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Abstract

Recent studies aim to understand the role of northern Antarctic Peninsula (NAP) marine
ecosystems in biogeochemical cycles. However, data collection in the NAP remains scarce and
generally limited to low-resolution surveys. To address this gap, extensive biological (pigments
and microscopy) and physico-chemical data (e.g., temperature, salinity, macronutrients, and
inorganic carbon variables) were collected at the sea surface during January 2019. The
influence of phytoplankton community composition on sea—air CO; partial pressure difference
(ApCO») and CO; flux (FCO) was assessed across six key subregions: Gerlache and Bransfield
Straits, coastal and oceanic Weddell Sea, Drake Passage, and Bellingshausen Sea shelf areas.
The Gerlache Strait and coastal Weddell regions acted as CO2 sinks (ApCOz = —14 patm and
FCO; =-0.37 mmol m~ day'; —54 patm and —3.02 mmol m2 day ', respectively), while the
oceanic Weddell area was equilibrium (ApCO; ~1 patm and FCO, = 0.72 mmol m~2 day'). In
contrast, the Bransfield Strait, Drake Passage, and Bellingshausen regions acted as CO>
sources, i.e., ApCOz (FCO,) = 7 patm (1.16 mmol m~2 day '), 39 patm (4.72 mmol m~2 day ™),
and 8 patm (1.13 mmol m~2 day'), respectively. Across all subregions, CO> drawdown was
driven by non-thermal processes, predominantly biological, with phytoplankton playing a
significant role. Subregions dominated by diatoms showed stronger CO> drawdown compared
to those dominated by cryptophytes. Among diatoms, regions dominated by centric rather than
pennate diatoms showed higher CO> uptake, suggesting differences in CO; uptake between
diatom types, although separating their effects is challenging. These results highlight the
importance of considering phytoplankton community composition when evaluating sea—air

CO; exchanges in the Southern Ocean.

Keywords: Southern Ocean, marine biogeochemistry, diatoms, cryptophytes.
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1. Introduction

The northern Antarctic Peninsula (NAP) is amongst the most vulnerable areas in the
Southern Ocean, experiencing one of the highest atmospheric warming rates on Earth since the
1950s (Kerr et al. 2018a). Rising atmospheric and upper ocean temperatures have been
observed in the NAP, leading to changes in glacier retreat and sea ice cycles (Cook et al. 2016).
During the austral summer, the meltwater input from sea ice and glacier retreat enhances upper
ocean stratification along the NAP, a key factor regulating the distribution and composition of
phytoplankton communities (e.g., Mendes et al. 2013, 2018a, 2018b). As a result of long-term
ecosystem changes, the dominant diatoms are being increasingly replaced by emerging
nanoflagellate groups, such as cryptophytes, in coastal waters of the NAP (Mendes et al. 2023).
This shift at the base of the marine food web may have implications for biogeochemical cycles
(Monteiro et al. 2023, Santos-Andrade et al. 2023) and energy transfer through higher trophic
levels (Ferreira et al. 2020).

The NAP marine system encompasses the Gerlache and Bransfield Straits, the
southernmost sector of the Drake Passage and the northwestern Weddell Sea continental shelf
(Kerr et al. 2018a). Gerlache Strait, a highly productive coastal region (Costa et al. 2020), is an
enclosed area primarily influenced at the surface by water masses from the Bellingshausen Sea
(Kerr et al. 2018a). These waters are relatively warm, nutrient-rich, low in oxygen, with high
concentrations of dissolved inorganic carbon (DIC) (Hauri et al. 2015). Conversely, deeper
layers of Gerlache Strait may be influenced by water masses advected from Weddell Sea (Kerr
et al. 2018b), which are comparatively colder, more oxygenated (Dotto et al. 2016, Damini et
al. 2023), and poorer in nutrients (Monteiro et al. 2023). Similarly, Bransfield Strait receives
advected surface waters from Bellingshausen Sea through the Antarctic Circumpolar Current
(Barlett et al. 2018), while also receiving influence of cold waters from the Weddell Sea

(Collares et al. 2018). This makes Bransfield Strait extremely dynamic in terms of its
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oceanographic conditions (Costa et al. 2020, Damini et al. 2025). The northernmost region of
the NAP, the Drake Passage, is strongly influenced by warmer waters associated with the
Antarctic Circumpolar Current, while the eastern coastal regions influenced by Weddell Sea
exhibit colder regimes and occasionally have lower concentrations of nutrients during the
summer (Ferreira et al. 2020, Monteiro et al. 2023).

One of the key questions currently driving much of the research in the field of
oceanography is understanding the factors that drive CO> uptake by the oceans and the extent
to which these processes may be affected by climate change. In this context, research focusing
on phytoplankton is essential, as the variable characteristics of phytoplankton communities
influence the sea surface partial pressure of CO; (pCO2*") in distinct ways (Carvalho et al.
2022, Kerr et al. 2024). The pCO,%, as well as derived quantities such as the sea-air pCO>
gradient (ApCO3) and the CO; flux (FCO.), are modulated by a combination of thermal and
non-thermal drivers (Takahashi et al. 2002). The non-thermal factors include water mass
mixing (Cao et al. 2020) and biological processes such as photosynthesis, respiration, and
calcification (Takahashi et al. 2002, 2009). It is in this latter regard that phytoplankton, as the
main primary producer in the oceans, acts as an important driver of CO; changes. Evidence
indicates that phytoplankton species differ in their enzymatic affinities for CO> uptake,
highlighting species-specific adaptations in carbon acquisition strategies (Rost et al. 2003).

In diverse marine and coastal environments, studies have been conducted to explore the
relationship between phytoplankton and pCO2*" changes, in which phytoplankton has been
identified as the primary modulator of inorganic carbon dynamics, including in the eastern
subarctic Pacific (e.g., Signorini et al. 2001), Indian Ocean (e.g., Sarma et al. 2021), South
Atlantic Ocean (e.g., Carvalho et al. 2022, Kerr et al. 2024), and Southern Ocean (e.g., Brown
et al. 2019, Costa et al. 2020). Although marine diatoms are traditionally considered the

phytoplankton functional group most positively associated with the oceanic CO; sink (Brown
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etal. 2019, Costa et al. 2020), recent evidence shows that, despite their abundance in subpolar
regions of the Southern Ocean, they may not significantly contribute to deep ocean carbon
export, suggesting a potentially lower-than-expected role in long-term carbon sequestration
(Williams et al. 2025). Therefore, further studies will be essential to assess the influence of
phytoplankton community composition on the ocean carbon sink, especially in climatically
sensitive regions such as the Southern Ocean.

In the NAP region — core area of activity for the Brazilian High Latitude Oceanography
Group (GOAL; Mata et al. 2018) — numerous independent studies have been conducted
focusing on the carbonate system (e.g., Monteiro et al. 2020a, 2020b; Orselli et al. 2022;
Santos-Andrade et al. 2023; Kerr et al. 2025; Monteiro et al. 2025) and the dynamics of
phytoplankton communities (e.g., Ferreira et al. 2020, Costa et al. 2020, 2021, 2023, Mendes
et al. 2023). These efforts have substantially advanced the current knowledge of the region’s
biogeochemical processes. Nonetheless, integrative approaches are critical to achieving a more
comprehensive understanding of the mechanisms driving the carbon cycle in this important
region. Thus, the main objective of this work is to investigate the role of phytoplankton
communities in the sea surface pCO> changes, by integrating information and data that have so
far been explored independently.

Certain regions in the NAP, such as Gerlache Strait, have been reported as strong CO>
sinks during summer (Monteiro et al. 2020a, 2020b, Turner et al. 2025). These regions are
crucial for biological carbon pump in the Southern Ocean, which contributes disproportionately
more for the global carbon sink than other oceans (Henley et al. 2020). However, the limited
extent of data collection across the NAP’s subregions due to its vast spatial area restricts studies
on CO; dynamics and their main drivers among the different domains of the NAP (Kerr et al.
2025, Monteiro et al. 2025). To fill this gap, we extensively collected phytoplankton (pigments

and microscopy analysis) and physico-chemical data (seawater temperature, salinity,
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macronutrients, and pCO>*") at surface waters along the NAP during January 2019. The
sampling grid encompasses the southern Drake Passage, Bransfield and Gerlache Straits,
Bellingshausen Sea, and offshore and inshore areas of the Weddell Sea. In this study, we
evaluate the phytoplankton community composition, biomass accumulation, and physico-
chemical conditions to understand how these factors may influence the sea—air CO; uptake or

release behaviour across the NAP subregions.

2. Material and methods
2.1.1. Cruise design and sampling collection

For this study, 98 oceanographic stations (St.) were occupied during the austral summer
0f2019 (8-31 January) aboard the Brazilian Navy Research Vessel A/mirante Maximiano. The
sampled region covered a vast area across the NAP, which was divided into six biogeochemical
distinct regions (Testa et al. 2021): Bransfield Strait, Drake Passage, Gerlache Strait,
Bellingshausen Sea, Continental Weddell, which includes the Antarctic Sound, and the
Oceanic Weddell (Fig. 1).

A combined Sea-Bird® CTD (conductivity—temperature—depth instrument) and
Carrousel 911+ system equipped with 24 Niskin bottles was used to measure the hydrographic
data profiles, such as in situ temperature (°C) and salinity. Surface water samples (5 m) were
taken in all CTD stations for both dissolved macronutrients and phytoplankton analysis.
Cellulose acetate membrane filters were used to filter samples for determination of dissolved
inorganic macronutrient concentrations, such as the dissolved inorganic nitrogen (DIN; nitrate
+ nitrite + ammonium), phosphate and silicic acid. The filtered samples (60 mL) were
immediately frozen at —20°C until onshore analysis. For phytoplankton pigments, seawater
samples (0.5-2.5 L) were filtered under low vacuum pump through GF/F filters (25 mm

diameter and a 0.7 um pore size) and immediately frozen at —80°C for the subsequent High-
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Performance Liquid Chromatography (HPLC) pigment analysis. Moreover, 250 mL samples
were also collected at surface and preserved in amber glass flasks with 2% alkaline Lugol’s
iodine solution to later evaluate the species composition and cell density of the phytoplankton

community using light microscopy.

2.1.2. Repeat observations at key stations

To understand how hydrographic properties, phytoplankton community structure, and
pCO2®" changed over a short time span along the NAP, three stations were repeatedly sampled
over different intervals during January 2019: two in Gerlache Strait (St. G12 and St. G13) and
one in Bransfield Strait (St. B44) (see Fig. 1 for stations’ locations). Stations G12 and G13
were sampled twice (25 and 30 January 2019), while station B44 was sampled three times (12,

16, and 31 January 2019).

2.2. Physico-chemical parameters
2.2.1. Mixed Layer Depth and Water Column Stability

Seawater thermodynamic calculations were performed with the Thermodynamic
Equation of Seawater—2010 (TEOS—10). For each CTD cast, the seawater potential density
referenced to 0 dbar (0g; kg m~) was determined based on seawater conservative temperature
(®; °C), absolute salinity (Sa; g kg™') and pressure (dbar) data. To examine the water column
physical structure, Mixed Layer Depth (MLD; m) and water column stability (£, 10 m™") were
calculated from 5 m smoothed profiles of og, due to the high surface variability. MLD was
calculated as the depth at which og deviates from its 10 m depth value by a threshold of Aoy
= 0.03 kg m™3, according to the criteria established by de Boyer Montégut et al. (2004). E (Eq.

1) was estimated through the Briint-Viisild frequency (N?; Eq. 2), where g and p refer to the
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gravity and in situ seawater density, respectively, and z refers to vertical variations in the water

column.

=2 (10 nrh 1)
N2 =22 (s?) )

The average E between 5 and 150 m (hereafter, upper water column stability) was used
to represent the variation of £ values estimated to each meter within the upper ocean layers

(e.g., Costa et al. 2020, 2021).

2.2.2. Meltwater estimation

To evaluate the influence of meltwater input on the structure of phytoplankton
communities, the meltwater percentage (MW%) was estimated as the difference between the
salinity measured, on the same station, at surface (Supper) and at a greater depth (Sqeep; 1.€., at
300 m), as shown in by Eq. 3 (Rivaro et al. 2014). An average sea ice salinity of 6 was assumed

(Ackley et al. 1979):

MWo% = (1 — 222225 100)  (3)

deep_6

This calculation quantifies the total freshwater contribution from melting ice, regardless

of whether the source is sea ice or glacial ice.

2.2.3. Macronutrients analysis
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The macronutrients analyses were carried out using a Hach Lange DR5000 UV-Vis
spectrometer and measured following the determination methods described by Aminot &
Chaussepied (1983), with an accuracy better than + 3% for DIN and phosphate and + 5% for
silicic acid (Monteiro et al. 2023). Detection limits were 0.11 uM for DIN, 0,10 uM for
phosphate, and 0.5 uM for silicic acid. The reproducibility of the analyses, based on duplicates
of the samples, was 1.0% for DIN, 0.7% for phosphate, and 1.0% for silicic acid. In addition,
in the form of reactive Si, silicic acid measurements were corrected for sea salt interference,
while orthophosphate was quantified through its reaction with ammonium molybdate, with
absorption reading at 885 nm (Grasshoff et al. 2009). No certified nutrient reference material
was used, in common with other datasets along the NAP and adjacent regions (e.g., Monteiro
et al. 2023). For more details on the acquisition and analysis of the macronutrients, see

Monteiro et al. (2023).

2.2.4. CO; partial pressure and sea-air CO; fluxes

The pCO%" was measured continuously at surface (5 m) along the ship tracks, through
the continuous equilibration of seawater with a closed loop of air and an integrated non—
dispersive infrared CO> detector (LI-COR® LI-7000). The CO; mole fraction in the
equilibrated gas was compared with COx>—free high—purity nitrogen and four master CO>
standards obtained from White Martins® in compressed air that were used as primary
standards. The nominal mole fractions of these standards were 250.9, 381.7 and 472.3 and
599.5 ppm. The pCO,*" was calculated from the mole fraction corrected for the atmospheric
pressure and the partial pressure of saturated water vapor, in accordance with Weiss & Price
(1980). The precision and the accuracy of the pCO>*" measurements were determined to be

within + 0.3 patm and £ 2.0 patm, respectively. Here, we used the pCO,*" measured during the
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CTD casts. For more details on the acquisition and analysis of the pCO>*¥, see Kerr et al.
(2025).

We evaluated the sea—air CO; difference (ApCO;) based on the difference between
pCO2" and atmospheric pCO, (pCO,%"). Additionally, the net sea-air CO; flux (FCO) was
calculated by Equation 4:

FCO; = Ki K5 ApCO» 4)
where K is the gas transfer velocity as a function of wind speed, following Wanninkhof (2014);
and K is the CO; solubility coefficient, which was calculated as a function of both temperature
and salinity (Weiss 1974). We used the underway pCO,*" measured by the pCO> system and
wind speed at 10 m above sea level obtained from January 2019 average wind speed

atmospheric reanalysis ERAS (https://cds.climate.copernicus.eu/), with a spatial resolution of

0.25° (Hersbach et al. 2020). See Kerr et al. (2025) for more details on these approaches.

It is important to highlight that, in this study, ApCOx is a more appropriate variable than
FCO, for assessing the influence of primary producers on pCO; drawdown, as it avoids the
inclusion of additional parameters (e.g., wind speed) in the calculation. However, reporting
both ApCO; and FCO; allows us to link the biological drivers to actual sea—air CO; fluxes,
providing a more comprehensive view of CO; dynamics in the study area. ApCOz is directly
proportional to FCO, meaning that positive values of both ApCO> and FCO; indicate CO»
release from the sea surface to the atmosphere, while negative values reflect CO» uptake,
typically associated with phytoplankton growth during the austral summer (e.g., Brown et al.

2019; Costa et al. 2020; Orselli et al. 2022).

2.2.5. Thermal and non—thermal effect on pCO>"”
To assess the thermal (pCO,") and non-thermal (pCO,""T) effect on pCO2*™ changes,

we used the approach of Takahashi et al. (2002), following Egs. 5 and 6:
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pCOL™T = pCOL x exp [0.0423 X (Tavg — Tons)]  (5)

pCOT = pCO»& x exp [0.0423 X (Tobs — Tave)], (6)

where pCO°% and Tobs are in situ pCO2*™ and O, respectively, while Tavg and pCO2%'2 are
averages of © (0.81°C) and pCO>*" (404 patm), respectively. Changes in pCO,""T represent
primarily changes in the total CO> concentration, which include processes other than changes
driven by temperature (pCO,"), such as biological activity, sea ice growth or sea ice melting,
sea—air CO; exchanges, and advection or upwelling of water masses.

The thermal (T) and non-thermal (nonT) effects of pCO>®" changes were represented
by the amplitude of pCO," and pCO>™"T in each subregion, according to Egs. 7 and 8,

respectively.

T effect = (pCO2 ) max — (PCO2") min (7

NO”T effect = (pcoznonT)max - (pcoznonT)min (8)

The relative importance of T and nonT effects on pCO>%" is expressed by the T:nonT
ratio. The ratio is greater than 1 when the effect of temperature on pCO>*" exceeds the non-
thermal effect, whereas when the non-thermal effect exceeds the temperature effect, it is less
than 1. As highlighted above, besides thermal effects, non-thermal processes modulating
pCO2™Y are assumed here to be predominantly driven by biological activity and, where relevant,

by sea ice processes, reflecting the characteristics of the study area.
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2.2.6. Total alkalinity and dissolved inorganic carbon

Total alkalinity (Alk) was estimated from sea surface salinity, using the equation by
Monteiro et al. (2020a) (Alk = 36.72 x salinity + 1052). Uncertainty in estimating Alk by this
approach is expected to be = 4.4 umol kg™! (Monteiro et al. 2020a). We tested CANYON-B
neural network approach (Bittig et al. 2018) and some regional Alk algorithms (i.e., Hauri et
al. 2015; Monteiro et al. 2020a, b) to assess the estimated Alk performed here, with the largest
average absolute difference being 13 + 9 umol kg™ as observed by Orselli et al. (2022). These
absolute differences are smaller than the spatial variability observed in the NAP subregions
analysed here (2283-2319 umol kg™') and are comparable to the uncertainties in Alk estimates
from CANYON-B (11 pumol kg™), Hauri et al. (2015) (15 pmol kg™') and Monteiro et al.
(2020b) (16.8 umol kg™"). For more details on the use of reconstructed Alk, see Monteiro et al.
(2025).

The dissolved inorganic carbon (DIC) was calculated from Alk and pCO>*¥, derived
from the thermodynamic equilibrium of the carbonate system in CO2SYS v2.1 program
(Pierrot et al. 2006) using the same equilibrium constants described in Monteiro et al. (2020a,
b) and widely used throughout the NAP (e.g., Orselli et al. 2022, Santos-Andrade et al. 2023,
Monteiro et al. 2025). The propagated uncertainty in the DIC calculation was estimated as 11
+ 2 umol kg™! using the CO2SYS error tool by Orr et al. (2018). Despite the uncertainty (~11
umol kg1), the estimates are considered robust for assessing spatial patterns in DIC, as this
variability largely exceeds the propagated error (Monteiro et al. 2025). The ratio between Alk
and DIC can be used to diagnose the physical-biological processes influencing them and
therefore the carbonate—CO> system, as each process alters Alk and DIC with a certain ratio
(Zeebe & Wolt-Gladrow 2001, Yin et al. 2024). Such AAlk:ADIC ratios are as follows: 0.86:1
for ice—melt/ice—growth (Monteiro et al. 2020a), 2:1 for calcification/dissolution, —0.14:1 for

photosynthesis/respiration, whereas only DIC is altered in sea—air CO: release/uptake

12
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processes (e.g., Zeebe & Wolf-Gladrow 2001). To eliminate the influence of sea ice melt
dilution, Alk and DIC were normalised by the average sea surface salinity of 34.1 g kg
obtained in the study region, using non-zero freshwater endmembers (AlkS=6; DICS=6; Friis et
al. 2003). The endmembers used were AlkS=® =451 umol kg™! and DICS=¢ = 480 umol kg',
proposed by Rysgaard et al. (2011), who measured Alk and DIC concentrations in brine

channels of sea ice (salinity = 6) and surrounding waters in Antarctica.

2.3. Biological parameters
2.3.1. HPLC analysis

Following the procedures described in Mendes et al. (2007), the filters were placed in
a screw—cap centrifuge tube with 3 mL of 95% cold-buffered methanol (2% ammonium
acetate) containing 0.05 mg L' trans—B-apo—8’—carotenal (Fluka) as internal standard.
Samples were sonicated for 5 minutes in an ice—water bath, placed at —20°C for 1 hour, and
then centrifuged at 1100g for 5 minutes at 3°C. The supernatants were filtered through
Fluoropore PTFE membrane filters (0.2 pm pore size) to separate the extract from remains of
filter and cell debris. Immediately prior to injection, 1000 uL of sample was mixed with 400
pL of Milli—Q water in 2.0 mL amber glass sample vials, which then were placed in the HPLC
cooling rack (4°C). The pigment extracts were analysed using a Shimadzu HPLC constituted
by a solvent distributor module (LC-20AD) with control system (CBM—-20A), a photodiode
detector (SPD-M20A) and a fluorescence detector (RF-10AXL). The chromatographic
separation of the pigments was performed using a monomeric C8 column (SunFire; 15 cm
long; 4.6 mm in diameter; 3.5 um particle size) at a constant temperature of 25°C. The mobile
phase (solvent) and respective gradient followed the method developed by Zapata et al. (2000),
discussed and optimised by Mendes et al. (2007), with a flow rate of 1 mL min~!, injection

volume of 100 uL, and 40 minutes runs.
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All pigments, including chlorophyll-a (chl-a), were identified from both absorbance
spectra and retention times, and the concentrations were calculated from the signals in the
photodiode array detector in comparison with commercial standards obtained from DHI
(Institute for Water and Environment, Denmark). The peaks were integrated using LC—Solution
software v5.73, and all peak integrations were manually checked and corrected when
necessary. A quality assurance (QA) threshold procedure, through application of quantification
limit (LOQ) and detection limit (LOD), was applied to the pigment data, as described by Canuti
etal. (2022). The LOQ and LOD procedures were performed according to Mendes et al. (2007).
The pigment concentrations were normalised in respect to the internal standard to correct for
losses and volume changes (Canuti et al. 2022).

Three types of chl-a degradation products: chlorophyllide-a, pheophytin-a, and
pheophorbide-a were identified and quantified by HPLC analysis. Pheophytin-a and
chlorophyllide-a are derived from chl-a by losing the Mg atom and the phytol chain,
respectively, while the loss of both chl-a structures generates the pheophorbide-a (Shaman &
Lorenzen 1975). The loss of Mg atom is associated with zooplankton gut-related acid exposure,
whereas phytol chain can be removed by light action and/or cell stress (Moreth & Yentsch
1970). Pheopigments-a (pheophytin-a plus pheophorbide-a) have long been found in the faecal
material of zooplankton (Jeffrey et al. 1974). Therefore, we used the sum of the pheophytin-a
and pheophorbide-a as a proxy of grazing pressure, and chlorophyllide-a as a proxy of
senescence of phytoplankton cells, similarly to what has already been used in several other
studies on phytoplankton ecology in the NAP region (e.g., Mendes et al. 2012, Costa et al.
2020, 2021, 2023, Mendes et al. 2023). These two indices were divided by the total of
degradation products plus chl-a (sum of chl-a, chlorophyllide-a, pheophytin-a, and

pheophorbide-a), and represented as a percentage (Costa et al. 2023).
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2.3.2. CHEMTAX analysis

The absolute (mg m>

chl-a) and relative (%) contribution of phytoplankton
chemotaxonomic groups to the total chl-a were estimated via CHEMTAX software v1.95
(Mackey et al. 1996). CHEMTAX uses a factor analysis and steepest descent algorithm to best
fit the data onto an initial matrix of pigment ratios (i.e., the ratios between the accessory
pigments and chl-a). The procedures and calculations are fully described in Mackey et al.
(1996). Although chl-a concentration is not an absolute measure of algal biomass, such as
carbon, it is widely accepted as a proxy for biomass since it is common to all autotrophic
phytoplankton species (Jeffrey et al. 1974, Huot et al. 2007). Therefore, in this way, the term
chl-a refers to either absolute biomass or relative biomass attributed to the corresponding
chemotaxonomic groups (Mendes et al. 2012, 2013, 2018a, 2018b, Costa et al. 2020). Based
on the identified diagnostic pigments and previous experience in the region (e.g., Mendes et al.
2012, 2013, 2018a, 2018b, 2023, Costa et al. 2020, 2021, 2023), seven algal groups were
chosen for CHEMTAX analysis: diatoms type—A, diatoms type—B, dinoflagellates type—A,
dinoflagellates type—B, cryptophytes, haptophytes type 8 (Phaeocystis antarctica) and green
flagellates. After applying CHEMTAX analysis, the two types of diatoms and dinoflagellates
were grouped as a same chemotaxonomic group: the diatoms (sum of diatoms type—A and
diatoms type—B) and the dinoflagellates (sum of dinoflagellates type—A and dinoflagellates
type—B), respectively. The biomarker pigments and their respective phytoplankton functional
groups are shown in the Supplementary Material Table S1.

The whole pigment dataset was separated according to the six subregions considered in
this study: Bransfield Strait, Drake Passage, Gerlache Strait, Bellingshausen Sea, Continental
Weddell, and Oceanic Weddell. They were separately analysed by CHEMTAX to allow for
variation in pigment: chl-a ratios (Mackey et al. 1996). This procedure assured a homogeneity

of the pigment: chl-a ratios, providing some compensation for changes in these ratios. For
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optimization of the input matrix, a series of 60 pigment ratio matrices were generated by
multiplying each ratio from the initial matrix by a random function as described in Wright et
al. (2009). The average of the best six (10%) output matrices, i.e., with the lowest residual or
mean square root error (RMS), was taken as the optimised result. The results of phytoplankton
chemotaxonomic groups derived from the CHEMTAX were quality-controlled by microscopic

analysis.

2.3.3. Microscopic analysis

Settling chambers (2-, 10-, or 50-mL settling volume) were inspected on an Axiovert
135 ZEISS inverted light microscopy (Utermohl 1958, Sournia 1978) at 100%, 200x%, and 400x
magnification, following previous literature (e.g., Scott & Marchant 2005). The microscopic
analyses were used in this study to validate the HPLC/CHEMTAX results, and to quantitatively
characterise the diatom composition in the region. Regarding to diatoms, since this functional
group can exhibit a large diversity of shapes, we use microscopy analysis to quantify the density
(cells L") of diatom genera. We grouped the diatom genera in centric or pennate diatoms

(Supplementary Material Table S2).

2.4. Statistical analysis

Canonical correspondence analysis (CCA; Ter Braak & Prentice 1988) is a multivariate
method that relates species/groups abundance to environmental variables, extracting gradients
that explain variation in community composition. Here, using CANOCO for Windows v4.5, a
CCA was performed to identify the main patterns of the phytoplankton community structure in
respect to environmental variables. We considered only surface data (5 m) in this analysis. The
biotic data were represented by the relative contribution of phytoplankton groups (%), derived

from the CHEMTAX analysis. Explanatory variables included: temperature, salinity,
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meltwater percent, DIN, phosphate, silicic acid, upper water column stability, MLD, grazing
and senescence indexes. Monte-Carlo tests were run on 499 permutations under a reduced
model to evaluate the significance of the CCA analysis (p-value = 0.002). Furthermore, linear
regression analyses were used to evaluate the relationship between chl-a and ApCO; over the
NAP subregions (see Table S3 in the Supplementary Material). This latter approach was chosen
as a first-order exploratory method, supported by previous studies that have reported significant
linear relationships between phytoplankton biomass and CO> dynamics in marine and coastal
systems (e.g., Yang et al. 2016, Lapierre et al. 2017), despite the recognized complexity of the

underlying biogeochemical processes.

3. Results
3.1. Environmental and biological parameters

The spatial distribution of the NAP subregions is presented in Figure 2a. Average
surface temperature was high in the Gerlache Strait (1.50°C) and Bellingshausen Sea (1.44°C)
subregions, while low average values were observed in the Continental Weddell (-0.32°C) and
Oceanic Weddell (—0.23°C). Intermediate average values were found in the Drake Passage
(0.68°C) and Bransfield Strait (0.8°C) subregions (Fig. 2b). Sea surface salinity showed low
average values in the Oceanic Weddell (33.98), Gerlache Strait (33.83), and Bellingshausen
Sea (33.86), while high average values were observed in the Continental Weddell (34.36),
Drake Passage (34.35), and Bellingshausen Sea (34.28) subregions (Fig. 2¢). Shallow MLD
was recorded on average in the Gerlache Strait (17.6 m), Oceanic Weddell (22 m), and
Continental Weddell (25.1 m), while Bransfield Strait (40.7 m) and Bellingshausen Sea (31.8
m) subregions showed relatively deep MLD. The deepest average MLD was observed in the
Drake Passage subregion (77.2 m). There was a clear association between average values of

upper water column stability and meltwater percent. High average values of stability and
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meltwater percent were observed in the Gerlache Strait (1.08 x 10° m™' and 2.28%,
respectively) and Bellingshausen Sea (0.75 x 10° m™! and 2.66%), while low average values
were found in the Drake Passage (0.08 x 107 m~! and 0.7%) and Bransfield Strait (0.16 x 10~
® m! and 0.8%) subregions. Oceanic Weddell (0.36 x10° m~' and 2.02%) and Continental
Weddell (0.68 x10°% m™! and 0.42%) showed intermediate average values (Fig. 2c).

The Gerlache Strait subregion had the highest average concentration of chl-a (2.84 mg
m™3). Although a localized bloom (~11.5 mg m~ of chl-a) was recorded in the Bransfield Strait,
the average for this subregion was 1.8 mg m=. In the most offshore portion of the Weddell Sea,
low average chl-a was observed (0.25 mg m~), while its more coastal waters (Continental
Weddell subregion) exhibited an average chl-a concentration above 2.0 mg m=. The Drake
Passage subregion had an average chl-a of 1.23 mg m~, slightly lower than the Bellingshausen
Sea subregion (Fig. 2d and Supplementary Material Table S3).

In the study period, diatoms (Fig. 2e) and cryptophytes (Fig. 2f) dominated the
phytoplankton community composition along the NAP. Such functional groups were spatially
segregated (Fig. 2e,f). Diatoms represented more than 50% of the phytoplankton community
composition in the most stations of the Bransfield Strait, Drake Passage, Bellingshausen Sea,
Continental Weddell, and Oceanic Weddell, while cryptophytes showed higher proportions
(usually >60% to the total biomass) in the Gerlache Strait (Fig. 2e,f). Other phytoplankton
groups (i.e., dinoflagellates, P. antarctica, and green flagellates) did not exhibit proportions
higher than 25% (Fig. 2g-i, respectively). Importantly, the surface macronutrient
concentrations were high across the study area, despite varying between subregions. We did
not observe concentrations of macronutrients that would be expected to limit phytoplankton
growth since DIN, silicic acid and phosphate were all found in concentrations higher than 15

uM, 40 uM and 0.7 uM, respectively (Fig. 2j-1).
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3.2. Environmental and biological relationships

Significant and distinct associations were observed between phytoplankton community
composition and environmental variables across the different subregions (Fig. 3). Ten selected
variables significantly contributed to the spatial distribution of phytoplankton groups. The
CCA explained 92.5% of the variance associated with the phytoplankton—environmental
relationship, with the first canonical axis explaining 86.1% of the variance. The Gerlache Strait
subregion was associated with higher temperatures and concentrations of silicic acid and
phosphate. Higher upper water column stability, coupled with meltwater percent along the first
axis, was also associated with stations in the Gerlache Strait subregion, where higher
proportions of cryptophytes were found (Fig. 3). On the other hand, the stations of the
Bransfield Strait were positively associated with deeper MLD and higher values of surface
salinity, grazing index, and DIN. For the first axis, high proportions of diatoms were related to
stations of all subregions, except for the Gerlache Strait, where cryptophytes dominated. There
were some similarities between the Drake Passage and Bransfield Strait, especially regarding
the MLD. The Drake Passage subregion was also associated with higher meltwater percent.
The Bellingshausen Sea subregion was in turn associated with higher temperatures, senescence
index, upper water column stability and meltwater percent. Both continental and oceanic
Weddell for the first axis demonstrated a negative relationship with temperature and
concentrations of silicic acid and phosphate. The Continental was associated with high values

of grazing index, while Oceanic Weddell was associated with high values of senescence index.

3.3. Sea—air CO: differences and T:nonT ratios
The highest ApCO> was observed in the Drake Passage (39 + 33 patm), accompanied
by an FCOz value indicating CO2 outgassing (4.72 + 3.79 mmol m2 day ). The Bransfield

Strait and Bellingshausen Sea showed average ApCO> values of approximately 10 patm, with
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corresponding FCO, fluxes of 1.16 &+ 2.68 mmol m2day ' and 1.13 + 1.01 mmol m~2 day,

respectively. Both subregions also showed similar pCO>™"T of 415 patm (see Fig. 4). In the

Oceanic Weddell subregion, the average ApCO; was approximately 1 patm, indicating near-
equilibrium conditions for CO> exchange, with an associated FCO, of 0.72 + 0.56 mmol m
day!. Conversely, the Gerlache Strait and Continental Weddell subregions exhibited negative
average ApCO; values of —14 patm and —54 patm, corresponding to CO> sinks of —-0.37 + 1.61
mmol m~2 day! and —3.02 + 3.88 mmol m2 day!, respectively (Fig. 4 and Supplementary
Material Tables S3 and S4). The non—thermal effects on pCO>*" were assessed through the
T:nonT ratios, which were on average lower than 0.5 over all subregions. The Continental
Weddell was the subregion with the greatest non—thermal effect on pCO>*" changes, whilst
Oceanic Weddell was the one with the greatest thermal effect (see Table S4 in the
Supplementary Material for all T:nonT ratio values). In addition, we used Alk and DIC data to
assess which non-thermal process is modulating pCO>*" changes in each subregion (Fig. 5).
All sub-regions, except Oceanic Weddell, exhibited negative AAlk:ADIC around —0.03,
suggesting that changes in the carbonate system are likely driven by photosynthesis/respiration
processes. In contrast, that offshore part of Weddell was the only subregion with a positive
AAIK:ADIC ratio (0.15), indicating that sea—air CO: exchanges, associated with sea-ice
melting/growth, were key processes controlling changes in the carbonate system and,

consequently, pCO>*Y (Fig. 5).

3.4. ApCOz vs Chlorophyll-a

We used the slope of the linear regression between ApCO- and surface chl-a values over
the subregions to indicate the correlation between the sea—air CO, gradient and the
phytoplankton biomass (Supplementary Material Table S3). The strongest negative

relationship was observed in the Continental Weddell subregion (—66 patm per mg chl-a m=),
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while the Oceanic Weddell showed an approximately neutral ApCO; response per unit
chlorophyll-a (0.5 patm per mg chl-a m=). Notably, strong CO, undersaturation was also
associated with high chl-a concentration in Drake Passage (—58 patm per mg chl-a m=). The
Bransfield and Gerlache Straits and Bellingshausen Sea subregions showed a similar CO»
undersaturation association pattern with chl-a concentration (—12, —17, and —18 patm per mg
chl-a m, respectively). The same pattern was observed when chl-a was correlated with DIC
instead of ApCOz (see Table S5 in the Supplementary Material), with the Continental Weddell
and Drake Passage subregions showing higher DIC drawdown rates per mg chl-a m~ (=31 and

-30, respectively).

3.5. Diatom taxa composition

Centric diatoms showed high abundances in the Bransfield Strait and Continental
Weddell subregions, with Thalassiosira spp. averaging 5.8 x 10° and 4.2 x 103 cells L', and
Chaetoceros sp. averaging 0.7 x 103 and 14.5 x 103 cells L™!, respectively. Pennate diatoms
were mainly represented by Fragilariopsis sp. and Pseudo-nitzschia sp., which showed the
highest average values in the Gerlache Strait and Bellingshausen Sea, respectively. In addition,
Pseudo-nitzschia sp. also exhibited high average densities in the Bransfield Strait, Drake

Passage, and Gerlache Strait subregions (Table S2 in the Supplementary Material).

3.6. Short-interval station resampling
3.6.1. Bransfield Strait

Changes in upper ocean stability at St. B44 were observed between the sampling
periods, resulting in shifts of phytoplankton community composition (Fig. 6a). During the first
sampling at B44 on 12 January 2019, the upper ocean stability was low (0.13 x 10" m™), with

MLD exceeding 20 m. Under such conditions, phytoplankton community composition was
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dominated by diatoms across all depths, while cryptophytes were nearly absent (Fig. 6b). Four
days later (16 January 2019), there was a clear increase in the concentration of chl-a (from ~5
to ~11.5 mg m™ at surface), primarily due to the biomass accumulation of diatoms associated
with MLD of 26 m (Fig. 6a, b). However, on January 31, coinciding with enhanced
stratification and shallower MLD (13 m), surface concentration of chl-a considerably
decreased (< 2 mg m™ at surface) along with the diatom proportion, which was markedly
replaced by cryptophytes (over 30%; Fig. 6b). At this station, there was a substantial decrease
in both ApCO; (from —30 to —78 patm) and pCO2™"T (from ~375 to 323 patm) from the first to
the second sampling period (12 and 16 January, respectively), during which diatoms accounted
for more than 97% of the total chl-a at both times. In contrast, during the third sampling period,

substantially higher ApCO- (—12 patm) was observed.

3.6.2. Gerlache Strait

A significant presence of cryptophytes was observed at St. G12 and St. G13 (Fig. 7).
Across all sampling periods, cryptophytes consistently contributed over 70% in respect to the
phytoplankton community composition at both stations (Fig. 7a). In the first sampling day (25
January 2019) at St. G12, the absolute contribution of cryptophytes on surface was
approximately 3.1 mg m™, decreasing to 2.1 mg m~ by the time of the second sampling (30
January 2019) (Fig. 7a). Between the periods, pCO,""T and ApCO> decreased slightly, by 9
patm and 8 patm, respectively. At St. G13, cryptophytes had a biomass increase from 2.4 mg
m™ (on 25 January 2019) to 3.3 mg m™ (on 30 January 2019; Fig. 7a). Correspondingly,
pCO™T and ApCO> decreased by 4 patm and 10 patm, respectively. At both stations, there
were no significant changes in upper ocean stratification over the sampling period (Figs. 6b

and 7b).

22



551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

4. Discussion
4.1. Environmental factors, phytoplankton community, and CO; drawdown

This study revealed a well-defined gradient in surface environmental patterns along the
NAP, reflecting distinct biogeochemical and oceanographic contrasts among the six subregions
(Fig. 2b,c; Fig. 3). In spring and summer, environmental conditions are favourable for
phytoplankton growth. As phytoplankton take up carbon during photosynthesis, higher
chlorophyll-a concentrations are usually associated with lower ApCO: values (Kerr et al.
2018b, Brown et al. 2019, Costa et al. 2020). For example, exceptional low ApCO- values (up
to —250 patm) were recorded during an intense summer diatom bloom (> 45 mg m~ of chl-a)
in the Gerlache Strait in February 2016 (Costa et al. 2020). Therefore, large phytoplankton
blooms have critical role in driving the oceanic CO; sink via the biological carbon pump
(Tréguer et al. 2018).

Diatoms are typically the primary drivers of significant CO; sequestration in Antarctic
coastal waters (Brown et al. 2019, Costa et al. 2020, 2021). These organisms are the major
contributor in the biological carbon pump and compound a fundamental group for the silica
cycling (Tréguer et al. 2000). Nonetheless, several studies have reported an increasing
prevalence of cryptophytes, which are overlapping diatoms in Antarctic Peninsula coastal
waters, particularly in regions influenced by glacial melting (e.g., Moline et al. 2004, Mendes
et al. 2013, 2018b, 2023). These studies have highlighted a clear competition or niche
segregation between cryptophytes and diatoms, driven by physical and chemical properties of
the water column, with cryptophytes being found more frequently in shallower and less saline
waters (Mendes et al. 2023). We found similar results in this study, with cryptophytes
accumulating biomass in the Gerlache Strait (Fig. 2d,e), where the highest meltwater percent
was recorded in association with low salinity values and shallow mixing layers (Fig. 3). The

Gerlache Strait and Continental Weddell subregions were observed as ocean CO; sink zones,
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although the phytoplankton community composition was different between both subregions
(Fig. 2d,e). Diatoms were predominant in the Continental Weddell, while cryptophytes
dominated in the Gerlache Strait. Thus, the lower ApCO; and higher CO; uptake over the
Continental Weddell are consistent with the hypothesis that diatoms are more efficient than
cryptophytes for oceanic CO> uptake (e.g., Brown et al. 2019).

The Bransfield Strait subregion acted as a net CO> source to the atmosphere, showing
greater variability in ApCO> (7 + 31 patm) and a higher FCO; (1.16 + 2.65 mmol m™2 day ')
compared to the Drake Passage and Bellingshausen Sea subregions. Such variability in ApCO>
was explained by processes other than temperature changes, as there was no difference between
pCO™ T and pCO>*™ (Fig. 4). The significantly negative correlation (> = 0.5 and p < 0.001)
between chl-a and ApCO: (Supplementary Material Table S3) suggested that phytoplankton
biomass is an important driver modulating sea—air CO> exchanges in the Bransfield Strait
subregion. The highest chl-a value was registered in the Bransfield Strait (11.26 mg m™),
however, it was observed in an isolated station, concurrent with a strong CO; uptake (ApCO>
= —78 patm). In contrast, the other stations in the Bransfield Strait showed surface chl-a values
around 2 mg m~. The large spatial dimension and the high variability of surface chl-a (from
0.35 to 11.26 mg m~) along Bransfield Strait, hence, may be associated with the net CO,
release to the atmosphere found in January 2019. Indeed, Kerr et al. (2025) showed that, in the
Bransfield Strait during summer 2019, although photosynthesis drove CO: variability
throughout the region, dominant net respiration led the area to act as a net CO2 source.

Over a short time scale (i.e., one week), a shift from diatoms to cryptophytes was
observed in the Bransfield Strait, coinciding with a shallowing MLD (from 24 m to 13 m) and
increased meltwater input (from ~ 0.23% to ~ 1%). This shift in phytoplankton community
composition was reflected in a noticeable decrease in ApCO» values (Fig. 6). On the other hand,

under persistent water column stratification over a course of one week, there was no clear
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change in phytoplankton community composition and ApCO> in the Gerlache Strait subregion,
where cryptophytes were dominating (Fig. 7). These results suggest that the water column
structure in Gerlache Strait was more stable in a scale of week than that observed in Bransfield
Strait. Changes in water column structure clearly favoured shifts in phytoplankton community
composition and thus differences in oceanic CO> uptake. These findings also underscore that
the temporal scale of biogeochemical processes can play a fundamental role in characterising
regions as variable as the NAP. Exploring this temporal variability in future studies will be
essential for a more accurate and comprehensive biogeochemical assessment of the region.
With the lowest temperature and the highest proportion of diatoms, the Continental
Weddell subregion exhibited the strongest CO: undersaturation in January 2019. The
relationship between CO; uptake and chl-a (ApCOz to chl-a) in the Continental Weddell was
six—and four—fold higher than the relationships recorded in the Bransfield and Gerlache Straits,
respectively (Supplementary Material Table S3). Although phytoplankton biomass in the
Continental Weddell (maximum chl-a of 2.35 mg m~) did not reach bloom levels as observed
in the Bransfield Strait, the region acted, on average, as a strong CO> sink, while the Bransfield
Strait acted as a CO» source to the atmosphere. This intense CO; uptake may provide further
evidence that diatom dominance plays a key role in carbon dynamics. For instance,
photosynthesis was identified as the main driver of DIC changes in the Antarctic Sound during
summer 2019, when the highest surface oxygen supersaturation across the NAP was also
recorded (Kerr et al. 2025, Monteiro et al. 2025). In addition, this region showed elevated
carbonate ion concentrations and high pH (Monteiro et al. 2025), both typical features of
phytoplankton growth in polar waters (Fransson et al. 2013, Monteiro et al. 2025). The strong
CO» uptake was further enhanced by increased solubility in the colder waters of the area
(Monteiro et al. 2025). Moreover, the Continental Weddell was the subregion that had the

highest grazing index (reaching 23%), indicating that intense zooplankton grazing pressure
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occurred (based on a reference value of 10%; Mendes et al. 2012). The zooplankton faecal
pellets derived from intense feeding activity may further contribute for the local biological
carbon pump, as the heavy faecal pellets concentrate phytoplankton cells increasing the organic
matter sinking process out of the upper layers (Henley et al. 2020).

In contrast, the Oceanic Weddell presented higher values of senescence index (up to
10%), indicating that the local phytoplankton community could be under unfavourable
conditions (Costa et al. 2021), likely associated with micronutrient limiting concentrations
(Mendes et al. 2012). In the Oceanic Weddell, where phytoplankton biomass accumulation was
low, the observed sea—air CO2 exchanges appeared to be primarily driven by the seasonal
dynamics of sea ice — particularly its melting and formation — underscoring the role of physical
processes in modulating carbonate system variability in this region (Fig. 5), likely due to
increased COz solubility in colder, less saline waters (Fig. 2c). Indeed, the Oceanic Weddell
was the only subregion where the AAlk:ADIC ratio clearly reflected a strong influence of non-
biological processes (i.e., other than photosynthesis/respiration) affecting both Alk and DIC
(Fig. 5). This area also showed the highest T:nonT ratio (Fig. 4), suggesting a greater relative
influence of thermal processes on pCO>*" change compared to the other NAP subregions.
Nevertheless, AAlk:ADIC ratios, which differ from the theoretical values expected for each
process, suggest that multiple processes act simultaneously to influence changes in the marine
carbonate system along the northern Antarctic Peninsula (e.g., Monteiro et al. 2020b). Even in
regions with a strong correlation between chl-a and ApCO», the observed slope of the nitrate—
DIC relationship was 0.06 (Fig. S1 in the Supplementary Material), rather than the expected
0.14 for nitrate uptake or release relative to DIC during photosynthesis or respiration (Yin et
al. 2024). This suggests that multiple processes are acting simultaneously.

The Drake Passage is a transition zone, characterised by deep water currents and intense

geomorphological processes (Bohoyo et al. 2018). From 2003 to 2015, Munro et al. (2015)
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observed an increase of —0.37 + 0.16 patm yr! in the magnitude of ApCO: in the Drake
Passage, indicating a strengthening in the ocean CO; sink. Nonetheless, large spatial and
interannual variability in the magnitude of sea—air CO> exchange has been found in the Drake
Passage (Ito et al. 2018, Arbilla et al. 2024). Here, ApCO> was positive in the Drake Passage,
likely indicating a source of CO> towards the atmosphere in January 2019, despite diatom
proportion being > 50% and chl-a reaching 2 mg m= (Fig. 2e and Supplementary Material
Table S3). This was similarly observed in the Bellingshausen Sea subregion, where there was
a relative release of CO; associated with high proportion of diatoms (> 50%; Fig. 2e) and chl-
a of up to 2.2 mg m=3. Such result is intriguing as diatoms are known to uptake CO> more
efficiently than the other phytoplankton groups (Brown et al. 2019). Probably, the local
upwelling of CDW-derived rich CO; waters along the Drake Passage and Bellingshausen Sea
may be influencing pCO>*" dynamics (Kerr et al. 2025), counteracting the effect of
photosynthesis on reducing ApCO;. It is worth noting that the region of the Drake Passage
addressed in the present study encompasses only a limited set of stations located on the
continental shelf surrounding the northeastern part of Elephant Island — in the southernmost

sector of the Drake Passage.

4.2. Diatom taxa modulating sea—air CO; exchanges

Diatoms form the foundation of the Antarctic trophic web and play a critical role in the
biological carbon pump (Tréguer et al. 2018, Brown et al. 2019, Costa et al. 2020, 2021). Over
evolutionary time, a distinction has arisen between centric and pennate diatoms, with pennate
diatoms generally exhibiting greater diversification than centric ones (Finkel et al. 2005).
Pennate diatoms are also characterised by a further reduction in frustule size and dimensions
compared to centric diatoms (Finkel et al. 2005). Cell size is recognised as an important factor

for processes such as atmospheric carbon sequestration (Laws 2000; Finkel et al. 2010).

27



676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

Phytoplankton communities dominated by larger cells tend to support more efficient energy
transfer throughout the food web and enhance the export of fixed carbon (Mouw et al. 2016,
Serra-Pompei et al. 2022).

Diatom taxa were different over the subregions in January 2019 (Table S2 in the
Supplementary Material). Although diatoms showed predominantly high proportions (> 50%)
in the Continental Weddell and Bransfield Strait subregions, the diatom species was different
between both subregions. While in the Bransfield Strait there was a substantial contribution of
pennate diatoms (e.g., Fragilariopsis spp. and Pseudo—nitzschia sp.), a greater contribution of
centric ones (e.g., Chaetoceros sp. and Thalassiosira spp.) was observed in the Continental
Weddell. Although centric diatoms had high density in the Bransfield Strait, their contribution
was much higher in the Continental Weddell subregion, where pennate diatoms were nearly
absent (Supplementary Material Table S2). Thus, although further studies are still needed, it is
plausible to hypothesise that the observed ApCO: differences between the Bransfield Strait and
the Continental Weddell subregions may be linked to variations in the dominant diatom
species. Similarly, while the presence of high densities of Pseudo-nitzschia sp. in the Drake
Passage and Bellingshausen Sea (see Table S2 in the Supplementary Material) coincides with
areas of net CO; outgassing, additional data are required to determine whether the dominance
of this diatom directly influences carbon fluxes. At this stage, such a link remains hypothetical.
Overall, the remarkable diversity of diatoms observed along the northern Antarctic Peninsula
(Costa et al. 2022) may contribute to the spatial variability of regional biogeochemical
processes. Such diversity, reflected in the distinct composition and dominance patterns between
subregions, could influence primary production dynamics and carbon fluxes.

Despite having the highest average chl-a concentration among the NAP subregions, the
Gerlache Strait subregion did not correspondingly exhibit the largest CO; uptake. The average

chl-a concentration in the Gerlache Strait was more than the double of that recorded in the
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Continental Weddell, where the highest CO> uptake was observed. Unlike the Continental
Weddell subregion, cryptophytes were the dominant phytoplankton group in the Gerlache
Strait. The CO> uptake efficiency found in the Gerlache Strait under a predominant contribution
of cryptophytes was much lower than that found in the Continental Weddell, associated with
high contribution of centric diatoms. These observations reinforced previous localised studies
conducted along the western Antarctic Peninsula that have found a lower efficiency in oceanic
CO: uptake of cryptophytes compared with the diatoms (Kerr et al. 2018b, Brown et al. 2019).

Overall, we provide multiple field-based lines of evidence supporting the hypothesis
that dominant phytoplankton groups, even at the species level, play distinct roles in oceanic
CO; dynamics. For instance, we observed marked variability in salinity-normalised DIC across
sampling times in the Bransfield Strait. When diatoms accounted for 97-98% of the
phytoplankton community, normalised DIC decreased from 2175 umol kg at chl-a levels of
5 mg m~ to 2155 umol kg! when chl-a increased substantially to 11.5 mg m=. DIC rose to

2181 pumol kg™ as chl-a dropped sharply to 2 mg m

, coinciding with a more diverse
community composed of 44% diatoms, 28% cryptophytes, 14% Phaeocystis antarctica and
12% dinoflagellates. Conversely, salinity-normalised Alk remained stable at around 2304 pmol
kg ! across all three sampling periods. These results strengthen the conclusion that the observed
DIC and pCO; drawdown were indeed driven by phytoplankton growth, particularly diatoms,
as physical processes would have also altered Alk. Furthermore, since laboratory experiments
on this topic are complex and difficult to obtain, the comparison between stations dominated
by centric diatoms with those dominated by pennate diatoms can provide a unique opportunity
to better understand differences in their roles in CO; uptake. Long-term studies with extensive

time series will be essential to evaluate the relative effectiveness of centric and pennate diatoms

in driving oceanic CO; uptake. Despite the complexity of the topic at hand, our results suggest
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that, in addition to biomass accumulation, species composition could be a key factor

influencing CO, uptake.

5. Concluding remarks

In this study, we have subdivided the NAP into six biogeochemically distinct
subregions using an extensive dataset collected in January 2019. Our findings suggested non—
thermal processes, such as phytoplankton growth and ocean dynamics, were the primary
drivers of sea—air CO differences in all subregions. Furthermore, we observed that
phytoplankton community composition plays a crucial role on the magnitudes of sea—air CO»
differences. In particular, CO> uptake was strongest under diatom dominance, while regions
dominated by cryptophytes showed a reduced ocean-atmosphere CO; flux into the ocean.
Future studies should therefore focus on the specific effects of phytoplankton species on
oceanic CO> uptake. Understanding sea—air CO; exchanges in species resolution will be crucial
for better predicting biogeochemical processes in models of Antarctic coastal regions,

especially in rapidly warming areas such as the NAP.
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Figure 1: Study area and stations’ locations during January 2019 along the Northern Antarctic
Peninsula. Hydrographic stations in the Drake Passage (DP), Bransfield Strait (BS), Gerlache
Strait (GS), Bellingshausen Sea (BL), Continental Weddell (CW), and Oceanic Weddell (OW)
are represented by yellow diamonds, red circles, green triangles, blue squares, and brown and
purple inverted triangles, respectively. The abbreviations are as follows: Al, Anvers Island;
AP, Antarctic Peninsula; BI, Brabant Island; SSI, South Shetland Islands. The stations B44,
G13, and G12 are highlighted with yellow ‘x’. These stations were sampled more than once at

weekly intervals, as shown in Figs. 6 and 7.
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Figure 2: NAP Subregions, where Drake Passage (DP), Bransfield Strait (BS), Gerlache Strait
(GS), Bellingshausen Sea (BL), Continental Weddell (CW) and Oceanic Weddell (OW) (a),
surface distribution of temperature (b), salinity (colour scale) and meltwater percent (MW %;
contour lines) (¢), chl-a (mg m=) (d), relative diatom contribution (%) (e), relative cryptophyte
contribution (%) (f), relative dinoflagellate contribution (%) (g), relative P. antarctica
contribution (%) (h), relative green flagellates contribution (%) (i), DIN (j), Silicic acid (k),

and Phosphate (I). Note the different scales. Black dots represent stations’ location.
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Figure 3: Canonical correspondence analysis (CCA) ordination diagram regarding to the
relative contribution of phytoplankton groups. Arrows indicate explanatory variables: upper
water column stability (Stability), temperature (T°C), meltwater percent (MW %), senescence
and grazing indexes, salinity, mixed layer depth — MLD (m), DIN, phosphate (PO4), and silicic
acid (Si02). Grey crosses refer to relative contribution of phytoplankton groups. Crypto,
cryptophytes; Diat, diatoms; Dino, dinoflagellates; P. ant, Phaeocystis antarctica; and Green,

green flagellates.
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Figure 4: Average absolute contribution (mg m~ chl-a) of phytoplankton groups over the NAP
subregions. Drake Passage, DP; Bransfield Strait, BS; Gerlache Strait, GS; Bellingshausen Sea,
BL; Continental Weddell, CW; and Oceanic Weddell, OW. Averages of temperature (red
circles), pCO2™"T (black triangles), and ApCO- (grey squares) are shown. The inset figure in
the upper right corner shows values of T:nonT ratio for each subregion. Diato, diatoms; Dino,
dinoflagellates; P. ant., Phaeocystis antarctica; Crypt, cryptophytes; Green, green flagellates;
and Temp, temperature. See Supplementary Material Table S4 to confer the average, standard

derivation, and the minimum and maximum values.
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Figure 6: Station B44 sampled at weekly intervals in the Bransfield Strait in January 2019. (a)
Absolute contribution (mg m~ of chl-a) of phytoplankton groups along with pCO>™"T (pink
triangles) and ApCO» (grey squares). (b) vertical profile of water column density (kg m™).
Diato, diatoms; Dino, dinoflagellates; P. ant., Phaeocystis antarctica; Crypt, cryptophytes; and

Green, green flagellates.
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Figure 7: Stations G12 and G13 sampled at weekly interval in the Gerlache Strait in January
2019. (a) Absolute contribution (mg m= of chl-a) of phytoplankton groups along with pCO""T
(pink triangles) and ApCO- (grey squares). (b) vertical profile of water column density (kg m~
3). Diato, diatoms; Dino, dinoflagellates; P. ant., Phaeocystis antarctica; Crypt, cryptophytes;

and Green, green flagellates.
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