; Ospina-Alvarez et al., 2018; Flores et al.,

2020). While hydrodynamic and Lagrangian models must be

validated against in-situ observations, they can also highlight gaps

in knowledge needed to better understand the interactions between

physical mechanisms and biological behaviors that influence

recruitment and retention (Cowen and Sponaugle, 2009). Further

studies that consider biological properties (e.g., buoyancy, vertical

migration), as in individual-based models (IBMs), should also explore

other physical mechanisms that were not addressed here, and that

could be related to the high biodiversity in coastal zones, such as the

cross-shore winds, wind curl (Ekman pumping), and coastal

trapped waves.
5 Conclusions

Our approach from a Lagrangian perspective, reveals the

importance of the cross-shore geostrophic flow on larval

transport in a permanent upwelling zone, in which the onshore

component not only limits the upwelling but also allows particles to

concentrate. The main findings of this study can be summarized as:
Fron
• Alternating zonal bands (‘striations’) occur at the two

upwelling centers, with an offshore zonal component at

the southern headland and an onshore zonal component at

the northern headland.

• The intensity of Ekman transport at each upwelling center

is near the same, but the southern upwelling center is more

spatially extended, with almost one degree of latitude of

coastline (~110 km). It exports particles to the north and

north-west, aided by the offshore geostrophic flow.

• Ekman transport at the northern upwelling center is more

localized (centered at 29°S) and could be limited by the

onshore geostrophic flow, favoring retention and

recruitment of passive particles in the HAp.
Including geostrophic dynamics in the description of upwelling

systems, can give us better insights into these productive ecosystems

where the nutrient distribution and plankton transport sustain the

higher trophic levels (bottom-up control) and therefore

its biodiversity.
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