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Abstract. The influence of light availability and mixed layer
depth (MLD) on phytoplankton bloom dynamics was exam-
ined across the Argentine Continental Shelf in the Southwest
Atlantic Ocean (SWAO). Using satellite-derived chlorophyll-
a concentration (Chl-a), photosynthetically available radia-
tion (PAR), and euphotic depth (Z.,, defined as the depth
at which the irradiance is 1 % of its PAR value at surface)
data, together with reanalysis products for MLD and wind
fields, we analyzed the spatial and temporal variability of
key phenological parameters computed from the Chl-a time
series, including bloom initiation, peak timing, and bloom
intensity, over the 1998-2019 period. Distinct mean spa-
tial distribution patterns in bloom dynamics were observed.
In the Central Shelf (CS), blooms typically initiate (May—
August) and peak (September—November) relatively early
which correlated with shallow MLDs and increasing light,
while coastal areas showed even earlier initiation (April)
due to highly variable environmental conditions. In turn,
the Patagonian Shelf (PS) experienced delayed initiation
(September onwards) and peaks (December—January) prob-
ably due to deeper MLDs as result of the colder Subantarc-
tic waters. Bloom intensity also exhibited spatial variability,
with the highest values observed in the southern PS and re-
gions influenced by frontal systems, where nutrient-rich up-

welling and favorable light conditions enhanced phytoplank-
ton growth. Statistical modeling revealed that light penetra-
tion (Zey) and its interplay with vertical mixing (Ze, : MLD
ratio) were the strongest predictors of bloom anomalies at
most sites. However, the predictive power of these relation-
ships varied in regions influenced by local processes, like
tidal mixing or frontal zones. Predictive models need to be
integrated with regional oceanographic features to improve
assessments of bloom phenology and primary production in
such highly variable shelf ecosystems.

1 Introduction

The Earth’s oceans are dynamic ecosystems influenced by
many factors, including solar irradiance, nutrient availabil-
ity, trophic interactions, and physical processes such as ver-
tical mixing. Some of these processes can be encompassed
by the evaluation of the mixed layer depth (MLD), which
represents the portion of the upper ocean most directly af-
fected by turbulent mixing, interacting with the atmosphere.
The degree of vertical mixing within this layer largely de-
termines the exposure of most phytoplankton, except for
taxa with sufficient vertical motility, to different nutrient and
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light conditions. Hence, the light field and the MLD play
crucial roles in shaping the distribution and abundance of
phytoplankton, the primary producers at the base of marine
food webs (Cullen, 2015; Margalef, 1978; Platt et al., 2005;
Richardson and Bendtsen, 2019; Sverdrup, 1953). Under-
standing the effects of these variables is essential for predict-
ing changes in marine ecosystems. One of the key drivers is
the alteration of wind patterns, which modulate the mixed-
layer depth through their influence on vertical mixing. Ad-
ditionally, changes in cloud cover affect the amount of so-
lar radiation reaching the ocean surface, directly influenc-
ing primary production. These shifts in environmental condi-
tions have profound implications for phytoplankton distribu-
tion and abundance, with cascading effects on marine trophic
webs and the global carbon cycle (Behrenfeld et al., 2006;
Boyd and Doney, 2002; Falkowski et al., 1998).

The light field — through the effect of both incident irradi-
ance in the photosynthetically available radiation (hereafter
to as PAR), which determines the energy available for pho-
tosynthesis, and the light penetration into the water column,
represented by the euphotic zone depth (Z¢,) — governs the
vertical extent of the upper ocean where light conditions are
generally favorable for phytoplankton growth (Behrenfeld
and Falkowski, 1997; Platt, 1986). While Z., is convention-
ally defined as the depth receiving 1 % of surface PAR and
is widely used as an operational metric of light penetration,
phytoplankton can photosynthesize and, under certain condi-
tions, grow at lower light levels. Nevertheless, light availabil-
ity is typically more favorable above this threshold, particu-
larly when considered in combination with vertical mixing
and mixed-layer depth. Nutrient availability, particularly ni-
trogen, phosphorus, and iron, is another critical factor limit-
ing phytoplankton growth in many regions of the ocean (e.g.,
Moore et al., 2013).

Historically, the understanding of phytoplankton dynam-
ics has been framed by conceptual models such as those pro-
posed by Sverdrup (1953) and Margalef (1978). These mod-
els provide qualitative explanations for the mechanisms driv-
ing phytoplankton blooms, emphasizing the role of physical
processes, like the stability/vertical mixing of the water col-
umn, in modulating light and nutrient availability. However,
while these conceptual frameworks offer valuable insights,
there is a need to develop a way to predict the response of
phytoplankton communities to changing environmental con-
ditions.

Recent studies have sought to bridge this gap by incorpo-
rating quantitative approaches to assess the relative impor-
tance of light (PAR and Z¢,) and MLD in determining the
timing and intensity of phytoplankton blooms using surface
satellite-derived Chl-a. While surface chlorophyll does not
capture the full, vertically integrated phytoplankton biomass
and may miss subsurface maxima, it provides a consistent
and widely used proxy for large-scale and long-term analyses
of bloom phenology. For instance, Siegel et al. (2002) exam-
ined the relationship between phytoplankton bloom dynam-
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ics and Sverdrup’s Critical Depth Hypothesis in the North
Atlantic. They analyzed satellite-derived data and in situ
data (reanalysis) to investigate the timing and intensity of
the spring phytoplankton bloom in relation to water column
stability and light availability, providing evidence support-
ing Sverdrup’s hypothesis. Henson et al. (2009), using satel-
lite chlorophyll and a set of modeled variables, investigated
decadal variability in North Atlantic phytoplankton blooms,
identifying a strong relationship between changes in MLD,
due to shifts in the North Atlantic Oscillation index, and the
timing of bloom events, with shallower MLDs coinciding
with earlier blooms. This study highlighted the complex in-
terplay between physical processes and biological responses
in shaping phytoplankton dynamics on decadal time scales.
Platt et al. (2009) investigated the phenology of phytoplank-
ton blooms using remote sensing data. They identified dis-
tinct patterns in bloom timing and intensity, correlating with
environmental factors like light availability and nutrient con-
centrations. This research established ecosystem indicators
based on bloom dynamics, demonstrating the utility of re-
mote sensing in monitoring and understanding phytoplank-
ton ecology. Marinov et al. (2010) modeled the response of
ocean phytoplankton community structure to climate change
factors over the 21st century. Their model’s results suggested
that nutrient availability, temperature, and light significantly
influence phytoplankton distribution, i.e., nutrient limitation
reduced productivity in certain regions, while warmer tem-
peratures favored specific phytoplankton types. Additionally,
changes in light availability, influenced by factors like cloud
cover, impacted phytoplankton growth especially at high lati-
tudes, with interactions between these factors contributing to
spatial and temporal variability in phytoplankton abundance
and composition. Moreover, studies using remote sensing
data in the Arctic waters found that sea surface temperature,
cloud fraction, wind stress, and sea-ice concentration modu-
lated the bloom initiation, duration and amplitude (Marchese
et al., 2017) and that latitude and seasonal changes in sea
surface temperature and MLD could influence double bloom
occurrences (Zhao et al., 2022). Together, these studies have
shed light on the intricate interplay between environmental
forces and phytoplankton responses in some oceanic regions,
providing insights into the mechanisms driving phytoplank-
ton blooms and their implications for marine habitats and
chemical cycling.

The Argentine Sea is characterized by a dynamic oceano-
graphic regime, influenced by the interaction of multiple
water masses and complex bathymetric features (Piola and
Matano, 2001; Piola et al., 2018). Here, the initiation and
development of phytoplankton blooms are highly variable,
probably influenced by a combination of physical and bi-
ological factors, making it an ideal region for studying the
effects of light and MLD on phytoplankton bloom develop-
ment. Observational studies in the region have highlighted
the role of ocean dynamics, such as coastal upwelling events
and frontal systems, in driving nutrient enrichment and pro-
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moting phytoplankton growth (reviewed in Acha et al., 2004;
Carreto et al., 2007). Furthermore, satellite remote sensing
data, especially chlorophyll-a (Chl-a), have provided impor-
tant information on the seasonal variability and phenological
parameters characterizing phytoplankton biomass in the Ar-
gentine Sea, revealing distinct patterns of bloom initiation
and propagation (Andreo et al., 2016; Delgado et al., 2023).
The use of satellite Chl-a may sometimes be biased, since
the relationship between Chl-a and carbon (a closer mea-
sure of biomass) in phytoplankton is subject to variability
due to species composition and photoacclimation (Cullen,
1985; Geider, 1987; Sathyendranath et al., 2009). Neverthe-
less, the aim of the present study is not to quantify absolute
biomass or productivity, rather analyzing the spatiotemporal
variability of bloom intensity and timing based on Chl-a pat-
terns; and satellite Chl-a has proven robustness and consis-
tency as a biomass proxy available for long-term, large-scale
studies of phytoplankton dynamics. Alternative remote sens-
ing products, such as particulate backscattering-derived phy-
toplankton carbon have limited validation, and previous tests
using the carbon-based productivity model (Behrenfeld et al.,
2005) in this region (Dogliotti et al., 2014) showed poor per-
formance. Surface Chl-a can sometimes be decoupled from
vertical biomass structure (e.g., presence of a deep Chl-a
maximum); hence, the results of the present study will repre-
sent the dynamics of surface blooms, with some accounting
of processes in the water column (using MLD and Z,, in
some cases lagged to conditions previous to the bloom peak).

In this article, we investigate the effects of the light field
(PAR and Z.,) and MLD on phytoplankton bloom dynamics
in the Southwest Atlantic, focusing on the Argentine Shelf.
While the influence of light and MLD on bloom initiation has
been widely studied in open-ocean environments, far less is
known about how these drivers operate in spatially hetero-
geneous shelf systems. To address this gap, we combine re-
analysis data (wind, MLD), satellite-derived products (Chl-a,
PAR), and statistical techniques to evaluate the spatial vari-
ability of bloom phenology over two decades (1998-2019)
and to assess the predictive capacity of light and MLD vari-
ables at seven representative sites across the shelf. This dual-
scale approach enables us to test the extent to which clas-
sical light-stratification paradigms explain bloom timing in
shelf regions and to identify where these paradigms break
down. Through this work, we provide new insight into the
regional controls and spatial heterogeneity of bloom phenol-
ogy, which is critical for understanding ecosystem responses
to environmental variability and climate change. To do so,
we first characterize climatological bloom patterns and phe-
nological metrics across the study area (Sect. 3.1), then eval-
uate spatial differences in the timing and structure of seasonal
blooms at selected sites (Sect. 3.2), and finally assess the re-
lationship between bloom variability and light and MLD us-
ing stepwise multiple regression analysis (Sect. 3.3).
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2 Data and methods
2.1 Study area

The Southwestern Atlantic Ocean (SWAQ) exhibits a rich
and remarkable diversity of geo-morphological, climatic, and
oceanographic features. Part of the continental shelf of this
vast region can be further subdivided latitudinally into two
distinct subregions (Piola et al., 2018): the Central Shelf
(CS), encompassing portions of southern Brazil, Uruguay,
and northern Argentina, and the southernmost Patagonian
Shelf (PS), located south of ~38°S. In this work, two of the
selected sites are considered to be located in the CS because
of their characteristics even though they are located ~39°S.
The CS is influenced by the continental discharge of the Rio
de la Plata and limited offshore by the high energy exchange
area of Brazil-Malvinas Confluence, an area where the warm,
salty waters of the Brazil Current meet the cold, fresh waters
of the Malvinas Current. This confluence is also a region with
strong currents, upwelling, and eddies (Garzoli and Garraffo,
1989; Matano et al., 2010). The atmospheric variability sig-
nificantly influences the seasonal circulation patterns in the
CS (Ruiz-Etcheverry et al., 2016; Strub et al., 2015). The
semi-permanent South Atlantic anticyclone’s southward mi-
gration during spring and summer generates southwestward
alongshore winds, blocking the passage of cold fronts (Vera
et al., 2002). Conversely, its northward displacement in win-
ter increases cold front frequency, leading to northeastward
winds. These atmospheric shifts substantially impact ocean
circulation in this area (Forbes and Garrafo, 1988; Hoflich,
1984). The PS, in turn, is constantly affected by westerly
winds and a high variability in tidal range (Glorioso and
Flather, 1997; Luz Clara et al., 2014; Trenberth, 1991). This
part of the shelf is bounded offshore by cold, low-salinity,
nutrient-rich waters of the Antarctic Circumpolar Current,
which are advected northward by the Malvinas Current.

To analyze the effects of the light field (PAR and Z,) and
MLD on main blooms in the SWAO, we explored the area
between 34-55° S and 50-70° W (Fig. 1). In particular, seven
study sites were selected to further explore the capability of
environmental variables related with the light field and MLD
to predict the main bloom peak. The sites were selected given
their contrasting oceanographic regimes and their biological
relevance (two at the south of CS and the others in the PS
region) (Fig. 1, Table 1). Moreover, these sites fall within
different biogeographical regions described in Delgado et al.
(2023), hereafter D2023. The main relevant characteristics of
each site are provided below.

— EPEA - Estacion Permanente de Estudios Ambien-
tales (EP). This is one of the Marine Ecological Time
Series (METS) run by the “Dindmica del Plancton
Marino y Cambio Climético (DiPlaMCC)” program
from Instituto Nacional de Investigacion y Desarrollo
Pesquero (INIDEP). It is located in the CS, 13.5
nautical miles offshore near the 50m depth isobath
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(38.47°S/57.68° W). EPEA encounters both near-shore
and continental shelf waters, with a persistent Mid-Shelf
Front (MSF) often located offshore the 50 m isobath
(Lucas et al., 2005; Martos and Piccolo, 1988). Accord-
ing to in situ sampling (period 2000-2017) the mean
surface Chl-a for this site was 1.08 mgm~> and the an-
nual climatological maximum was observed in August
(Ruiz et al., 2020).

COSTAL-AR-4 (C4). This site corresponds to the po-
sition of station 4 of the COSTAL-AR transect, another
METS maintained by DiPIaMCC sited on CS. This tran-
sect runs from the coastal sector to the continental slope
in a northwest-southeast direction at ~ 38°S. It is pre-
dominantly influenced by Subantarctic Shelf Waters,
and its mid-shelf location (CS) near the 90 m isobath
(38.75° S/56.25° W), between the MSF and the Shelf-
Break Front, gives it a typical temperate seasonal wa-
ter column stratification cycle. Existing in situ data col-
lected at this site (1987-1989) showed a surface mean
Chl-a of 1.71 mgm™ and a maximum of 6.05 mgm™3
in October (Carreto et al., 1995).

Peninsula Valdés (PV). This site is located on the PS
at the PV front (42.75° S/63.00° W), one of the regions
where tidal energy dissipation rates are among the high-
est in the Argentine Shelf (Luz Clara et al., 2015; Mor-
eira et al., 2011; Rivas and Pisoni, 2010). This front
plays a crucial role in local hydrographic dynamics,
controlled by tidal currents, winds, and enhanced by
inshore headlands. It typically develops during spring
warming and persists until autumn when water column
stratification weakens. Characterized by a strong hori-
zontal temperature gradient, the PV front separates ver-
tically homogeneous coastal waters from stratified off-
shore waters (Sabatini and Martos, 2002). This site is lo-
cated on the seasonally stratified side of the front, where
Chl-a concentration is usually high in spring-summer
(Carreto et al., 1986). This region is an important fish-
ing ground (e.g., anchovy, hake, shrimp) and a breeding
and feeding place for marine mammals and birds (Giac-
cardi and Caloni, 2022).

San Jorge Gulf (SJ). This site is located in the southern
part of the San Jorge Gulf mouth (46.33° S/65.58° W)
on the PS. The vertical structure of the water column
and the circulation within the SJ gulf are conditioned
by the characteristic westerly winds, and by the ef-
fect of tidal mixing (Akselman, 1996; Carreto et al.,
2007; Glorioso, 1987; Guerrero and Piola, 1997). At the
southern area of the gulf, a complex permanent tidal-
thermohaline frontal system (in the north-south direc-
tion) is formed, representing the transition between low-
salinity, tidally mixed Coastal Waters (Bogazzi et al.,
2005) and the more saline, seasonally stratified waters
of the continental shelf. Relatively high Chl-a concen-
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trations are generally observed in spring-summer (Se-
gura et al., 2021). The dynamics that characterize the
oceanographic fronts favor primary and secondary pro-
ductivity (Acha et al., 2004, and references therein). The
gulf is an area rich in fishery resources, especially the
Argentine red shrimp (Bertuche et al., 2000; Moriondo
Danovaro et al., 2016).

— Southern Shelf Break (SS). This site is located in the
southern part of the shelf break (47.77°S/60.98° W)
south of the “Agujero Azul”, a biodiversity rich zone
that Argentina intends to declare as a marine protected
area. It is part of the productive slope front, with rel-
atively high Chl-a concentrations all year around, and
especially high in spring-summer, where a high primary
production has been estimated (Dogliotti et al., 2014;
Segura et al., 2013). Therefore, this region is favorable
for the Argentine squid, and a feeding ground for birds
and marine mammals (Acha et al., 2024).

— Bahia Grande (BG). This site is located south of 50°S
(51.00° S/67.67° W) within the Grande bay, known for
its high tidal energy dissipation. The area experiences a
prominent thermal front, particularly during spring and
summer (Sabatini et al., 2004). This front promotes con-
ditions conducive to large phytoplankton blooms, which
support abundant zooplankton populations. As a result,
BG is a significant fishing ground for Austral species,
such as hoki (Cousseau and Perrota, 2004). According
to Luz Clara (2008), the BG front exhibits the high-
est chlorophyll-a concentrations towards the end of the
year.

— Burdwood (BW). It is located in the Burdwood Bank
(54.33°5/59.75° W), a submarine plateau where power-
ful currents converge, creating unique physical condi-
tions that promote water retention and plankton abun-
dance in the area. This, in turn, facilitates the operation
of the biological carbon pump along its edges. Both the
biological and the microbial pumps play a crucial role
in oceanic carbon sequestration, reducing atmospheric
carbon dioxide (a greenhouse gas) and mitigating global
warming (Martin de Nascimento et al., 2020). Pico-
phytoplankton, especially Synechococcus, dominate the
phytoplankton during summer (Guinder et al., 2020).
Because of its high biodiversity, mainly benthic, it was
declared a marine protected area called “Namuncura —
Banco Burdwood”.

2.2 Chlorophyll-a data

Satellite-derived surface Chl-a (mgm~3) obtained from the
European Space Agency’s Ocean Colour Climate Change
Initiative (OC-CCI) was used as a proxy of phytoplank-
ton biomass. Level 3 Chl-a product at 4km and 8d
resolution for the period 1998-2020 was downloaded

https://doi.org/10.5194/bg-23-1859-2026



A. L. Dogliotti et al.: Light and vertical mixing shaping shelf blooms

10.5

0.1

65°W

55°W 50°W

Chl-a [mg m'3]

1863

6000

5000

4000

3000

Depth [m]

r 2000

r 1000

AP

70°W  65°W g 50°W

55°W

Figure 1. (left) Selected sites overlaid on the mean surface Chl-a concentration map from OC-CCI v6.0 (1998-2020). Schematic frontal
zones in the Southwest Atlantic Ocean (SWAO) are shown as black dotted lines (based on Acha et al., 2018). Site abbreviations correspond
to those listed in Table 1. (right) Bathymetry map showing a schematic surface circulation adapted from Strub et al. (2015). Black solid
lines indicate the 50, 200, 1000, and 2000 m isobaths. MC: Malvinas current, BC: Brazil Current, BMC: Brazil-Malvinas Confluence, PC:

Patagonian Current.

Table 1. Selected site names, location (latitude, longitude), depth (Z), and the corresponding biogeographical region (BGR) as defined in

D2023.
Site Lat(°®) Lon(°) Z(m) BGR
EP Estacion Permanente de Estudios Ambientales (EPEA) time-series —38.47 —57.68 52.1 R2
C4 COSTAL-AR-4 —38.75 —56.25 90.8 R7
PV Peninsula Valdes —42.75 —63.00 759 R9
SJ San Jorge Gulf —46.33 —65.58 788 R9
SS Southern Shelf break —47.77 —-6098 276.8 RS
BG  Bahia Grande —-51.00 —67.67 95.6 R9
BW  Burdwood Bank —54.33 —=59.75 89.3 RI

(http://www.esa-oceancolour-cci.org/, last access: 22 July
2022) and extracted over the study area (34-55°S; 55—
70° W). The OC-CCI Chl-a version 6 product uses remote
sensing reflectance (R;s) from multiple sensors (Sea-viewing
Wide Field of View Sensor (SeaWiFS), MODerateresolu-
tion Imaging Spectroradiometer (MODIS-Aqua), Medium
Resolution Imaging Spectrometer (MERIS), Visible Infrared
Imaging Radiometer Suite (VIIRS) and Ocean and Land
Colour Instrument (OLCI)) that were band-shifted and bias-
corrected to match MERIS bands. Chl-a is calculated us-
ing the merged Ry by blending multiple algorithms (OCI,
OCI2, OC2 and OCx) with the weighting determined by wa-
ter class memberships (14 optical classes). Although OC-
CCI was originally focused on Case-1 waters, i.e., water
where phytoplankton chlorophyll-a primarly determines the
optical properties of the water, part of the in situ data used
for selecting the in-water algorithms included Case-2 wa-
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ters (where the optical properties vary independently of the
Chl-a) and together with some flagging and the algorithm
choice based on optical water classification, Chl-a retrieval
in Case-2 waters are also accounted for (D4.2 — Product User
Guide for v6.0 Dataset: https://climate.esa.int/en/projects/
ocean-colour/key-documents/, last access: 12 January 2023;
Sathyendranath et al., 2019). Even though some sparse in situ
Chl-a data exists in this region (e.g., EPEA time series), it
only provides qualitative support for the temporal behavior
of the satellite-derived chlorophyll, despite scale differences,
which make it difficult to quantitatively assess accuracy in
the representation of the seasonal signal. The OC-CCI 8d
product is derived from globally merged and bias-corrected
reflectance data that are processed consistently over space
and time using the same algorithms and quality-control pro-
cedures. Its performance has been evaluated against a large,
globally distributed in situ dataset (N = 15599; Valente et
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al., 2019), showing good overall agreement when all match-
ups are pulled together (R? =0.78, RMSE =0.98 mgm~>;
N = 15599, Yu et al., 2023). This RMSE represents a global
aggregate statistic spanning a wide range of chlorophyll con-
centrations and water types and should not be interpreted as
a uniform or local uncertainty. In relative terms, chlorophyll
retrieval uncertainties are consistent with commonly reported
values (i.e., about 30 %) for satellite-derived products. This
uniform processing ensures that relative variations, such as
those describing the seasonal and interannual behavior of
Chl-a, are expected to be reliable across regions. The 8d,
rather than daily, temporal resolution product was selected
to reduce data gaps while retaining the ability to detect the
main phytoplankton bloom with adequate accuracy and pre-
cision (Ferreira et al., 2014; Racault et al., 2014). To fur-
ther reduce remaining gaps, which are most prominent dur-
ing winter at higher latitudes, a three-step gap-filling proce-
dure was applied (Racault et al., 2014), using spatial inter-
polation within a 3 x 3 pixel window followed by temporal
interpolation from adjacent weeks when available.Under per-
sistently low-light or cloudy conditions, phytoplankton can
photoacclimate by increasing intracellular chlorophyll con-
tent, which alters the relationship between chlorophyll con-
centration and biomass and may bias surface chlorophyll as
a biomass proxy (e.g., Begouen Demeaux et al., 2025). Such
physiological adjustments can influence the magnitude of
chlorophyll variability, particularly at short timescales. How-
ever, the phenological metrics considered here, i.e., bloom
initiation, peak timing, and termination, are based on sus-
tained changes in chlorophyll concentration over multi-week
to seasonal timescales, which primarily reflect biomass ac-
cumulation and loss. In addition, in the southern part of
the study area, gap filling is most prevalent during win-
ter, whereas the main surface blooms occur in spring and
summer, when light conditions improve and data coverage
is higher. Consequently, the influence of photoacclimation-
related biases on the detection and timing of the principal
bloom events analyzed here is expected to be limited.To en-
sure consistency with the environmental datasets, the chloro-
phyll data were resampled to 9 km resolution, and shallow
coastal waters (depth <20m), where standard chlorophyll
algorithms are known to perform poorly, were masked..

2.3 Environmental variables

The following environmental variables related to the light
and the stability of the water column were used to eval-
uate the major mechanisms driving phytoplankton dynam-
ics. The Photosynthetically Available Radiation (PAR) inci-
dent at the surface is the mean daily irradiance, i.e., pho-
ton flux density, in the visible range (400 to 700 nm) that
can be used for photosynthesis. The 8d and 4km spatial
resolution merged PAR product provided by GlobColour
project and distributed by ACRI-ST (https://hermes.acri.fr/,
last access: 30 July 2022) was downloaded. This PAR prod-
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uct (molquantam~2d~") results from merging the origi-
nal Level 2 products from MODIS, SeaWIFS, and VIIRS
(NPP and JPSS-1) sensors (Frouin et al., 2003). The eu-
photic depth (Z¢,) was defined here as the depth receiving
1 % of surface photosynthetically available radiation (PAR).
Although this threshold does not represent a strict physiolog-
ical cutoff, and photosynthesis and phytoplankton biomass
may occur below this depth, it provides a widely used op-
erational measure of the vertical extent of the light environ-
ment most relevant to surface bloom development. In the Ar-
gentine Sea, field observations indicate that during periods
of surface bloom growth and peak biomass, light is strongly
attenuated within the upper layer due to high phytoplank-
ton concentrations, limiting net community growth at greater
depths (Lutz et al., 2010; Segura et al., 2013; Dogliotti et
al., 2014). Consequently, Z., offers a practical descriptor of
vertical light limitation when assessing the interaction be-
tween light availability and mixed layer depth in control-
ling bloom phenology. While Z, provides a consistent and
widely used descriptor of vertical light limitation, the abso-
lute irradiance at this depth can vary substantially across sites
and seasons, particularly at higher latitudes. Because phy-
toplankton respond to absolute light levels rather than to a
fixed fraction of surface irradiance, the same relative thresh-
old (e.g., 1 % of surface PAR) may correspond to very dif-
ferent physiological conditions in winter versus summer. In
this study, however, the focus is on the enhanced surface
biomass accumulation associated with bloom development,
rather than on depth-resolved physiological responses. Ac-
cordingly, Zg, is used here as an operational metric that en-
ables consistent spatial and temporal comparisons of light
limitation across the region. For this purpose, Z, was cal-
culated from satellite data assuming a constant attenuation
coefficient and optically homogeneous waters. Two parame-
terizations (Morel et al., 2007), using either satellite-derived
Chl-a or the attenuation coefficient at 490 nm (K;(490))
were first evaluated using Zg, calculated from in situ PAR
profiles (Biospherical PUV-500/510B) collected at EPEA
time series (DiPlaMCC — INIDEP) in the period 2000-2016
(n =41). The merged Level 3 K;(490) product at 4 km and
8d resolution for the period 1998-2020 was obtained from
the European Space Agency’s OC-CCI. The parameteriza-
tion using K;(490) as input, with the layer thickness set to
1/K;(490), yielded better results. Although both models had
a slope close to 1 (type-2 linear regression), the Chl-a-based
model showed a lower coefficient of determination, larger
positive bias (overestimation), and higher scatter (R?=0.71,
bias =23.6 %, APD = 25 %) compared to the K ;(490)-based
model (R2 =0.79, bias=—1.1 %, APD =10.7 %). Conse-
quently, Z, modeled using the OC-CCI K;(490) product
was adopted for the present study. Mixed layer depth (MLD)
data were obtained from the Copernicus Marine Environ-
ment Monitoring Service (CMEMS) GLORYS12V1 reanal-
ysis product (Lellouche et al., 2021). GLORYS12V1 is a
global ocean eddy-resolving model with a uniform horizontal
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grid spacing of 1/12° and 50 vertical levels. The MLD within
this dataset is determined by identifying the depth at which
the temperature gradient exceeds a threshold of 0.1°Cm™".
The 10m zonal (U) and meridional (V) wind component
gridded fields were obtained from the Copernicus Climate
Data Store (https://marine.copernicus.eu/, last access: 15 Au-
gust 2022) for the ERAS reanalysis product. The wind-curl
and wind intensity fields were computed from U and V.
The wind data is provided at hourly temporal resolution and
a 0.25° spatial resolution. ERAS is the fifth-generation at-
mospheric reanalysis produced by the European Centre for
Medium-Range Weather Forecasts (ECMWF). It integrates
atmospheric observations from various sources with a global
circulation model to create a temporally consistent and spa-
tially complete dataset. To ensure consistency and compara-
bility, all environmental variables were re-gridded to match
the spatiotemporal resolution of Chl-a data (9 km, 8 d).

2.4 Ecological and physical indices

To study the phytoplankton dynamics and the major environ-
mental drivers affecting them, different ecological and phys-
ical metrics were estimated (Table 2) based on the phenolog-
ical parameters defined by Platt and Sathyendranath (2008).
In the present study we focus on the main bloom event of the
year, defined as the Chl-a maximum within a 12-month pe-
riod (year) and the bloom initiation was determined using the
threshold method. The yearly or climatological median of the
Chl-a time series was calculated and the bloom start date was
identified as the first point at which the Chl-a level raised a
certain percent above the median. The biomass-based thresh-
old method defines bloom onset based on anomalies rel-
ative to a climatological baseline, rather than on absolute
values, minimizing possible systematic biases and residual
inter-sensor differences in the blended Chl-a OC-CCI prod-
uct and enhancing the robustness of bloom onset detection.
This approach helps ensure that bloom detection is driven
by meaningful ecological departures rather than noise or re-
trieval error. A threshold of 5 % above the median value was
used to be consistent with previous phytoplankton phenology
studies (e.g., Ferreira et al., 2021; Krug et al., 2018; Racault
etal., 2012; Siegel et al., 2002). And as in Siegel et al. (2002),
we found little quantitative differences and consistent spatial
and interannual patterns in the analyzed phenological met-
rics, when different thresholds (i.e. 3 % and 7 %) were tested
(not shown). Given that we focus on the main bloom, the time
of the yearly or climatological Chl-a maximum is first found
(TBpeak), then going backwards from that point the first value
above the 5 % threshold was identified as the bloom initia-
tion time (TBjp;;), and going forward the first value closer to
the Chl-a maximum (Bpeak) before the Chl-a levels go be-
low the threshold was identified as the time of the bloom ter-
mination (TBepq). Mean phenological metrics between 1998
and 2019 were first calculated for the whole region by calcu-
lating for each pixel the average of the Chl-a concentration
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for each 8 d image during the 1998-2019 period thus obtain-
ing a mean annual cycle (n = 46) for each pixel. In turn, the
same metrics were calculated using the full Chl-a time se-
ries (n =46 x 22 = 1012) at the 7 selected sites, thus a time
series of the estimated metrics for each year (n = 22). Using
the same fixed 12-month period (year) to examine the phy-
toplankton growth cycle for all the areas where the primary
bloom occur at different seasons can be unsuitable (Racault
et al., 2012). In the southern regions (>39°S) blooms usu-
ally occur late (December) or early (January—February) in
the year, therefore using the fixed conventional calendar year
can lead to inconsistent estimation of the main bloom. Conse-
quently, for the sites located north of 39°S (EP and C4), the
conventional calendar year (January—December) was used,
while a 1-year temporal window from June to May was ap-
plied for sites south of 39° S, i.e., PV, SJ, SS, BG and BW. In
turn, given that most of the study area is located in the south-
ern region, the Jun-May definition was used to calculate the
climatological metrics over the whole region.

Physical indices were derived from PAR, MLD and Zg,
datasets. The ratio between Z., and MLD (Z, : MLD)
was estimated. This ratio is an index that helps quantify-
ing the concept that phytoplankton growth would be fa-
vored when light penetrates deeper than the mixed layer, i.e.,
Zey : MLD > 1 (Sverdrup, 1953). Cushing (1989) referred to
it as the “production ratio” and linked it to the ability of dif-
ferent phytoplankton groups to dominate under varying ratio
values.

2.5 Statistical analysis

Stepwise linear regression (SWLR) analysis was used to ex-
plore the capability of different variables to predict the main
bloom peak at seven selected sites in the Argentine conti-
nental shelf. SWLR is a predictor selection method that it-
eratively applies forward and backward linear regression to
determine a final linear model. At each step, a predictor is
either included or removed based on statistical significance,
so that only meaningful predictors are retained in the final
model. The selection process is guided by partial F tests,
which evaluate whether the inclusion of a predictor signif-
icantly improves the model fit (Yang et al., 2017). Specifi-
cally, the F-statistics compares the variance explained by the
model with and without the predictor, using thresholds for
F-to-enter and F-to-remove of 0.05 and 0.10, respectively. If
the computed F-value exceeds the critical threshold, the pre-
dictor is included in the model. SWLR is considered a useful
analytic tool when predictors may not be statistically inde-
pendent since it avoids collinearity among the predictors and
develops a reliable regression model (Gonzalez-Reyes et al.,
2024). Machine learning methods were not considered for
this analysis because they require large datasets for training
and testing the models while the available data used in this
study was scarce at the interannual scale. A brief descrip-
tion of the SWLR steps is provided in Torres et al. (2024).
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Table 2. Ecological and physical metrics.

Metric Description Unit
TBinit Time (8 d) of the main bloom initiation =~ week
TBpeak Time (8 d) of the main bloom peak week
TBend Time (8 d) of the main bloom end week
Bpeak Maximum Chl-a (main bloom peak) mg m~3
PAR Photosynthetically Available Radiation = mol quanta m~24-!
MLD Mixed Layer Depth m

Zeu Depth of the euphotic zone m

Zew : MLD  Zey to MLD ratio -
U-wind Zonal wind speed ms~!
V-wind Meridional wind speed ms™!
Wind-curl ~ Wind curl s!

The SWLR analysis has been used in quantification of lin-
ear linkages between factors and response (Li et al., 2021),
and forecasting science (Ribeiro Torres et al., 2024; and ref-
erences therein). The analysis included the average values of
MLD and wind speed over the 2- and 4-week periods preced-
ing the bloom peak. These temporal aggregates were com-
puted to capture phytoplankton growth responses to MLD
shoaling and wind-driven nutrient input, without being too
close or too far from the peak so as to dilute the influence
of immediate pre-bloom forcings. To avoid spurious results
caused by the seasonal variability observed in the time series
of physical variables and Chl-a, we removed the seasonal
cycle by subtracting the weekly climatology from the data.
In addition, due to the large dissimilarities in the variability
range, we standardized the time series previous to the step-
wise linear regression (SWLR) analysis. Hence, all the pre-
dictors and Bpeak time series have zero mean and unit vari-
ance. Moreover, the normalization of time series allows for
the qualitative identification of the explained variance impor-
tance of each predictor (Aiken, 1991) through the analysis
of the model’s coefficients (a larger coefficient indicates a
higher explained variance).

The predictors (inputs) considered in the analysis included
8d mean U-wind, V-wind, wind speed, and wind-curl; 8 d
mean MLD, PAR, Z.,, and Z., : MLD ratio, all measured at
the time of the main bloom peak (TBpeax). To capture pre-
bloom conditions, we also included the mean values of these
predictors over the two and four weeks leading to TB ek, de-
noted by subscripts > and 4, respectively. For example MLD;
represents the average MLD over the two weeks prior to the
bloom peak. The response variable is the standardized non-
seasonal Chl-a anomaly at the peak, denoted Béeak in the fol-
lowing.

The SWLR model was expressed as follows:

Bly= . BiXi+e, 6))

where §; are the regression coefficients, X; are the selected
predictors, € is the residual error, and m is the number of
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selected predictors. Note that the statistical model has no
intercept because all the variables, including, the response
variable, are standardized. The model’s performance in pre-
dicting Bpeak anomalies was evaluated using two metrics:
the explained variance (R?) and the root mean square error
(RMSE). The R? statistic quantifies the proportion of vari-
ance in BI’Jeak explained by the model, while RMSE measures
the average prediction error.

3 Results
3.1 Bloom climatology

Figure 2 illustrates the 22-year climatological annual cycle
of key phenological phases of the phytoplankton bloom cy-
cle across the study area: time of the bloom initiation (TBjpj()
and bloom peak (TBpeax), and mean maximum chlorophyll-
a concentration (Bpeak). The spatial distribution of these
phases provides insights into the variations in bloom dynam-
ics across the region, highlighting the influence of oceano-
graphic and climatological conditions.

TBipni¢ varies significantly across the study area, with ear-
lier initiation in the Central Shelf (CS) and later initiation in
the Patagonia Shelf (PS). In the CS region, TBjy;; typically
occurs in May north of 35° S, and between July and Septem-
ber between 35 and 39° S, likely due to higher light levels and
shallow mixed layers that enable sufficient light penetration
for early phytoplankton growth. As winter transitions into
spring, increased solar radiation and reduced vertical mixing
create favorable conditions for bloom onset. A slightly dif-
ferent situation occurs near the coast (depth < 50 m), where
bloom initiates even earlier in autumn (around April). On the
other hand, the PS region, influenced by colder, nutrient-rich
waters mostly of Subantarctic origin, experiences a delayed
TBinit, generally from September to November, attributed to
the thermal inertia of the water column. In these Subantarctic
waters, deeper winter MLD retain a greater heat capacity, re-
quiring a longer accumulation of net solar radiation in spring
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to achieve thermal stability. Consequently, these cold, volu-
minous layers require more time to warm and this delays the
onset of water column stratification, which in turn prolongs
the period where phytoplankton cells are mixed below the
euphotic zone. This mechanism results in a later TBj;; com-
pared to the northern and mid-shelf regions, where warmer
waters and shallower winter MLD permit stratification to de-
velop earlier in the spring.

The timing of the bloom peak (TBpeak) follows the pat-
tern of TBjpit, with peak timing occurring earlier in the CS
than in the PS. In the CS region, TBeax is typically reached
by September to November, reflecting the rapid response of
phytoplankton to favorable light and nutrient conditions fol-
lowing TBipj;. Shallow mixed layers in this area further en-
hance light penetration, promoting an early peak. Near the
coast, the peak occurs in autumn and winter months, prob-
ably related to phytoplankton communities adapted to low
light and turbulence, as will be explained later (Sect. 3.2).

In the PS region, however, TBpeak is mostly delayed to
December or January, in line with the latter TBipj;. The de-
pendency on seasonal warming and water column stratifica-
tion, as well as the influence of Subantarctic waters and the
Malvinas Current, prolongs the conditions needed for peak
phytoplankton growth in this colder region. This later peak
timing is consistent with the PS’s need for extended periods
of sunlight to support high phytoplankton productivity.

The bloom intensity (Bpeax) also varies greatly across the
study area (Fig. 2). The highest Bpeax values are observed
along the southern PS and near frontal systems (see locations
in Fig. 1 left), where nutrient-rich upwelling and favorable
light conditions sustain high chlorophyll-a concentrations. In
contrast, offshore regions farther from nutrient sources ex-
hibit lower Bpeax values. In these deeper waters, nutrients are
scarce, and strong winds drive deeper mixed layers, causing
phytoplankton cells to be continuously mixed below the eu-
photic zone. As a result, they do not remain in the sunlit layer
long enough for optimal growth.

3.2 Bloom phenology at selected sites

The timing of the main phytoplankton bloom peak (TBpeak)
differed between northern and southern sites, as mentioned in
the previous climatological section. At the two sites located
in the north of the study region, EP and C4, the Bpeak oc-
curred most frequently in autumn and winter (Fig. 3). On the
other hand, at southern sites the main bloom predominantly
occurred in spring and summer.

At EP, a coastal site, the climatological Chl-a phenol-
ogy showed a distinct pattern, with the main bloom extend-
ing from end of March to end of June and peaking by the
end of May (Fig. 4), being on average the lowest Bpeax
(1.36mgm™3) compared to the other sites analyzed. It is
worth noting that the timing of the main bloom showed high
variability, being the highest and equally frequent in both
May and October while also occurring in other months, ex-
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cept in July (Fig. 3). The mean main bloom at this site oc-
curred in autumn and Chl-a values stayed relatively stable
around ~ 1 mgm™3 in winter (Jul-Sep) coinciding with a
deeper MLD (i.e., the water column was practically mixed
up to the bottom) and the lowest incident PAR and Z,, be-
ing thus the Z., : MLD ratio also low (< 1). At the begin-
ning of spring (end of Sep), a secondary peak can be ob-
served as the PAR increases and the MLD shallows. Then
the phytoplankton biomass (parameterized by Chl-a) starts
decreasing in spring and reaching the lowest values in sum-
mer (<1 mg m~—3) when the MLD is shallow, PAR and Ze,
are high and the Z., : MLD is > 1. Field studies at this
site have reported that during the cold period there is a
dominance of micro-phytoplankton, especially large diatoms
that are able to grow in low light turbulent environments;
while during summer the community is dominated by ultra-
phytoplankton, especially cyanobacteria that are adapted to
take advantage of the low nutrient regime imposed by a strat-
ified water column (Ruiz et al., 2020; Silva et al., 2009).
Compared to the other sites, EP showed the highest inter-
annual variability in the time of initiation, peak and end
of the main bloom (Fig. 5). From the 22 years considered,
only in 7 cases the TBpeak occurred within the climatolog-
ical timeframe. In 14 cases the duration was shorter than,
or hardly reached, 2 months. Regarding Bpeak, it ranged be-
tween 1.2 and 3.3 mgm~>, and in 9 years Bpeak was higher
than 2 mgm 3.

At C4, the main bloom occurred most frequently in
September (50 %), but it also occurred in other months, with
October and December being the second and third most fre-
quent months (Fig. 3). The C4 site, located on the shelf,
showed characteristics of a temperate regime. Climatologi-
cally, the bloom extends from mid-July to the beginning of
December, peaking in September and remaining with high
Chl-a until November (Fig. 4). At the mean TBpeax (end of
winter-beginning of spring), the MLD was slowly becom-
ing shallower (water column stratification was beginning to
develop) and PAR and Z., were slowly increasing; as a con-
sequence, the Z., : MLD ratio also slowly increased (clima-
tologically getting closer to ~ 1); all of which provided good
conditions for the growth of phytoplankton, consistent with
Sverdrup’s theory (Sverdrup, 1953). In turn, during summer
(January—March), phytoplankton biomass was limited pre-
sumably due to the low nutrient availability and grazing pres-
sure. At this site the inter-annual variability was not too high,
showing high consistency in the timing at different years
compared to the climatological period, i.e., the TBpeax 0OcC-
curred within the climatological period in 19 of the 22 years.
In 2012 two Chl-a peaks occurred with very similar inten-
sity, one in May (3.38 mgm™3) and one in mid-September
(3.36 mg m ™), the latter occurring within the climatological
period (Fig. 5). In turn, the Bpeax range was wide, varying
between 1.6 and 10.1 mgm™—3, and higher than 4 mgm~3 in
13 out of the 22 years.
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Figure 2. Mean time of the year (month) of the main bloom initiation (TBjy;t), peak (TBpeax) and mean maximum Chl-a (Bpeak)- Black
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50 . :

45 -

% Frequency
N
(6]

Clep :
Mc4 : B
mrv :
msy
Oiss
HBG :
Hsw H _

r May
AUTUMN

Jan Feb Mar
SUMMER

Jul Aug Sep I Oct Nov Dec
WINTER

SPRING

Figure 3. Frequency of occurrence, for the studied period (1998-2019), of the main bloom peak at each site per month.

At PV, the main bloom occurred in spring and summer
(Fig. 3), most frequently in January (37 %) and closely fol-
lowed by December (32 %). The mean climatological bloom
extended from November to the end of April (Fig. 4) and
peaked in January, when the water column was strongly strat-
ified (shallow MLD). This stratification keeps phytoplankton
on the illuminated upper layer (high PAR, deep Z.,, and high
Zey : MLD ratio), and it is probably maintained by the in-
put of nutrients across the oceanographic front (Carreto et
al., 1986; Lutz and Carreto, 1991). There is a high consis-
tency in the timing of TBpeax in all the years (Fig. 5) com-
pared to the range of climatological duration (beginning of
November—end of April). The duration of the bloom was at
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least 4 months in 8 of the 22 years, with only 3 years in
which it lasted slightly more than 1 month. The Bpeax range
was wide, varying between 1.6 and 9 mgm™3, but Bpeax was
lower than 3.8 mgm™3 in 14 years.

At SJ, Bpeak occurred most frequently in February (42 %),
followed by March (27 %) (Fig. 3). At this site, located on
a front at the south bank of the San Jorge Gulf (Fig. 1), the
bloom extended from October to April (Fig. 4), peaked in
February, and high concentrations of Chl-a are maintained
approximately from end-November until end-March, proba-
bly due to the favorable conditions provided by the front, i.e.,
vertical stability, allowing the cells to stay in the euphotic
zone (shallow MLD, high PAR, high ratio Z, : MLD), and
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horizontal input of nutrients (Akselman, 1996; Segura et al.,
2021). At SJ there was also a high consistency in the timing
of the main bloom in all the years and the mean climatol-
ogy, i.e., the Bpeax occurred within the climatological dura-
tion of the bloom (late October—early April). The range of
Bpeax values was between 2.2 and 7mg m~3, and Bpeax was
below 4 mg m™3 in half of the years.

At SS, Bpeax occurred most frequently in November
(32 %), followed by September and October (24 %) (Fig. 3).
At this site, located at a southern zone of the shelf-break
front, the climatological bloom extended from September to
March and peaked at the beginning of November (Fig. 4). At
the time of the peak, the incident PAR was high, MLD was
shallow, and the Z., : MLD ratio was around 1. Again, at this
site phytoplankton biomass was relatively high in spring and
summer (until the end of February), probably given the in-
put of nutrients from the Malvinas Current across the front
(Carreto et al., 2007). Also, at this site there was a high con-
sistency and in all of the years TBpeax occurred within the cli-
matological duration of the bloom (September—March). The
Bpeak Tange was between 2.7 and 9.8 mg m—3, and Bpeak Was
higher than 5.2 mgm™3 in approximately half of the years.

At BG, Bpeax occurred more frequently in December
(41 %), followed by lower frequencies in November (23 %)
and October (19 %) (Fig. 3). At this site, the bloom had a
relatively short temporal duration, initiating in mid-October
and ending by the end of January with a constrained, but high
(~3.8mgm~3) climatological Chl-a peak around the begin-
ning of December (Fig. 4). Here, the effect of a circulation
front (Carreto et al., 2018; Sabatini et al., 2004; Segura et
al., 2013) was probably a source of nutrients. At the time
of the bloom peak, PAR was the highest, MLD the lowest,
and the Z, : MLD ratio was slightly >1. The Bpeax occurred
most of the years within the climatological duration, except
in 2016 and 2019 when Bpeax occurred later, i.e., in February
and March, respectively. The range of Bpeax varied between
2.1 and 20.4 mgm~3, and Bpeak was higher than 6.5 mg m3
in 8 out of the 22 years.

At BW, the maximum Chl-a concentration occurred more
frequently in February (41 %) and March (26 %) (Fig. 3). At
this site, the bloom extended from the end of December until
the end of April, reaching a climatological peak at the be-
ginning of April, but with a plateau of relatively high Chl-
a values from the end of January until beginning of April
(Fig. 4). Consequently, the phytoplankton biomass increased
in autumn, when PAR was decreasing, vertical mixing was
increasing (MLD was getting deeper), and the Z., : MLD ra-
tio was <1. There was also a good consistency between the
bloom timing in the different years and the climatological
cycle. Bpeak ranged between 1.1 and 3.9 mg m~3 and Chl-a
was higher than 2.1 mgm™> in 15 out of the 22 years. It is
worth mentioning that in winter (between May and end of
July) there is no satellite-derived Chl-a data at this latitude
(grey area in Fig. 5) given that regions with high sun zenith
angles (>70°) are masked in the standard processing.
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In a recent work, D2023 proposed the partition of the
SWAO into nine biogeographical regions based on the tem-
poral variability of Chl-a concentration and Self-Organizing
Maps (SOM) analysis using a similar satellite-derived Chl-
a data set (GlobColour Project). The timing, values and
ranges found in this work for the selected sites are similar
to the mean values for the corresponding regions reported
in D2023, while some discrepancies were found at EP. It is
worth noting that this site showed a high interannual variabil-
ity in timing and Bpeak values and that the region in D2023
where EP is located (R2) includes different and disconnected
areas, i.e., the northern inner shelf waters and the oceanic
waters outside the shelf-break (north of 44°S), which can
explain the differences found.

3.3 Modeling the main bloom

The explained variance (R?) of the SWLR models for the
standardized Chl-a anomaly at the peak, B;/)eak’ differed at
the different sites. In almost all of the sites the SWLR model
explained more than 70 % (reaching 92 % in SJ) of the vari-
ance in B[/)eak’ except in the BG site (R? ~ 0.46). Different

variables resulted in good predictors of Bp/yeak depending on
the site (Table 2). The main predictors are analyzed and dis-
cussed separately for each site.

At EP, the SWLR model explained ~ 72 % of the variance
of B[/)eak (Fig. 6), Z.y is the best predictor, followed by U-
wind, both showing an inverse relationship (negative coeffi-
cients) with Bpeax anomaly (Table 2). The Ze, contribution
at the time of the peak can be related to the fact that the high-
est Chl-a levels are typically reached in late winter or early
spring when the water column is mixed (deep MLD). This
intense vertical mixing suspends more material (Lutz et al.,
2006; Ruiz et al., 2020), reducing light penetration (lower
incident PAR) and, consequently, shallowing the Z,. On the
other hand, the inverse relation with U-wind indicates that
weaker westerly winds are associated with favorable condi-
tions for phytoplankton growth. The RMSE (~ 0.55) high-
lights the relative deficiency of the linear model in represent-
ing the peak intensity in some cases (Fig. 6).

At C4, the SWLR showed an R? value close to 0.75, sug-
gesting a good skill of the linear model in representing the in-
terannual variability of the B’ k- However, the RMSE value
(~0.52) evidenced that the linear model was not able to effi-
ciently capture the peak intensity in several cases. The main
predictors that modulate BI’,eak variability are the Z, : MLD
ratio, followed by its mean value in the preceding 4 weeks
(Zeyw : MLDy), both of which denote an inverse relationship
with the response variable. This is consistent with the clima-
tological analysis according to Sverdrup’s theory (i.e., phy-
toplankton growth depends on the balance between Z, and
MLD).

At PV, the SWLR model explained ~ 73 % of the variance
in B{Jeak (Fig. 6), Z., (negative) being the only relevant pre-
dictor able to explain the anomalies. At this site, located on
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the stratified side of a tidal front, environmental characteris-
tics were probably quite similar throughout the years, and the
inverse relationship between the depth of the euphotic layer
and the intensity of the bloom peak may be due to the at-
tenuation of light by the phytoplankton itself producing the
shallowing of Z.,. The RMSE ~ 0.53 reflects the mismatch
in some cases.

At SJ, the SWLR had the highest R> compared to the
other sites (~ 0.92) in the prediction of B[/,eak (Fig. 6). Here
several predictors were relevant to explain the Bpeax anoma-
lies. The largest contribution to B];eak was given by Zg,, fol-
lowed by Z., : MLDy4, PAR and U-wind,; three of them were
related to light (negative Ze, and Z., : MLD4 and positive
PAR), and one to wind (negative U-windy). This would in-

Biogeosciences, 23, 1859-1880, 2026

dicate that when the intensity of the bloom is higher, Z.,
is shallower due to self-shading by phytoplankton; in the
same sense in the month previous to the bloom peak the ra-
tio Zey : MLD4 was low, i.e., as MLD becomes shallower
(favoring water column stratification) the growth of phyto-
plankton would shallow the Z,. The positive relationship
with PAR, which would be expected always, becomes sig-
nificant at this site. The negative relationship with U-wind;
suggests weakened westerly winds within the two weeks pre-
ceding the bloom peak, would favor water column stratifica-
tion. Here the match between observed and modeled BI’)eak
was good in most of the cases (RMSE =0.31).

At SS, the SWLR had a high R? ~ 0.87 (Fig. 6) with the
following relevant predictors explaining BI’mk in order of im-
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Figure 5. Interannual variability of timing (initiation, peak and ending) of the main bloom at each site. The average time of start and end of
the main bloom are indicated with vertical dotted lines and the beginning of the year with a vertical dashed line. Notice that the cycle at EP
and C4 are plotted from January to December while for the other sites it is from June to May.

portance: Zg, : MLD, MLD, and Z., : MLD3, all of which
had negative contributions. Hence at this site, located on the
outer shelf immediately connected to the shelf-break front,
the variations in bloom intensity were related with the inter-
play between light and vertical mixing, as well as to their
evolution previous to the peak. The B;,)eak was higher when
the ratio of Z., : MLD was lower, i.e., the growth of phy-
toplankton would shallow the Z, at the time of the peak.
The same effect, though with a lower contribution, was ob-
served regarding the values of this ratio in the two weeks
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previous to the peak (Ze, : MLD3) and when MLD was rela-
tively shallower, favoring the maintenance of the phytoplank-
ton in the lit layer. Here the match between observed and
modeled anomalies in BI’)eak was generally good in all the
years (RMSE = 0.39).

At BG, the SWLR had the lowest predicting capability
(R? ~ 0.46) of BI’)eak (Fig. 6). Here only two predictors, neg-
ative Ze,, : MLD; and positive Z¢y4, were relevant to explain
B’ Zeyw : MLD; being the main contributor. At this site,

Peak; . . . . .
located at the stratified side of a circulation front in Grande

Biogeosciences, 23, 1859-1880, 2026
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Figure 6. Satellite (black line) and modeled (red line) Bpeak anomalies, B at each site. Model equation, root mean square error (RMSE)
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peak’

and coefficient of determination (R2) are shown in the figure.

Bay, the light history related to the depth of the euphotic zone factors not considered here are important in regulating the
previous to the bloom contributed to explain variations in magnitude of the bloom.

B[/)ea.k; when the values of Z, : MLD;, were lower (competi- At BW, the SWLR model showed similar performance and
tion between the shallowing of the mixed layer and euphotic coefficients to the one obtained for PV, i.e., R* ~0.73 and
depth also probably getting shallower due to phytoplankton the same single relevant predictor, the negative Z.,. The in-
growth) in the two preceding weeks to the peak, its intensity verse relationship between the depth of the euphotic layer
was higher; while the positive relationship with Zeya would and the intensity of the bloom peak anomaly may be related
indicate that light penetration had to increase in the month to the attenuation of light by phytoplankton producing the
previous to the peak for it to have higher values. Note that this shallowing of Z.,. A study from a field cruise conducted in
model was capable of explaining only 46 % of the variabil- summer found that at the Burdwood Bank the water column

ity and showed high RSME (~ 0.77), suggesting that other was well mixed, hence light (as shown here), as well as the
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action of heterotrophs seemed to regulate the bloom (Guin-
der et al., 2020). The RMSE ~ 0.55 and in several cases the
match was not so good.

It is noteworthy that when the analysis was performed us-
ing the time series without first subtracting the weekly clima-
tology, the resulting SWLR models included more predictors
but explained a comparable (or slightly higher) proportion of
the total variance. This highlights that removing the seasonal
component enhances the statistical robustness of SWLR, as
it avoids spurious correlations between the predictors and the
dependent variable probably related to shared/similar sea-
sonal variability.

4 Discussion

Phytoplankton bloom initiation has historically been framed
through the lens of Sverdrup’s (1953) critical depth hypoth-
esis, where water column stratification enables phytoplank-
ton to accumulate when the mixed layer shoals above a
critical depth. This model was expanded by Siegel et al.
(2002) and Taylor and Ferrari (2011), among others, to in-
clude turbulent mixing and intermittent stratification. While
such models have effectively explained bloom phenology in
large, open-ocean basins (e.g., North Atlantic, Henson et al.,
2009, 2006), their application to complex shelf regions like
the Argentine Shelf has remained limited. This region of the
SWADO is rich in fisheries resources and relevant for CO; ab-
sorption (e.g., Angelescu and Prenski, 1987; Bianchi et al.,
2009; Martinetto et al., 2019; Berghoff et al., 2023). Satellite
information and models have predicted that phytoplankton
blooms may be increasing in intensity and frequency in the
overall area (Marrari et al., 2017; Dai et al., 2023). Never-
theless, the dynamics, and possible drivers, of phytoplankton
growth is highly heterogeneous and still not studied enough
in the region (e.g., Andreo et al., 2016; D2023).

Our findings reinforce the relevance of light-vertical mix-
ing dynamics, quantified via the Z., : MLD ratio, in explain-
ing the magnitude of blooms, but only in certain subregions.
Unlike in the North Atlantic or Southern Ocean (Henson et
al., 2009; Kauko et al., 2021), where clear seasonal water
column stratification controls phenology, we observe that re-
gions with strong tidal mixing or frontal activity, as well as
the coastal site EP do not conform to these expectations. This
kind of variability with upwelling/frontal or coastal systems
driving blooms have been reported for other areas of world
(Ferreira et al., 2021; Krug et al., 2018; Gittings et al., 2019;
Kournopoulou et al., 2024).

This study brings to light the presence of distinct pheno-
logical regimes across the Argentine Shelf. In the Central
Shelf (CS), we document bloom initiation as early as austral
autumn or winter, i.e., months before stratification begins.
These findings depart significantly from canonical models
applied in temperate systems (Siegel et al., 2002; Racault et
al., 2012) and may be related to recent observations of sub-
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seasonal bloom variability triggered by short-term increases
in water column stability (Keerthi et al., 2021). This demon-
strates the potential for intermittent water column stratifica-
tion to facilitate early bloom formation, even when average
conditions would suggest otherwise. A particular situation
occurs on the coast of the CS, where blooms initiate and peak
much earlier, probably due to the presence of phytoplankton
species able to cope with turbidity vertical mixing, while still
being exposed to some light due to the shallow bottom depth.
It is worth mentioning that the Rio de la Plata outflow exports
to the continental shelf large amounts of water, nutrients, sed-
iments, and carbon, which significantly influences the shelf’s
physical, chemical, and biological properties. This discharge
creates a low-salinity plume that extends offshore ~ 600 km
northwards and ~ 300km southward, affecting sea surface
temperature and vertical stratification. This must play an im-
portant role in controlling phytoplankton phenology, though
its influence in the spatial climatology study was not specifi-
cally analyzed here since satellite-derived Chl-a is generally
overestimated (Armstrong et al., 2004; Garcia et al., 2005,
2006) over the Rio de La Plata plume due to high concentra-
tion of detritus (non-algal particles) and yellow substances
(CDOM) content. Regarding the model study, only at the EP
(EPEA) site the influence of the Rio de la Plata waters has
been previously reported on particular occasions in summer
(Carreto et al., 1995), while the main bloom peak usually oc-
curs in autumn-winter.

Further south, in the Patagonian Shelf (PS), bloom timing
is more consistent with the Sverdrup framework, with peaks
in spring and early summer. Yet even here, regions like the
Patagonian shelf break exhibit complex behavior due to per-
sistent nutrient input and local physical processes, similar to
the Arctic and Bering Sea (Nielsen et al., 2024; Manizza et
al., 2022), where phenology is shaped not only by stratifica-
tion of the water column but also by ice dynamics and frontal
zones. On the Patagonian shelf, frequent upwelling events
bring nutrients to the surface, and frontal systems promote
vertical mixing that disrupts the stable stratification, support-
ing intense surface phytoplankton blooms on the stratified
side of the fronts and underscoring the region’s high produc-
tivity of the Patagonian Shelf as a biological hotspot. These
processes act primarily by enhancing nutrient availability and
modulating light conditions in the surface layer, which is the
focus of the present analysis based on satellite-derived sur-
face chlorophyll-a. These findings are consistent with the
conceptual frameworks of Sverdrup (1953) and Margalef
(1978), who emphasized the roles of stratification and en-
vironmental variability in shaping ecosystem dynamics and
phytoplankton strategies and ecosystem dynamics.

The spatial variation in Bpeax across the study area high-
lights the critical role of water-column structure in modu-
lating nutrient availability and light exposure, thereby deter-
mining bloom intensity. Bloom phenology in the Southwest
Atlantic shows a complex spatial gradient modified by cur-
rents and fronts. The spatial distribution of the bloom tim-
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Table 3. SWLR model performance (R? and RMSE) and predictor’s coefficients at each site. Only coefficients statistically significant at the

95 % confidence level are shown.

R?2 RMSE PAR Zew Zewt  MLD  Zey :MLD  Zey:MLD, Zey:MLDy U-wind  U-wind,
EP 072 0554 —0.83 —-0.27
c4 075 0523 —0.68 —0.329
PV 073 0532 —0.855
SI 092 0314 0242 —0.781 —0.471 —0.186
SS 087 0390 —0.574 —-0.913 -0.216
BG 046 0.774 0.791 —1.251

BW 0.73 0.534 —0.853

ing phases found agree with a previous study, which focused
only on the PS region of the SWAO (Andreo et al., 2016). The
described patterns in this study emphasize the influence of re-
gional oceanographic conditions on bloom dynamics across
the Southwest Atlantic. Our study builds on these previous
works in the Southwestern Atlantic (Andreo et al., 2016;
D2023) that described regional patterns in chlorophyll con-
centration and bloom occurrence. However, those studies did
not analyze bloom dynamics in terms of mechanistic con-
trols, nor did they assess the regional validity of conceptual
models such as euphotic and mixed layer depths. Here, by
explicitly quantifying light and MLD, we show where tradi-
tional theory applies and where it fails.

When compared to global syntheses (Racault et al., 2012;
Silva et al., 2021), our results underscore a key distinction:
continental shelves feature sub-basin scale contrasts in phe-
nology that are often obscured in basin-wide climatologies.
This supports recent arguments that phenology metrics must
be interpreted within their local physical and ecological con-
texts (Platt et al., 2005; Boyd and Doney, 2002).

This study echoes the view of Platt et al. (2009) and
Kournopoulou et al. (2024) that phenology metrics such
as bloom initiation, duration, and magnitude are power-
ful ecosystem indicators, but only when their regional
drivers are understood. In regions like the Argentine Shelf,
where physical drivers vary dramatically over small spatial
scales, phenology must be framed within a region-specific,
process-based context. For example, while Z¢, : MLD pre-
dicts anomalies in Bpeak well in parts of the Central and
Northern Shelf, it fails in frontal or tidally mixed regions, in-
dicating the need for hybrid approaches that integrate light,
vertical mixing, nutrient input, and sub-seasonal variability
(Keerthi et al., 2021; Henson et al., 2006).

Moreover, the study contributes to refining the phenore-
gion concept proposed by Krug et al. (2018), which classifies
ocean regions based on the similarity of their seasonal phyto-
plankton dynamics and environmental forcing. Our findings
confirm that the Argentine Shelf comprises multiple pheno-
logically distinct regions (D2023), shaped not by latitude
alone but by local oceanographic conditions. For instance,
the Central Shelf supports early blooms probably driven by
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seasonal water column stratification subjected to intermit-
tency; while in the Patagonian Shelf richer in nutrients due
to its cold Sub-Antarctic waters as well as its several frontal
areas, blooms develop later in summer being light their main
driver. Even within each of these main regions (CS and PS)
there are heterogeneities in the way that specific components
of these two drivers (MLD and light) take prevalence in shap-
ing the magnitudes of the blooms. Recognizing this mosaic
of phenoregions is essential for capturing the spatial diver-
sity of bloom behavior and improving ecological modeling,
climate projections, and the design of targeted monitoring
strategies.

Climate change is expected to increase water column strat-
ification and alter wind and mixing regimes, thereby influ-
encing bloom timing and community structure (Marinov et
al., 2010; Boyd and Doney, 2002). In this regard, the northern
section of the shelf (CS) may experience more intense strat-
ifications, potentially favoring smaller phytoplankton and
altering trophic pathways. Meanwhile, the southern region
(PS) with higher nutrient input, would be more influenced
by the stronger Westerly winds (Goyal et al., 2021; Deng et
al., 2022) at the same time that cloudiness maybe increas-
ing (Laken and Pallé, 2012); hence, whether phytoplankton
would be really increasing in biomass, or just increasing its
intracellular chlorophyll content is still a matter of specu-
lation (Ryan-Keogh et al., 2023). Understanding how these
subregions will respond differently is critical for modeling
future productivity and for managing fisheries and ecosys-
tem services in this economically important region.

5 Conclusions

The role of light availability, described by PAR and Z.,, and
MLD in shaping phytoplankton bloom dynamics across the
SWAQO shelf was analyzed. By examining satellite-derived
Chl-a and environmental variables over a wide region, the
study showed how these physical drivers influence bloom
timing, intensity, and duration. The analysis addressed con-
trasting conditions at seven selected sites located in different
phenological regions (according to D2023) that represented
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a diversity of hydrographic regimes, revealing key details
about site-specific phytoplankton phenology.

In the Central Shelf (CS), blooms typically initiate be-
tween May and August, with coastal regions experiencing
even earlier initiation. These patterns were associated with
shallow MLDs, which allowed sufficient light penetration
to support early phytoplankton growth, probably associated
with relatively stable atmospheric conditions. Conversely,
the Patagonian Shelf (PS) exhibited delayed bloom initia-
tion, generally occurring in September—November. This tim-
ing reflected the colder waters characteristic of the region,
which required extended periods of warming to create MLD
conditions favorable for phytoplankton growth. Additionally,
nutrient-rich waters from Subantarctic origin and frontal sys-
tems supported high Chl-a during the austral summer, partic-
ularly near the shelf break. In such conditions, light penetra-
tion becomes a critical limiting factor for sustaining growth.
These results indicate that light penetration, Z.,, and its in-
terplay with vertical mixing, Z., : MLD ratio, are key de-
terminants of bloom phenology. Sverdrup’s theory explains
the general expected situation for the onset with phytoplank-
ton growth favored when light penetration exceeds mixing
depth (Zey,> MLD); we found here that in most cases at the
time of the peak, though the Z, : MLD was around or higher
than 1 (except for EP and BW), the strong phytoplankton
growth would shallow Z,, and therefore negative Z¢, and
Zeyw : MLD were good predictors of bloom peak anomaly.
However, the predictive power of these correlations varied
among the study sites. For instance, regions influenced by
frontal zones or tidal mixing, such as the San Jorge Gulf
and Grande Bay, exhibited more complex interactions, likely
reflecting the additional contributions of localized nutrient
fluxes or grazing pressure.

Seasonal cycles also showed clear mean spatial distribu-
tion patterns in bloom dynamics, with southern sites exhibit-
ing longer bloom durations compared to northern regions.
These findings emphasize the spatial heterogeneity of phyto-
plankton responses to environmental drivers, suggesting that
while light and MLD are dominant factors, other local pro-
cesses not considered here such as tidal energy, nutrient en-
trainment, and zooplankton grazing may significantly influ-
ence bloom phenology.

The study findings align with and complement those
of D2023, who provided a broader regional perspective
on the SWAO using 24 years of satellite-derived Chl-a
data. D2023 classified the SWAO into nine biogeographi-
cal regions and documented significant long-term trends, in-
cluding increased phytoplankton biomass and delayed au-
tumn blooms. These trends were attributed to climate-driven
warming, MLD shoaling, and extended stratification peri-
ods. In contrast, this study centered on understanding the
mechanistic roles of light availability and MLD in driving
bloom phenology at specific locations. While D2023 em-
phasized environmental changes, the present study explored
finer-scale dynamics, providing information on how local
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variations in physical drivers shape bloom timing and inten-
sity. Notably, this study confirmed D2023’s observation of
delayed bloom initiation in southern regions but added detail
on the variability in bloom timing within individual subre-
gions.

The results of the present study underscore the importance
of physical factors, particularly light availability and MLD,
in controlling bloom phenology. The observed spatial and
temporal variability points to the need of localized analyses
to capture the heterogeneity of phytoplankton responses to
environmental changes. By integrating satellite observations
with advanced statistical methods, the utility of regional-
scale data in uncovering key agents of phytoplankton blooms
is demonstrated.

Future research should incorporate additional data on
nutrient fluxes, tidal energy, and zooplankton grazing to
account for unexplained variability in bloom dynamics.
Though here it was not attempted to disentangle physiologi-
cal growth from ecological loss terms, this may be possible in
a future if more observations allow a more robust modelling
of net primary production. Secondary bloom dynamics and
their ecological significance also warrant further investiga-
tion, particularly in the context of long-term trends (D2023).
Finally, exploring the broader implications of climate-driven
changes, including potential shifts in trophic interactions and
ecosystem productivity, could provide useful clues into the
resilience of these highly productive waters.

Data availability. The OC-CCI data can be  down-
loaded from https://www.oceancolour.org/thredds/catalog/
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