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The Antarctic continental shelf is known as a critical anthropogenic CO2 (Cant)

sink due to its cold waters, high primary productivity, and unique circulation,

which allow it to sequester large amounts of organic and inorganic carbon into

the deep ocean. However, climate change is currently causing significant

alteration to the Antarctic marine carbon cycle, with unknown consequences

on the Cant uptake capacity, making model-based estimates of future ocean

acidification of polar regions highly uncertain. Here, we investigated themarine

carbonate system in the Ross Sea in order to assess the current anthropogenic

carbon content and how physical–biological processes can control the Cant

sequestration along the shelf-slope continuum. The Winter Water mass

generated from convective events was characterized by high Cant level (28

µmol kg−1) as a consequence of the mixed layer break-up during the cold

season, whereas old and less-ventilated Circumpolar Deep Water entering the

Ross Sea revealed a very scarce contribution of anthropogenic carbon (7 µmol

kg−1). The Cant concentration was also different between polynya areas and the

shelf break, as a result of their specific hydrographic characteristics and

biological processes: surface waters of the Ross Sea and Terra Nova Bay

polynyas served as strong CO2 sink (up to −185 mmol m−2), due to the

remarkable net community production, estimated from the summertime

surface-dissolved inorganic carbon deficit. However, a large amount of the

generated particulate organic carbon was promptly consumed by intense

microbial activity, giving back carbon dioxide into the intermediate and deep

layers of the continental shelf zone. FurtherCant also derived fromHigh-Salinity

Shelf Water produced during winter sea ice formation (25 µmol kg−1), fueling

dense shelf waters with additional input of Cant, which was finally stored into

the abyssal sink through continental slope outflow (19 µmol kg−1). Our results

suggest that summer biological activity over the Ross Sea shelf is pivotal for the

shunt of anthropogenic CO2 between the organic and inorganic carbon pools,
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enhancing the ocean acidification of the upper mesopelagic zone and the

long-term Cant sequestration into the deep ocean.
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anthropogenic CO2, carbonate system, ocean acidification, Ross Sea, Antarctica
Introduction

The Southern Ocean plays a crucial role in regulating the

Earth’s climate by absorbing approximately 30%–40% of the

global oceanic uptake of anthropogenic CO2 (Cant) (Sabine et al.,

2004; Gruber et al., 2009; Khatiwala et al., 2013). An important

component of this uptake occurs in Antarctica’s continental

shelves and coastal polynyas (Arrigo et al., 2008a), where high

primary production and formation of Dense Shelf Water (DSW)

have the potential to efficiently sequester the Cant into the deep

ocean over centennial time scales (Sigman et al., 2010). However,

notable discrepancies exist among different Antarctic shelf areas

(Arrigo et al., 2008b; Lee et al., 2017), and regional estimates of

net CO2 uptake (Mahieu et al., 2020) come with large

uncertainties (McKinley et al., 2017; Gruber et al., 2019). This

limited knowledge is mostly due to sparse observations (Lenton

et al., 2013) and incomplete evaluations of the different processes

that govern the ocean carbon dynamics, such as melt water

influence, sea surface temperature, ocean circulation, wind

regimes, and biological processes (Takahashi et al., 2012).

Furthermore, the amount of Cant that is buried into local shelf

sediments, recycled into the water column, and exported

elsewhere into the deep ocean is still not well quantified.

The Ross Sea is among the most biologically productive

areas of the Southern Ocean (Arrigo and McClain, 1994; Smith

and Gordon, 1997; Arrigo et al., 2008b) and an important site of

dense water formation (Jacobs et al., 1970; Orsi et al., 1999),

making this particular region a large CO2 sink on an annual scale

(Arrigo et al., 2008a). The CO2 drawdown capacity of the Ross

Sea is particularly prominent on the western side, which hosts

two large polynyas (i.e., areas of open waters or reduced sea ice

cover surrounded by higher concentrations of ice), namely the

Ross Sea polynya and Terra Nova Bay polynya, with massive

phytoplankton blooms and intense production of dense shelf

waters. During winter, the Ross Sea is mostly covered in sea ice.

Microalgae start to bloom in October when sea ice usually breaks

up in the central region (Smith and Gordon, 1997; Smith et al.,

2000; Arrigo and van Dijken, 2004; Arrigo et al., 2015). During

November, the sea ice-free areas expand and primary

production increases abruptly. Maximum primary production

occurs in late spring (December) and decreases sharply in

summer (January and February) due to iron limitation
02
(Fitzwater et al., 2000; Sedwick et al., 2000; Coale et al., 2005;

Sedwick et al., 2011) as well as light limitation and deep vertical

mixing at the beginning of the winter season (Nelson and Smith,

1991; Sakshaug et al., 1991; Saggiomo et al., 2002). Sea ice re-

forms quickly in early March and continues to expand

throughout winter. Brine is rejected during sea ice production,

which subsequently sinks and helps to generate saline-dense

shelf waters (Budillon et al., 2003; Orsi and Wiederwohl, 2009).

Strong and cold katabatic winds that flow from land over the

ocean promote the development of the polynyas by enhancing

intense sea ice growth that is constantly pushed away from the

shore, thus sustaining areas of open water or thin ice for much of

the year (Williams et al., 2007).

Net community production (NCP), defined as gross primary

production minus community respiration, changes the pCO2 of

surface water and thereby the seasonal air–sea CO2 flux in

coastal polynyas. The Ross Sea atmospheric carbon uptake is

largely controlled by NCP and carbon export to the deep layers

of the water column. DeJong et al. (2017) found an outstanding

net community production (−425 ± 204 mmol C m−2 day−1)

during the late summer in Terra Nova Bay (TNB), which was

rapidly exported below 200 m depth. Arrigo et al. (2000) also

found that between 70% and 100% of NCP was present as

particulate organic carbon (POC) in the upper 150 m during a

mid-December through early January cruise. The summer POC

standing stock production, remineralization, and export

influence the magnitude of the Ross Sea anthropogenic carbon

sink. Furthermore, dense water formation events are key

processes that govern outstanding events of Cant uptake from

the atmosphere and its subsequent storing into the deep ocean.

During winter, very low seawater temperatures and associated

katabatic winds can lead to CO2 uptake of up to −250 mmol C

m−2 day−1, as found by DeJong and Dunbar (2017) in TNB.

Intense sea-ice formation and brine rejection drive the DSW to

flow down along the continental slope and to produce Antarctic

Bottom Water (AABW), which ultimately supplies atmospheric

CO2 to the deeper layers of the Southern Ocean and thus

determining its long-term sequestration.

Due to the complexity of the processes involved, little is

known about the current Cant content in the Ross Sea and how

physical and biological processes control the transport and fate

of carbon dioxide from the atmosphere to the deep ocean. Here
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we present the summer CO2 system in the Ross Sea, estimated by

discrete water samples of total alkalinity (TA) and pH. These

new observations are used to assess the present Cant

concentration and to evaluate its long‐term temporal change

in the region. Additionally, we combine measurements of

microbial metabolic activity, POC standing stock, and net

community production via seasonal deficit in total inorganic

carbon to highlight the importance of both physical and

biological processes in controlling the anthropogenic CO2

levels, sequestration, and export.
Oceanographic setting

We follow the water mass characterization of Orsi and

Wiederwohl (2009) to define the main water masses in the

Ross Sea during the summer season, considering potential

temperature (q), salinity (S), and neutral density (gn) (see

Table 1; Figure 2). Antarctic Surface Water (AASW) is the

lightest water mass (gn< 28.00 kg m−3) and is characterized by

highly variable temperatures and salinities due to the seasonal

influence of sea ice formation and melting. Circumpolar Deep

Water (CDW) is a relatively warm (>1°C), salty, and low-

oxygenated water with a gn value between 28.00 and 28.27 kg

m−3. This water mass derives from the Antarctic Circumpolar

Current and intrudes onto the shelf mostly along the western

slope of the Ross Sea banks (Wang et al., 2013; Castagno et al.,

2017). When CDW enters the Ross Sea, it mixes with local

waters near the shelf break to form modified CDW (mCDW),

which is defined by the same density range as CDW but with

lower temperatures. The inflow of CDW has a great influence on

the heat, salt, and nutrient budget of the continental shelves and

is critical to the regional sea-ice cycle (Smith et al., 2012), basal

melt rate of the Ross Ice Shelf (Rignot and Jacobs, 2002;

Pritchard et al., 2012), and AABW formation (Whitworth and
Frontiers in Marine Science 03
Orsi, 2006; Budillon et al., 2011). The water column of the shelf

area is also occupied by Winter Water (WW), a cold water mass

representing the remnant of the previous winter’s surface mixed

layer (Porter et al., 2019) and setting at a depth range that

depends on its location within the polynya. The remaining

classifications regard the densest water masses (gn > 28.27 kg

m−3) on the shelf and slope. Ice formation increases sea-surface

salinity and produces High Salinity Shelf Water (HSSW) that

presents a salinity value greater than 34.62. HSSW is formed

mostly in the TNB area during winter (Budillon et al., 2003),

spreads northwards following the Drygalski Basin, and finally

flows off the shelf near Cape Adare, where it mixes with CDW to

produce AABW (Whitworth and Orsi, 2006; Gordon et al.,

2015). During the transfer towards the continental shelf break,

HSSWmixes with mCDW to formModified Shelf Water (mSW,

q > −1.85°C). Ice Shelf Water (ISW) is the last water mass denser

than 28.27 kg m−3 and is defined by temperatures below the

freezing point at 50 dbar (q ≤ −1.95°C). This supercooled water

mass is present in front of the Ross Ice Shelf at an intermediate

depth and is a mixture of basal ice shelf meltwater and

shelf water.
Methods

In situ data were collected onboard the R/V Italica, as part of

the National Program for Research in Antarctica (PNRA). The

biogeochemical parameters were investigated at 17 stations by

sampling five to eight depths from surface to 1,750 m from 11

January to 04 February 2014. The position of the casts is shown

in Figure 1. They were mainly in the western Ross Sea, along the

Drygalski Basin (DB) from Terra Nova Bay polynya (TNBp) to

the shelf break region off Cape Adare (CA); a few stations were

also sampled both in the Hillary Canyon (HC) and in the Ross

Sea polynya (RSp). Hydrological casts and water sampling were
TABLE 1 Estimated mean values of potential temperature (q; °C), salinity (S), neutral density anomaly (gn; kg m−3), dissolved oxygen concentration
(DO; mmol kg−1), total alkalinity (TA; mmol kg−1), total dissolved inorganic carbon concentration (TCO2; mmol kg−1), pHT at in situ temperature (pHT

in situ), aragonite saturation state (War), anthropogenic carbon concentration (Cant; mmol kg−1), pH reduction from the preindustrial era (DpHT),
and aragonite saturation state reduction from the preindustrial era (DWar) of each water mass in the Ross Sea.

Parameter AASW CDW mCDW mSW HSSW ISW WW

q −0.30 0.86 −0.56 −0.58 −1.91 −1.95 −1.89

S 34.16 34.71 34.57 34.66 34.75 34.66 34.70

gn 27.67 28.14 28.12 28.36 28.7 28.59 28.64

DO 337 199.5 243.6 238.7 281 277.1 283.2

pHT in situ 8.171 7.993 8.024 8.015 8.046 8.025 8.062

TA 2,324 2,355 2,343 2,349 2,356 2,353 2,350

TCO2 2,165 2,259 2,259 2,255 2,251 2,259 2,249

War 1.7 1.1 1.2 1.1 1.1 1.1 1.2

Cant 7 30 19 25 31 28

DpH −0.03 −0.09 −0.06 −0.07 −0.09 −0.08

DWar −0.09 −0.27 −0.18 −0.23 −0.29 −0.26
frontiers
in.org

https://doi.org/10.3389/fmars.2022.954059
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ingrosso et al. 10.3389/fmars.2022.954059
carried out using an SBE 9/11 Plus CTD, with double

temperature and conductivity sensors, coupled with an SBE 32

plastic-coated carousel sampler, on which 24 12-L Niskin bottles

were mounted. The entire dataset has been indexed with the

DOI 10.13120/cfeaa3ca`b9c-445f-be27-a74e346026ba and is

freely available at https://nodc.ogs.it/catalogs/doidetails?

4&doi=10.13120/cfeaa3ca-2b9c-445f-be27-a74e346026ba. All

oceanographic analysis and their graphical representations

were performed with the “OCE” package in R (Kelley, 2018)

and following the colormap selection of Thyng et al. (2016).
Carbonate system

For the total alkalinity, samples were pre-filtered on glass-

fiber filters (Whatman GF/F) into 500-ml narrow-necked

borosilicate glass bottles and poisoned with 100 μl of

saturated mercuric chloride (HgCl2) to halt the biological

activity, sealed with glass stoppers and stored at 4°C in the

dark until analysis. Total alkalinity was determined by

potentiometric titration in an open cell (SOP 3b, Dickson

et al., 2007) using a nonlinear least squares approach. To

approximate the ionic strength of the samples, the HCl

titrant solution (0.1 mol kg−1) was prepared in NaCl
Frontiers in Marine Science 04
background and calibrated against certified reference

seawater (CRM, Batch #107, provided by A.G. Dickson,

Scripps Institution of Oceanography, USA). The accuracy

and precision of the TA measurements on CRM were

determined to be less than ± 2.0 μmol kg−1. Additionally,

repeated measurements (n ≥ 3) on in-house standards of

natural seawater were undertaken every day prior to sample

analysis in order to monitor the instrument’s accuracy and

precision frequently. The pH was measured using a double-

wavelength spectrophotometer (Cary 100 Scan UV-Visible)

and a purified m-cresol purple indicator dye following SOP 6b

of Dickson et al. (2007). The precision of the method,

expressed as the standard deviation of replicates from the

same Niskin bottles, was ±0.002, and pH results were

reported on a total scale (pHT). The total dissolved inorganic

carbon concentration (TCO2) and aragonite saturation (War)

levels were estimated by the R package Seacarb (Gattuso et al.,

2015) from AT, pHT measured at 25°C (pHT 25°C), T, S,

phosphate, and silicate data as inputs. For the first time,

carbonic acid equilibrium constants (i.e., pK1 and pK2) of

Sulpis et al. (2020) were used for the calculation of CO2

system parameters of the Ross Sea, which represent the

current most appropriate constants for the cold oceanic

regions and minimize the overall uncertainty when seawater
FIGURE 1

Map of the Ross Sea. Sampling stations during the XXIX Italian expedition are indicated by circles. The geographic areas in which the sampling
stations are grouped are Terra Nova Bay polynya (TNBp), Ross Sea polynya (RSp), Hillary Canyon (HC), Cape Adare (CA), and Drygalski Basin
(DB). Bathymetry is from Arndt et al. (2013) (IBCSO V1.0) with 500 m contour intervals (1,000, 2,000, and 3,000 m in dark lines). Polynya regions
were shown using the satellite-derived sea-ice concentration during February 2014 (National Snow and Ice Data Center (NSIDC), Fetterer et al.,
2017). Median extent of sea ice in February over a 20-year period (1981–2010) (dashed blue contours, Fetterer et al., 2017). Map developed from
Quantarctica GIS package, Norwegian Polar Institute (Matsuoka et al., 2018).
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temperature is below ~8° –9°C. Finally, the Dickson

dissociation constant for hydrogen sulfate (Dickson, 1990)

and the borate constant of Lee et al. (2010) was used.
Dissolved oxygen, nutrients, and
particulate organic carbon

For the determination of dissolved oxygen (DO)

concentration, the Winkler method was followed (Grasshoff,

1983) using an automated titration system (Methohm 719

titroprocessor) with potentiometric end-point detection

(Oudot et al., 1988). The analytical precision and accuracy was

± 0.2 μmol kg−1. Samples for dissolved inorganic nutrients were

filtered on board on precombusted Whatman GF/F filters and

kept frozen (−20°C) until laboratory analysis. Dissolved

inorganic nutrients were determined with a segmented flow

QUAATRO Seal Analytical AutoAnalyzer following standard

colorimetric methods (Hansen and Koroleff, 1999). The

detection limits of nutrient concentrations reported by the

analytical methods are 0.02, 0.02, and 0.02 mM, respectively,

for N-NO3, P-PO4, and Si-Si(OH)4. The accuracy and precision

of the analytical procedures at low concentrations were checked
Frontiers in Marine Science 05
annually through the quality assurance program QUASIMEME

and the relative coefficient of variation for five replicates was less

than 5%. Internal quality control samples were used during each

analysis. For the purposes of this work, nutrient data were used

only for the accurate calculation of the full set of carbonate

system variables, so their specific distribution patterns are not

presented here.

POC and particulate nitrogen (PN) were measured using an

elemental analyzer, CHNO-S Costech mod. ECS 4010, applying

the methods by Pella and Colombo (1973) and Sharp (1974).

Samples ranging from 1.1 to 8.0 L were filtered on 25-mm

precombusted Whatman GF/F and filters and stored at −80°C.

Before analysis, filters were treated with the addition of 200 ml of
HCl 1N to remove the carbonate and then dried at 60°C for

about 1 h with the similar method of Lorrain et al. (2003). Before

the analysis, the filter was inserted into a 10 × 10-mm tin

capsule. Known amounts of standard acetanilide (C8H9NO—

Carlo Erba; assay ≥99.5%) were used to calibrate the instrument.

The detection limits for PN and POC, defined as twice the

standard deviation of the blank (5–10 blank 25-mm filters), were

0.01 mmol-N L−1 and 0.001 mmol-C L−1, respectively. The

relative standard deviations for three replicates of internal

quality control sample replicates were lower than 10%. The
FIGURE 2

Potential temperature/salinity (q/S) plot for the sampled stations. Grey solid lines show the 28.00 and 28.27 kg m−3 neutral density anomaly (gn).
The black horizontal line shows the surface freezing point of seawater. The color scale bar refers to the sampling depth. Major water masses are
labeled as follows: Antarctic Surface Water (AASW), Circumpolar Deep Water (CDW), modified Circumpolar Deep Water (mCDW), High Salinity
Shelf Water (HSSW), Ice Shelf Water (ISW), modified Shelf Water (mSW), and Winter Water (WW).
frontiersin.org

https://doi.org/10.3389/fmars.2022.954059
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ingrosso et al. 10.3389/fmars.2022.954059
accuracy of the method was verified periodically against the

certified marine sediment reference material PACS-2 (National

Research Council Canada).
Prokaryotic abundance and
heterotrophic metabolic rates

Samples for the assessment of prokaryotic abundance (PA)

were fixed with 0.2 μm filtered formaldehyde solution (2% final

concentration, f.c.; Fluka). They were stored in sterile dark

bottles at 4°C and processed following Porter and Feig (1980);

three analytic replicates per sample were done (3–8 ml). Aliquots

of each sample were stained with a 4′,6-diamidino-2-

phenylindole (DAPI) solution at 1 mg ml−1 final concentration

and placed in the dark for 15 min. Cells were collected on 0.22

mm black polycarbonate filters (Nucleopore, 25 mm), and each

filter was immediately placed on a slide between two drops of

immersion nonfluorescent oil (type A, Cargille, Cedar Grove, NJ,

USA) and kept at −20°C in the dark. Cell counts were made

using an epifluorescence microscope (Olympus BX 60 F5)

utilizing a UV filter set (BP 330–385 nm, BA 420 nm) at

×1,000 final magnification; more than 200 cells were counted.

Prokaryotic heterotrophic production (PHP) was measured

by the incorporation of 3H-leucine (Kirchman et al., 1985).

Triplicate 1.7-ml aliquots and one killed control (5%

trichloroacetic acid, f.c.; Sigma) were amended with 20 nM

radiotracer (58.5 Ci mmol−1; Perkin Elmer) and incubated for

6 h at in situ temperature in the dark. The extraction of
3H-labeled proteins was carried out fol lowing the

microcentrifugation method (Smith and Azam, 1992). The

activity in the samples was determined by a TRI-CARB 2900

TR Liquid Scintillation Analyzer after the addition of 1 ml of

scintillation cocktail (Ultima Gold MV; Packard).
Partitioning of seasonal changes in TCO2
and net community production
computation

Seasonal changes of TCO2 in the summer mixed layer are

driven by a combination of physical and biological processes

(i.e., air–sea CO2 exchange, mixing, sea ice melting/formation,

photosynthesis, respiration, calcium carbonate precipitation,

and dissolution). According to Arroyo et al. (2020), we

computed the total deficit in mixed-layer TCO2 (DTCOtot
2 ;

mmol m−2) at each station as the depth integrated difference

between an inferred winter TCO2 concentration (TCOwinter
2 ) and

the observed summer TCO2 concentration (TCOsummer
2 ):

DTCOtot
2   =  

Z MLD

0
TCOsummer

2   −  TCOwinter
2  dx (1)
Frontiers in Marine Science 06
where MLD is the summer mixed layer depth, defined here

as the depth at which the maximum value of the square of the

buoyancy frequency (N2) was observed (Carvalho et al., 2017).

The inferred winter TCO2 in the surface water is often estimated

using the value at the temperature minimum (e.g., Bates et al.,

1998; Roden et al., 2016); however, on the Antarctic shelf, this

method may not be appropriate due to the presence of ISW in

the marginal ice zone. We, therefore, defined the winter TCO2 as

the average concentration of all samples collected in the WW

mass (TCOwinter
2   =  2, 249  ± 3:3 μmol kg−1), which

ranged between −1.92°C< q< −1.70°C and 27.88< sq< 27.98

kg m−3 and occupied the water column between 300 and 600

m depth.

The DTCOtot
2 was partitioned into physical and biological

drivers following the method of previous studies (e.g., Shadwick

et al., 2017; Arroyo et al., 2019) according to the equation

DTCOtot
2   =  DTCOsal

2   +  DTCOalk
2   +  DTCObio+gas

2 (2)

The DTCOsal
2 represents the TCO2 seasonal variation due to

changes in salinity from mixing and sea ice melting and was

determined as the depth-integrated difference between observed

TCO2 and salinity-normalized TCO2 (nTCO2), normalized to an

inferred winter salinity of 34.7 (mean salinity of WW).

DTCOsal
2   =  

Z MLD

0
TCO2  −  nTCO2 dx (3)

The term DTCOalk
2 refers to the impact of calcium carbonate

processes on TCO2. Because CaCO3 dissolution and

precipitation result in a TA and TCO2 change that follows the

2:1 ratio, we calculated the DTCOalk
2 as the depth integrated half

of the difference between observed TA (TAsummer) and salinity-

normalized TA (nTA) after correcting for nitrate (Brewer and

Goldman, 1976; Jones et al., 2010)

DTCOalk
2   =  

Z MLD

0

TA  −  nTA
2

 dx (4)

The remaining DTCObio+gas
2 term represents the influence

of biological processes and air–sea CO2 exchange and was

determined by difference. TCO2 and TA were normalized

following the conventional method that assumes a zero

freshwater end-member value (Sweeney et al., 2000;

Shadwick et al., 2017). This approach has been shown to

overestimate nTA in the coastal Antarctic (Legge et al.,

2017), but few observational data are available to accurately

estimate the freshwater (meteoric or melt water) TCO2 and TA

end-members in the Ross Sea.

Although the mixed layer was generally<100 m during our

cruise, the reduction in TCO2 due to biological processes was

computed from the surface to 200 m at each station to account

for deeper mixing prior to the sampling event. This seasonal

change in TCO2 represents the net community production rate

(NCP, mmol m−2 day−1, the imbalance between net primary
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production and heterotrophic respiration) and was computed as

the depth-integrated difference between the winter salinity-

normalized TCO2 (nTCOwinter
2 ) and observed salinity-

normalized TCO2 over the length of the productive season

(PS), starting from the onset of the algal blooming until the

time of sampling in January

NCP =  

Z 200

0
nTCO2  −  nTCOwinter

2  dx

� �

PS
(5)

The start of the PS was defined as 01 November 2013 based

on the increase in monthly surface chlorophyll a concentration

derived from the MODIS-Aqua satellite Level 3 product at 9-km

resolution (https://oceancolor.gsfc.nasa.gov/l3/).

In addition, we calculated the surplus of POC (DPOC)

from the prebloom condition as the depth integrated

difference between observed POC concentration and

inferred winter POC concentration (POCwinter ) in the

upper 200 m via

DPOC =
Z 200

0
POC  −  POCwinter dx (6)

where POCwinter was defined as the average concentration of

all samples collected in the WW mass (POCwinter = 0.85 ± 0.4

μmol kg−1).
Estimate of anthropogenic CO2 and
ocean acidification state

The Cant cannot be measured directly, as it cannot be

chemically discriminated from the bulk of dissolved inorganic

carbon, and different evaluation methods have been proposed

(Millero, 2007; Sabine and Tanhua, 2010). All the existing

methods have different advancements as well limitations

depending on the assumptions and parametrizations

considered. Thus, the international scientific communities

have not arrived at a consensus on which model is the most

accurate to estimate the concentration of Cant in the ocean. Here,

we chose to apply the the TrOCA (Tracer combining Oxygen,

inorganic Carbon, and total Alkalinity) developed by Touratier

and Goyet (2004a) and refitted by Touratier et al. (2007).

Although a few studies have suggested some limitations in the

use of the TrOCA for Cant quantification (Huertas et al., 2009;

Yool et al., 2010), this method provided robust results in

different regions of the global ocean (the Atlantic Ocean, e.g.,

Touratier and Goyet, 2004b; Touratier et al., 2005; Vázquez-

Rodrıǵuez et al., 2009; Rıós et al., 2010; Orselli et al., 2018; de

Carvalho-Borges et al., 2018; Southern and Antarctic Ocean, e.g.,

Lo Monaco et al., 2005; Azouzi et al., 2009; Goyet et al., 2009;

Pardo et al., 2014; Kerr et al., 2018; Lencina-Avila et al., 2018;

Indian Ocean, e.g., Álvarez et al., 2009; the Mediterranean Sea,
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e.g., Krasakopoulou et al., 2011; Hassoun et al., 2015; Palmiéri

et al., 2015) and has been successfully applied in the Ross Sea

(Sandrini et al., 2007). Moreover, the TrOCA approach was used

to estimate the Cant mixing and export under the effect of a large

variety of oceanographic processes (e.g., dense water formation

(Touratier et al., 2016; Ingrosso et al., 2017; Krasakopoulou et al.,

2017), across-shelf transport, and deep ocean storage (Shadwick

et al., 2014), and recently Bates and Johnson (2020) has

demonstrated the role of this method as a useful tracer of

ocean Cant changes when used at a fixed location.

Briefly, the TrOCA tracer accounts for changes in carbonate

chemistry and is based on the fact that below the mixed layer, the

TCO2 concentration varies according to the decomposition of

organic matter and dissolution of calcium carbonate. This

conservative behavior has been shown unmaintained when

water masses are influenced by an anthropogenic CO2

contribution. Thus, combining DO, TCO2, TA, and q is

possible to calculate the Cant:

Cant =
O2 + 1:279 TCO2 –

1
2 TA

� �
− e 7:511 – 1:087x10−2ð Þ q−7:81x105=TA2ð Þ

1:279

The uncertainty of the estimate is ~6 mmol kg−1

Touratier et al. (2007). Full details of how the TrOCA

approach and Cant computation were derived can be found

in Touratier and Goyet (2004a) and Touratier et al. (2007).

Because of the large seasonal variability in the carbon

content of surface waters, due to biological processes and

air–sea CO2 exchange , the TrOCA method is not

appropriate for the mixed layer, and we therefore only

compute Cant for depths below 200 m. In addition, below

the mixed layer, our N:P ratio is very close to the Redfield

ratio (16.8 ± 2.1), upon which the parametrization of the

TrOCA method is based.

For further evaluation of the ocean acidification impact on

the Ross Sea, we estimated the anthropogenic pH and War

reduction from the preindustrial era (DpHT and DWar)

computed on the difference between the contemporary pH and

War measured in our study (pHcont and War cont) and their

preindustrial values (pHpre-ind and War pre-ind):

DpHT  =  pHcont  –  pHpre-ind (8)

DWar  =  War cont  –  War pre-ind (9)

The pHpre-ind and War pre-ind were derived from the TCO2

values subtracting the anthropogenic contribution (Cant) and the

original TA data, since the total alkalinity is not affected by the

accumulation of the atmospheric CO2 in seawater if there is no

calcifier production and dissolution change. The resulted DpH
and DWar data allow us to assess whether there have been

significant changes in the seawater acidification state during

the time between the preindustrial (~1750) period and the time

of sampling (2014).
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Results

Hydrographic conditions

The hydrological properties of the water masses and their

spatial distribution are displayed in the q/S diagram (Figure 2)

and the south-north section (Figure 3). AASW was relatively

warm and fresh (−0.30°C ± 0.89°C and 34.16 ± 0.34, Table 1),

reflecting the summer conditions of surface warming and sea

ice melt. Sea surface temperature was warmer in TNBp and

RSp, with values ranging from −0.68°C to 1.45°C, and cooler

out of the shelf area where the minimum value of −1.78°C was

observed. Out the Victoria Land coast and close to the eastern

side of the Ross Sea (St. 22 and 76) minimum surface salinity

(S< 33.8) was observed, suggesting a significant freshwater

influence deriving from a large volume of sea ice melting.

The mean concentration of DO in AASW was 337 ± 42 μmol

kg−1, which was very close to the saturated condition (~350

μmol kg−1) considering the similar surface temperature and

salinity. The greatest dissolved oxygen saturation (>100%) was

observed in the TNBp area, where the DO also reached the

maximum value of 435 μmol kg−1, decreasing toward the outer

edge of the polynya and open waters (Figure 3D). Below the

mixed layer, relatively warm mCDW (−0.56°C ± 0.99°C) and

cold WW (−1.89°C ± 0.06°C) occupied the intermediate depths

above the shelf area. WW was predominant in front of the Ross
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Ice Shelf and in the TNBp, with salinity value and DO

concentrations of around ~34.7 and ~285 μmol kg−1,

respectively, and in the depth range from −300 to −600 m,

likely reflecting a significant influence of winter deep

convection. The signal of warm (0.86°C ± 0.31°C), salty

(34.71 ± 0.01), and low-oxygenated (199 ± 2 μmol kg−1)

CDW was evident offshore the eastern part of the shelf break

between −300 and −1,700 m (Figures 3A–C). As CDW intrudes

into the shelf area, it also delivers a source of oxygen-poor

waters that decreases the mCDW content of DO below the

saturation level (~68%, 244 ± 28 μmol kg−1, Figure 3D). HSSW

occupied the deepest layers and were only found on the shelf

area and near the shelf break. Due to brine rejection associated

with sea ice production and surface cooling during winter,

HSSW was characterized by a salinity greater than 34.7, a

potential temperature near the freezing point (−1.91°C ± 0.01°

C), and a decreased value of DO (281 ± 4 μmol kg−1, 77%

saturation). The coldest water mass, identified at ~450 m

depth, was the ISW, with potential temperatures below the

freezing point (−1.95°C ± 0.03°C) and salinity of about 34.66 ±

0.05. Bottom depth outflow of mSW was predominantly traced

along the slope of HC by the intermediate value of salinity

(34.66 ± 0.02), potential temperature (−0.58°C ± 0.71°C), and

DO (239 ± 18 μmol kg−1) as a result of intense downslope

mixing. The clear signal of AABW was not detected during our

sampling activity.
FIGURE 3

South–North vertical section across the Ross Sea (see Figure 1) for (A) potential temperature (q; °C), (B) salinity, (C) neutral density anomaly
(gn; kg m−3), and (D) dissolved oxygen concentration (DO; mmol kg−1).
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CO2 system properties

The pHT at in situ temperature (pHT in situ) showed the

greatest values in polynya surface waters (>8.200, Figure 4A) due

to warmer seawater and intense biological production. In contrast,

the very low pHT in situ occurred offshore and below the mixed

layer (7.993 ± 0.02), coincident with the intrusion of oxygen-poor

CDW. In the upper water column, TA concentration ranged from

2,274 to 2,350 mmol kg−1 (Figure 4B), closely resembling that of

surface salinity and indicating that seasonal TA change

predominantly influenced by the input of freshwater derived

from summer sea ice melt. The minimum surface TCO2

concentrations (~2,100 mmol kg−1) were observed at the same

locations as the salinity minimum (Figure 3C, St. 22, 27, 28–29).

However, low concentrations of surface TCO2 were also

coincident with high-salinity waters, revealing the important

effect of biological production in decreasing summer mixed

layer TCO2. The distribution of TCO2 and TA with depths were

similar across the considered transect, converging approximately

at 300 m, in correspondence to CDW, to mean TCO2 of 2,259 ± 1

and TA of 2,355 ± 4 mmol kg−1. At a depth below 500 m, TA

remained relatively constant, reaching a maximum concentration

of 2,364 mmol kg−1 in HSSW and slightly decreasing in the fresher

ISW (2,353 ± 3 mmol kg−1) due to the dilution effect generated by

melt-water input. Both the HSSW on the shelf and the mSW on

the continental slope exhibited, instead, a mean TCO2
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concentration (2,251 ± 5 and 2,255 ± 5 mmol kg−1, respectively)

lower than the offshore CDW source (2,259 ± 1 mmol kg−1),

reflecting the impact of different physical and biological processes

in seasonal carbonate chemistrymodification that will be discussed

more in detail in Section Influence of physical and biological

processes on carbon distribution and flow. The aragonite

saturation state (War, Figure 3D), computed from observations of

pHT in situ and TA, was generally high in surface waters, reaching

supersaturate conditions (~2.3) in the biologically productive

TNBp. Below the mixed layer, War gradually decreased up to 1.1

value around ~800 m depth. Calcium carbonate undersaturation

conditions (War< 1) were observed in the deepest layers across all

stations in association with minima pHT in situ of ~7.998.
Biogeochemical and microbiological
properties

Average vertical profiles of POC (Figure 5A) revealed surface

polynya concentrations (13.9 ± 7.6 μmol kg−1) significantly

greater than offshore (3.8 ± 3.4 mmol kg−1) and a maximum of

22.0 mmol kg−1 in TNBp. POC concentration declined sharply

below the mixed layer of all the considered stations, becoming

typically small into the deep ocean (~0.6 μmol kg−1). However,

in TNBp and RSp, the POC at intermediate-deep waters (0.8 ±

0.5 and 1.1 ± 0.3 mmol kg−1, respectively) was considerably
FIGURE 4

South-north vertical section across the Ross Sea (see Figure 1) for (A) pHT at in situ temperature (pHT in situ), (B) total alkalinity concentration
(TA; mmol kg−1), (C) dissolved inorganic carbon concentration (TCO2; mmol kg−1), and (D) aragonite saturation state (War).
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higher than the measured value near the shelf break and on the

continental slope (HC = 0.5 ± 0.4 mmol kg−1 and CA = 0.4 ± 0.2

mmol kg−1), indicating important differences in the production,

export, and preservation of organic carbon between shelf and

offshore regions. Accordingly, the POC/PN ratio was low in the

upper 200 m of the different sub-areas (6.0 ± 1.0, Figure 5B) and

gradually increased with depth up to ~8.6. An anomalous sea

surface ratio higher than 9 was detected in the RSp, where also a

considerable increase in depth was observed. Similarly, the POC/

PN profile in the offshore region of CA revealed a deep sea ratio

higher and more variable than the sea surface, reaching a

maximum of 16.4 at ~1,000 depth.
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The PA was in the order of 108 cell L−1 in the epipelagic

layer and 107 cell L−1 in the meso-bathypelagic layer, with the

polynya region hosting the largest prokaryotic abundance in

the upper 150 m (TNBp = 4.8 ± 3.0 × 108 cell L−1, RSp = 7.5 ±

0.1 × 108 cell L−1, Figure 5C). Therefore, peaks of PHP were

detected at the surface of TNBp (0.10 μg C L−1 h−1) and RSp

(0.06 μg C L−1 h−1), while the deep layers presented 2 orders of

magnitude lower rates, both on the shelf and further offshore

(~0.001 μg C L−1 h−1). The overall average profile of PA and

PHP (Figures 5C, D) was consistent with the vertical

distribution of POC, showing a high value in the carbon-rich

euphotic layer (i.e., AASW with POC = 7.0 ± 6.8 mmol kg−1, PA
B

C D

A

FIGURE 5

Bin-averaged profiles in the selected geographic areas of the Ross Sea (Terra Nova Bay polynya (TNBp), Ross Sea polynya (RSp), Hillary Canyon
(HC), and Cape Adare (CA)) for (A) particulate organic carbon concentration (POC; mmol kg−1), (B) molar ratio between particulate organic
carbon and particulate nitrogen concentrations (POC/PN), (C) prokaryotic abundance (PA; cell L−1), and (D) prokaryotic heterotrophic
production (PHP; µgC L−1 h−1).
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= 3.8 ± 2.7 × 108 cell L−1, PHP = 0.02 ± 0.03 μg C L−1 h−1) and a

decreasing trend with depth. Thus, intermediate and deep

waters both on the continental shelf and slope were

characterized by a poor POC content and low prokaryotic

activity/abundance (see Table 2).
Anthropogenic carbon and OA state

The water column distributions of Cant along the South–

North section are shown in Figure 6A. None of the identified

water masses were old enough to be free of anthropogenic CO2

(see Table 1). Thus, a large amount of Cant was found mainly just

below the mixed layer, associated with water formed on the shelf,

namely mCDW (30 ± 11 mmol kg−1), and ISW (31 ± 2 mmol

kg−1). Elevated concentration of Cant was also detected in the

recently ventilated WW (28 ± 3 mmol kg−1) and HSSW (25 ± 3

mmol kg−1), consistent with the highest concentrations of

dissolved oxygen. The CDW was characterized by a very small

Cant accumulation (7 mmol kg−1), reflecting the old ventilation

time of this water mass that has long been out of contact with the

atmosphere. Finally, a relatively higher Cant was associated with

mSW (19 ± 5 mmol kg−1) due to the downslope mixing of the

dense shelf waters highly enriched in Cant. The estimated pH and

War reduction between the beginning of the Industrial

Revolution (~1750) and the time of sampling (i.e., DpHT and

DWar) were broadly consistent with the distribution of Cant

(Figures 6B, C). The high Cant storage in the intermediate

waters of the shelf area has led to a maximum pH and War

decrease of −0.12 and −0.36 respectively, while offshore CDW

less affected by Cant revealed a lower ocean acidification impact

(DpHT = −0.03 ± 0.01, DWar = −0.09 ± 0.03). The HSSW also

presented significant seawater acidification from the

preindustrial time (DpHT = −0.07 ± 0.01, DWar = −0.23 ± 0.03)

which was further transposed along the continental slope and

to the deep ocean (e.g., mSW with DpHT = −0.06 ± 0.01 and

DWar = −0.18 ± 0.04). The ocean acidification found in the newly

formed WW was consistent with the impact of recent

anthropogenic CO2 uptake from the atmosphere, leading to a

pH and War average reduction of −0.08 ± 0.01 and −0.26 ±

0.01, respectively.
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Discussion

Influence of physical and biological
processes on carbon distribution
and flow

Studies of the CO2 system carried out in the Ross Sea over

the last decades have shown that the large seasonal variability is

strongly influenced by a combination of physical and biological

processes (Rivaro et al., 2014; Rivaro et al., 2017; Rivaro et al.,

2019). However, the specific contributions deriving from

photosynthesis/respiration, sea ice formation/melting, and air–

sea CO2 exchange remains poorly understood. Our estimate of

the total integrated depletion of TCO2 in the mixed layer

(DTCOtot
2 , Figure 7A) was larger in the TNBp (−176 ± 57

mmol m−2) as compared to offshore areas (e.g., −59 ± 35

mmol m−2 in CA). The contribution related to salinity change

was dominant at all stations, accounting for more than half of

the total change of TCO2 at the polynya areas due to freshwater

dilution of melting sea ice (i.e., −116 mmol m−2 for station 76).

In polynya waters, we also observed a contribution from excess

or residual TA (−26 ± 31 mmol m−2 in TNBp), which may either

be consistent with the dissolution of abiotic calcium carbonate

from the mineral ikaite (CaCO3·6H2O) via the spring–summer

melting sea ice, or the addition of meltwater with nonzero TA. It

has been shown that ikaite crystals precipitate during sea ice

formation (Rysgaard et al., 2007; Rysgaard et al., 2009; Rysgaard

et al., 2012) and may remain trapped within the brine channels

and pockets in the sea ice (Dieckmann et al., 2008; Dieckmann

et al., 2010). During sea ice melt in spring and summer,

meltwater inputs dilute TA, hence reducing the buffer capacity

of the surface water. Accordingly, ikaite is released back to the

surface water and may dissolve, leading to an enrichment of TA

relative to TCO2 (Hauri et al., 2015; Legge et al., 2017; Jones

et al., 2017; Jones et al., 2021). Our observations confirm this

process to be relevant in the TNBp area; however, improved

characterization of the TA (and TCO2) in sea ice is needed to

more accurately assess the potential contribution of meltwater

with residual TA to the overall seasonal TCO2 change.

The polynya waters were also distinct in terms of enhanced

biological CO2 drawdown (e.g., −90 ± 26 mmol m−2 in the TNBp,
TABLE 2 Average concentrations of particulate organic carbon (POC; mmol kg−1), the molar ratio between particulate organic carbon and
particulate nitrogen (POC/PN), prokaryotic abundance (PA; cell L−1), prokaryotic heterotrophic production (PHP; µgC L−1 h−1) for each water mass
in the Ross Sea.

Parameter AASW CDW mCDW mSW HSSW ISW WW

POC 7.0 0.4 0.5 0.3 0.7 0.5 0.9

POC/PN 6.0 10.7 6.8 8.1 8.2 7.8 7.9

PA 38 × 107 3.3 × 107 7.1 × 107 5.2 × 107 6.9 × 107 5.3 × 107 8.6 × 107

PHP 0.0247 0.0005 0.0015 0.0011 0.0015 0.0014 0.0017
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FIGURE 6

South-north vertical section across the Ross Sea (see Figure 1) for (A) anthropogenic carbon concentration (Cant; mmol kg−1), (B) pH reduction
from preindustrial time (DpHT), and (C) aragonite reduction from preindustrial time (DWar).
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Figure 7A), consistent with the average estimation of NCP (−136 ±

52 mmol m−2 day−1 Figure 7B) and suggesting a strong autotrophic

condition of the coastal zone. Our NCP results are in good

agreement with previous studies from the Ross Sea that estimated

early summer primary productivity based on different methods. For

example, Smith and Gordon (1997) found a depth integrated

primary production of −127 ± 61 mmol m−2 day−1 by using the
14C -incubation technique. Similarly, Arrigo et al. (2000) estimated

a 14C PP of −111 mmol m−2 day−1, which was consistent with a

satellite-based primary productivity estimate (−104 mmol m−2

day−1) and NCP determined from the seasonal reduction of

TCO2 (−107 mmol m−2 day−1) and nitrate (−95 mmol m−2

day−1). In the offshore waters, NCP gradually decreased to

roughly −80 mmol m−2 day−1, even though the dominance of

primary production over respiration persisted, and this confirmed

the net biological CO2 drawdown as a widespread condition of the

Ross Sea during summer.

The Ross Sea has been extensively recognized as the most

productive region of the Southern Ocean, with an annual

primary production rate of approximately 83.4 Tg C year−1

(Smith and Gordon, 1997; Smith et al., 2006; Arrigo et al., 2008b;

Catalano et al., 2010). In the TNBp, DeJong et al. (2017)

observed an extraordinary summer NCP of −425 ± 204 mmol

m−2 day−1, which represented the highest biological production

yet reported from the Ross Sea and was an order of magnitude

larger than any other Antarctic coastal polynya (e.g., NCP in

Dalton Polynya ranging from −10 to −20 mmol m−2 day−1,

Arroyo et al., 2019; in Mertz Polynya ranging from −11 to −78

mmol m−2 day−1, Sambrotto et al., 2003; Shadwick et al., 2014;

Shadwick et al., 2017; in Prydz Bay with an average of −15 ± 3

mmol m−2 day−1, Roden et al., 2013). The NCP estimated in our

study confirms the Ross Sea coastal area to be a major site for

biological production and associated TCO2 reduction in the

surface mixed layer. However, with respect to the huge NCP of

DeJong et al. (2017) observed in late summer (12 February to 18

March 2013), our NCP rate was estimated during early summer

(11 January to 4 February 2014) and presented a slightly lower

mean value. This probably reflects an intrinsic variability in the

timing of production, seasonal progression of phytoplankton

assemblages, mesoscale variations, and influences of different

physical constraints. During spring–early summer, biological

production occurs in a mixed layer of approximately 50 m deep,

and phytoplankton communities are generally dominated by

Phaeocystis antarctica (Smith and Gordon, 1997; Arrigo et al.,

1999), due to its ability to photosynthesize under reduced

irradiances (Kropuenske et al., 2009). As the summer season

moves on, a more intense biological production is sustained by

diatoms and a shallower mixed layer (~10 m) concentrate algal

biomass towards the surface. As described by DeJong et al.

(2017), a final enhanced late season NCP could be driven by

strong katabatic winds (up to 27 ms−1) that may resupply

nutrients/trace elements (e.g., iron) from the depths and

generate ideal conditions for Langmuir circulation cells and
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exceptional early formation of new frazil ice crystals, both

concentrating diatoms into discrete rows at the sea surface

where the light can boost productivity.

The observed highest NCP in the polynya area (TNBp and

RSp) was associated with a large summer surplus of POC (12.6 ±

10.1 mmol m−2 day−1, Figure 7C) and intense prokaryotic activity

(95.9 ± 60.6 mg C m−2 day−1, Figure 7D), while offshore stations

(CA and HC area) presented significantly lower values. An

analysis of late summer carbon export by DeJong et al. (2017)

revealed that about 70% of the carbon fixed into biomass by

primary producers in the Ross Sea surface layer is quickly

exported as POC below 200 m depth, where organic carbon is

then remineralized back to CO2 by microbial respiration.

According to sediment-trap estimates, the degradation of

organic carbon that sinks to the Ross Sea interior may represent

up to 67% of the total POC flux (Azzaro et al., 2006; Chiarini et al.,

2019), yet it has been proven that different particle-associated-

prokaryotic communities with specific exoenzymatic activities are

responsible for high remineralization rates (Manna et al., 2020).

Such a mechanism is consistent with our estimates of large DPOC
and associated PHP in polynya waters, which may explain the

observed high concentration of anthropogenic CO2 at the top of

the mesopelagic zone (~200–300 m, Figure 6A). Organic particles

may indeed be subjected to fast remineralization, leading to the

release of previously overlooked anthropogenic CO2 and

contributing to the ocean acidification of the intermediate layer

of the Ross Sea (Figure 6C). It is worth noting that an undefined

amount of anthropogenic CO2 could also derive from the

microbial degradation of the dissolved organic carbon (DOC),

which represents a relevant component of the organic carbon pool

of the Ross Sea. However, previous studies on the remineralization

in the euphotic zone of the Ross Sea highlighted a very low flux of

carbon through the DOC (Celussi et al., 2009), and Bercovici et al.

(2017) reported a DOC enrichment (~7 μmol kg−1) in dense shelf

waters. These findings suggest that microbial degradation of DOC

could contribute only slightly to the high concentration of

anthropogenic CO2 in the upper mesopelagic zone observed in

our study. The sequestration of refractory DOC into the deep

ocean may represent a hidden pathway of anthropogenic CO2

sink which has never been quantified and warrants

further investigation.
Anthropogenic carbon storage
and export

The combination of high primary production, rapid carbon

export below the upper mixed layer, and strong katabatic winds

in the Ross Sea results in a large undersaturation of surface pCO2

and extremely high atmospheric CO2 uptake. In TNBp, DeJong

and Dunbar (2017) reported a CO2 flux from the atmosphere to

the sea surface of −72 ± 32 mmol m−2 day−1, with an

extraordinary instantaneous flux of up to −246 mmol m−2
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day−1, which is stronger than any other Antarctic coastal zone,

such as Amundsen Polynya (−36 ± 8.4 mmol m−2 day−1; Mu

et al., 2014), Mertz Polynya (−15 mmol m−2 day−1; Shadwick

et al., 2014), and Gerlache Strait (–31 ± 19 mmol m−2 day−1,

Monteiro et al., 2020). In addition, the estimated atmospheric

CO2 uptake in TNBp was three to four times more intense than

that in the open waters of the Ross Sea (on the order of −15

mmol m−2 day−1, Monteiro et al., 2020), where net air–sea CO2

flux is driven by a lower biological production and large

mesoscale variability of surface pCO2 (Rivaro et al., 2017;

Rivaro et al., 2019). Overall, such estimates of air–sea CO2

fluxes confirm that the anthropogenic CO2 sink is likely to be

very intense in the Ross Sea. Chen (1994) reported a CO2 excess

of 25 ± 10 μmol kg−1 in the HSSW around Cape Adare, while

Sandrini et al. (2007) estimated a Cant concentration of 30 ± 4
Frontiers in Marine Science 14
μmol kg−1 in the ventilated shelf waters of the Ross Sea by using

the TrOCA method based upon measurements carried out in

summer 2003. Furthermore, in the Ross Sea shelf waters, Arrigo

et al. (2008a) with a coupled physical/biogeochemical model

calculated a Cant concentration of approximately 12–25 μmol

kg−1 throughout the water column, in good agreement with

recent estimates by Pardo et al. (2014) for different water masses

of the Southern Ocean, obtained also by the TrOCA method,

who found a Cant content of 25.0 ± 4 μmol kg−1 for the layer

comprising both HSSW and AASW.

Thus, the average Cant value reported here for dense shelf

waters, namely HSSW (25 ± 3 mmol kg−1), ISW (31 ± 2 mmol

kg−1), WW (28 ± 3 mmol kg−1), are within the range expected

considering previous estimates carried out in the Ross Sea, and it

is consistent with the value detected in other regions of AABW
B

C D

A

FIGURE 7

(A) Total deficit of TCO2 (DTCOtot
2 ; mmol m−2) in the mixed-layer for each region and contribution from salinity (DTCOsal

2 , mmol m−2), carbonate

mineral processes (DTCOalk
2 , mmol m−2), biology, and gas exchange (DTCObio  +   gas

2 , mmol m−2). (B) Mean net community production (NCP,
mmol m−2 day−1), (C) surplus of particulate organic carbon (DPOC, mmol m−2 day−1), and (D) prokaryotic heterotrophic production (PHP; mg C
m−2 day−1) in the 0–200–m layer for each region.
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formation. In Cape Darnley, Roden et al. (2016) observed high

Cant concentrations (25 ± 3 μmol kg–1) in the bottom water,

deriving from water masses over the shelf heavily enriched in

Cant (53 ± 3 μmol kg–1). Anderson et al. (1991) measured the

Cant in the Southern Weddell Sea continental shelf and reported

a Cant concentration of 36 mmol kg–1 in the ISW. Finally, Kerr

et al. (2018) and Shadwick et al. (2014) estimated, throughout

the TrOCAmethod, an average Cant content of 30 ± 6 and 40–44

μmol kg−1 in the dense shelf water of the Gerlache Strait and

Mertz polynya region, respectively.

In our study, the largest Cant concentration (38 ± 6 μmol kg−1)

was observed, however, directly below the mixed layer, associated

with the mCDW between roughly 120 and 300 m. This water

mass, sourced by the interaction of inflowing Cant-poor CDW

with AASW, presented peculiar biogeochemical properties that

can reveal the contribution of biological processes to the overall

anthropogenic CO2 sequestration capacity of the Ross Sea. The

transition from AASW to mCDW was associated with a

utilization of 83 μmol kg−1 of DO and an accumulation of 70

μmol kg−1 of TCO2 (salinity-normalized). According to the

Redfield ratio of CO2: O2 = 106: 138 for organic matter

remineralization, we would expect, from the observed O2

utilization, an increase of ~64 of respiratory TCO2. This value is

very close to the estimated TCO2 change from AASW to mCDW,
Frontiers in Marine Science 15
indicating a contribution from remineralization that is much

greater than the CO2 uptake from the atmosphere.

Therefore, different physical and biological processes influence

the anthropogenic CO2 sink of the Ross Sea, which can be described

following its oceanographic properties (Figure 8). Summer biological

production modifies the surface waters on the shelf by reducing the

TCO2 and enhances the photosynthetic fixation of anthropogenic

carbon into particulate organic matter. This biomass is subsequently

transferred below the mixed layer where the biologically overlocked

anthropogenic carbon is remineralized back to CO2 and, through

mixing with Cant-poor CDW intruding from offshore, increases the

Cant concentration of mCDW beyond the levels that could be

determined by air–sea CO2 exchange alone (Figure 8). The onset of

the winter season and associated dense water formation represent a

pathway for anthropogenic carbon transfer from the atmosphere into

the deep ocean. In the polynya system, sea-ice production drives deep

convection due to brine rejection, and surface waters may become

supersaturated due to both mixing with TCO2-rich subsurface water

and the uptake of considerable amounts of atmospheric CO2, likely

enhancing the Cant concentration in dense shelf waters (Figure 8).

Finally, the outflow of water across the slope is a mixture of dense

shelf waters with CDW (i.e., mSW), which sequesters a large quantity

of anthropogenic carbon into the ocean interior for hundreds of years

(England, 1995).
FIGURE 8

Neutral density anomaly (gn; kg, m−3) vs. Cant (mmol kg−1) concentrations for each identified water mass, along with oceanographic and
biogeochemical processes driving the observed Cant distribution in the Ross Sea.
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How the anthropogenic carbon sink capacity of the Ross Sea

will respond to climate change remains uncertain. With the

reduction of sea ice extent, increased areas of open waters could

enhance the anthropogenic CO2 transfer across the ocean-

atmosphere interface (Loose et al., 2014) and increase the

strength of the biological carbon pump (Bernardello et al., 2014;

Ito et al., 2015). At the same time, however, ocean warming

reduces the solubility of CO2 and is projected to decrease the

oceanic CO2 uptake by ~10% (Plattner et al., 2001). Model studies

have also predicted that the ocean’s overturning circulation will

weaken as the ocean becomes warmer and more stratified. This

will drastically reduce the deep convection in high latitude regions

and less Cant will be sequestered into the deep ocean (Matear and

Hirst, 1999; Bernardello et al., 2014; Holzer et al., 2020). It is not

clear which of these opposing effects will be more important, and

therefore high-resolution observations and models are needed to

provide a better understanding of the future anthropogenic CO2

sink of the Ross Sea.
Conclusions

This work provides new insights into the physical and

biological controls of anthropogenic CO2 sinks of the Ross Sea

during the summer season through the integration of carbonate

system observations with biogeochemical properties of the water

masses. The polynya surface waters showed relatively high

seasonal TCO2 reduction, mainly driven by freshwater dilution

of melting sea ice. Intense biological production was also found

here, leading to enhanced uptake of anthropogenic CO2 into

particulate organic matter. The observations showed that a large

amount of this biomass was quickly mobilized back to CO2 by

microbial respiration, revealing a significant contribution of the

“microbial shunt of anthropogenic carbon” to the upper

mesopelagic zone. How this process could affect the biological

carbon pump efficiency is currently unknown; however, we

found that a combination of high NCP and rapid carbon

export below the mixed layer caused surface CO2 to remain

broadly below the saturation level, preconditioning the winter

for a large Cant uptake into dense shelf waters. Overall, this

resulted in a significant ocean acidification of the Ross Sea,

which already leads to calcium carbonate undersaturation

conditions of the deepest ocean layers with a critical impact on

calcifying organisms. Improved understanding of anthropogenic

carbon dynamics and sink capacity of the coastal Southern

Ocean to future environmental changes (i.e., increased

atmospheric CO2, rising temperatures, sea-ice reduction, ocean

circulation change, and modification of biological CO2

drawdown) will require intensified long-term observations of

the carbonate system and ocean biogeochemistry to be

combined into holistic models.
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