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ABSTRACT. This study presents the first estimates of primary production (PP) from the Marine
Ecological Time Series, Estacion Permanente de Estudios Ambientales (EPEA) in the Argentine Sea
and examines its relationship with phytoplankton community composition and environmental factors
using data obtained between 2006 and 2019. Our findings indicate that PP at EPEA exhibits seasonal
pulses, with an estimated annual average of 202 + 115 g C m2 yr'!, classifying the system as mes-
otrophic. The peak of PP occurred in spring associated with increased irradiance and water column
stratification, and the dominance of diatoms, dinoflagellates, and haptophytes. Winter was the least
productive season, characterized by low light levels and a deep mixed layer, with a prevalence of
cryptophytes and ultraphytoplankton. In summer, PP was lower than in spring, and the community was
dominated by picoplanktonic Synechococcus spp., adapted to low nutrients and high light. In autumn,
PP increased relative to summer, associated with higher microphytoplankton biomass. A key finding
was the decoupling between PP and total carbon biomass, highlighted by the high variability of the
B¢ to Chlag (B/Chlag) ratio. This ratio is crucial for linking carbon-based biogeochemical models
with satellite-based PP models. Deviations from the expected seasonal patterns could point to the
sensitivity of coastal PP to large-scale climate influences, such as the Southern Annular Mode (SAM)
and the El Nifio-Southern Oscillation (ENSO). Our results evidence the physiological adaptability of
phytoplankton in this dynamic coastal environment, and highlight the necessity of high-frequency
sampling to improve primary productivity models in this under-sampled region.

Key words: Photosynthesis, physiological parameters, bio-optical properties, phytoplankton taxonomy,
Marine Ecological Time Series.

Produccién primaria estacional en la estaciéon EPEA, Atlantico Sudoccidental: relaciones con
la composicién del fitoplancton y las propiedades ambientales

RESUMEN. Este estudio presenta las primeras estimaciones de produccién primaria (PP) de la
Serie Temporal Ecologica Marina de la Estacion Permanente de Estudios Ambientales (EPEA) en el
Mar Argentino, y examina su relacion con la composicion de la comunidad fitoplanctonica y factores
ambientales, utilizando datos obtenidos entre 2006 y 2019. Nuestros hallazgos indican que la PP en la
EPEA presenta pulsos estacionales, con un promedio anual estimado de 202 + 115 g C m™ afio”, lo que
clasifica al sistema como mesotréfico. El pico de PP se registr6 en primavera, asociado a un aumento
de la irradiancia y la estratificacion de la columna de agua, y al predominio de diatomeas, dinoflagela-
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dos y haptofitas. El invierno fue la estacion menos productiva, caracterizada por bajos niveles de luz y una capa de mezcla profunda, con
prevalencia de criptofitas y ultrafitoplancton. En verano, la PP fue menor que en primavera, y la comunidad estuvo dominada por especies
picoplanctonicas de Synechococcus spp., adaptadas a bajos nutrientes y alta luminosidad. En otofio, la PP aument6 con respecto al verano,
asociada a una mayor biomasa de microfitoplancton. Un hallazgo clave fue la disociacion entre la PP y la biomasa total de carbono, evi-
denciada por la alta variabilidad de la relacion B¢ a Chlag (B/Chlag). Esta relacion es crucial para vincular los modelos biogeoquimicos
basados en carbono con los modelos de PP basados en satélite. Las desviaciones de los patrones estacionales esperados podrian indicar la
sensibilidad de la PP costera a las influencias climaticas a gran escala, como el Modo Anular del Sur (SAM) y El Nifio-Oscilacion del Sur
(ENSO). Nuestros resultados evidencian la adaptabilidad fisiologica del fitoplancton en este dindmico entorno costero y resaltan la necesidad
de un muestreo de alta frecuencia para mejorar los modelos de productividad primaria en esta region poco estudiada.

Palabras clave: Fotosintesis, parametros fisiologicos, propiedades bio-0pticas, taxonomia del fitoplancton, Series Temporales Ecologicas

Marinas.

INTRODUCTION

Primary production (PP) is the process by which
photosynthetic organisms, using mainly water, car-
bon dioxide (CO,), and solar radiation as an energy
source, produce organic matter and oxygen (O,). In
the oceans, this process is primarily carried out by
phytoplankton. These organisms provide important
ecosystem services by supporting higher trophic
levels and regulating climate on Earth (Falkowski
2002; Falkowski et al. 2003), reducing the impact
of global change through carbon assimilation and
subsequent export to the deeper ocean layers as
organic carbon, where a fraction of it can be se-
questered in sediments (Volk and Hoffert 1985;
Falkowski 2012). Global primary production by
phytoplankton, as computed using a satellite model,
varied from 48.7 to 52.5 Gt C y*! between 1998
and 2018 (Kulk et al. 2020). Light is one of the
main factors regulating primary production; there-
fore, models commonly rely on Photosynthesis
versus Irradiance (P-E) curves, which describe the
functional response of photosynthetic activity by
phytoplankton to available light (Platt and Sathy-
endranath 1988). The most commonly used models
for estimating primary production require informa-
tion on the vertical distribution of chlorophyll a
concentration (Chla, a proxy for phytoplankton bio-
mass), photosynthetically active radiation (PAR) at
the sea surface, its attenuation in the water column,

and photosynthetic parameters (Platt and Gallegos
1980; Platt et al. 1980). The primary photosynthetic
parameters, including the initial slope of the P-E
curve (o) and the maximum photosynthetic rate
(P,), vary significantly among different species,
and physiological states of phytoplankton. This var-
iability directly influences a cell’s light-harvesting
and carbon fixation efficiency. Key factors such as
cell size, pigment composition, and photoacclima-
tion status modulate the bio-optical characteristics
of the phytoplankton, which in turn dictate their
light absorption capacity and ultimately their photo-
synthetic performance (Sathyendranath et al. 1987).
As a result, phytoplankton exhibit substantial spa-
tial and temporal variability in their photosynthetic
parameters (Platt et al. 1992). In addition to spe-
cies-specific traits, environmental conditions such
as temperature (Bouman et al. 2005), and nutrient
(Platt et al. 1992) and light availability (Falkowski
1980), also strongly influence these parameters.

Despite the ecological importance of these pho-
tosynthetic parameters for understanding and mod-
eling primary production, in situ measurements
remain limited, with most data collection concen-
trated in the North Atlantic (Kulk et al. 2020). This
lack of global coverage contributes to low confi-
dence in satellite-based estimates of marine pri-
mary production trends, highlighting the need for
more thorough validation using field observations
(IPCC 2019; Sathyendranath et al. 2020).

The Argentine continental shelf (ca. 34° S-55° S)
is among the most productive regions of the
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world’s oceans, as indicated by global estimates
of primary production (e.g. Longhurst et al. 1995).
A primary production model estimated an annual
value of 0.17 Gt for the continental shelf (Dogliotti
et al. 2014), with the highest productivity occurring
in frontal zones such as the shelf-break and Grande
Bay (Lutz et al. 2010; Segura et al. 2013). These re-
gions also support a highly diverse phytoplankton
community, characterized by species with similar
cell sizes but distinct bio-optical and photosyn-
thetic properties (Segura et al. 2013). This high
phytoplankton productivity supports the region’s
highly productive fisheries.

Long-term monitoring is essential for under-
standing dynamic ecosystems. Marine Ecological
Time Series (METS) are valuable tools for char-
acterizing seasonal and interannual variations in
oceanographic, bio-optical, and biogeochemi-
cal properties, as well as assessing their links to
global change. Additionally, METS help elucidate
planktonic trophic structures and detect extraor-
dinary events (Edwards et al. 2010; Valdés and
Lomas 2017). In the Southwest Atlantic, where
METS are rare, the Permanent Station for Environ-
mental Studies (EPEA for its acronym in Spanish:
Estacion Permanente de Estudios Ambientales),
established in 2000, has been one of the first in
the region (O’Brien et al. 2017). EPEA is a coastal
station located approximately 27 nautical miles off
the coast of Mar del Plata, Argentina, at the tran-
sition between coastal and mid-shelf waters, near
the 50-meter isobath (38° 28" S, 57° 41" W). This
region is influenced by subantarctic waters advect-
ed from the middle shelf, as well as occasional
intrusions of fresher waters from the Rio de la Plata
estuary (Carreto et al. 1995; Guerrero and Piola
1997; Lucas et al. 2005). EPEA has provided valua-
ble long-term data on environmental variability and
ecosystem dynamics and has revealed a seasonal
pattern typical of temperate regimes (Carreto et al.
2004; Lutz et al 2006; Silva et al. 2009; Ruiz et al.
2020). During winter, microphytoplankton, particu-
larly diatoms, dominate due to favorable nutrient
conditions (Silva et al. 2009) and complete mixing

of the water column. These conditions are also con-
sistent with the presence of diatoms in this period
(Ruiz et al. 2025). In contrast, ultraphytoplankton
dominate in summer, likely benefiting from strati-
fied waters and higher light availability (Lutz et al.
2006; Silva et al. 2009; Ruiz et al. 2025).

This study aimed to analyze the seasonal varia-
tion in primary production at EPEA between 2006
and 2019, and to examine its relationship with phy-
toplankton bio-optical properties and community
composition. The findings were interpreted within
a broader historical environmental and bio-optical
context.

MATERIALS AND METHODS

Sampling and determination of variables

A total of 23 incubation experiments (P-E
curves) were conducted at EPEA station (38° 28’ S,
57° 41" W, Figure 1) between 2006 and 2019 on
board different research vessels during different
seasons: summer (January-March, n = 8), autumn
(April-June, n = 4), winter (July-September, n =
5), and spring (October-December, n = 6) (Table
1). Hereafter, we refer to these visits to the station
as EPEApp, to distinguish them from visits that
did not include primary production measurements.

Environmental variables

During each cruise, profiles of temperature,
salinity, and in vivo fluorescence were recorded
using a Conductivity Temperature Depth (CTD,
SeaBird) system, a fluorometer (SeaBird ECO),
and a fluorometer sensor (Seapoint) attached to
the CTD. The collected CTD data from sea surface
temperature (SST) and sea surface salinity (SSS)
were processed using standard Seabird software
routines, subjected to quality control, and stored
in the BaRDO database (Baldoni et al. 2008). Ad-
ditionally, discrete salinity samples were analyz-
ed with an Autosal Guideline 8400B salinometer.
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Figure 1. Location of the EPEA (Estacion Permanente de Estudios Ambientales) sampling site, offshore Miramar, along with a
schematic diagram of the mean circulation in the northern sector of the Argentine continental shelf. The colored lines
represent the different components of this circulation: red for the Brazil Current, blue for the Malvinas Current, yellow
for the mean Rio de la Plata outflow, and light blue for the cold shelf waters. The white shaded area corresponds to the
Argentine-Uruguayan Common Fishing Zone, while the light blue shaded area indicates the Argentine Exclusive Economic
Zone. Circulation patterns were vectorized and adapted from Franco et al. (2018) and Buratti et al. (2022).

The mixed layer depth (MLD) was determined
following the density criterion proposed by de
Boyer Montegut et al. (2004), which defines MLLD
as the depth where seawater density increases by
more than 0.03 kg m™ relative to the density at 10
m depth. The photosynthetically active radiation
(PAR: 400 to 700 nm) at the surface, Eg, was re-
corded continuously during the whole cruise with
a cosine downwelling irradiance (LI-COR) sensor.
These in situ measurements were then compared
with daily PAR irradiance (Egar) estimated from
satellite data (Egar, mol quanta m d!) provided by
NASA'’s Ocean Biology Processing Group (Frouin
and Pinker 1995). The Egu, corresponding to the
study area, was obtained from the MODIS sensor
onboard the AQUA satellite and downloaded from
NASA’s Physical Oceanography Distributed Ac-
tive Archive Center (PO.DAAC) (2019), using the
2022.0 reanalysis version (https://oceancolor.gsfc.

nasa.gov/). Discrete water samples were collect-
ed (from the surface from Niskin bottles) for the
subsequent determination of the macronutrients,
including nitrate plus nitrite (N + N), phosphate
and silicate. These nutrients were measured using
Skalar SAN Plus System, with methods adapted
from Armstrong et al. (1967) and Grasshoff et al.
(1983) for N + N, from Murphy and Riley (1962)
for phosphate, and from Grasshoff et al. (1983) for
silicate. For further details on the specific analyti-
cal procedures, see Ruiz et al. (2025).

Biological variables

Additionally, seawater samples were collected at
the surface and at two other selected depths for de-
termination of biological variables described below
(see Lutz et al. 2010 for more details). Details of
variables, along with their corresponding symbols
and units, are provided in Table 2.
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Table 1. Survey data from the Estacion Permanente de Estudios Ambientales where primary production (PP) was estimated
(EPEApp). The data include the cruise name, research vessel, station ID, sampling date and time (GMT), season, and
sampling depth (m) for the photosynthesis-irradiance (P-E) experiment.

Cruise Ship ID Date Hour_min Season P-E experiment depth
PD200602 ‘Puerto Deseado’ Mar2006 Mar10 4:03 pm Summer 0
PD200603 ‘Puerto Deseado’ Sep2006 Sep5 10:05 pm Spring 0
0B200803 ‘Oca Balda’ Nov2008 Nov20 4:36 pm Spring 0
0OB200804 ‘Oca Balda’ Dec2008 Decl7 2:19 pm Spring 5
0OB200901 ‘Oca Balda’ Jan2009 Jan21 5:53 pm Summer 0
0B200904 ‘Oca Balda’ Mar2009 Mar23 2:26 pm Summer 0
0B200906 ‘Oca Balda’ Apr2009 Apr29 11:19 am Autumn 0
0B201001 ‘Oca Balda’ Jan2010 Janl5 10:39 pm Summer 5
PD201005 ‘Puerto Deseado’ Jul2010 Jul5 5:46 pm Winter 5
PD201008 ‘Puerto Deseado’ Dec2010 Dec20 10:18 pm Spring 0
0OB201103 ‘Oca Balda’ Feb2011 Feb26 11:45 am Summer 5
0OB201106 ‘Oca Balda’ Apr2011 Aprl7 10:16 am Autumn 5
PD201102 ‘Puerto Deseado’ Jul2011 Jul2 19:31 pm Winter 7
PD201203 ‘Puerto Deseado’ Jul2012 Jul2 8:44 pm Winter 5
0B201202 ‘Oca Balda’ Oct2012 Octl2 5:49 pm Spring 5
0B201301 ‘Oca Balda’ Jan2013 Jan23 6:29 pm Summer 5
0B201304 ‘Oca Balda’ Jul2013 Juls 12:23 pm Winter 5
0B201401 ‘Oca Balda’ Jan2014 Jan30 0:35 am Summer 0
0B201402 ‘Oca Balda’ Mar2014 Mar25 8:04 pm Summer 7.5
PD201606 ‘Puerto Deseado’ Nov2016 Nov7 11:04 pm Spring 5
PD201703 ‘Puerto Deseado’ Jun2017 Jun2 8:53 pm Autumn 5
VA201803 “Victor Angelescu’ Apr2018 Apr4 9:45 am Autumn 5
VA201912 “Victor Angelescu’ Dec2019 Decl4 10:03 am Spring 5

Chlorophyll a concentration

Total chlorophyll a concentration in situ (Chla)
and chlorophyll a concentration corresponding to
the phytoplankton size fraction < 5 um (Chlag5)
were analyzed with a Perkin Elmer LS3 spect-
rofluorometer using the fluorometric method de-
scribed by Holm-Hansen et al. (1965) and later
modified by Lutz et al. (2010). The contribution
of Chlag5 to the total chlorophyll a concentration
was determined and expressed as a percentage
(%Chlagy). The integrated chlorophyll a concen-
tration in the euphotic zone (Zgy, here defined as
the depth where the light reaches 1% of its surface

value), Chlazz;; was calculated using the continu-
ous in vivo fluorescence (Fl) profile and discrete
Chla measurements. Depth-specific Chla/Fl ratios
were determined and used to interpolate linearly
between sampled depths, as described in Lutz et al.
(2010). In cases where FI data were not available
(Jan2009 and Jan2010), a linear fit of the discrete
Chla measurements was used to estimate Chlaygy,.

Particulate absorption coefficients

The total particulate absorption coefficient (a(1))
and the non-algal particle absorption coefficient
(@nqp())) were calculated using the equation pro-
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Table 2. List of symbols and abbreviations used with their description and units.

Notation Description Units
%Chlag5 Percentage of contribution of the Chlag5 to the Chlag %
3¢ Atom of 13 carbon %
a Initial slope of P-E curve mg C h''(W m2)’!
aB Initial slope of P-E curve normalized by Chla mg C (mg Chla)' h"\(W m?2)!
a?,(443)  Specific absorption coefficient of phytoplankton at wavelength 443 nm m? (mg Chla)™!
a,(\) Absorption coefficient of total particulate matter at wavelength A m!
apy(M) Absorption coefficient of phytoplankton at wavelength A m!
B¢ Biomass of total phytoplankton in terms of carbon mg C m
Bc/Chlag  Ratio carbon biomass to chlorophyll concentration at surface mg C (mg Chla)’!
Bcmicro Biomass of microphytoplankton in terms of carbon mg C m?3
Bcnano Biomass of nanophytoplankton in terms of carbon mg C m?3
Bepico Biomass of picophytoplankton in terms of carbon mg C m3
Bcultra Biomass of ultraphytoplankton in terms of carbon mg C m?
Chla Total Chlorophyll a concentration in situ mg m-
Chlag Total Chlorophyll a concentration in situ at the surface mg m?
Chlag5s Chlorophyll @ concentration corresponding to the phytoplankton mg m?

size fraction less than 5 pm
Chlazgy Integrated Chlorophyll a at the euphotic zone mg m?2
E, Light saturation parameter determined by the ratio P /a W m?
EPEApp Estacion Permanente de Estudios Ambientales where primary

production experiments were conducted
Eg Instantaneous PAR irradiance at the sea surface umol quanta m? s°!
Egn Irradiance PAR at the sea surface at local noon pumol quanta m2 s°!
Esar Daily satellite irradiance PAR at the sea surface mol quanta m2d-!
E, Irradiance PAR at depth Z umol quanta m2 ™!
Fl In vivo fluorescence relative fluorescence units
micro Microphytoplankton class size (cells from 20 to 200 pm)
MLD Mixed layer depth m
nano Nanophytoplankton class size (cells from 5 to 20 um)
p Assimilated carbon rate in each sample per hour mg C m3h!
Po Surface instantaneous primary production at noon mg C m>h!
PAR Photosynthetically Active Radiation from 400 to 700 nm
PBm Maximum production at saturating irradiance normalized by Chla mg C (mg Chla)"' h!
pico Picophytoplankton class size (cells < 2 um)
P Maximum production at saturating irradiance mg Ch!
PP Primary production
Py Daily primary production integrated in the water column mg C m2d!
SSS Surface seawater salinity practical salinity units
SST Surface seawater temperature °C
ultra Ultraphytoplankton class size (cells from 2 to 5 pum)
Z Depth of the station m
Zry Depth at which irradiance reaches 1% of the Eg m
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posed by Mitchell (1990) and the coefficients pro-
vided by Hoepffner and Sathyendranath (1992).
The spectral absorption coefficient of phytoplank-
ton (a,,(A)) was then calculated from subtraction
[a,n(M) = a,(M) - a,4,(M)] and the specific absorp-
tion coefficient of phytoplankton was obtained
normalizing by Chla (aBph(k)). Details of the pro-
cedure can be found elsewhere (Ruiz et al. 2020;
Lutz et al. 2021).

Phytoplankton community

To analyze the size structure of autotrophic
plankton, taxa were grouped into the following cat-
egories: picophytoplankton (pico, < 2 um), ultrap-
hytoplankton (u/tra, 2-5 pm), nanophytoplankton
(nano, 5-20 um) and microphytoplankton (micro,
20-200 pm). Identification and cell count of the
nano and micro fractions were conducted using
the sedimentation technique (Lund et al. 1958) and
classical bibliography (Cupp 1943; Balech 1988;
Tomas 1997). Taxonomic nomenclature was re-
vised and updated following AlgaeBase (Guiry and
Guiry 2025) and Nannotax3 for coccolithophores
(Young et al. 2022). For the pico and ultra-frac-
tion, epifluorescence microscopy was used, where
a known volume of the sample was stained with
fluorochromes; DAPI to stain the DNA, and profla-
vin to stain cell membranes (Booth 1993; Verity
and Sieracki 1993). Morphometric measurements
were performed using digitized cell images, and
cell biovolumes (um?) were estimated based on
Hillebrand et al. (1999). The total phytoplankton
carbon biomass, B¢ (mg C m™) and that of all size
fractions (BCpicoa Bcuitra» Benano and BCmicro) were
calculated using carbon-to-volume ratios from
Menden-Deuer and Lessard (2000). Details of the
procedure can be found in Karlson et al. (2010).
In addition, the ratio B¢ to Chlag (B/Chlag) was
calculated.

Primary production

A surface seawater sample was inoculated with
a NaH'3COj solution to achieve an 8% enrichment
in carbon-13 and distributed into 16 square

polycarbonate bottles (500 ml): 15 were incubated
at an irradiance gradient, ranging approximately
from 1 to 1,100 umol quanta m~ s*! measured
within each bottle using a scalar PAR radiometer
(Model QSL-100 Biospherical Instruments) and one
bottle was kept in the dark as a control. Incubations
lasted 3-4 h at in situ seawater temperature. A non-
inoculated sample was filtered onto pre-combusted
Whatman GF/F glass-fiber filters at the beginning
of each experiment to determine the natural '3C
abundance of the total particulate organic carbon
pool (POC). Immediately after incubation, each
bottle was filtered onto pre-combusted GF/F filters,
which were stored dry on board. On land, the
filters were fumed with hydrogen chloride, dried,
and encapsulated for isotopic analysis (Segura
2013). The amount of POC and the percentage
of 13C atoms in the POC (3C) on the filters were
obtained using an Isotope Ratio Mass Spectrometer
at the UC Davis Stable Isotope Facility (United
States of America), except for samples from Nov
2006, which were analyzed by the Oceanographic
Processes and Climate Laboratory of the University
of Concepcion (Chile). The carbon assimilation rate
in each sample (p, mg C m> h'"), was computed
according to Hama et al. (1983), Collos and
Slawyk (1985) and Fernandez et al. (2005). The
concentration of total dissolved inorganic carbon in
the natural seawater used was 2,400 umol L' (pers.
comm. Y Collos), with a 13C abundance of 1.11%.
The exponential equation of Platt et al. (1980)
was used to fit the P-E curve and to obtain the
photosynthetic parameters: a, the slope of the P-E
curve at low irradiance (mg C h™! (umol quanta m™
s1y1), and P, the maximum photosynthetic rate
at light saturation (mg C h™"). In addition, the light
saturation parameter (£,, W m™), defined as the
irradiance value where the linear extrapolation of
the initial slope a intersects P,,,, was calculated. The
parameter o was corrected for the spectral quality
of the artificial light source and the phytoplankton
absorption coefficient (a,,(A)) in each sample,
following the methodology described by Dubinsky
et al. (1986). a and P, were normalized by Chlag
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at the time of sample collection to obtain o and
PB_, respectively.

To estimate both the surface instantaneous pri-
mary production at noon (py, mg C m> h'') and the
daily primary production integrated in the water
column (P, mg C m? d!), the instantaneous PAR
irradiance at the sea surface (Eg), and the irradiance
PAR at the depth (E;) were measured. The Eq were
averaged into 2-hour intervals starting at 08:00 h,
resulting in 9 hourly ranges per day, following Lutz
etal. (2010) and Segura et al. (2021). The mean Eg
between 12:00 and 14:00 h local time was defined
as Eqy for each EPEApp. The E; was modeled using
a downward attenuation coefficient (K,) obtained
from the equation of Sathyendranath and Platt
(1988) accounting for the significant influence of
chromophoric dissolved organic matter (CDOM),
which is a major light-absorbing component in the
study area (Lutz et al. 2006; Ruiz 2018). Due to
gaps in our CDOM data, a monthly averaged Ky
derived from historical measurements was used
to calculate both E;, and the P,;. The p, and P,
were calculated at each station following the pa-
rameterization of Platt et al. (1980). The following
assumptions were made: Chla,g; profiles remained
constant throughout the day, and photosynthetic
parameters were constant both with depth (Z) and
over the course of a day. Details of the procedure
can be found elsewhere (Segura et al. 2010, 2021).

Statistical analysis

Descriptive statistics on a total of 23 EPEApp
with available bio-optical (Chlag, Chlag5, a®,,(\)),
primary production parameters, carbon biomass of
phytoplankton and environmental (Egy, Esar, SST,
SSS, MLD) data (Table 3) was performed using R
and visualized using box plots. Data were grouped
by season: summer (January-March, n = 8), au-
tumn (April-June, n = 4), winter (July-September,
n =15), and spring (October-December, n = 6). This
visualization characterized the EPEApp in relation
to the historical data from 2000 to 2019 providing
context for their variability. To achieve this, pre-

viously published data from Ruiz et al. (2020) and
Vinas et al. (2021) for 2000-2017 were integrated
with new observations from 2018-2019.
Spearman’s rank correlations (r;) were calcu-
lated to assess associations between variables and
parameters. The correlations were considered sig-
nificant at p < 0.05. Principal Component Analy-
sis (PCA) was performed using R (version 4.4.1)
with the FactoMineR package (Lé et al. 2008). The
analysis was based on the correlation matrix and
included the Kaiser-Meyer-Olkin (KMO) index to
evaluate the suitability of surface environmental
variables (Egat, SST, SSS, MLD) and biological
variables (Chlag, a,,(443), py, Bc and Bo/Chlag).
This exploratory approach aimed to identify poten-
tial associations among variables within the dataset.

RESULTS

Variation in environmental properties

Irradiance

Irradiance showed high variability across the
different EPEApp regardless of season, with highest
irradiance values, Eqy and Egar, recorded during
summer and spring (Table 3; Figure 2 A). Although
Eqy measurements are instantaneous and subject to
high variability (e.g. due to cloud cover), they ex-
hibited a seasonal pattern similar to that observed
in the Egar data (Figure 2 A; Table 4). A significant
correlation was found between Eqy and Eguy (1=
0.82, p < 0.005, n = 23; Figure 3).

Temperature and salinity

SST during EPEApp ranged from 10.37
(Sep2006) to 21.10 °C (Feb2011). It showed high
variability in autumn and spring, with a range of
approximately 5-6 °C within each season (Figure
2 B; Table 3). In particular, the EPEApp conducted
in Apr2018 (autumn) and Dec2008 (spring) pre-
sented SST values above and below in relation to
the historical data from 2000 to 2019, respective-
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ly. However, none of the values were detected as
outliers (Figure 2 B). SSS also exhibited consid-
erable variability across EPEApp, ranging from a
minimum of 33.44 (Dec2008) to a maximum of
34.30 (Apr2018). Some cruises exhibited values at
or below the lower first quartile of historical data,
with Jul2010 being an outlier (Figure 2 C).

Mixed layer depth

The MLD during EPEApp ranged from 7 m
(Dec2008) to 48 m (Jul2012, i.e. homogeneous
water column). High variability in MLD was ob-
served within seasons (Table 3). On average, MLD
was shallower in summer and spring, ranging from
16 to 21 m, and deeper in autumn and winter, at
over 30 m during autumn and winter (Table 3).
Apr2018 and Dec2019 were identified as outliers
in the distribution of MLD values (Figure 2 D).

Variation in biological variables

Chlorophyll a concentration
The Chlag during the EPEApp ranged from
0.33 mg m> (Jan2014) to 5.38 mg m (Dec2008)
(Table 3). In general, Chlag values were < 2.00 mg
m™ regardless of the period analyzed, except in
spring when two outliers were identified (Dec2008
and Nov2016) (Figure 4 A). A significant negative
correlation was found between Chlagand SST (r,=
-0.53, p < 0.05, n =23; Figure 4 A). In the EPEAypp,
Chlag5 ranged from 0.41 mg m (Dec2010) to
2.63 mg m> (Dec2008), with outliers in Oct2012,
Dec2008, and Mar2014 (Table 3; Figure 4 B).
%Chlag5 ranged from 18 to 93%, with spring and
winter showing the greatest variability (Table 3;
Figure 4 C). Chlazp ranged from 21 (Jan2014) to
435 mg m? (Mar2006) (Table 3), with the greatest
variability in spring and summer, when values
spanned over an order of magnitude.

Specific phytoplankton absorption coefficient

The aBph(443) values varied by an order of mag-
nitude during the EPEApp, ranging from 0.020
(Jul2013) to 0.129 m? (mg Chla)' (Nov2016)

(Table 3). In general, spring and summer EPEApp
were the most variable periods within the EPEApp
(Table 3; Figure 4 D). Significant positive correla-
tions were observed between a,,,(443) and Chlag(r,
=0.75,p <0.05, n = 23), a,;,(443) and Chlazgy (r,
=0.65, p <0.05, n=23), and a,,(443) and Chlag5
(r;=0.68, p <0.05,n=16) (Figure 4 D).

Phytoplankton composition

The B¢ in the EPEApp ranged from 10 to
110 mg C m? (Table 3; Figure 5). On average,
B was higher in summer and autumn compared
to winter and spring. During summer, B, ac-
counted for, on average, more than 60% of total
B, primarily driven by cyanobacteria of the genus
Synechococcus Nageli, 1849 (Figure 5). Notable
exceptions occurred in Jan2010 and Mar2014,
when B¢ was dominated by chrysophytes and
cryptophytes from Bcyira, respectively (Figure 5).
In autumn, Bcp,ero represented, on average, 44%
of B¢, and was dominated by the large diatom
Trieres sinensis (Greville, 1866) (Figure 5). In
winter, cryptophytes from Bcyy, dominated, con-
tributing on average more than 40% to total B¢,
followed by various microplanktonic diatoms like
Eucampia sp. Ehrenberg, 1839, which contributed
~ 30% to total B¢ (Figure 5). In spring, all size
fractions contributed similar average proportions
to total phytoplankton B¢ (Figure 5). The mean
B/Chlagratio varied seasonally, ranging from 15
+ 8 in winter to 89 + 47 in summer (Table 3), and
it was positively correlated with SST (r, = 0.77, p
<0.05, n=23) (Figure 3).

Photosynthesis parameters and primary production
rates

Although marked variation in the shape of the
P-E curves was observed across different EPEApp,
regardless of the season (data not shown), the un-
normalized photosynthetic parameters were related
to each other. These variations resulted in highly
variable values of photosynthetic parameters, with
mean oP varying from 0.06 + 0.04 in summer to
0.10 + 0.03 mg C (mg Chla)' h'' (W m?)"! in
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Table 3. Seasonal averages and standard deviations of physical, chemical, biological variables and phytoplankton primary produc-
tion parameters (corresponding symbols, abbreviations and units in Table 2). Data are presented for Summer (Jan-Mar),
Autumn (Apr-Jun), Winter (Jul-Sep), and Spring (Oct-Dec) periods across various sampling years. N indicates the number
of observations for each variable in each season.

ID Eq Egar  SST SSS MLD N+N  Chlag Chlazey  Chlags  a,,(443) aBph(443)
Summer

Mar2006 1,214 30 1897 33.74 14 0.96 0.72 435 - 0.03 0.04
Jan2009 1,749 66 19.98 33.47 8 - 0.35 32 - 0.02 0.06
Mar2009 835 38 20.54 33.81 30 0.19 0.83 25 0.46 0.04 0.04
Jan2010 1,614 58 1993 33.74 9 0.36 1.12 37 - 0.06 0.05
Feb2011 903 42 21.10  33.81 27 0.34 1.11 39 0.66 0.05 0.04

Jan2013 1,362 54 20.72  33.65 8 - 1.27 41 - 0.03 0.02
Jan2014 1,511 57 20.77 3391 11 0.65 0.33 21

- 0.03 0.10
Mar2014 1,275 40 19.17 34.26 21 1.05 1.34 36 0.99 0.05 0.04
Mean 1,308 48 20.15 33.80 16 1.05 0.88 83 0.70 0.04 0.05
sd 323 12 0.77 0.23 9 0.35 0.39 142 0.27 0.01 0.02
N 8 8 8 8 8 6 8 8 3 8 8
Autumn
Apr2009 1,120 30 18 34.10 44 0.18 1.04 27 0.52 0.02 0.02
Apr2011 458 20 14 34.10 47 0.68 0.99 27 0.61 0.03 0.03
Jun2017 509 15 16 34.00 48 - 1.89 34 1.08 0.06 0.03
Apr2018 1,073 25 20 34.30 15 0.29 1.05 39 0.59 0.04 0.03
Mean 790 23 16.80  34.13 39 0.38 1.24 32 0.70 0.04 0.03
sd 355 6 2.65 0.13 16 0.26 0.43 6 0.26 0.02 0.01
N 4 4 4 4 4 3 4 4 4 4 4
Winter
Sep2006 868 32 10 33.90 14 4.14 1.32 0.71 0.03 0.02 0.08
Jul2010 817 13 12 33.50 13 3.83 1.36 44 0.94 0.06 0.04
Jul2011 527 17 12 33.90 41 0.00 1.57 37 - 0.04 0.03
Jul2012 475 17 12 33.90 48 2.53 1.11 27 0.57 0.03 0.03
Jul2013 443 15 12 34.10 35 1.09 1.19 28 0.74 0.02 0.02
Mean 626 19 12 33.86 30 2.32 1.31 34 0.74 0.04 0.03
sd 201 8 0.74 0.22 15.93 1.77 0.18 8.04 0.15 0.02 0.01
N 5 5 5 5 5 5 5 5 5 5 5
Spring
Nov2008 711 58 14 33.80 15 - 1.36 48 - 0.07 0.05
Dec2008 1,590 63 14 33.40 7 0.79 5.38 300 2.63 0.27 0.05
Dec2010 1,713 65 17 33.60 13 0.15 0.77 31 0.41 0.03 0.04
Oct2012 1,112 43 12 33.70 10 0.58 1.82 80 1.70 0.08 0.04
Nov2016 1,435 57 13 33.60 30 1.98 4.09 114 0.73 0.53 0.13
Dec2019 1,288 50 16 33.80 48 - 2.45 58 0.87 0.13 0.05
Mean 1,308 56 14 33.65 21 0.88 2.65 105 1.27 0.19 0.06
sd 362 8 2 0.15 16 0.78 1.76 100 0.90 0.19 0.03

N 6 6 6 6 6 4 6 6 5 6 6
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Table 3. Continued.

ID aB PBm Ek Po PZT BC BCmicro BCnano BCultra BCpico BC/ChlaS
Summer

Mar2006  0.06 5.14 81.9 4.37 385 60.6 4.7 1.2 7.2 47.5 84
Jan2009 0.00 0.50 357.1 0.17 87.67 16.4 1.8 3.2 4.9 6.5 47
Mar2009  0.07 4.89 68.8 4.34 440.6 60.8 13.6 2.2 5.0 39.9 74
Jan2010 0.03 1.55 56.5 1.74 342.8 108.5 2.5 20.8 50.2 35.0 97
Feb2011 0.04 2.01 49.0 2.18 356.4 110.5 1.5 1.7 9.2 98.1 100
Jan2013 0.04 1.49 38.1 1.88 392.2 56.0 1.5 13.5 5.3 35.7 44
Jan2014 0.11 1.72 15.8 0.56 261.1 59.5 5.4 2.7 3.9 47.4 181
Mar2014  0.10  4.69 45.6 6.26 964.6 45.6 2.1 2.3 22.3 18.8 34
Mean 0.06 2.75 89.1 2.69 403.8 64.7 4.2 6.0 13.5 41.1 83
sd 0.04 1.84  110.1 2.10 251.5 31.3 4.1 7.2 16.0 27.0 47
N 8 8 8 8 8 8 8 8 8 8 8
Autumn

Apr2009 0.09 4.11 45.7 4.26 493 81.2 57.6 6.9 9.1 7.6 78
Apr2011 0.07 2.16 30.9 2.30 231 48.6 23.6 4.8 15.7 4.5 49
Jun2017 0.08 2.81 35.1 5.11 298 40.3 3.6 4.7 27.7 4.3 21
Apr2018 0.06 1.43 23.8 1.60 302 49.1 22.8 11.4 14.6 0.4 47
Mean 0.08 2.63 33.9 3.32 331 54.8 26.9 7.0 16.8 4.2 49
sd 0.01 1.14 9.1 1.64 112.8 18.1 22.5 3.1 7.8 3.0 23
N 4 4 4 4 4 4 4 4 4 4 4
Winter

Sep2006 0.87 109 1.15 265.1 19.9 11.8 3.6 1.9 2.6 15 -
Jul2010 0.09 3.43 38.1 4.60 501 19.9 8.3 1.0 8.7 1.9 15
Jul2011 0.08 1.32 16.5 2.06 205 12.1 0.5 0.4 8.3 2.9 8
Jul2012 0.16 1.79 11.2 1.99 242 10.4 3.2 1.5 4.2 1.5 9
Jul2013 0.10 1.91 19.1 2.25 213 32.0 4.2 2.2 20.7 4.8 27
Mean 0.10 1.86 19.2 2.41 285.2 18.9 5.6 1.8 8.8 2.7 15
sd 0.03 0.97 11.2 1.30 123 8.6 4.5 1.2 7.3 1.3 7.56
N 5 5 5 5 5 5 5 5 5 5 5
Spring

Nov2008 0.04 4.05 101.3 4.44 600 21.2 5.8 4.6 3.8 7.0 16
Dec2008 0.08 3.61 45.1 19.39 2,418 86.3 27.5 29.2 13.5 16.1 16
Dec2010 0.03 2.52 84.0 1.90 336 24.8 1.8 4.6 6.7 11.5 32
Oct2012 0.09 2.76 30.7 5.02 1,156 47.1 1.7 5.3 37.0 3.1 26
Nov2016  0.08 1.81 22.6 7.38 1,713 35.0 10.9 11.7 11.5 0.9 9
Dec2019 0.13 1.75 13.5 4.30 927 29.9 9.2 5.9 11.0 3.8 12
Mean 0.08 2.75 49.5 7.07 1,192 40.7 9.5 10.2 13.9 7.1 19
sd 0.04 093 354 6.28 765.4 24.1 9.6 9.7 11.8 5.8 9

N 6 6 6 6 6 6 6 6 6 6 6




12

MARINE AND FISHERY SCIENCES 39 (1): XxXX-XxX (2026)

A n: 242 n: 241 n: 270 n: 264
70 A
i; 60 °
g 50
8
S 40
&
S
E 301 °
E (]
m 20 ()
®
10
n: 29 n: 25 n: 31 n: 30
C °
34.0 {
33.5 1
n Jul2010
n
wn
33.0 A
32.5 1

T T T T
Summer Autumn Winter  Spring

B n: 30 n: 26 n: 32 n: 30
22
20 | é n
~ 18 T o
O
N
= 16 1 s
n
%)
14
0
12 - oéoo
0 -
D 50 n:37
45 Dec2019
40
351
E 30- o
A Nov2016
S 25+
20
15 A
Apr2018
10 A
5 T T
Summer Autumn Winter  Spring

Figure 2. Box plot of Egar (A), SST (B), SSS, and MLD (D) at surface during the different seasons: summer (red), autumn (or-
ange), winter (blue) and spring (green) in the EPEA Series from 2000 to 2019. Circles indicate the EPEApp stations and
crosses indicate outliers relative to the seasonal time series. The n represents the number of samples for period utilized.

winter. The mean seasonal PPm ranged from 1.86
+0.97 in winter to 2.75 + 1.84 mg C (mg Chla)!
h'! in summer, and E; ranged from 19.2 + 11.2 in
winter to 89.9 + 110 W m™2 in summer (Table 3).
The highest values of PPm (> 4.50 mg C (mg Chla)’!
h!) were found in Mar2006, Mar2009, Mar2014.
No significant correlations were found between the
normalized photosynthetic parameters (Figure 3). A
significant correlation was also observed between the
abP and E (r;=-0.64, p < 0.005, n = 23) and between
the o and Egur (rs=-0.42; p < 0.005, n = 23), SST
(r,=-0.43; p <0.005,n=23),and MLD (r,=0.47; p
< 0.005, n = 23) (Figure 3).

The p, and P,y varied considerably in the
EPEApp, ranging from 2.41 £ 1.30 to 7.07 £ 6.28
mg C m>h!, and from 285 + 123 and 1,191 + 765
mg C m2 d!, respectively (Table 3). The highest
values of primary production were found in spring
(Dec2008 and Nov2016), while the lowest values
were recorded in summer (Jan2009) (Table 3; Fig-
ure 6). However, the p/Chlag ratio during summer,
particularly in March, reached its highest values
(Figure 6). Significant correlations were found be-
tween pjy and Chlag(r,=0.62, p < 0.05,n=23), p,
and PBm (r,=0.75, p < 0.05, n = 23); P,rand Chlag
(ry=0.53,p <0.05, n=23), and P,y with Chlazgy;
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Figure 3. Spearman correlation matrix among physical (Esy, Esar, MLD, SST, SSS) and biological (Chla,, Chlazgy, a,,(443), o,
PBm, E, po, P71» Bes Bemicro» Benanos Bultras Bpicos Be/Chlag) at surface in the EPEApp. Circle size and color represent the
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(r;=0.56,p < 0.05, n=23), P,y and PPm (r,=0.56,
p <0.05, n =23) (Figure 3).

Environmental and biological characterization
of EPEApp

Principal component analysis showed that two
principal components (PCs) explained 66% of the
total variance of the environmental and biological
properties studied in the EPEApp. The first compo-
nent (PC1, ~ 36%) was primarily associated with
biological variables such as Chlag, a,,(443), and
po and the second component (PC2, ~ 30%) was
mainly influenced by environmental variables such
as Egar, SST, SSS, and MLD, as well as the biolog-
ical variables B¢ and the B-/Chlag ratio (Figure 7
A). Projections of the EPEApp stations on the PCg
map showed, for the summer, a negative association
with PC1 and a positive one with PC2 (Figure 7 B).
This suggests that these stations were characterized
by a well illuminated environment, high-tempera-

ture, and stratified waters. Additionally, they were
characterized by low Chlag, low a,;,(443), low p,
and a high B/Chlag ratio. In autumn, the projec-
tions of the EPEApp showed negative association
with the variables from the PC1 and PC2 compo-
nents (Figure 7 A). This indicates that these stations
were characterized by low light availability, low
SST, high SSS; and a deep MLD, low Chlag, low
a,i(443), low py, and high B/Chlag ratio. In winter,
the EPEApp exhibited a negative relationship pri-
marily with the variables associated with PC2 (Fig-
ure 7 A). This suggests that they were characterized
by a low Egar, low SST, a deep MLD and low Be.
In spring, the EPEApp showed high dispersion along
the PC1, and were generally positively associated
with the variables of both PC1 and PC2 components
(Figure 7 A). This suggests that these stations were
characterized by illuminated environments with
high Egur, a stratified water column with shallow
MLD, high Chlag, elevated a,,;,(443), high primary
production rates and B/Chlag ratio (Figure 7 B).
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Figure 4. Box plot of Chlag (A), Chlag5 (B), %Chlag5 (C), and aBph(443) (D) at surface during the different seasons: summer
(red), autumn (orange), winter (blue) and spring (green) in the EPEA Series from 2000 to 2019. Circles indicate the
EPEAyp stations and crosses indicate outliers relative to the seasonal time series. The n represents the number of samples

for period utilized.

DISCUSSION

Phytoplankton production: efficiency and com-
munity dynamics

The sustainability of an ecosystem is determined
by its ability to maintain a balance between bio-
mass production and loss at each trophic level. To
assess the carrying capacity of a system, it is nec-
essary to know the rates of primary production and

approximately half of the global PP is generated
by oceanic phytoplankton (Longhurst et al. 1995).
The annual PP, estimated from seasonal averages
at EPEA, was 202 + 115 g C m™ yr'!, which places
this coastal system within the mesotrophic range
(100-300 g C m? yr'!), according to the classifica-
tion proposed by Nixon (1995), reflecting moderate
nutrient availability and primary productivity. Al-
though estimates of PP in the Southern Hemisphere,
particularly in the Southwestern Atlantic, remain
limited (Lutz et al. 2018), the values obtained in
this study (ranged from 88 to 2,418 mg C m2 d!)
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are consistent with those previously reported for
the region (Lutz et al. 2018; Segura et al. 2021).
For instance, Negri (1993) documented daily pro-
ductivity values between 100 and 2,700 mg C m™
d! and an estimated annual PP of approximately
350 g C m™ for this northern part of the Argentine
shelf.

The pattern of PP observed at EPEA followed
that expected for a temperate shelf marine system

(Bouman et al. 2018), with maximum values oc-
curring in spring, a period when increased solar
irradiance and stratification of the water column
create a favorable condition for phytoplankton
growth (Sverdrup 1953; Kavanaugh et al. 2014;
Franks 2015). This maximum of PP coincided with
high Chlag coinciding with a well-balanced and
diverse community composition that included di-
verse groups such as diatoms, dinoflagellates, and
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haptophytes. This aligns with bloom conditions
where diverse niches coexist before resource de-
pletion (Margalef 1978). Notably, the exceptionally
high PP in Dec2008 was associated with the intru-
sion of waters rich in nitrate, driven by persistent
southwesterly winds. This resulted in negative tem-
perature anomalies (~ 2 °C) and positive salinity
anomalies (Negri et al. 2010; Ruiz et al. 2020). The
maximum PP observed in Nov2016 coincided with
the presence of shelf water with lower SST and
SSS relative to seasonal historical averages, and
high nutrient concentrations (N + N ~ 2.00 pumol
kg). This event could have been caused by the
wind-driven mixing, resulting in a deeper MLD. In
contrast, low PP in spring was recorded in Dec2010,
under conditions of low light availability, elevated
SST, and nutrient depletion (N + N =0.15 umol kg
1, coinciding with an unusually high proportion of
Synechococcus spp., reflecting the high variability

of the EPEA system. In summer, PP was moderate
on average, and less than half of the spring values.
The phytoplankton community was dominated by
Synechococcus spp., an important component of
the EPEA during this season (Lutz et al. 2006; Sil-
va et al. 2009; Ruiz et al. 2025), which is adapted
to conditions of high light, high temperature and
strong stratification. The high py/Chlag ratio found
is typical of the increased photosynthetic efficien-
cy in small phytoplankton (Geider 1987). Further-
more, the high B-/Chlag ratios observed are to be
expected in a period when photoacclimation to high
irradiance tends to decrease the intracellular Chla.
Additionally, low nutrient availability, as observed
in the EPEApp and previously reported for summer
at the EPEA (Ruiz et al. 2025), further contributed
to the observed elevated B/Chlag ratios. This has
implications for carbon fluxes and ecosystem func-
tioning, since a trophic regime dominated by small



18

MARINE AND FISHERY SCIENCES 39 (1): XxXX-XxX (2026)

cells is associated with low export potential and a
tight microbial loop (Azam and Malfatti 2007).

In autumn, PP in surface waters increased rela-
tive to summer; however, this pattern was not re-
flected in the depth-integrated PP values. This dis-
crepancy could have been attributed to the higher
optical clarity of the water column in summer, due
to a lower absorption of optically active compo-
nents (Lutz et al. 2006), thus allowing greater light
penetration that favours subsurface production.
Nevertheless, the ecological significance of au-
tumn PP may be underestimated in this study due
to the limited number of measurements conducted
during this season, within which no events with
high levels of Chla were encountered. It should
also be noted that P, may be biased because pho-
tosynthetic parameters were only determined at the
surface. The elevated microphytoplankton biomass
observed in autumn, particularly the dominance of
large diatoms such as Trieres sinensis, is consistent
with the breakdown of the thermocline and nutrient
entrainment (Lutz et al. 2006, Garcia et al. 2008).
These diatom blooms can contribute significantly
to carbon export (Buesseler 1998).

Winter was the least productive season, primari-
ly due to the low solar irradiance and a deep MLD
that disperses phytoplankton outside the photic
zone. During this period, cryptophytes of the ul-
traphytoplankton dominated, reflecting their abil-
ity to thrive under low-light and low-temperature
conditions, as well as their mixotrophic capabilities
(Stoecker et al. 2017; Lora Vilchis 2022). Large
diatoms such as Eucampia sp., adapted to living
in turbulent environments and characterized by a
high nutrient affinity and uptake rates (Margalef
1978; Smayda 1997), were also abundant during
this season, in agreement with previous records at
EPEA (Lutz et al. 2006; Silva et al. 2009; Ruiz et
al. 2025). Our results for EPEA, showing the effect
on production according to different communities
thriving under specific seasonal conditions, can be
related to the size-dependent productivity mecha-
nism that Fontaine et al. (2025) described for the
Northeast US Shelf.

In the EPEApp, strong correlations were
observed between o and E,, as well as between
aB and environmental variables such as Egar,
SST and MLD. A significant correlation was also
observed between E; and SST. In contrast, no
correlation was observed between the normalized
photosynthetic parameters o and PBm, nor
between these and aBph(443) and Chlag. These
results would indicate a strong influence of the
environment on the physiological properties
of phytoplankton communities in this coastal
environment. In addition, these results contrast
with previous findings in the Argentine Sea,
where photosynthetic parameters were influenced
more by variations in phytoplankton community
composition than by environmental factors (Lutz et
al. 2010, Segura et al. 2013). Results indicate that
aB has a limited effect on the amount of carbon
fixed by phytoplankton at EPEA, whereas PPm
exerts a greater influence on primary production.
Shifts in community structure may still reflect
underlying environmental acclimation processes.
For instance, the significant positive relationship
observed between Ej; and Bcpi, suggests an
acclimation of smaller cells to higher temperatures
and enhanced irradiance within stratified waters
(MaclIntyre et al. 2002).

Drivers of phytoplankton productivity at EPEA

In this study, PP correlated strongly with Chla,
consistent with previous observations in other re-
gions of the Argentine Sea (Lutz et al. 2010; Segura
et al. 2013, 2021). However, no significant corre-
lation was found between PP and B, which aligns
with the findings of other studies on coastal eco-
systems (Tiselius et al. 2016; Segura et al. 2021).
This suggests that total phytoplankton carbon bio-
mass does not always reflect their photosynthetic
capacity, particularly under variable physiological
or environmental conditions. The decoupling of
biomass and production highlights the importance
of the phytoplankton B/Chlag ratio as a critical
link between biogeochemical models, which gen-
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erally rely on carbon, and satellite-based PP models
that use Chla. The B-/Chlagratio varies widely de-
pending on taxonomic composition, cell size, and
photoacclimation to light levels and nutrient avail-
ability. Consequently, natural assemblages show
a broad spectrum of B-/Chlag ratios (e.g. 20-120,
Sathyendranath et al. 2020). Smaller phytoplankton
tend to exhibit higher B/Chlag ratios, which also
increase under conditions of high irradiance and
nutrient limitation (Geider 1987; Sathyendranath
et al. 2020; Smyth et al. 2023) (supplementary
material, Figure S1). In our study, the B~/Chlag
ratio ranged from 8 to 181, indicating significant
variability in how the phytoplankton responding to
their environment, and was correlated positively
with SST, reflecting the dominance of organisms
with reduced chlorophyll content relative to car-
bon biomass, which is characteristic of small-sized
cells acclimated to high-temperature, stratified en-
vironments. These relationships suggest that phy-
toplankton communities at EPEA acclimate to the
summertime prevailing high-temperature, high-
light conditions. However, the impact of vertical
mixing on their photosynthetic traits and primary
production can be challenging to identify. Despite
the recognized role of the MLD in modulating
both light availability and nutrient entrainment,
no significant correlations were observed between
MLD and the photosynthetic parameter PPm or
PP rates at EPEA. One plausible explanation for
this apparent decoupling lies in the dynamic na-
ture of MLD in this coastal, wind-driven system.
EPEA is subject to frequent synoptic-scale wind
events that can induce rapid changes in MLD on
timescales of hours to days (Carranza et al. 2018).
Consequently, instantaneous MLD measurements
may not accurately represent the integrated light
and nutrient conditions experienced by phyto-
plankton communities over their growth periods.
Similar observations have been reported in other
coastal and shelf systems, where short-term MLD
fluctuations complicate its use as a predictor of
phytoplankton physiological status or productivity
(Behrenfeld et al. 2013; Franks 2015). Moreover,

the lag between physical forcing and biological
response, particularly for traits such as photoac-
climation and nutrient uptake, can obscure direct
relationships in snapshot sampling (Cullen et al.
2002; Behrenfeld and Boss 2014). These findings
suggest that to better assess the role of MLD as a
driver of PP, it is essential to integrate physical data
over biologically relevant time windows, such as
growth-integrated or climatological MLD metrics
(Behrenfeld and Boss 2018).

The low productivity values observed in
Dec2010 and Jan2014, or high values of Chlag
and PP in Dec2008 and Nov2016, may relate to
phenomena of broader-scale climatic variability.
Large-scale climate patterns such as the Southern
Annular Mode (SAM) and the El Nifio-Southern
Oscillation (ENSO) are known to modulate the
physical and biogeochemical dynamics of the
southwestern Atlantic shelf, thereby contributing
to PP variability at EPEA. The SAM phases alter
atmospheric patterns on a synoptic-scale, which
have been linked to enhanced stratification and re-
duced cross-shelf nutrient exchange in the north-
ern Argentine shelf (Garcia et al. 2008). Similarly,
ENSO variability can influence regional wind pat-
terns, precipitation, and freshwater discharge from
the Rio de la Plata, which in turn affects stratifica-
tion and nutrient supply to coastal systems (Piola
et al. 2005; Guerrero et al. 2017). These mech-
anisms may alter the availability of nutrients in
the euphotic zone and consequently influence PP.
While no studies have directly assessed the com-
bined or individual impacts of SAM and ENSO at
EPEA, it is reasonable to hypothesize that these
large-scale modes play a role in the seasonal and
interannual variability observed in phytoplankton
dynamics and productivity at this site (Carreto et
al. 2008). To robustly evaluate this influence, sus-
tained high-frequency sampling is needed.

While bottom-up controls such as nutrient avail-
ability, light conditions, and physical forcing are
key drivers of phytoplankton variability at EPEA,
top-down mechanisms, particularly zooplankton
grazing, may also play a significant role in shaping
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phytoplankton biomass and community compo-
sition. Zooplankton exerts selective pressure on
phytoplankton, often favoring smaller, fast-grow-
ing taxa, and influencing bloom dynamics through
size- and taxa-specific grazing (Calbet and Landry
2004). The seasonal dominance of large microphy-
toplankton forms, such as Trieres sinensis in au-
tumn, could reflect periods of reduced grazing pres-
sure or temporal mismatches between zooplankton
population dynamics and phytoplankton growth.
Although zooplankton abundance and phytoplank-
ton community composition data are collected at
EPEA (Silva et al. 2009; Vinas et al. 2021), these
datasets have not yet been jointly analyzed to as-
sess trophic interactions or quantify potential top-
down regulation on primary producers. A future
integrative analysis of these components would be
crucial to better understand the role of zooplankton
in modulating seasonal and interannual productivi-
ty patterns in this coastal system, particularly under
the influence of climate variability (Ratnarajah et
al. 2023; Jan et al. 2024).

CONCLUSIONS

This study provides the first estimates of pri-
mary production at the coastal site EPEA, with an
annual average of 202 + 115 g C m™ yr'!. These
carbon-based estimates are essential for evaluating
the carrying capacity of the system. While phy-
toplankton biomass is commonly estimated using
chlorophyll a concentration due to the simplicity
of analysis, our results show that the ratio B/Chlag
has a wide range of variability at EPEA, due to
changes in phytoplankton composition and phys-
iological state. Primary production at EPEA was
seasonally pulsed, modulated by variations in light,
stratification, and phytoplankton composition: in
line with classical and contemporary models of
coastal ocean productivity (Cullen et al. 2002;
Behrenfeld and Boss 2018). However, observed
deviations from expected seasonal patterns high-

light the sensitivity of coastal PP to both local and
remote forcing. The results presented in this study
provide valuable insight into the seasonal and inter-
annual variability of PP, photosynthetic parameters,
and phytoplankton physiology conditions at EPEA.
Our findings highlight the physiological plastici-
ty of phytoplankton communities in response to
heterogeneous environmental conditions in coastal
systems. This knowledge is essential for improv-
ing PP models, particularly in the under-sampled
Argentine continental shelf.

Integrating physiological, ecological, and phys-
ical data will enhance understanding of ecosystem
productivity at EPEA and provide insights into
its potential resilience to ongoing environmental
change. Moreover, increasing the frequency of PP
determinations at this site will improve our ability
to characterize temporal variability and refine pri-
mary productivity models, ultimately aiding in the
development of robust regional forecasts.
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