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ABSTRACT

The Argentine shelf and its shelf-break (Southwestern Atlantic Ocean) are known for their
high biological productivity, and as an important CO; sink region. However, many aspects of
the carbonate system dynamics in the area, especially those related to the biological activity,
deserve further study. Here we investigated the mechanisms affecting the carbonate system
distributions, using in situ physical, chemical and biological observations collected along a
section (COSTAL-AR) on the Northern Argentine Continental Shelf during two summer
cruises in 2019. Our main goal was to evaluate the role of the microbial communities on the
modulation of the carbonate system in the area. For that, we characterized (i) the
distribution of the thermohaline properties, chlorophyll a, dissolved oxygen, carbonate
system (pH, total alkalinity, dissolved inorganic carbon and high resolution underway CO,
fugacity, fCO,), dissolved inorganic nutrients, and (ii) the microbial communities
(bacterioplankton, phytoplankton, and protozooplankton). Our results show that the
COSTAL-AR section was likely an important CO; sink and presented high seawater fCO,
spatial variability in both middle (272-430 patm) or early (211-365 patm) summer
conditions. Phytoplankton played a key role in modulating the CO, uptake and carbonate
system spatial variability during summer, especially in the middle and outer shelf. The main
contribution to CO, fixation was given by small cells, since the microbial community was
dominated by autotrophic picoplankton (<2 um; e.g. Synechococcus sp. and coccal
picophytoeukaryotes). Moreover, the influence of the Shelf-break front in ruling both the
seawater fCO; distribution and biological processes was evident. These findings provide new
insights on the connection between the biology and the carbonate system in this sparsely

sampled area of the southwestern Atlantic Ocean.
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1. INTRODUCTION

The ocean’s absorption of anthropogenic carbon dioxide (CO,) plays a key role in moderating
climate change; however, this capture affects the chemistry of the ocean carbonate system,
a consequence of which is a phenomenon called ocean acidification (Orr et al., 2005; Doney
et al., 2009). Ocean acidification shifts the carbonate system by increasing the surface ocean
partial pressure of CO, (pCO;), dissolved inorganic carbon (DIC) and hydrogen ions
concentrations with the consequent decrease in pH and in carbonate ion concentrations.
These changes in the carbonate system speciation also reduce calcium carbonate saturation
state and the CO; buffering capacity (Riebesell et al., 2009). Models have estimated a surface
global ocean pH decrease of ~0.11 units since 1750 (Gattuso et al., 2015), which is consistent
with observations registered at time-series sites and along hydrographic sections (e.g., Bates
et al., 2014; Takahashi et al. 2014; Lauvset et al., 2015; Fontela et al., 2021; lida et al., 2021).
Therefore, reinforcing the importance of improving the estimations of the carbonate system

(pCO; in sea and air, sea-air CO; fluxes and pH) and its spatiotemporal variability.

The global surface ocean is presently a net sink for atmospheric CO,, absorbing an estimated
2.8 + 0.4 Pg C yr! for the 2011-2020 period (Friedlingstein et al., 2022). The sea-air CO,
exchange displays a heterogeneous distribution across both space and time, which is
controlled by the interaction of the physical and biological carbon pumps (Volk and Hoffert,
1985). Continental shelves present higher spatiotemporal CO, variability than the open
ocean due to the complex physical and biogeochemical dynamics (Bauer et al., 2013; Gruber,
2015; Laruelle et al., 2014, 2017; Roobaert et al., 2019; Cao et al., 2020). Changes in carbon
fixation via primary production, degradation and export of organic carbon are major
processes driving the CO; variations in continental shelves, though each region may behave
differently depending on the seasonality of the upper ocean and the circulation of water
masses (Borges et al., 2005; Chen et al., 2013; Gruber, 2015). Phytoplankton has a strong
direct impact on sea surface pCO; distribution, controlling the uptake of CO, especially in the
middle and outer shelves; whereas respiration may dominate in the coastal and inner shelf
regimes, in this way acting as a source of CO; (Chen and Borges, 2009). Although on a global
scale continental shelves are net autotrophic, and a sink for atmospheric CO,(0.19 + 0.05 Pg
C yr! for the 1990-2011 period, Laruelle et al., 2014; 0.15 + 0.01 Pg C yr! for the 1985-2019
period, Chau et al., 2022), there is still an uncertainty on the regional sea-air CO, fluxes

estimates, associated to the poor knowledge of processes that control the CO; variability in



each case. Overall, the Southwestern Atlantic Ocean acts as a sink of atmospheric CO, south
of 30°S (0.3-0.6 Pg C yr! according to Takahashi et al., 2002), and is close to equilibrium with
the atmospheric CO, to the north. In recent years the role of the Southwestern Atlantic
Ocean in the CO; uptake has received special attention (Bianchi et al., 2005, 2009; Ito et al.,
2005, 2016; Padin et al.,, 2010; Arruda et al., 2015; Lencina-Avila et al., 2016; Kahl et al,,
2017; Orselli et al., 2018; de Carvalho-Borges et al., 2018; Carvalho et al., 2021; Fontela et
al., 2021; Liutti et al., 2021; de Oliveira Carvalho et al., 2022), though this region still remains
under-sampled. Specifically regarding the shelf areas in the Southwestern Atlantic, as result
of the relevance of biological processes (mainly primary production) on the sea-air CO;
exchange a contrasting behavior of CO, sink-source to the north (source) and south (sink) of
35°S was found, acting as two distinct biogeochemical regions (de Oliveira Carvalho et al.,

2022).

The Argentine continental shelf (ca. 34°S-55°S) and its shelf-break has high chlorophyll a
concentrations according to satellite images (Romero et al.,, 2006; Dogliotti et al., 2014;
Marrari et al.,, 2017), and is a highly productive area of the world ocean (spring field
estimates of primary production are as high as 5477 mg C m2 d'%; Lutz et al., 2010; Segura et
al., 2013), sustaining commercially important populations of fish and invertebrates (Sanchez
and Bezzi, 2004). Along with the recognition of its high biological productivity, previous
studies denoted that the Argentine shelf and slope waters are an important CO; sink area
(0.02 Pg C yr?! for the 38°S-55°S latitude band; Kahl et al., 2017) that exhibits a highly
seasonal CO, dynamic, with marked differences north and south of 47°S, and strong
gradients in the frontal regions (Bianchi al., 2005, 2009; Schloss et al., 2007; Padin et al.,
2010; Kahl et al., 2017; Orselli et al., 2018). According to these studies, the biological pump
dominates the sea-air exchange of CO,, though the role of plankton communities affecting
the carbonate system variability is still poorly understood (see Schloss et al., 2007; Carvalho

et al., 2021; de Oliveira Carvalho et al., 2022).

This study is focused on the Northern Argentine Continental Shelf (34°S-43°S), an area with a
complex hydrography (see section 2.1) that supports coastal and offshore multispecific
fisheries for Argentina and Uruguay (e.g. the Argentine anchovy Engraulis anchoita and the
Argentine hake Merluccius hubbsi); being a spawning and breeding area for several species
of fish (Auad and Martos, 2012; Marrari et al., 2013; Temperoni et al., 2021). Despite several

studies in the area have emphasized the strong influence of both biology and the



thermohaline regime in modulating the CO,, distribution (Kahl et al., 2017; Kahl, 2018; Orselli
et al.,, 2018; de Oliveira Carvalho et al.,, 2022), many aspects of its dynamics remain
undetermined. The complexity of this area highlights the importance of conducting small-
scale observations to reduce the uncertainty of the ocean CO, uptake when considering its

contribution on the carbon budget at a large scale.

Located in the Northern Argentine Continental Shelf, the “COSTAL” time-series sections from
the coast (in Spanish COSta) to the shelf-break (in Spanish TALud) are aimed to assess
changes in the marine environment and plankton communities under a global change
scenario (Lutz and Carreto, 1991; Carreto et al.,1995; Negri et al., 2016; Cepeda et al., 2020).
Within this framework, our main goal was to evaluate the role of the microbial communities
on the modulation of the carbonate system along the COSTAL-AR section (“AR” identifies the
section starting from Mar del Plata, Argentina, figure 1) during two summer cruises in 2019.
For this we characterized: (1) the distribution of the physicochemical properties
temperature, salinity, chlorophyll a (Chla), dissolved oxygen (DO), carbonate system (pH,
total alkalinity (TA), DIC and CO, fugacities) and dissolved inorganic nutrients, and (2) the
microbial communities (bacterioplankton, phytoplankton, and protozooplankton). At a
broader scale, these new observations complement previous studies and offer an interesting
benchmark case to test coupled physical/biological models in this complex dynamical region

where field data is still limited.

2. METHODS
2.1. Study area

The Northern Argentine Continental Shelf is an area dominated by Subantarctic Shelf Waters
(temperature <21 °C, salinity 33.5-34.2; Moller et al.,, 2008) advected from the northern
Patagonian shelf (figure 1, left). This area is influenced by: (1) the continental discharge of La
Plata River, the second largest river in South America; (2) the Shelf-break front, as a result
from the meeting of Subantarctic Shelf Waters with the cooler and more saline slope waters
derived from advected waters of subantarctic origin within the Malvinas Current
(temperature <11°C, salinity >33.9; Martos and Piccolo, 1988; Piola et al., 2010); and (3) by
its proximity to the Brazil-Malvinas Confluence (Piola and Matano, 2001). During the spring-
summer period, La Plata River plume waters, driven by seasonally reversing winds, flow to

the south and east (Guerrero et al., 2014) and there is an invasion of high salinity waters
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from El Rincon and Subantarctic Shelf Waters into the coastal areas (Lucas et al., 2005). A
moderate thermal front called Mid-shelf front is established between the 30 and 80 m
isobaths along the shelf of the Buenos Aires province (38°S-42°S), separating vertically
homogeneous coastal waters from seasonally stratified mid-shelf waters (Carreto et al.,
1995; Martos and Piccolo, 1988; Lucas et al., 2005; Romero et al., 2006). The Shelf-break
front is a permanent thermohaline feature, and its position varies seasonally around 38-
39°S, moving offshore during summer and onshore during spring and autumn, with high
biological productivity (Lutz and Carreto, 1991; Carreto et al., 1995; Lutz et al., 2010, Segura
et al., 2013; Derisio et al., 2018). Off the shelf and south of about 38°S, the Brazil-Malvinas
Confluence, the encounter of the warm southward-flowing Brazil Current and the cold
northward-flowing Malvinas Current, promotes energetic exchanges between shelf and

deep ocean waters (Saraceno and Provost, 2012).

2.2. Data acquisition strategy

Two multidisciplinary environmental cruises (VA-01/19 and VA-12/19) were carried
out aboard the R/V Victor Angelescu during two summer periods in 2019, almost a year
apart (24-27 January 2019 and 11-13 December 2019). Samples were collected along the
COSTAL-AR section on six stations (figure 1) distributed across the Northern Argentine
Continental Shelf in a southeasterly direction, from the coastal sector of Mar del Plata,
Argentina (38°13°S-57°17'W) through the shelf-break (39°23°S-55°13"W). The geographical
position and total depth of the COSTAL-AR stations, as well as date-time of sampling during
the VA-01/19 and VA-12/19 cruises are detailed in table Al. Profiles of temperature and
salinity were recorded at each station with a Seabird SBE 911 plus CTD-rosette equipped
with dual temperature and conductivity sensors, a SBE 43 dissolved oxygen sensor, a
Seapoint fluorometer and 12 10-L Niskin bottles. Discrete seawater samples were collected
at 5 m and at two or three other selected depths, for the analysis of DO, pH, TA, dissolved
inorganic nutrients, Chla and the microbial community. Discrete salinity samples were used
to calibrate the conductivity sensors and were analyzed with an Autosal Guidline 8400B
salinometer using IAPSO standard seawater. Physical data were processed using standard
Seabird Data Processing software routines. The accuracy of the temperature and salinity
sensor measurements were + 0.001 °C and + 0.002, respectively for both cruises (Baldoni,

2021).
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Figure 1. Maps of the study area in the Northern Argentinean Continental Shelf. Left: location of the CTD stations along the COSTAL-AR section
(white circles) with schematic surface circulation of Subantarctic Shelf Waters (SASW, blue arrows), Malvinas Current (blue thick arrow), Brazil
Current (red thick arrow), La Plata river (orange arrow), El Rincdn waters (purple arrow), the Mid-shelf front (MSF), the Shelf-break front (SBF) and
Brazil-Malvinas Confluence (BMC); adapted from Matano et al. (2010). Center and right: location of the CTD stations along the COSTAL-AR section
superimposed to a MODIS-Aqua chlorophyll a concentration (mg m3) composite image (4 km resolution) for the time of the cruises. Center: VA-

01/19 cruise (24-27 January 2019); right: VA-12/19 cruise (11-13 December 2019).



2.3. Chemical and biological analyses

DO samples were collected in “BOD” borosilicate flasks and analyzed onboard
following the Winkler method (Strickland and Parsons, 1972). Precision of DO
measurements, through pooled standard deviation of replicate samples collected from the
same Niskin bottle, was + 0.5 umol kg. The SBE43-DO sensor data were post-calibrated with

these Winkler samples following the recommendations by Bittig et al. (2018).

Dissolved inorganic nutrients samples were collected in 5 ml-cryovials, preserved in
liquid nitrogen on board and then in an ultra-freezer (-86°C) until analysis back on land.
Simultaneous determinations of nitrate, nitrite, phosphate and silicate were performed
using a SKALAR segmented flow auto-analyzer, following Aoyama et al. (2013) and Becker et
al. (2019). Measurement consistency was assessed with Certified Reference Material (CRM;
Lot. CG, 2018, Kanso Co., Osaka). Precision of dissolved inorganic nutrients measurements,
through pooled standard deviation of replicate samples collected from the same Niskin
bottle, were + 0.10 umol kg?, +0.02 pumol kg, +0.04 pmol kg* and #0.20 pmol kg? for

nitrate, nitrite, phosphate and silicate, respectively.

pH samples were collected directly into 10 cm path length quartz cells and analyzed
onboard with a UV-VIS diode array spectrophotometer (Ocean Optics USB 2000+, DT-mini
2000) using 2 mM unpurified m-Cresol Purple indicator (Aldrich, product no. 211761, lot no.
MKBH6858V). Seawater pH (in the total hydrogen ion scale) was calculated at 25°C using
Clayton and Byrne (1993) equations and taking into account the pH disturbance of m-Cresol
Purple (Dickson et al., 2007). Precision of the pH measurements, through pooled standard
deviation of replicate samples collected from the same Niskin bottle, was better than +0.004
pH units. For quality control purposes, regular measurements of Tris buffer (lot no. 180 for
VA-01/19 and lot no. 185 for VA-12/19, provided by Dr. Andrew Dickson, UC San Diego) were
performed. For further calculations, pH was recasted to the in situ temperature and pressure
according to Lui and Chen (2017). These estimations were in line with those estimated with
the pHinsi function of the R seacarb package (version 3.2.13; Gattuso et al., 2020) at depths
where both pH and TA were measured (r? = 0.999; RMSE=0.002 pH units; n=31). Hereinafter

the term pH is used to refer to the in situ pH values.

TA samples were collected in 500 mL borosilicate glass bottles following Dickson et

al. (2007) and stored in the dark at 10 °C until analysis. VA-01/19 cruise samples were



analyzed using the Astor et al. (2005) modification of the spectrophotometric method with
bromocresol green indicator (Breland and Byrne, 1993). VA-12/19 cruise samples were
determined by potentiometric titration with an open cell system based on Millero et al.
(1993). The precision of the TA measurements, through pooled standard deviation of
replicate analyses from a single sample was 5 umol kg for VA-01/19 and 3 umol kg for VA-
12/19. The consistency of the TA measurements was carried out by comparison of pooled
standard deviation of CRM measurements regarding its nominal value (Batch 179 for VA-
01/19 and Batch 185 for VA-12/19, provided by Dr. Andrew Dickson, UC San Diego).
Standard uncertainty of the CRM was 1.6 umol kg™ for VA-01/19 and 1.4 umol kg™ for VA-
12/19.

DIC was estimated for each AT-pH pair using the carb function of the R seacarb
package, considering the measured phosphate and silicate concentrations. The carbonic acid
dissociation constants used were those given by Lueker et al. (2000), while hydrogen fluoride
and hydrogen sulfate constants were those of Dickson and Goyet (1994) and Dickson (1990),
respectively. For total boron concentration, Uppstrom (1974) formulation was selected. The
propagated standard uncertainties in the estimated DIC, calculated with the seacarb errors
function, was 5.1 umol kg™ for VA-01/19 and 3.4 umol kg™ for VA-12/19. The carbonate
system buffer sensitivities dpH/OTA and dpH/ADIC acid-base buffer factors, which express
the change in pH relative to a change in TA and DIC, respectively (Weber and Stumm, 1963;
Frankignoulle, 1994), and the Revelle factor, the ratio of the fractional change in pCO,
relative to the fractional change in DIC (Sundquist et al., 1979) were calculated with the

seacarb buffergen function.

Chla samples were collected in dark bottles and filtered through glass fiber filters
(GF/F grade). Filters were kept at -86 °C until analysis with a Perkin Elmer LS3
spectrofluorometer using the Lutz et al. (2010) modification of the Holm-Hansen et al.
(1965) method. Seapoint in vivo fluorescence profiles were converted into Chla by
calculating a Chla-fluorescence ratio at depths where Chla samples were analyzed and
linearly interpolating the Chla-fluorescence ratios between these points.

Bacterioplankton samples were fixed with 2% v/v formaldehyde, stained with DAPI
and filtered through 0.22 um pore size black polycarbonate filters, following Porter and Feig
(1980). Filters with the retained bacteria were preserved at -20°C until on land

epifluorescence microscopy analysis. Abundances and cell volume, calculated according to
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Jones (1979) and Bratbak (1985) respectively, were later used to estimate carbon biomass by
the allometric function between carbon content and cell volume as proposed by Loferer-

KroRbacher et al. (1998) and Posch et al. (2001).

Phytoplankton and protozooplankton samples were preserved with 20% v/v
formaldehyde and qualitative-quantitative analyzed by the inverted microscope
sedimentation method (Edler and Elbradchter, 2010). In addition, samples were collected to
study the picoplankton fraction. For this purpose, dually stained samples with DAPI and
Proflavin were filtered through 0.22 um pore size black polycarbonate filters; filters were
then stored at -20°C until on land analysis under an epifluorescence microscope (Booth,
1993). Phytoplankton and protozooplankton carbon biomass were calculated from
biovolume formulations (Hillebrand et al., 1999) and group specific carbon-to-volume ratios
(Putt and Stoecker, 1989; Booth, 1993; Menden-Deuer and Lessard, 2000). Phytoplankton
and protozooplankton groups were classified according to their size (pico- <2 pm, nano-
2-20 um and micro- 20-200 um, Sieburth et al., 1978) and trophic modality (autotrophs or

heterotrophs, the latter including mixotrophs or functional autotrophs ciliates).

2.4. Continuous underway system

Sea surface (~5 m depth) temperature and conductivity were continuously recorded
along the cruise track with a Seabird SBE 38 thermographer and a Seabird SBE 45
thermosalinograph. Simultaneously, DO (Aandera Optode 3835), in vivo fluorescence
(Wetlabs Wetstar) and seawater and air CO, dry molar fractions (xCO,), were also measured.
Underway DO and in vivo fluorescence-based estimates of Chla were obtained following the
same procedure used for the vertical properties. xCO, was determined with a General
Oceanics Inc. 8050 pCO,; system equipped with a LI-COR 7000 nondispersive infrared
detector. A sequence of seawater and air xCO, measurements was made every 2 minutes,
with xCO; in air measured at 3-hour intervals. The LI-COR was calibrated every 3 hours using
0, 201.26, 399.68 and 598.18 ppm CO; standard gases (Air Liquide). CO,fugacities (fCO,, the
pCO, corrected for nonideality) in surface seawater (fCO,sw) and air (fCO,air) were
computed from the xCO, data according to Takahashi et al. (2009) and following Pierrot et
al. (2009) quality control procedures. The accuracy of the fCO, measured data was within 2

patm.



2.5. Data analysis and visualization

A value of 50 J m3 for the Simpson parameter was adopted following Kahl et al.
(2017), for defining the location of the Mid-shelf front, separating the vertical stratified
(>50J m3) and mixed (<50 J m3) waters. The surface mixed layer, where turbulent mixing
processes form an upper density layer distinct from the layer below, was defined for each
profile by finding the depth with Brunt-Vaisdla maximum water column buoyancy frequency
(N’max, Carvalho et al., 2017). This criterion was selected to better reflect mixed layer

estimates by visual inspection of the individual profiles.

Two-way Permutational Multivariate Analysis of Variance (PERMANOVA) was used to
examine differences in profile data between the two cruises and the COSTAL-AR stations.
Spearman correlations were used as a measure of variables association. Principal component
analysis (PCA) and hierarchical clustering analysis were used to explore patterns in the
thermohaline, chlorophyll a and dissolved oxygen vertical properties along the COSTAL-AR
section. PCA provided a set of low dimensional features from the vertical properties.
Principal components were selected by the Kaiser Criterion (1960). Significances between a
variable and a particular principal component were tested under the Broken Stick model
(Peres-Neto et al., 2003). The distribution of clusters, determined by the NbClust majority
rule (Charrad et al., 2014), was implemented to differentiate regions along the COSTAL-AR
section by gathering cluster’s shared stations. Wilcoxon Rank Sum test and Kruskal-Wallis

test were used to check for differences among groups.

Differences between fCO,sw and fCOair (dfCO, sea-air = fCO,sw - fCO,air) were
obtained from the fCO,sw data averaged in 5-minute intervals and a fCO,air value of 410.1
patm, calculated as the average of fCOsair for the whole records in both cruises (401.4 patm
in VA-01/19 and 418.9 patm in VA-12/19). The spatial and temporal coverage of the data
was not sufficient to calculate a meaningful flux for the region, hence, dfCO, sea-air was
used to provide an indication of the potential of surface waters to act as a CO; sink (dfCO,

sea-air <0) or source (dfCO, sea-air >0).

The Takahashi et al. (2002) approach was used to assess the relative importance of
the thermal and non-thermal effects on the changes of fCO,sw. The temperature effect
(Therm) on the observed fCO,sw was calculated by perturbing the mean local fCO,sw value
by the difference between the observed and the mean temperature in the region of study.
The non-thermal effect (Non-Therm), which represent the variability in fCO,sw due to
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changes in DIC and/or TA driven by the vertical mixing and/or biological utilization of CO;
was addressed by normalizing the observed fCO,sw values to the local mean temperature in
the region of study. In both Therm and Non-Therm calculations, the Takahashi et al., 1993
temperature effect correction on fCO,sw for isochemical seawater (dln pCO,sw/d
temperature = 0.0423 °C!) was applied. To assess the relative importance of Non-therm
effects on the changes of fCO,sw, the ratio of the Non-therm over the Therm amplitudes
(BTa = Non-therma/Therma) was computed. A BTx ratio >1 indicates that the non-thermal
effects (e.g. biological utilization of CO,) prevail over the thermal effects (and hence
dominate the variability), while a BT ratio <1 indicates that the non-thermal effects are
weaker. A spatial subdivision along the COSTAL-AR section was considered in the analysis.
For this purpose, the binary segmentation method (Scott and Knott, 1974) for change point
detection was implemented to differentiate regions by changes in mean and variance within

the fCO,sw underway data.

TA-salinity and TA-DIC relationships were explored to assess possible causes of TA
and DIC variability. The TA-salinity and TA-DIC least square regressions were computed on
the basis of the observations made in the first 50 meters. The changes in TA arising from
hydrological and biological effects were accounted for when analyzing the salinity
dependence on TA. The hydrological effects of seawater dilution and evaporation on TA
were removed by normalizing each TA value to a salinity of 35 (NTA=TA 35 / salinity; Millero
et al.,, 1998). The biological effects on TA induced by nutrient cycling were considered
relative to nitrate changes and the proportional uptake of phosphate and sulphate, by
including the Redfield ratio of 1.36 (Wolf-Gladrow et al., 2007). Herein after the biological

effects on TA are referred as potential TA (PTA, expressed as PTA = TA + 1.36 nitrate).

Statistical analysis, figure subpanels and maps were produced using R project (R Core
Team, 2021) and Ocean Data View (Schlitzer, 2021) free software. Map interpolations were
made to provide reader-friendly visualization of the results. Data Interpolating Variational
Analysis was used to ensure data structure preservation. A list of acronyms and symbols

used in the text is presented in table A2.
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3. RESULTS
3.1. Distribution of thermohaline properties, chlorophyll a and dissolved oxygen

Subantarctic Shelf Water dominated the COSTAL-AR section (figure 2), with relatively
low salinity middle shelf waters (33.5-33.7) resulting from the contribution of diluted waters
by continental runoff (Lusquifios and Valdéz, 1971). During the VA-01/19 cruise, relatively
high salinity waters (>33.8) were found at coastal stations (Guerrero and Piola, 1997; Lucas
et al., 2005). No influence of La Plata River waters was detected during these cruises. The
thermal Mid-shelf front was evident in both cruises near the 50 m isobath, offshore station
CT1 during the VA-01/19 and offshore station CT2 during the VA-12/19 cruise, according to
the Simpson parameter. Stratification was stronger during the VA-01/19 cruise. Three
systems were identified along the COSTAL-AR section according to the profiles that shared
the same cluster groups (Figure Al): a coastal system mostly vertically homogeneous in
temperature and salinity, a stratified shelf system with a deep Chla maximum and relatively
high values of Chla at surface onshore of the Shelf-break front, and a shelf-break system with
lower Chla towards offshore. Additional result analysis from cluster analysis are detailed in

supplementary material.

During the VA-01/19 cruise a marked thermocline was observed in the shelf at ~30 m
depth (stations CT2 to CT5; figure 2, left). In the surface mixed layer, temperature dropped
gradually from the coast, with values just above 20 °C, to 18.1 °C in the outer shelf; Chla and
DO values of 1.5 mg m™3 of 269 umol kg™, respectively were found the middle shelf (station
CT4). In the outer shelf (station CT5), where a notable elevation of the isotherms to ~20 m
indicated an upwelling of slope waters, underway data showed higher values of Chla (2.2 mg
m-3; also captured by the satellite-based Chla estimations at the time of the cruise; figure 1,
center) and DO (281 umol kg™). Just below the mixed layer (~¥35 m), values as high as 14.2
mg m3 of Chla and 388 pumol kg™ of DO were observed in the middle and outer-shelf. These
features were followed by a prominent thermohaline gradient of the Shelf-break front,
reaching salinity values of 34.4 and a sharp shift of Chla and DO towards minimum values
(0.3 mg m3 and 266 umol kg, respectively) at the outer and deeper station (CT6). A
complex thermohaline profile was observed at station CT6, with the presence of slope
waters from the Malvinas Current and waters from the Brazil Current (Piola et al., 2000,

2010; Piola and Matano 2001).
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During the VA-12/19 cruise the thermocline was observed in the middle shelf at
around 35-40 m depth (stations CT3 and CT4; figure 2, right). In the top 30 m of the water
column, the temperature decreased gradually from 16.3 °C at the coast, to 8.9 °C in the
outer shelf. Stations CT1 to CT3 presented fairly constant water column Chla and DO values
(1.1 mg m3 and 271 umol kg1, respectively), while the highest values of Chla (3.2 mg m-3)
and DO (290 umol kg™!) were observed above the thermocline in the middle and outer shelf
(station CT4; also captured by the satellite-based Chla estimations at the time of the cruise;
figure 1, right). The Shelf-break front signal was detected at station CT5, where high values
of Chla (2.9 mg m3) and DO (340 umol kg!) were found throughout the top 30 m. At station
CT6 slope waters (salinity ~34.2, temperature <10 °C) dominated the upper profile, with

relatively high Chla (1 mg m3) and (306 pmol kg™!) DO values.

PERMANOVA analysis from vertical properties data showed a significant cruise-
station interaction (p-value <0.001) between the two cruises. During the VA-01/19 cruise the
top most significantly correlated variables (Spearman correlation coefficients; p-value
<0.001) were temperature-depth (-0.78), DO-depth (-0.65), temperature-DO (0.49), DO-Chla
(0.40) and Chla-depth (-0.39). Three principal components (PC) were selected, accounting for
a cumulative explained variance of 93% (figure 3, left). Both DO and Chla had a significant
contribution to PC1, a component that can be associated with biological activity, while
temperature and salinity had their main contribution to PC2 and PC3, respectively. In
comparison, during the VA-12/19 cruise the most significantly correlated pairs of variables
were Chla-depth (-0.79), temperature-depth (-0.77), salinity-DO (0.70) and Chla-temperature
(0.57). Two PCs were selected, accounting for a cumulative explained variance of 82%.
Temperature and Chla had a significant contribution to PC1, a component that can be
associated with warmer, seasonally stratified and productive shelf waters, while DO and

salinity had their main contribution in the PC2, related to slope waters (figure 3, right).
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Figure 2. Vertical properties (y-axis) of temperature (°C), salinity, dissolved oxygen (pmol
kg™1) and chlorophyll a (mg m3) in the top 120 meters along the COSTAL-AR section distance

(Km; x-axis) during summer. Left: VA-01/19 cruise; right: VA-12/19 cruise.
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Figure 3. Principal component analysis biplot of temperature (Temp, °C), salinity (Sal), depth
(m), dissolved oxygen (DO, umol kg) and chlorophyll a (Chla, mg m3) along the COSTAL-AR
section during summer, showing the first two principal components (PC1-PC2), with both
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cruise; right: VA-12/19 cruise.
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3.2. fCO, underway data

Three systems were also observed from the distribution of underway fCO,sw along
the COSTAL-AR section (figure 4): a coastal system (<60 km from the coast), a shelf system
(between 60 and 240 km), and a shelf-break system (>240 km from the coast); its limits
closely match the location of the Mid-shelf front and Shelf-break front. On each system the
two cruises showed significant differences in fCO,sw (Wilcoxon and Kruskal-Wallis tests;
p-value <0.05). High average fCO,sw values were observed in both cruises on the coastal
system, though spatial variations occurred on the shelf (figure 4 and table 1). During the
VA-01/19 cruise, fCO,sw values decreased towards the middle and outer shelf until reaching
a minimum on the onshore side of the Shelf-break front (282 patm; station CT5 area).
Offshore side of the Shelf-break front, high values about 315 patm were found. During the
VA-12/19 cruise, fCO,sw values decreased towards middle shelf until reaching a minimum
(216 patm; station CT3 area); then values increased until reaching higher values (360 patm)

on the offshore side of the Shelf-break front.

Overall, the COSTAL-AR section in summer was likely a sink of CO; (average dfCO,sea-
air for the whole section were -87 + 46 patm in VA-01/19 and -112 + 47 patm in VA-12/19).
During the VA-01/19 cruise, the coastal region was likely a weak source of CO;, to the
atmosphere, and a change to a CO, sink occurred near the 50 m isobath, related with the
Mid-shelf front (figure 4 and table 1). During the VA-12/19 cruise, although absorption was
lower at the coast, the entire section was likely a sink of CO,. In both cruises the shelf was

likely the region of strongest sink of CO; (table 1).

The analysis of the relative importance of thermal and non-thermal effects on the
fCO,sw revealed that all systems in both cruises presented BT, ratios >1 (table 1). Hence,
non-thermal effects (e.g. biological utilization of CO,) dominated the fCO,sw variability along
the COSTAL-AR section during summer. A high spatial variability on both non-thermal and
thermal effects was observed along the cruise track (figure 5), though signals in each cruise
behaved differently. In particular, notable differences were found in the coastal system and
shelf system, where the estimated BTa ratios were nearly three and 1.3 times higher,
respectively during the VA-12/19 cruise. In contrast, the shelf-break during the VA-01/19

cruise presented BTa values 1.2 times higher than the VA-12/19 cruise.
With the aim of exploring the non-thermal effects acting on the fCO,sw variability
along COSTAL-AR section, underway fCO,sw records were plotted together with
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temperature, salinity and Chla (figure 6). In both cruises changes in mixing (coastal system)
and stratification (shelf system) possibly had an influence on the fCO,sw values. Evidence of
fCO,sw variability due to biological utilization of CO, was also found in both cruises. During
the VA-01/19 cruise (figure 6, top), fCO,sw substantially decreased onshore side of the Shelf-
break front (CT5 area) when both Chla and DO exhibited their maxima (2.2 mg m3 and 281
umol kg1, respectively). During the VA-12/19 cruise (figure 6, bottom), fCO,sw reached a
minimum value in an area of the middle shelf, where both Chla and DO had high values
(*2.5mg m3 and 280 umol kg™, respectively). During this cruise the fCO,sw spatial
variability towards the outer shelf was related to the prevalence of high salinity slope
waters. In both cruises the thermohaline gradient of the Shelf-break front dominated the

fCO,sw spatial variability.
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Figure 4. Underway fCO,sw (patm; y-axis) along the COSTAL-AR section distance (Km; x-axis)
during summer. VA-01/19 cruise is shown with filled circles; VA-12/19 cruise is shown with
open squares. The horizontal dotted line represents the average fCO,air (410.1 patm) for
both cruises. Values of fCO,sw below this line indicate negative dfCO, sea-air values. The
vertical dotted red line separate the main oceanographic systems established by the change

point method (see main text). Station positions are also indicated.
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Table 1. Underway surface data (mean + SD) of temperature (Temp, °C), salinity (Sal), fCO,sw (patm), dfCO, sea-air (natm), dissolved oxygen (DO,

umol kg2), chlorophyll a (Chla, mg m3) and the relative importance of the non-thermal and thermal effects on the changes of fCO,sw along the

different systems in COSTAL-AR section during the two summer cruises. The non-thermal and thermal effects are expressed in terms of their

amplitudes (Non-therma and Therm,, respectively; patm) with their corresponding non-thermal-to-thermal ratios (BTa = Non-therma/Therm,). The

amplitudes in temperature (Tempa, °C) and fCO,sw (fCO,swa, patm) are also presented. n: number of observations.

VA-01/19
Temp Sal fCOsw dfCO; sea-air DO Chla Tempa fCOzswa Non-therma Therma BTa n
Coastal 20.16 £ 0.4 33.72+0.04 393.4+37 1.0+37 259.0t4 09zx0.0 1.0 98.1 83 17.1 4.9 101
Shelf 19.09+0.5 33.54+0.1 291.2+11 -108.4+14 272.0+5 09104 1.5 50.8 38.8 18.7 2.1 355
Shelf-Break 19.57+0.1 34.24+0.09 317.7%4 -979+4 2683+4 05%0.1 0.3 15.8 11.8 4.4 2.7 109
VA-12/19
Temp Sal fCO2sw dfCO; sea-air DO Chla Tempa fCOxswa Non-therms Therma BTa n
Coastal 16.43+0.1 33.61+0.03 339.7+20 -97.0+ 22 2440+3 1.110.3 0.4 69.1 71.0 5.3 13.4 191
Shelf 13.22+2 33.71+0.09 266.5+36 -140.4+46 281.5+17 1.6+0.7 5.5 115.1 166.1 60.5 2.7 271
Shelf-Break 10.38+0.1 34.21+0.03 360.5%2 -55.3+9 278.1+1 1.1+0.3 0.3 10.1 10.7 4.8 2.2 82
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Figure 5. Thermal and non-thermal effects on the fCO,sw (patm; y-axis) along the COSTAL-
AR section distance (Km; x-axis) during summer. The vertical dotted red line separate the
main oceanographic systems established by the change point method (see main text). Top:

VA-01/19 cruise; bottom: VA-12/19 cruise. Station positions are also indicated.
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3.3. Vertical distribution of carbonate system and nutrients

In both cruises, high pH values of 8.15 (VA-01/19) and 8.19 (VA-12/19) were found
above the thermocline in the middle shelf (figure 7, top); lower pH values (~7.9) were
registered at deeper depths. Slope waters were associated with pH values of 8.07. Average
TA values for all sampled stations at all depths were 2264 + 40 umol kg (VA-01/19; n=19)
and 2266 14 umol kg (VA-12/19; n=12). In both cruises, high TA values approaching 2300
umol kg! were associated with slope waters (figure 8, left). A horizontal decreasing DIC
gradient was observed at the surface mixed layer from the coastal stations towards the
middle shelf. DIC values of 1949 umol kg? (VA-01/19) and 1963 pumol kg* (VA-12/19) were
estimated above the thermocline in the middle shelf. Higher DIC values about 2154 umol kg
1 (VA-01/19) and 2139 umol kg (VA-12/19) were estimated near the bottom in the mid-
outer shelf, the latter associated with slope waters. Carbonate system buffer sensitivities in
the top 50 m for the whole COSTAL-AR section were ~1850 (mol kg1)%, -2000 (mol kg?)* and
11, for the acid-base buffer factors 0pH/OTA and OpH/ADIC and the Revelle factor,
respectively. Relatively low nitrate concentrations were found above the thermocline, with
average values of 0.07 + 0.04 pumol kg during the VA-01/19 cruise and higher values of
0.14% 0.12 pumol kg?! during the VA-12/19 cruise. In both cruises higher nitrate
concentrations (>6 umol kg!) were found associated with slope waters. The distribution of
phosphate and silicate resembled that of nitrate. Average values of carbonate system and
dissolved inorganic nutrient data for the coastal, shelf and shelf-break systems are presented

in table A3.

The TA-salinity and TA-DIC regressions in the top 50 m (n=21; figure 8) for the two
cruises together were TA= 50.1 salinity + 577.4 (r? =028; RMSE=31) and TA= 0.45 DIC + 1349
(r? =0.67; RMSE=21.1), respectively. During the VA-01/19 cruise, conspicuous high values of
TA (2386 umol kg!) and DIC (2228 umol kg') were found near the bottom in the shallower
coastal station, associated with a high nitrite concentration (0.64 umol kg) and low values
of pH and DO (7.80 and 198 umol kg, respectively). By excluding this value, the TA-salinity
and TA-DIC regressions (n=20) improved their fitting with TA= 51.2 salinity + 534.2 (r? =0.65;
RMSE=15.2) and TA= 0.33 DIC + 1603 (r? =0.41; RMSE=19.6), respectively. When the
hydrological and biological effects were addressed on TA (i.e. salinity normalized TA, NTA
and potential TA, PTA), fairly uniform TA values resulted and the NTA-salinity and PTA-

salinity relationships were neither well correlated nor significant, suggesting that the effects
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of the processes causing TA variation along the COSTAL-AR section have been successfully
removed. Regarding the TA-salinity relationships for the whole top 50 m data, there was a
marked difference in between cruises (figure 8; table A4). During the VA-01/19 cruise
seawater dilution and evaporation effects did not have a strong influence on TA (TA-salinity
least squares regression coefficient was r2 = 0.27). On the contrary, during the VA-12/19
cruise it seemed evident the major salinity effect on TA (TA-salinity least squares regression
coefficient was r2 = 0.76). Finally, in the TA-DIC diagram (figure 8, right) all data (except one
point) lye above the theoretical seawater dilution and evaporation line. We can speculate

that the mayor effects affecting the TA-DIC relationship would be biological.
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Figure 7. Vertical properties (x-axis) of pH, total alkalinity (TA, umol kg™), dissolved inorganic

carbon (DIC, umol kg™) and nitrate concentration (umol kg™) in the top 120 meters along

the COSTAL-AR section distance (Km; x-axis). Left: VA-01/19 cruise; right: VA-12/19 cruise.

Color-coded circles representing magnitude of these properties are superimposed on

temperature contours, except for TA that is plotted on salinity contours. Station positions

are also indicated.
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See main text and table A4 for least square regression equations.
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3.4. Microbial communities

Phytoplankton dominated the microbial community biomass throughout the top 50
meters of the COSTAL-AR section (figure 9). During the VA-01/19 cruise, the
picophytoplankton Synechococcus sp dominated the mixed layer both in coastal (37 mg C m-
3) and shelf (45 mg C m3) stations. In the outer shelf (station CT5), a high phytoplankton
biomass of 87 mg C m-3, composed almost exclusively of the nanoplanktonic coccolithophore
Emiliania huxleyi was found at the mixed layer. Below the mixed layer in the middle and
outer shelf, a prominent maximum of up to 300 mg C m biomass was found, which
corresponded to tiny coccal phytoeukaryotes (2-3 um diameter). On the offshore side of the
Shelf-break front (station CT6) the autotrophic community was almost exclusively composed

of Synechococcus sp (72 mg Cm=3at 39 m).

During the VA-12/19 cruise, the coastal station presented low phytoplankton
biomasses at 5 m, composed mainly by micro and nano- dinoflagellates; near the bottom
higher biomasses were found, composed by microplankton (67 mg C m3). Synechococcus sp
dominated the shelf, with values >50 mg C m™3 and reaching bloom characteristics (230 mg C
m3) in the middle shelf (station CT4). Dinoflagellates were also found in the middle shelf
(~30 mg C m3). The outer shelf was dominated by non-calcareous haptophytes (~50 mg C m"
3); coccolithophorids were also found, with low biomasses (E. huxleyi, ~10 mg C m3). Non-
calcareous haptophytes and coccolithophorids were also the main component at the outer

and deeper station, although in low biomass (~¥20 mg C m3and ~5 mg C m3, respectively).

The microbial heterotrophic biomass in both cruises was largely dominated by the
bacterioplankton. In both cruises high values of bacterioplankton biomass were found below
the thermocline in the middle shelf (24.5 mg C m™ during the VA-01/19 cruise and 88.0 mg C
m-3during the VA-12/19 cruise), in coincidence with the highest phytoplankton biomass. The
protozooplankton was present in minor proportion in terms of biomass. During the VA-
01/19 cruise consisted mainly of naked ciliates and to a lesser extent of dinoflagellates and
other flagellates; during the VA-12/19 cruise presented slightly higher biomasses and were

dominated by flagellate forms.
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4. DISCUSSION
4.1. Processes affecting the distribution of the microbial communities

Shelf waters at temperate latitudes are characterized by the typical development and
breakdown cycle of the seasonal thermocline that controls the availability of nutrients and
light. As a result, patterns of phytoplankton are strongly regulated by changes in water
column vertical stability (Sverdrup, 1953; Margalef, 1978). Along the COSTAL-AR section
thermal stratification governed the transition from a coastal system vertically homogeneous
in temperature and salinity, consistent with the mixing produced by winds and tides (Martos
and Piccolo, 1988), and a shelf system with a typical summer stratification (figure 2). These
transitions conditioned the distribution features of the microbial communities. The PCA
analysis showed that Chla had a significant contribution to PC1 indicating its influence on the
variability of the environmental data considered, which played in the same way in both
cruises, i.e., a characteristic deep Chla maximum in the middle shelf system, an outer shelf
system with relatively high values of Chla at surface onshore of the Shelf-break front and
lower Chla towards offshore. This is in agreement with previous characterizations of the
COSTAL-AR section (Lutz and Carreto, 1991; Carreto et al., 1995; Negri et al., 2016). The main
difference between the two cruises had to do with the degree of advance in the summer
season and the position of the Shelf-break front in relation to the influence of the slope

waters on the shelf (Bianchi et al., 1982).

Cruise VA-01/19 took place in middle summer, when temperatures were higher, the
thermocline was well developed along the shelf and only the most coastal region remained
vertically homogeneous. Associated with the thermocline, a noticeable deep Chla maximum
occurred (14.2 mg m3), which was dominated by tiny coccal phytoeukaryotes (300 mg C m3;
figure 2). This kind of deep Chla maximum is typical in summer, when nutrients have been
mostly consumed at the surface mixed layer and phytoplankton accumulates at the base of
the mixed layer where they find a suitable compromise of light still reaching from above and
nutrients being exchanged from below the seasonal thermocline (reviewed in Cullen, 2015).
As it is well known, here picophytoplankton activity was associated with low nutrient
concentrations found in the surface mixed layer (Chisholm, 1992; Marafion, 2015). The role
of the Shelf-break front in favoring productive processes (Segura et al., 2013) was observed
on the onshore side of the Shelf-break front, where Chla and DO had their highest values

(2.2 mg m=3, 281 umol kg™!) associated with a high biomass of the coccolithophorid E.
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huxleyi. The upwelling of slope waters likely enhanced nutrient renewal on this frontal area
(Carreto et al., 1995; Piola et al., 2010), contributing to the maintenance of E. huxleyi, a
common feature of this region during summer (Brown and Yoder, 1994; Signorini et al.,
2006; Garcia et al., 2008; Poulton et al.,, 2013; Balch et al., 2014). This bloom was well
captured by satellite-based Chla and particulate inorganic carbon estimations at the time of
the cruise (figures 1 and A3), the latter resulting from the coccoliths (calcium carbonate

plates covering the cells).

Cruise VA-12/19, on the other hand, took place right at the beginning of summer,
when the thermocline was only well developed in the middle shelf. Above the thermocline,
relatively high Chla (~¥3 mg m3), high biomasses of Synechococcus sp (>230 mg C m3, figure
9) and slightly higher nutrient values were found in the middle and outer shelf stations
(figure 7). The prevalence of high salinity and oxygenated slope waters (both properties had
their main contribution to PC2 in the PCA analysis) transported from the Malvinas Current in
the outer shelf and shelf break suggests a mechanism for the supply of nutrients. In
accordance fairly high biomasses of non-calcareous haptophytes (~50 mg C m3) were found,
matching relatively high nitrate values (>6 umol kg). These values are in line with nutrients

previously reported in the area (Braga et al., 2008; Gongalves-Araujo et al., 2012).

The microbial communities exhibit a vast diversity and play essential roles in marine
food webs. Synechococcus sp and coccal picophytoeukaryotes, were the largest contributors
to microbial carbon biomass along the COSTAL-AR section during summer. The significance
of picophytoplankton summer production in the Argentine Continental Shelf (Silva et al.,
2009, Antacli et al., 2018; Guinder et al., 2020) can be related to its large surface-to-volume
ratio, which confers them a competitive advantage under limiting nutrient conditions
(Chisholm, 1992; Raven, 1998). Although the evaluation of the role of the microbial
heterotrophs in driving the breakdown and recycling of organic material is beyond the scope
of this work, the close bacterial-phytoplankton dynamics found (in particular for the VA-
12/19 cruise) reflects the trophic dependence of these microbial partners (Li, 1998). This
suggests that remineralization and secondary production could be an important process
affecting carbon flux along the COSTAL-AR section. We also speculate that the
protozooplankton community found could be a key link between the small phytoplankton

and the zooplankton (Cepeda et al., 2020).

29



4.2. Processes involved in the carbonate system variability

Continental shelves hold a CO, complexity that arises from a highly variable interplay
of factors over time and space (Bauer et al. 2013; Gruber, 2015; Laruelle et al., 2014, 2017;
Roobaert et al., 2019; Cao et al., 2020). Seasonally stratified shelf seas have been identified
as providing an important sink for atmospheric CO, (Borges et al., 2005; Chen and Borges,
2009). Hence, better understanding the role that individual continental shelves play in the
global carbon budget, and associated acidification problem, becomes presently more
relevant in a context of global change (Portner et al., 2022). The area of the present study
lies within the transitional zone between the two biogeochemical regions defined by de
Oliveira Carvalho et al. (2022). In this context, we focused the discussion on the possible
physical and/or chemical-biological processes affecting the carbonate system distribution in

the top 50 m along the COSTAL-AR section.

The likely strong CO, uptake and the fCO,sw spatial variability found here over the
different systems along the COSTAL-AR section in summer are in agreement with what was
found previously at the Northern Argentine Continental Shelf (Bianchi et al., 2009; Kahl et
al., 2017; Kahl, 2018; de Oliveira Carvalho et al., 2022). Nevertheless, some differences in the
values of the carbonate system found between our results and previous observations may

be due to the predominant processes occurring at the time of sampling.

Non-thermal effects, due to biological uptake and changes in mixing-stratification,
evidently shaped the fCO,sw spatial variability on the coastal and shelf systems in both
summers; in addition, during VA-12/19 the presence of nutrient rich slope waters in the
middle and outer shelf affected the fCO,sw values (figures 2, 5, 6 and A2), as it has been
found that upwelling also brings CO, (Hilligsge et al., 2011). This is in accordance with Kahl et
al. (2018) who suggested that the upwelling of deep waters at the edge of the slope, rich in
DIC and nutrients, would transfer the carbon to the upper layer while the associated nutrient
promotes the phytoplankton growth, which increases the biological CO, uptake. In our
results the influence of the thermohaline gradient of the Shelf-break front in controlling the

fCO,sw distribution was evident in both cruises.

Biological driven processes on continental shelves play a significant role in the
variability of surface fCO,sw and DIC (e.g. Borges et al., 2005; Chen et al., 2013; Takahashi et
al., 2014, Gruber, 2015). Nevertheless, given the spatially heterogeneous distribution of the
microbial communities it is complex to identify changes on fCO,sw and DIC associated with

30



photosynthesis and respiration. Even more, although changes in the phytoplankton
composition will exert an important control over CO, dynamics (Basu and Mackey, 2018;
Takao et al., 2020) few attempts have been made in the Southwestern Atlantic Ocean to
address this issue (e.g. Schloss et al., 2007; Carvalho et al., 2021; de Oliveira Carvalho et al.,
2022). In this study we identified the importance of biological processes occurring during
summer in an area in the Northern Argentine Continental Shelf. We found that during the
VA-01/19 cruise fCO,sw substantially decreased in the onshore side of the Shelf-break front
when both Chla and DO exhibited their maxima, in association with the high biomass of E.
huxleyi (figures 6, 9 and A3). High resolution underway Chla and fCO,sw data allowed us to
identify the carbon uptake by the phytoplankton and its potential to lower fCO,sw on the
shelf; but picophytoeukaryotes production occurring at the deep Chla maximum during
summer could also have influenced surface fCO,sw (Shadwick et al.,, 2011; Kitidis et al.,
2012). It should also be taken into account that while Chla is a reasonable bulk proxy of total
phytoplankton biomass, the biological impact on fCO,sw may be in some cases masked by
the use of Chla alone to represent phytoplanktonic biomass and productivity. During the VA-
12/19 cruise, a minimum value of 216 patm in fCO,sw was found in the middle shelf region,
coincident with a bloom of Synechococcus sp. This maximum in carbon biomass did not
coincide with a maximum of Chla since cyanobacteria are known to usually have a high
carbon-to-Chla ratio (e.g. Silva et al.,, 2009). A minimum DIC value (1963 umol kg%)
concomitant with a high pH (8.19) was also found; reinforcing the indication that
Synechococcus sp was probably modulating the carbonate system due to the photosynthetic

process in this location.

Although surface distribution of TA is normally controlled by the same physical
processes that affect salinity (e.g. riverine input, precipitation and evaporation), the
remineralization of organic matter may dominate in coastal and inner shelf regimes,
affecting TA due to nutrient cycling (e.g. Wolf-Gladrow et al., 2007). Our results of the TA-
salinity analysis did not point out to a particular source, rather a combination of coastal,
shelf and offshore dynamic processes acting on the surface TA distribution along the
COSTAL-AR section. During the VA-12/19 cruise it seemed evident the major salinity effect of
slope waters affecting TA; while during the VA-01/19 cruise seawater dilution and
evaporation effects did not have a strong influence on TA, even more, the TA-salinity

relationship would be steep if we disregard the high salinity values (figures 7 and 8). In a
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future, it would be interesting to include all possible sources influencing the TA variability

(e.g. riverine-groundwater discharge and organic alkalinity; Kerr et al., 2021).

Changes in TA, DIC and pH consistent with organic matter remineralization were
found during the VA-01/19 cruise, specifically near the bottom in the shallower coastal
station where conspicuous high TA, DIC (figure 7) and nitrite concentration, and low values
of pH and DO (figure 2) occurred in association with the presence of high bacterioplankton
biomass (figure 9). Regarding the possible effect of calcification on TA, we cannot rule out
that the coccolithophorid bloom occurring in the CT5 during VA-01/19 could have influenced
the surface TA (e.g. Hutchins, 2011). Nevertheless, values of TA were within the expected
range for this water mass, and microscope examination showed that E. huxleyi cells were
apparently in healthy conditions (intact cells), indicating that probably at this stage of the
bloom the photosynthesis overpassed the calcification effect in affecting the carbonate

system.

Finally, the values and variations of the carbonate system buffer sensitivities (i.e.
acid-base buffer factors dpH/0TA, dpH/ADIC and the Revelle factor) provide insight into the
ocean's response to future CO, and pH levels and the regions that may be most sensitive to
ocean acidification (e.g. Egleston et al., 2010; Takahashi et al., 2014; Hagens and Middelburg,
2016; Humphrey et al., 2018). The carbonate system buffer sensitivities found here are in
accordance with general knowledge of today’s ocean (Soetaert et al., 2007; Egleston et al.,
2010; Jiang et al., 2019) and previous observations in the Northern Argentine Continental
Shelf region (Orselli et al., 2018). Richier et al. (2018) demonstrated that phytoplankton
community responses to changes in the carbonate system vary across different ocean basins
according to the inherent buffer capacity. In agreement with these findings, the analysis of
the carbonate system buffer sensitivities in association with the autotrophic communities,
showed for the VA-01/19 cruise, that dpH/dTA, 0pH/ADIC and the Revelle factor (Table A3)
were significantly correlated with phytoplankton biomass (Spearman correlations; p-
value<0.05; 0.71, -0.71 and 0.69, respectively). During the VA-12/19 cruise no significant
correlations were found between carbonate system buffer sensitivities and phytoplankton
biomass, though pH variations corresponded well to the phytoplankton biomass variability

observed (0.89; p-value <0.05).
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5. CONCLUDING REMARKS

The CO,-induced warming and acidification anthropogenic stressors unequivocally
affect the plankton communities (Portner et al., 2022), impacting the ecological services they
provide. Most studies on the carbonate system in the marine environment are of large
spatial scope, or based on models. The dynamics of the carbonate system in the continental
shelves is extremely variable, and efforts to better understand their contribution to the
global budget are being carried out worldwide. The Southwestern Atlantic Ocean, and the
Argentine Continental Shelf in particular, still remain sparsely sampled in space and time. As
atmospheric CO, concentration keeps on increasing, is relevant to follow the reaction of this
productive and highly susceptible to ocean acidification region of the ocean (e.g. Orselli et al.
2018). Previous published carbonate system datasets from the Northern Argentine
Continental Shelf were collected more than a decade ago, mainly during spring (October
2005-September 2006, Kahl et al., 2018; October 2008, Orselli et al., 2018), at a time when
the annual globally average atmospheric CO, in the marine surface was about 10% lower
than that of the present study (385.02 ppm for 2008 instead of 410.07 ppm for 2019;
Dlugokencky and Tans, 2022, NOAA/Earth  System Research Laboratory

(ESRL),www.esrl.noaa.gov/gmd/ccgg/trends/).

Here new observations were used to analyze in a coupled way the physical, chemical
and biological mechanisms affecting the carbonate system distributions in the Northern
Argentine Continental Shelf region in two summer conditions. This area located in a
transition, between previously defined biogeochemical regions, showed a high
heterogeneity in the environmental variables, microbial communities, and therefore the
carbonate system. Phytoplankton production, triggered by light - stratification and by the
upwelling of nutrient rich slope waters, played a key role in modulating the carbonate
system and the CO; uptake, as well as their spatial variability. The study region during the
summer was likely an important CO, sink (dfCO, sea-air values of -87 + 46 patm during the
VA-01/19 cruise and -112 * 47 patm during the VA-12/19 cruise), evidencing that organic
carbon was being produced, and would be available for higher trophic levels, and/or export
off the shelf. During summer the main contribution to CO; fixation was given by small cells,
since the microbial community was dominated by picophytoplankton (<2 um; e.g.
Synechococcus sp and coccal picophytoeukaryotes). This small fraction is supposed to have a

lower efficiency to uptake CO, than larger cells, and its abundance has been predicted to
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increase due to global change (Behrenfeld et al., 2006). More observations like those
presented here would be helpful to improve the effect of the different microbial fractions on

the carbonate system.

In this global change context, the sum of local efforts to understand the role of
continental shelves would contribute to achieve the United Nations Sustainable

Development Goal 14-target 14.3 (https://sdgs.un.org/goals/goal14).
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SUPPLEMENTARY MATERIAL

Table Al. Geographical position and total depth of stations along the COSTAL-AR
section, as well as date-time of sampling during the VA-01/19 and VA-12/19

cruises.
VA-01/19 VA-12/19
Station Latitude Longitude Depth Ote and Date and
(°s) (W) (m)
Time (UTC) Time (UTC)
CT1 -38.22 -57.28 40 24/1/2019 19:20 12/12/2019 09:13
CT2 -38.35 -57.03 70 24/1/2019 22:44 13/12/2019 12:38
CT3 -38.48 -56.75 80 26/1/2019 21:35 13/12/2019 16:28
CT4 -38.74 -56.25 90 26/1/2019 16:44 11/12/2019 19:23
CTS -39.08 -55.73 120 26/1/2019 10:03 11/12/2019 15:04
CT6 -39.38 -55.22 950 25/1/2019 22:44 11/12/2019 09:05
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Table A2. List of acronyms and symbols used in the main text.

Acronyms and

Description Units
Symbols
d0pH/aDIC Acid-base buffer factor expressing the change in pH relative to a (mol kg1)?
change in DIC
OpH/ATA Acid-base buffer factor expressing the change in pH relative to a (mol kg1)?
change in TA
BTa Ratio of the amplitudes of non-thermal over thermal effects dimensionless
Chla Chlorophyll a concentration mg m-3
dfCO; sea-air Difference between fCO,sw and fCOzair patm
DIC Dissolved inorganic carbon umol kg
DO Dissolved oxygen umol kg
fCO,air Fugacity of CO; in air patm
fCO2sw Fugacity of CO; in seawater patm
Non-therm Non-thermal effects on the changes of fCO,sw patm
Non-thermp Amplitudes of non-thermal effects patm
NTA Total alkalinity normalized to salinity of 35 umol kg
pCO, Partial pressure of CO, patm
PTA Potential total alkalinity umol kg
TA Total alkalinity umol kg
Therm Thermal effects on the changes of fCO,sw patm
Therma Amplitudes of thermal effects patm
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Cluster analysis from vertical thermohaline, chlorophyll a, and dissolved oxygen properties

VA-01/19 cruise. An optimal number of five clusters (CLUS) were determined (figure Al,
left). CLUS-1 gathered data from the surface mixed layer from all sampled stations (Temp
18.9 + 1.4 °C); CLUS-5 comprised all stations but CT6 from depths below the mixed layer, and
CLUS-4 gathered samples from the highest average salinity (35.15 + 0.19), including only
station CT6 below the mixed layer. On the other hand, CLUS-2 and CLUS-3 associated
samples from the noticeable deep Chla and DO maxima found in the middle and outer shelf

(stations CT3 to CT5).

VA-12/19 cruise. An optimal number of four CLUS were determined (figure A1, right). CLUS-
1 and CLUS-3 gathered samples associated with shelf waters with salinity <33.7. CLUS-2 and
CLUS-4 comprised data on the outer stations (CT5 and CT6) where slope waters signal was
observed in the profile (salinity >34.1 and DO >300 umol kg™). Both CLUS-1 and CLUS-2 were
associated with high Chla values. CLUS-3 included data in the middle shelf below the

thermocline (stations CT3 and CT4) associated with the lowest DO values (254 + 13 umol

kg™1).
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Figure Al. Top: Profiles of the sampling stations along the COSTAL-AR section, with colors
representing the distribution of the clusters groups determined by the NbClust approach;
dashed lines separate the main oceanographic systems established by gathering cluster’s
shared stations. Bottom. Principal component analysis biplot of temperature (Temp, °C),
salinity (Sal), depth (m), dissolved oxygen (DO, umol kg) and chlorophyll a (Chla, mg m3)
along the COSTAL-AR section during summer, showing the PC scores (dots) of profile
observations. encircled in correspondence with the cluster groups determined by the

NbClust approach. Left: VA-01/19 cruise; right: VA-12/19 cruise.
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Processes influencing the DO and fCO,sw distributions

More than one process is usually responsible for controlling CO, concentrations. Property-
property relations of the percentage of saturation of fCO, (fCO,sat) versus DO (DOsat)
relative to the atmosphere were explored in an attempt to visualize the relative role of
physical and chemical-biological processes influencing the DO and fCO,sw distributions.
fCOysat was calculated as the fCO,sw/fCO,air ratio. DOsat was estimated according to Garcia
et al. (2013). The fCO,sat versus DOsat distributions were analyzed by its position relative to
the 100% saturation levels of DO and CO; (figure A3). Simultaneous fCO,sw undersaturation
and DO supersaturation occurs, implies the dominance of non-thermal processes, e.g.,
photosynthesis. This is the case observed on the shelf and shelf-break along the COSTAL-AR
section, while the temperature effect seems to dominate both coastal fCO,sw and DO

saturation.
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Figure A2. Property-property plot of percentage of saturation (y-axis) of fCO, (purple) and
DO (orange) along the COSTAL-AR section distance (Km; x-axis). Top: VA-01/19 cruise;
bottom: VA-12/19 cruise. Horizontal dotted line represent the 100% saturation levels of DO
and CO,. that helps infer the dominating processes controlling the fCO,sw and DO
distribution (see text for more details). The vertical dotted red lines separate the main
oceanographic systems established by the change point method. Station positions are also

indicated.
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Table A3. Vertical properties data (mean * SD) of pH, total alkalinity (TA, umol kg), dissolved inorganic carbon (DIC, pmol kg*) and dissolved

inorganic nutrients (nitrate, nitrite, silicate and phosphate; umol kg!) in the top 120 meters along the different systems in COSTAL-AR section that

were established by the cluster analysis. Number of observations are indicated in parenthesis.

VA-01/19
Station pH TA DIC Nitrate Nitrite Silicate  Phosphate  OpH/OTA OpH/ODIC  Revelle
8.00+£0.08 2289.3+52 2080.5+84 193+3.7 025204 3.04+2.7 0.74+£05 2027+374 -2155+351 12+2
Coastal CT1-CT2
(6) (6) (6) (6) (6) (6) (6) (6) (6) (6)
Shelf CT3-CTS 7.988 +0.14 2238.1+7 2063.8+91 8.84+7.2 0.07+£006 339+24 094+0.6 2381+662 -2491+617 135+3
(12) (10) (10) (12) (12) (12) (12) (10) (10) (10)
8.078+0.03 2300.8+21 20523+54 248+24 0.06+0.07 196+09 0.33+0.2 1783+159 -1925+148 10.8%1
Shelf-Break CT6
(4) (3) (3) (4) (4) (4) (4) (3) (3) (3)
VA-12/19
Station pH TA DIC Nitrate Nitrite Silicate  Phosphate  OpH/OTA OpH/ODIC  Revelle
8.073 £0.02 226297 2040.1+£20 0.27+0.2 0.03+0.03 1.15+0.8 0.67+0.1 19267+86 -2064+80 1141
Coastal CT1-CT2
(7) (4) (4) (7) (7) (7) (7) (4) (4) (4)
8.078 £0.13 22575+7 2062.8 £+ 94 243+3 0.07+0.09 26+1.7 088+0.7 2247+679 -2365+637 133
Shelf CT3-CT4
(8) (4) (4) (8) (8) (8) (8) (4) (4) (4)
8.062 £ 0.03 2277.2 + 2101.3+35 6.18+1.2 0.18+0.05 29+13 1.2+0.3 2254+240 -2371+226 13.1%1
Shelf-Break  CT5-CT6
(8) 16 (4) (4) (7) (7) (7) (7) (4) (4) (4)
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Table A4. TA-salinity and TA-DIC least square regression equations, correlation coefficients (r?) and RMSE obtained in the top 50 m for the VA-01/19

and VA-12/19 cruise. n: number of observations used to develop these correlations.

TA-Salinity Equation r? RMSE n

VA-01/19 TA= 52 Sal + 515 0.27 38.7 14

VA-01/19 (excluding sample from bottom at station CT1) TA=54.7 Sal + 413 0.66 18.5 13
VA-12/19 TA=33.2 Sal + 1143.6 0.76 5.2 7

TA-DIC Equation r? RMSE n

VA-01/19 TA=0.5DIC + 1259.6 0.73 23.6 14

VA-01/19 (excluding sample from bottom at station CT1) TA=0.4DIC+1474.4 0.47 23.3 13
VA-12/19 TA=0.1DIC +2011.9 0.29 8.8 7

57



34°S 34°S 34°S 0.005
= i e @
k= iy 0001 %
3 5
. o F é
3678 36°S 36°S o . z
= - £
©
b ) 0.0005 ©
- ]
: 0.0002 é
e g
38°8 38°S 38°S : 2
=
L2
AL = &
< S Y }
o o : ; : 56-05
A0 e 30 58°W 30 53 O%ew 30 58°W 30 53° 0w 30 58°W 30 W C

2019-017 (MA-PIC 4km)

2019-025 (MA-PIC 4km)

2019-033 (MA-PIC 4km)

Figure A3. MODIS-Aqua 8-day Particulate Inorganic Carbon (PIC) concentration (mol m3) composite image (4 km resolution) in the Northern
Argentinean Continental Shelf for the period of the VA-01/19 cruise. Left: 17-24 January 2019; center: 25 January 2019- 1 February 2019; right: 2-9
February 2019.
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