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Abstract

Polynyas and their adjacent seasonal ice zones (SIZs) represent the most productive regions in the Southern Ocean,
supporting unique food webs that are highly sensitive to climate change. Understanding the dynamics of phytoplankton
and the carbon pool in these areas is crucial for assessing the role of the Southern Ocean in global carbon cycling.
During the late stage of an algal bloom, seawater samples at 14 stations were collected in the Amundsen Sea Polynya
(ASP) and adjacent SIZ. Using nutrients, phytoplankton pigments, organic carbon (OC), remote sensing data, and
physicochemical measurements, as well as CHEMTAX model simulations, we investigated the response of the
phytoplankton crops, taxonomic composition, and OC pool to environmental factors. Our analyses revealed that
hydrodynamic regimes of the polynya, adjacent SIZs and open sea were regulated by the regionally varying intrusion of
Circumpolar Deep Water, photosynthetically active radiation and sea ice melt water. The ASP exhibited the highest
seasonal nutrient utilization rates [AN = (1 059 + 386) mmol/m2, AP = (50 + 17) mmol/m? and ASi = (956 +
904) mmol/m?], while the open sea had lower rates. The integrated chlorophyll @ (Chl a) concentration at depths of
0-200 m ranged from 20.4 mg/m? to 1420.0 mg/m? and peaked in the polynya. In the study area, Haptophytes
Phaeocystis antarctica was the dominant functional group (34% + 27%), and diatoms acted as a secondary contributor
(23% =+ 14%). The major functional group and particulate OC (POC) contributor varied from diatoms (36% = 12%) in
the open sea to haptophytes (48% =+ 31%) in the polynya waters. Strong light conditions and microelement limitations
promoted the dominance of P. antarctica (low Fe forms) dominance in the ASP. The strong correlations between the
POC and Chl a depth-integrated concentration suggest that the POC was primarily derived from phytoplankton, while
dissolved OC (DOC) was influenced by consumer activity and water mass transport. In addition, the transport of OC in
the upper 200 m of the water column within the ASP was quantified, revealing the predominantly westward fluxes for
both DOC [9.0 mg/(m?:s)] and POC [7.2 mg/(m?-s)]. The latitudinal transport exhibited the northward transport of
DOC [8.1 mg/(m?-s)] and southward transport of POC [4.3 mg/(m?2-s)] movement. These findings have significant
implications for enhancing our understanding of how hydrodynamics influence OC cycling in polynya regions.
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1 Introduction

The Southern Ocean serves as a significant sink for at-
mospheric CO, (Long et al., 2021). Despite encompass-
ing only 30% of the global ocean surface, it accounts for
approximately 40% of the oceanic uptake of anthro-
pogenic CO, (Takahashi et al., 2009; Gruber et al., 2019).
This disproportionate role in carbon sequestration arises
from its distinctive physical and biological features, in-
cluding the formation of deep water, extensive sea ice dy-
namics, and elevated primary productivity in coastal and
shelf regions (Arrigo et al., 2008). Particularly notewor-
thy are the polynyas, which stand out as biological
hotspots, exhibiting intense phytoplankton blooms and ac-
tive biogeochemical cycling (Arrigo and van Dijken,
2003; Lee et al., 2017). Understanding the carbon cycling
in these polynyas is crucial for assessing the Southern
Ocean’s role in carbon sequestration and its response to
ongoing climate variations.

The Amundsen Sea Polynya (ASP) is the most pro-
ductive among 46 identified coastal polynyas (Arrigo
et al., 2015). This is driven by seasonal sea ice melt,
nutrient-rich winter water, and iron inputs from nearby
melting ice sheets and benthic sediments (Van Manen
et al., 2022). Massive algal blooms further lead to active
high trophic level biological activities in the ASP
(Arrigo and van Dijken, 2003; Hu et al., 2023; Kim et al.,
2016, 2019; St-Laurent et al., 2017; Randall-Goodwin
et al., 2015; Swalethorp et al., 2019; Yager et al., 2016;
Yang et al., 2019). However, minimal carbon sequestra-
tion was observed in the ASP, and lower than 1.5% of
the primary productivity-derived particulate organic
carbon (POC) could be exported out of about 400 m
depth range and reach the bottom (Lee et al., 2017,
Reigstad and Wassmann, 2007). Lee et al. (2017) specu-
lated that most of the POC in the euphotic layer was
converted into non-sinking forms, such as fine suspended
particles or gelatinous colonies of bloom algae, dissolved
inorganic carbon (DIC), or dissolved organic carbon
(DOC) (Lee et al., 2016, 2017; Reigstad and Wassmann,
2007). The absence of bottom water formation due to
the intrusion of Circumpolar Deep Water (CDW) and
strong lateral transport of non-sinking materials further
limits the carbon sequestration capacity in the ASP, differ-
ing significantly from regions such as the Prydz Bay
(Yu et al., 2024) and the Ross Sea polynyas (Sweeney
et al., 2000). Thus, accurately assessing the variations in
phytoplankton activity within this polynya and its adja-
cent waters, as well as the impact of the hydrodynamic
conditions on the spatial distribution and transport of the
organic carbon (OC) pool within the polynya, is particu-
larly important for gaining a better understanding of the
OC cycle therein.

Moreover, ecological and biogeochemical processes in
the seasonal ice zone (SIZ) outside this polynya remain
poorly understood. This knowledge gap is largely due to
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the limitations of satellite data and the technical chal-
lenges associated with sampling in ice-covered regions
(Arrigo et al., 2008). Additionally, light limitation caused
by sea ice has traditionally been thought to inhibit phyto-
plankton growth (Joy-Warren et al., 2019). However, re-
cent studies have revealed the occurrence of substantial al-
gal growth even under dense pack ice or within sea ice it-
self (Arrigo et al., 2012; Smith et al., 2014; Yu et al,,
2024). Notably, the POC fluxes in the ASP and neighbor-
ing SIZ during the austral summer have been found to be
comparable, which is driven by the more efficient export
of the siliceous biological carbon pump in the SIZ (Kim
et al., 2016). These findings highlight the critical need for
detailed investigations in ice-covered regions to better un-
derstand the ecological and biogeochemical dynamics in
such regions.

Significant surface warming and rapid sea ice retreat
are occurring in the Amundsen Sea (Schoof, 2010), as
well as CDW intrusion-induced glacier melting and thin-
ning in the ASP (glacier mass loss of around 181.2 Gt/a;
Pritchard et al., 2012), further affecting the sea ice dynam-
ics, light availability, water stratification and nutrient sup-
ply in the euphotic layer (Arrigo et al., 2012; Ha et al.,
2014; Jenkins et al., 2016; Nakayama et al., 2013). More-
over, annual variations in phytoplankton crops and com-
munity structures have also been observed (Ge et al.,
2024; Hyun et al., 2016; Kim et al., 2016; Lee et al.,
2017). The high rates of carbon transformation within
the polynya environment are largely driven by the circula-
tion and migration of water masses, solar radiation, and
ice-sea interactions (Hu et al., 2023; Lee et al., 2017;
Yager et al., 2016). Thus, long-term, continuous, and high
resolution studies on the responses of phytoplankton com-
munities and carbon cycling to environment changes in
the polynya-seasonal ice zone-open sea continuum are es-
sential.

In this study, we aimed to elucidate the spatial distri-
bution patterns of phytoplankton taxonomic compositions
and OC stock variations along the open sea-SIZ-polynya
continuum. By integrating in situ hydrological observa-
tions, satellite remote sensing data, and analyses of phyto-
plankton pigments and OC concentration, we conducted a
comprehensive assessment of the biogeochemical dynam-
ics in the study area. Our research expands upon previous
studies of phytoplankton primary production and phyto-
plankton-derived OC variations by exploring the fine-
scale relationships between physical forces and biological
responses (e.g., Ge et al., 2024; Kim et al., 2016; Lee
et al., 2016, 2017; Park et al., 2019; Yager et al., 2016).
The findings of this study will enhance our understanding
of how changing environmental conditions (e.g., hydrody-
namic conditions and sea ice dynamics) affect phyto-
plankton activity and the OC pool in polar regions, in-
forming global climate models and predictions of the fu-
ture oceanic carbon sequestration capacity.
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2 Material and methods

2.1 Field sampling and oceanographic measure-
ments

During the late stage of an algal bloom (NASA’s
Ocean Color website, https://oceancolor.gsfc.nasa.gov/13/),
water samples were collected at 14 stations in the ASP-
SIZ-open sea continuum during the 36th Chinese Nation-
al Antarctica Research Expedition (CHINARE) aboard
the R/V Xuelong (Fig. la). The survey was conducted
in the mid-summer period from January to February 2020,
spanning latitudes of 66°S to 74°S and longitudes of
112°W to 120°W. Within the ASP, two research transects
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were established along the north-south direction (A11-04,
A11-02, and A11-00) and the east-west direction (A9-01,
A11-02, and A4-03), as well as two additional sites in
the western ASP. Spatially, these stations encompassed
nearly the entire ice-free area of the ASP during the
sampling period. Based on the sea ice conditions at the
time of the field investigation and considering the conve-
nience of sampling, three stations (A3-07, A3-06, and A3-
05) were established in the SIZ in front of the Dotson
Trough (DT), where the sea ice concentration was rela-
tively low (Fig. 1b). In the open sea, where the water
properties were relatively uniform, four stations (A3-10,
A3-08, A4-09, and A4-07) were established (Fig. 1b). To
characterize the full water column, measurements of the

120°

130° /
= i 00°W7 120°
\ y 50 b
660‘5\ '\- A4-09 :
\ hine / F{500 £
6%0 -08» S / 1 g
A3-070 o A40T—LEC | (- 1000 E
A3-060 H EE g
AZ0SY pr 1500 £ £
oy " u a o
AF038 g O {2500 8
17° A3-018 WS L «
o) . 32
\ S A11-00 ) 3500
e 4500
6 -
0 2 0
B 34.5
50 - 50
E 34.0
£ 100 5 £ 100 z
£ o & % =
& 150 2 R 150 353
1
200 - 200 33.0
3
250 | A3-08 A3-0'7 A3-06 A3-05 Al }-04 Al1-02|A1 1-00' ) [ 250 8 A3-(')7 A3-06 A3-05 Alll»04 Al11-02 All-OO' 325
68°S 70°S 72°8 74°8 68°S 70°8 72°8 74°8
Latitude Latitude
0 o 0 347
> 34.6
2 345
E 1000 £ £ 1000 =
g é g 344 E
8 2000 ER 2000 133
£ 342
3000 8 3000 34.1
4000 e 4000 340
68°S 70°S 72°8 74°8 68°S 70°S 72°8 74°8
Latitude Latitude

Fig. 1. Sampling locations and hydrographic conditions in the Amundsen Sea. a. Study area bathymetry and sampling
stations occupied during the 36th Chinese National Antarctic Research Expedition (CHINARE) from January to Febru-
ary 2020. Transect L (Leg L) extends southeastward from the open ocean, traversing the sea ice zone (SIZ) and
polynya, to the DIS front. The Dotson Trough (DT) is delineated by a black line at the shelf break. b. Sea ice concentra-
tion during the sampling period. ¢. Vertical profiles of potential temperature 6 (‘C) along Transect L (0-250 m). d. Ver-
tical profiles of salinity along Transect L (0-250 m). e. Vertical profiles of potential temperature 8 (*C) along Transect
L (whole water column). f. Vertical profiles of salinity along Transect L (whole water column). AASW: Antarctic Sur-
face Water; WW: winter water; mCDW: modified Circumpolar Deep Water; CDW: Circumpolar Deep Water; ACC:
Antarctic Circumpolar Current; RG: Ross Gyre; CC: coastal current; GIS: Getz Ice Shelf; DIS: Dotson Ice Shelf; CIS:
Crosson Ice Shelf; TIS: Thwaites Ice Shelf. The water circulations in a are according to Kim et al. (2017) and Nakaya-
ma et al. (2018), red arrows represent water currents, and yellow arrows represent the intrusion of CDW onto the
Amundsen Sea Shelf.
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temperature, salinity, and density were obtained using a
pre-calibrated Sea-Bird SBE-9/11 plus conductivity-tem-
perature-depth system (CTD, Bellevue, USA). Full depth
current profiles, including the flow velocity and direction,
were gathered using a lowered acoustic Doppler current
profiler (LADCP, TRDI WH300, USA) with a downward-
looking transducer mounted on the CTD package. The
near-surface currents were measured using a ship-mount-
ed 38 kHz Ocean Surveyor and a 300 kHz Workhorse
Mariner (TRDI, USA). Water samples were collected at
the surface, 25 m, 50 m, 100 m, 200 m, and the chloro-
phyll maximum depth using a Rosette multi-sampler
(General Oceanics, USA). The nutrients, phytoplankton
pigments, DOC and POC of the samples were subsequent-
ly analyzed.

2.2 Nutrient analysis and utilization rates

The dissoved samples analyzed for inorganic nutri-
ents, including nitrate, nitrite, phosphate, and silicate,
were filtered using pre-washed cellulose acetate mem-
brane filters (0.45 pm). The filtered samples were stored
in a freezer until analysis in the onshore laboratory. The
nutrient concentrations were measured using a continuous
flow analyzer (Skalar Analytical, Breda, The Netherlands)
following the method of Grasshoff et al. (1999). The de-
tection limits were 0.1 umol/L for nitrate, nitrite, and sili-
cate, and 0.03 pmol/L for phosphate, respectively (Feng
et al., 2022b).

The nutrient utilization ratios were calculated accord-
ing to the method of Rubin et al. (1998), using seasonal
depletions of the dissolved inorganic nutrients, including
the total nitrogen (TN) (i.e., NO3 -N and NO; -N), PO?{—
P, and SiOg_-Si in the surface mixed layer. These esti-
mates were based on depth-integrated depletions of nutri-
ents in summer from the surface layers down to the mini-
mum temperature layer at each station. The minimum
temperature layer represents the remnant winter water,
and it had the lowest observed temperature in the water
column. This methodology assumes that the nutrient de-
pletion in the summer is primarily driven by biological
processes initiated since the previous winter and that the
upper water column remains well stratified. In this study,
the temperature profiles of the study area revealed the
presence of a distinct remnant winter water (WW) layer
between the Antarctic Surface Water (AASW) and the
CDW (Figs 1c—f). This layer, which is approximately
100 m thick, was characterized by significantly low tem-
peratures, with minimum value (7)) ranging from
—1.27°C to —1.78°C observed at depths between 75 m and
200 m (Figs lc—f). The stratification of the upper water
column was further enhanced by the intrusion and uplift
of the warm modified Circumpolar Deep Water (mCDW)
and contributions from glacial and/or sea ice melt water in
both the mesopelagic zone of the open sea area and the
continental shelf region (Fig. 1). The utilizations of the
nutrients were calculated using equation as follows:
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z* z*
Nutrientugizaion = |~ AIC1dz = [ (IClyin = [Claum)dz,

(1)

where Nutrientutilization’ including TNutilization’ Puti]ization’ and

Sitilization» 1S the net seasonal utilization of nutrients, A[C]

is the seasonal variations in the nutrient concentrations

from the surface to the 7., layer ("), and the subscripts

win and sum denote winter and summer.

2.3 Phytoplankton pigment analysis

The samples used for the phytoplankton pigment were
filtered through glass microfiber filters (GF/F, 0.7 pm,
Whatman, New Castle, DE, USA) under dim light and low
vacuum pressure (<0.5 atm, 1 atm =101 325 Pa), and were
stored at —80°C until analysis in the onshore laboratory. In
the laboratory, the matter on the filters was extracted us-
ing 3 mL of acetone and was ultrasonicated in an ice bath
for 30 s following the method of Feng et al. (2022b). The
mixtures were then stored at —20°C for 2 h. To remove the
debris, the extracts were filtered through 0.22 pm polyte-
trafluoroethylene (PTFE) syringe filters. The supernatants
were evaporated to dryness under a gentle stream of N,
and were re-dissolved in 300 pL of a methanol and water
mixture (9:1 v/v). The extraction process was completed
within 4 h to minimize pigment degradation.

The phytoplankton pigments were analyzed using an
ultra performance liquid chromatography (UPLC) system
(Acquity H-Class, Waters Corp., Milford, MA, USA)
equipped with a CI8 column (50 mm X 2.1 mm i.d.,
1.7 um, Acquity UPLC® BEH), a photo-diode array
(PDA) e\ detector, and a fluorescence (FLR) detector (ex-
citation at 440 nm, emission at 660 nm). A modified bina-
ry gradient elution program, based on Zapata et al. (2000)
and adapted by Feng et al. (2022a, b), was utilized. The
pigments were identified and quantified by comparing
their retention times, absorption spectra, and peak areas
with those of authentic standards (DHI Water and Envi-
ronment, Hersholm, Denmark). The analyzed pigments
included chlorophyll a (Chl a), chlorophyll 5 (Chl b),
chlorophyll ¢; (Chl ¢;), chlorophyll ¢, (Chl c¢,), pheo-
phytin a (Phytin-a), pheophorbide a (Phide-a), alloxan-
thin (Allo), 19'-butanoyloxyfucoxanthin (But-fuco), fu-
coxanthin (Fuco), 19-hexanoyloxyfucoxanthin (Hex-fu-
o), peridinin (Peri), violaxanthin (Vio), lutein, and zeax-
anthin (Zea). The detection limit of the method was
3.1 ng, with a precision of better than 5% at a standard
concentration of 0.021 9 pg/L (e.g., Chl a).

2.4 Pigment-based phytoplankton taxonomic

composition

Utilizing the CHEMTAX program (Version 1.95) as
outlined by Wright et al. (2009) and Feng et al. (2022a, b),
in this study, we employed eight diagnostic pigments to
characterize the phytoplankton community and estimate
the relative proportions of the different algal types in rela-
tion to the total Chl a concentration (Table 1). The follow-
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Table 1. Ratios of concentrations of diagnostic pigments to chlorophyll a (Chl a) used for CHEMTAX analysis

Ratio of concentration

Matrix Phytoplankton functional group
Chle;  Peri Fuco Vio Hex-fuco Allo Lutein Chld Chla
Initial matrix Chlorophytes 0 0 0 0.03 0 0 0.22 0.18 1.00
Cryptophytes 0 0 0 0 0 0.22 0 0 1.00
Diatoms-A 0 0 057 0 0 0 0 0 1.00
Diatoms-B 003 0 1.02 0 0 0 0 0 1.00
Dinoflagellates 0 054 0 0 0 0 0 0 1.00
Haptophytes (high Fe) 0.13 0 0.08 0 0.40 0 0 0 1.00
Haptophytes (low Fe) 027 0 002 0 1.10 0 0 0 1.00
Final matrix Chlorophytes 0 0 0 0.06 0 0 0.15 0.17 1.00
Cryptophytes 0 0 0 0 0 0.28 0 0 1.00
Diatoms-A 0 0 075 0 0 0 0 0 1.00
Diatoms-B 004 0 1.08 0 0 0 0 0 1.00
Dinoflagellates 0 064 0 0 0 0 0 0 1.00
Haptophytes (high Fe) 0.10 O 0.10 0 0.43 0 0 0 1.00
Haptophytes (low Fe) 0.21 0 002 0 1.36 0 0 0 1.00

Notes: Initial ratios before analysis (initial matrix) and optimized ratios after analysis (final matrix). Chl ¢;: chlorophyll ¢;; Peri:
peridinin; Fuco: fucoxanthin; Vio: violaxanthin; Hex-fuco: 19-hexanoyloxyfucoxanthin; Allo: alloxanthin; Chl b: chlorophyll b; and

Chl a: chlorophyll a.

ing specific pigments serve as indicators for distinct algal
groups: Chl ¢; and Chl b are indicative of haptophytes
(mainly Phaeocystis antarctica) and green flagellates, re-
spectively, whereas Chl ¢, and Fuco are shared between
diatoms and P. antarctica. Allo, Peri, and Zea are charac-
teristic of cryptophytes, dinoflagellates, and cyanobacte-
ria.

The CHEMTAX model functions by comparing the
pigment compositions of the samples to a reference initial
matrix of known pigment profiles for various phytoplank-
ton taxa. Discrepancies between the initial matrix and ac-
tual field values often arise due to factors such as the light
and nutrient conditions, which affect the pigment compo-
sition. To refine the pigment-algae matrix specific to the
study area, the CHEMTAX program was iterated 60
times, generating a final matrix that was deemed to be
representative of the true pigment composition. The ini-
tial and final matrix pigment ratios for seven target phyto-
plankton functional groups are presented in Table 1. In
this analysis, the diatoms were categorized into two
groups: Diatoms-A, comprised of Fragilariopsis spp.,
Chaetoceros spp., and Proboscia spp., and Diatoms-B,
specifically representing Pseudo-nitzschia spp. Through
further differentiation, the haptophytes (mainly P. antarc-
tica) were divided into two forms, namely a high iron (Fe)
form and a low Fe form, based on the relative proportions
of Chl ¢;, Peri, and Hex-Fuco to the Chl a concentration,
as well as their responses to the dissolved Fe levels. The
methodology has been described in detail by Wright et al.
(2010) and Alderkamp et al. (2012). The Chlorophytes
evaluated in this CHEMTAX analysis are referred to as
green flagellates bearing Chl b and are not assigned a dis-
tinct algal group (Peeken, 1997; Mendes et al., 2013).

2.5 Phytoplankton community size structure

Following the methodology established by Uitz et al.

(2006, 2009), which leverages a comprehensive global
pigment database to associate pigments with phytoplank-
ton of varying sizes, we estimated the proportions of
micro-, nano-, and picophytoplankton within an algal
community using diagnostic pigment compositions and
corresponding coefficients. Specifically, Peri and Fuco
serve as diagnostic pigments for dinoflagellates and
diatoms, respectively, which are categorized as microphy-
toplankton. Hex-fuco and But-fuco are indicative of
chromophytes and nanoflagellates, representing nanoplan-
kton; while Allo is a biomarker for cryptophytes, also
classified as nanoplankton (Uitz et al., 2006). Additional-
ly, Chl b and Zea are predominantly found in picoplank-
ton, including green flagellates and cyanobacteria (Vidus-
si et al.,, 2001). The contributions of these size classes
(i.e., micro-, nano-, and picophytoplankton) to the total
Chl a stock were calculated using empirical formulas as
follows:

Fuicro = (1.41[Fuco] + 1.41[Peri])/[DP, |, (2)

Faano = (1.27[Hex-fuco] +0.60[Allo]+
0.35[But-fuco])/[ZDP,, . 3)

Fpico = (0.86[Zea] + 1.01[Ch1 ])/[DP,. |, (4)

where [Fuco], [Peri], [Hex-fuco], [Allo], [But-fuco],
[Zea], and [Chl b] are their own concentrations, and
[ZDP,_] is the Chl a concentration, which can be calculat-
ed as the weighted sum of the diagnostic pigment concen-
trations with the coefficients calculated from a global
database of high-performance liquid chromatography
(HPLC) pigment compositions (Uitz et al., 2006, 2009).
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[EDPy,] = 1.41[Fuco] + 1.41[Peri] + 1.27[Hex-fuco]+
0.60[Allo] + 0.35[But-fuco]+

0.86[Zea] + 1.01[Chl b]. (5)
These empirical formulas mitigate analytical uncer-
tainties through normalization, offering a greater accura-
cy than individual accessory pigment concentrations
for estimating phytoplankton size classes and facilitating
comparisons with other data sources (Uitz et al., 2006,
2009). This approach has been effectively employed to
identify and quantify the relative proportions of phyto-
plankton size classes in Antarctic waters (Uitz et al., 2006,
2009; Cheah et al., 2017; Wojtasiewicz et al., 2019).

2.6 POC and DOC analyses

The samples for POC analysis were filtered through a
0.7 pm pre-combusted GF/F filter (Whatman, New Castle,
DE, USA) under dim light conditions and were stored at
—80°C until analysis in the onshore laboratory. In the lab-
oratory, the samples were exposed to acid fumes in a dry-
ing oven for 12 h to remove the inorganic carbon. Then,
they were rinsed with ultra-pure water and dried at 45°C.
The analysis was performed using an elemental analyzer
(vario MICRO cube, Elementar, Germany), with relative
deviations of the OC from replicate standard analyses of
less than 0.1% (n = 6).

The samples for the DOC analysis were filtered
through pre-combusted Whatman GEF/F filters. The fil-
trate, combined with two drops of phosphoric acid, was
stored in pre-combusted 20 mL glass ampoules at —20°C
until further analysis. The DOC measurements were con-
ducted using a Shimadzu TOC-L analyzer with high tem-
perature combustion. Milli-Q water samples were used as
blanks to establish a baseline, and standard samples
(42—45 pmol/L C) from the Deep Sea Reference at Uni-
versity of Miami were analyzed to ensure accuracy. Each
sample was measured at least three times, and the analyti-
cal errors of the DOC were maintained within 5%.

2.7 Integrated water column values (nutrients,
Chl a, POC, and DOC)

To mitigate statistical errors arising from unequal
sampling depths when evaluating the regional distribution
of nutrients, phytoplankton Chl a, POC, and DOC, we
employed water column integral concentrations (Zhuang
et al.,, 2014). These integrated values were calculated as
follows:

Cint = [Cl(Dl +D2)+C2(D3—D1)+~~'+Cn(Dn—Dn_1)]/2,
(6)

where D, is the measured depth of a layer, and C,, is the
concentration of the target parameter (e.g., nutrients, Chl a,
POC, and DOC concentrations) in that layer. The integrat-
ed values represent the stocks in the water column with a
200 m thickness per square metre. This approach facili-
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tates comprehensive assessment of the regional distribu-
tions of these parameters.

2.8 Remote sensing data and physical measure-
ments of seawater properties

The photosynthetically active radiation (PAR) and eu-
photic layer depth (Zeu) data were obtained from remote
sensing sources during the sampling period, which were
averaged to eight days. The data were downloaded from
SeaWiFs (http://oceancolor.gsfc.nasa.gov/DOCS/seawifs-
parwfigs.pdf) and Morel et al. (2007). The sea ice concen-
tration data, sourced from remote sensing data, were ac-
quired from the Polar View Bremen Sea Ice Database
(http://seaice.uni-bremen.de/databrowser). The data se-
lected were within 30 km % 30 km of the observation sta-
tions to enable in-depth evaluation.

To assess the contribution of fresh water to the eu-
photic layer in the study area, the proportion of sea ice
meltwater (PMW) was calculated based on the salinity
difference between the surface water (Sg,.,..) and deep
water (Sye,) at the same station (Mendes et al., 2018b;
Costa et al., 2020). The equation used for this calculation
is as follows:

S surface — 6

7
Sdeep_6 ( )

PMW:(I— )XIOO%,

where S, (around 300 m depth) was assumed to be un-
affected by sea ice dilution, and the sea ice salinity was set
to 6 (Ackley et al., 1979).

The mixed layer depth (MLD) was calculated by iden-
tifying the depth corresponding to the maximum buoyan-
cy frequency of the water column. Buoyancy frequency of
the water column (N2, rad?/s?) was calculated as follows
(Carvalho et al., 2016):

®)

where g is gravity, and z is the water depth. The potential
density of the seawater (p, kg/m3) was derived from the
potential temperature, salinity, and pressure data. The sta-
bility of the water column (Eqp;jiy» 1076 rad?/m) was fur-
ther calculated as follows:

N2
Estability = ? .

)

The average values of E,;, from 0 m to 100 m
depth were used to represent the horizontal variations in
the water column stability at each station (Costa et al.,
2020; Mendes et al., 2018b).

The arithmetical mean of the water velocity within
each sampling layer was calculated using the LADCP
data for the adjacent layers. For shallower depths (0 m,
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25 m, 50 m, and 75 m), the mean velocity was calculated
from 12.5 m above and 12.5 m below the target depth. For
example, the mean velocity of the 25 m layer was aver-
aged from 12.5 m to 37.5 m. For deeper depths (100 m,
150 m, and 200 m), the mean velocity was computed us-
ing data from 25 m above and 25 m below the target
depth.

2.9 Statistical analysis

The statistical analyses were performed using SPSS 24
(IBM, Armonk, NY, USA). The analyses included
one-way analysis of variance (ANOVA). Pearson correla-
tion analysis, two-tailed significance tests, and R-mode
cluster analysis on a dataset comprised of physical and
biochemical parameters (e.g., PAR, MLD, PMW, nutrient
utilization rate, Chl a concentration, and phytoplankton
functional group). These analyses aimed to elucidate the
internal relationships, such as the correlation coefficients
(r), significance levels (p), and classification across differ-
ent regions, with a significance threshold of p < 0.05. The
depth-integrated nutrient utilization rates were calculated
using Origin 2018 (OriginLab, Northampton, MA, USA).

3 Results

3.1 Regional environmental settings

In the ASP, adjacent SIZ, and open sea area, the hy-
drodynamic regimes are predominantly influenced by the
Antarctic Circumpolar Current (ACC), coastal current,
CDW, and AASW (Figs la, ¢ and f). The CDW water in
the open sea area is distinguished by its maximum temper-
ature, reaching up to 1.8°C (Zu et al., 2022). The intru-
sion of CDW onto the continental shelf and its interaction
with the shelf waters result in slight reductions in temper-
ature and salinity, and thus, it becomes mCDW (Figs le
and f) (Kim et al., 2017; Rignot et al., 2013). This south-
ward-flowing mCDW is a major driver of the basal melt-
ing of the nearshore ice shelf (Pritchard et al., 2012). The
physical properties of AASW, the temperature of which
ranges broadly from approximately —1.5°C to 2°C, are
highly affected by solar radiation and the presence of sea
ice. In the ASP, where the AASW is devoid of local sea
ice, the AASW receives direct sunlight, leading to higher
temperatures (around 1-2°C) and salinity values (Figs lc
and d). Conversely, in the SIZ, the AASW has lower tem-
peratures and salinity values due to the influx of cold
meltwater from sea ice and diminished solar exposure
(Figs lc and d). The remnant WW, located above the
mCDW, is comprised of colder, saltier water formed by
brine drainage and vertical convection during the previ-
ous winter (Figs 1c and d) (Kim et al., 2017). It is marked
by a potential temperature of —1.5°C and is located at
depths of 50 m to 300 m (Figs 1c and e). The warmest wa-
ter mass in the ASP region is the bottom mCDW (Fig. le).
The density of the Amundsen Sea Shelf water is less than
that of the mCDW due to meltwater input from the ice
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shelves, promoting a stable hydrological environment on
the shelf of ASP (Park et al., 2001; Meijers et al., 2010;
Williams et al., 2010). Notably, significant sea ice was ob-
served around Stations A3-06, A3-05, and A3-07 during
the sampling period (Fig. 1b).

The spatial distributions of the hydrological character-
istics (MLD, PAR, Zeu, PMW, and E;;,,) are shown in
Fig. 2. Across the study area, the MLD varied from
12 m at Station A3-03 in the ASP to 40 m at Station A4-
09 in the open sea area, with an average of (25 + 8) m. As
illustrated in Fig. 2b, the MLD was observed to be deeper
in the northern open sea and southern polynya regions,
while it was prevalently shallower MLD in the SIZ. The
ice-free days generally exhibited a similar spatial pattern
similar to the MLD (r = 0.65, p < 0.05). The PMW ranged
from 0.7% to 6.8%, with an averaging of 3.9% + 1.8%,
and it was highest in the SIZ (Fig. 2¢). Eg,;, ranged
from 2.5 x 1076 rad?/m to 12.9 x 1076 rad?/m, with an av-
erage of (6.7 + 3.6) x 107° rad%/m, and it exhibited a dis-
tribution pattern similar to that of the MW% (r =0.82, p <
0.01) (Fig. 2d), with the maximum and minimum values
occurring at Stations A3-05 (SIZ) and A11-00 (ASP), re-
spectively. The ASP region had higher PAR values than
the SIZ and open sea area (Fig. 2e). Furthermore, the Zeu
exhibited significant positive correlations with both
E ity " = 0.58, p < 0.05) and PMW (r = 0.53, p <
0.05).

In the ASP, the speed and direction of the water cur-
rent varied greatly. The stations located in the northeast-
ern part of the ASP (i.e., Stations A11-04 and A4-03)
were dominated by northward or northeastward flow with
velocities of around (7 £ 3) cm/s, and thus, they acted as a
major outflow window for the upper layers of the polynya
water. Ha et al. (2014) reported that the water outflow
flux on the western side of the DT accounts for around
33% of the inflow flux in the ASP. Conversely, south-
ward and southeastward flows dominated at Stations
A11-02 and A3-01 [(8 = 1) cm/s], indicating inflows from
the SIZ zone into the ASP. Coastal Station A9-01 near
the Getz Ice Shelf exhibited the highest northwestward
outflow, with a velocity of around (24 £ 5) cm/s; Station
A11-00 in front of the Dotson Ice Shelf exhibited the
weakest southwestward flow, with a velocity of around
(6 +£2) cm/s.

3.2 Stock and seasonal utilization of nutrients

Figure 3 presents the stock and seasonal utilization of
the nutrients. In the study area, SiO%‘-Si was the most
abundant nutrients and had the highest stock, its depth-
integrated concentration ranging from 6.1 mol/m? to
13.9 mol/m2, with an average concentration of (10.3 +
2.1) mol/m? in the top 200 m of the water column, and it
generally increased toward south (Fig. 3c). In contrast, the
inventories of the TN and PO?[ -P concentrations were
significantly lower, with averages of (4.8 + 0.9) mol/m?
and (0.3 = 0.1) mol/m2, respectively. The TN and POi_ -P
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Fig. 2. Hydrographic characteristics of the study area: a. Ice-free days (days elapsed between sea ice melting and sam-

pling); b. mixed layer depth (MLD); c. sea ice meltwater fraction (PMW); d. water column stability (£

); . photo-

stability.

synthetically active radiation (PAR) (E is a photochemical unit, where 1 E = 1 mol photons); f. euphotic zone depth

(Zeu).

depth-integrated concentrations were strongly correlated
(r =0.79, p <0.01) and exhibited no significant differ-
ences among the ASP, SIZ, and open sea arca. Ammoni-
um contributed minimally to the total nitrogen nutrients,
and was excluded when calculating the total nitrogen nu-
trient stocks and consumption.

Regarding seasonal nutrient utilization, TN i ation
varied from 0.37 mol/m? to 1.40 mol/m? [mean of (0.86 +
0.38) mol/m?], P ..., ranged from 0.02 mol/m? to
0.07 mol/m? [mean of (0.04 + 0.02) mol/m?], and
Siyilization Tanged from 0.11 mol/m? to 2.23 mol/m? [mean
of (0.86 + 0.62) mol/m?2, Figs 3a—c]. The seasonal nutri-
ent utilization rates were higher in the ASP, and lower
rates were observed in the open sea (Figs 3d—f). There
were significant negative correlations between Si i, ation
and the ice-free days (r = —0.77, p < 0.01) and between
Putilization and Estability (I’ = _0'559 p < 005)

The nutrient absorption ratios exhibited notable spa-
tial variations. The AN/AP ranged from 8.9 to 32.2 (with
an average of 22.4 + 5.9), AN/ASi ranged from 0.2 to
10.9 (with an average of 2.1 + 2.7), and ASi/AP ranged

from 2.0 to 48.9 (with an average of 234 + 13.9)
(Figs 3g—i). The highest AN/AP and AN/ASi values both
occurred in the ASP, while higher ASi/AP values were ob-
served in the SIZ and open sea area (Figs 3g—i). More-
over, the length of the ice-free period was positively cor-
related with AN/ASi (r = 0.62, p < 0.05) and negatively
correlated with ASi/AP (r=-0.61, p <0.05).

3.3 Integrated concentrations of POC, DOC,
Chl a, and their degradation products

Figure 4 illustrates the distributions of the depth-inte-
grated concentrations of OC, phytoplankton Chl a, and its
degradation products (DChl a, including pheophorbide a
and pheophytin a) within the 0-200 m layer of the water
column. In this study, it was found that the depth-integrat-
ed DOC concentration was the predominant component of
the total OC pool, ranging from 75.5 g/m?2 to 146.8 g/m2,
with an average of (106.8 + 20.7) g/m2. The integrated
POC concentration varied from 8.6 g/m? to 91.7 g/m?,
with an average of (26.1 + 24.3) g/m2. The average inte-
grated DOC concentration was significantly higher in the
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Fig. 4. Spatial variations in depth-integrated concentrations of DOC (a), POC (b), Chl a (c), and Chl a degradation
products (DChl a) (d), and POC/Chl a concentration ratio (¢) and DChl a/Chl a concentration ratio (f).

SIZ compared to the ASP and open sea area (p < 0.05),
whereas significantly higher integrated POC concentra-
tions were observed in the ASP region compared to the
other two regions (p < 0.05; Figs 4a and b). A significant
negative correlation was observed between the integrated
DOC and POC concentrations (» = —0.60, p < 0.05).

The depth-integrated concentrations of phytoplankton
Chl @ and its degradation products exhibited variation
trends similar to those of the integrated concentration of
POC (r = 0.92, p < 0.01; Figs 4c and d). The intergrated
Chl a concentration ranged from 19.0 mg/m? to 1 408.5
mg/m?, with a mean of (223.9 + 362.3) mg/m2. The inter-
grated concentrations of the Chl a degradation products
were lower, ranging from 21.0 mg/m? to 96.3 mg/m?, with
a mean of (67.8 + 26.4) mg/m?. Significantly higher inter-
grated concentrations of Chl a and its degradation prod-
ucts were recorded in the ASP region (p < 0.05), and there
was no significant difference in the values in the SIZ and
open sea area.

3.4 Pigment-based phytoplankton taxonomic
composition and community size structure

Figure 5 illustrates the phytoplankton taxonomic com-

position based on the CHEMTAX model calculation.
Briefly, the dominant phytoplankton groups were Hapt-
LowFe and Diatoms-B, accounting for 34% + 26% and
23% + 13% of the total crops, with variations ranging
from 3% to 76% and from 3% to 51%, respectively. Com-
paratively, the proportions of the Chlorophytes (18% =+
13%), Dinoflagellates (13% =+ 5%), Cryptophytes (12% +
6%), Hapt-HighFe (1% =+ 2%) and Diatoms-A (<1%) were
substantially lower. Spatially, Hapt-LowFe was more con-
centrated in the ASP region where PMW was lower, and
its proportion was significantly higher than that in the SIZ
(p <0.05). The proportion of Hapt-LowFe exhibited posi-
tive correlations with the ice-free days (r = 0.60, p <
0.05), SiO%‘-Si stock (# = 0.54, p < 0.05), AN/ASi (r =
0.74, p < 0.01), and the concentrations of the integrated
Chl a (r=0.74, p < 0.01) and POC (r = 0.71, p < 0.01).
However, they were negatively correlated with Zeu (r =
—0.76, p < 0.01), Si a0 & = —0.77, p < 0.01), and
ASI/AP (r = —0.65, p < 0.05). Conversely, the Diatoms-B
generally decreased toward the south, peaking at Station
A3-10 in open sea area and dipping at Station A11-02 in
the ASP. The proportion of Diatoms-B was significantly
higher in open sea compared to the ASP (p < 0.05). The
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proportion of Diatoms-B was positively correlated with
ASi/AP (r=0.68, p < 0.01) and negatively correlated with
Si03™-Si stock (r = —0.73, p < 0.01) and AN/ASi (r =
—0.66, p < 0.05). The other phytoplankton groups did not
exhibit no clear spatial distributions, but the proportion of
the Chlorophytes were slightly higher in the SIZ where
the PMW was elevated (Figs 2¢ and 5c¢).

The phytoplankton community was dominated by a
microsized (52% = 20%) and nanosized (42% =+ 20%)
phytoplankton assemblage, and the picosized phytoplank-
ton contributed only about 6% =+ 2% (Figs 5g—i). The pro-
portion of microphytoplankton, primarily composed of
large cells such as diatoms, was positively correlated with
the Diatoms-B proportion (= 0.76, p <0.01), Ej,p;,, (" =
0.54, p < 0.05), Zeu (r = 0.60, p < 0.01), Si gjisation & =
0.68, p <0.01), and ASi/AP (»=0.74, p < 0.01). However,
negative correlation were observed between F ;.. and the
SiOg_ -Si stock (r = —0.62, p <0.05) and the concentra-
tions of the integrated Chl a (» = —0.61, p < 0.05) and
POC (r=-0.63, p <0.05). The proportion of microphyto-
plankton in the ASP was significantly lower than in the
other two regions (p < 0.05; Fig. 5g). In contrast, the
nanophytoplankton, mainly comprised of smaller algae
such as Haptophytes, Dinoflagellates, and Cryptophytes,
were significantly more abundant in the ASP than in the
other two regions (p < 0.05; Fig. 5h). The proportion of
nanophytoplankton was positively correlated with the
SiOg_ -Si stock (r=0.58, p < 0.05), AN/ASi (r=0.71, p <
0.01), the proportion of Hapto-LowFe (= 0.89, p <0.01),
and the concentrations of the integrated Chl a (r = 0.66,
p <0.05) and POC (r=0.64, p <0.05).

3.5 Results of principal component analysis

Principal component analysis (PCA) was employed to
identify the key factors influencing the variations in the
measured parameters (Fig. 6). The first two principal fac-
tors accounted for around 57% of the total variance in the
dataset, with PC1 and PC2 contributing 41% and 16%, re-
spectively. PC1 predominantly represents biological activ-
ity processes, encompassing phytoplankton crops and the
taxonomic composition, the transformation of POC to
DOC, and the utilization of various nutrients (Fig. 6a). In
contrast, PC2 mainly reflects physical environmental fea-
tures, such as changes in the water temperature, stratifica-
tion, and MLD, which are driven by factors such as sun-
light exposure and sea ice meltwater input (Fig. 6a). Over-
all, the PCA results indicate that the spatial zonation based
on the sea ice density and ice-free days effectively ex-
plains the response of the phytoplankton activity across
the ASP-SIZ-open sea continuum. The study area can be
divided into three distinct regions based on the loading
scores of each station (Fig. 6b).

4 Discussion

The spatial distributions of the phytoplankton assem-
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blages and OC pools across the ASP-SIZ-open sea contin-
uum exhibited significant heterogeneity. The integrated
POC and Chl a concentrations were markedly higher in
the ASP than in the SIZ and open ocean (Figs 4b and c),
indicating substantial differences in the phytoplankton
crops among the different parts of the study area. The
CHEMTAX analysis revealed that Hapt-LowFe was the
dominant phytoplankton group, particularly within the
ASP (Fig. 5a). The Hapt-LowFe also exhibited a strong
positive correlation with the depth-integrated POC
concentration ( = 0.71, p <0.01), highlighting its signifi-
cant contribution to the ASP’s particulate carbon reser-
voir. These findings align with previous research docu-
menting the substantial contribution of P. antarctica to the
POC pools in the Amundsen Sea and Ross Sea polynyas
(Oliver et al., 2019; DiTullio et al., 2000) and the domi-
nance of P. antarctica blooms in open ocean areas of the
Cosmonaut Sea and Antarctic Peninsula (Feng et al.,
2022b; Li et al., 2024). Collectively, these observations
underscore the crucial role of small algal species in the
carbon cycling and ecosystem functioning in the South-
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ern Ocean.

4.1 Spatial heterogeneity of phytoplankton activ-
ity and environmental drivers

Phytoplankton crops and taxonomic community com-
position are strongly influenced by environmental factors,
including the hydrodynamic conditions, nutrient availabil-
ity (e.g., macronutrients and trace metals), and light
regimes. Sea ice cover significantly impacts these ecosys-
tems by altering the light penetration, water column strati-
fication, and micronutrient supply (Boyd, 2002; Lannuzel
et al.,, 2016; Mendes et al., 2018b; Li et al., 2024). Our
PCA analysis revealed the occurrence of significant corre-
lations between the proportion of Hapt-LowFe, integrated
Chl a and POC concentrations, and several key environ-
mental variables: positive correlations with the ice-free
days (r > 0.55, p < 0.05); and negative correlations with
the water column stability (Eg,pi,» ¥ < —0.73, p < 0.01),
meltwater fraction (PMW, » <—-0.55, p <0.01), and nutri-
ent utilization ratios (e.g., negative correlation with
ASi/AP, r <—0.65, p < 0.05) (Fig. 6a). Furthermore, PCA
distinguished three distinct regions based on these vari-
ables (Fig. 6b).

During the sampling period, the ASP was character-
ized by extended ice-free periods and low PMW values,
and it probably experienced low iron conditions. Previous
studies have suggested that the bio-essential dissolved
iron supplied by the mCDW, benthic sediments, and ice
shelf meltwater forms the critical foundation for sustain-
ing the long-term phytoplankton blooms in the Amund-
sen Sea Polynya (Park et al., 2017; Sherrell et al., 2015;
Van Manen et al., 2022). However, in this study, we did
not observe a remarkable significant upwelling signal in
the ASP’s euphotic zone (Figs 1c and d). In addition,
according to previous studies, most of the iron in the
polynya exists in particulate form, and dissolved Fe can
be rapidly scavenged by particles in the water and equili-
brate with the labile particulate pool (Sherrell et al., 2015;
Van Manen et al., 2022). In the polynya, high dissolved
iron concentrations are typically observed below a depth
of 100 m, such as in the bottom mCDW (>0.6 nmol/L)
and outflows (~0.5 nmol/L) in the subsurface layer
(Van Manen et al., 2022). Comparably, the dissolved iron
concentration of the surface waters is approximately
0.19 nmol/L in the polynya and around 0.17 nmol/L in the
open sea region (Ge et al., 2024; Sherrell et al., 2015; Van
Manen et al., 2022). Additionally, satellite observations
(NASA’s Ocean Color website, https://oceancolor.gsfc.
nasa.gov/13/) reveal that a phytoplankton bloom occurred
and lasted for approximately two months (early Decem-
ber 2019 to February 2020). This prolonged bloom, cou-
pled with substantial seasonal nutrient consumption (high

utilization A4 P iilizations Figs 3d and e) and limited iron-
rich meltwater, likely created a short-term low-iron envi-
ronment. Nanophytoplankton (<20 pm), such as P.
antarctica, cyanobacteria, green flagellates, and crypto-
phytes, possess high surface area-to-volume ratios, en-
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hancing nutrient uptake and providing a competitive ad-
vantage under iron-scarce conditions (Gibb et al., 2001;
Hassler et al., 2014). Furthermore, light availability, rather
than iron, likely played a more dominant role in regulat-
ing the magnitude of the bloom in the ASP (Park et al.,
2017), which is consistent with the high PAR observed in
this study (Fig. 2e). These environmental factors collec-
tively contributed to the Hapt-LowFe-dominated phyto-
plankton community and high crops observed in the ASP.

In contrast, the SIZ, characterized by high PMW, high
E apitity> shallow MLD, and short ice-free periods (Fig.
7a), was dominated by Diatoms-B and Chlorophytes (Fig.
7b), which are typically classified as microphytoplankton.
This aligns with previous studies that diatoms and green
flagellates are dominant components of sea ice flora (Arri-
go and Sullivan, 1992; Feng et al., 2022b; Nomura et al.,
2018; Russo et al., 2018). These algae can survive unfa-
vorable conditions, acting as seed populations for blooms
at the edge of ice and in adjacent surface waters (Arrigo
and Sullivan, 1992; Peeken, 1997). The significant input
of sea ice meltwater influenced the SIZ’s hydrography, as
indicated by the negative correlation between PMW and
MLD (r =—0.80, p < 0.01) and the positive correlation be-
tween the PMW and E, ;. (= 0.74, p <0.01). Moder-
ate seasonal nutrient utilization and inventories were ob-
served (Figs 3d—f and 7b). However, despite the favor-
able conditions (high E.» shallow MLD, and poten-
tial iron supply from sea ice), the integrated Chl a and
POC concentrations remained low (Fig. 7¢). This decou-
pling may have been due to grazing by heterotrophic zoo-
plankton or microbes, which could efficiently converting
POC to DOC or dissolved inorganic carbon (Weston
et al., 2013; Ducklow et al., 2015; Lee et al., 2017). This
reasoning is supported by the high DChl a/Chl a ratio and
integrated DOC concentration (Fig. 7¢). Previous studies
have shown that diatoms are a preferred food source for
large zooplankton in ice-edge regions (Feng et al., 2022b),
and these zooplankton tend to inhabit stable water
columns with shallow MLDs, facilitated by sea ice melt-
water (Davidson et al., 2010; Jarvis et al., 2010).

The open ocean was dominated by micro-sized di-
atoms (Figs 5g and 7d) with low Chl a and POC concen-
trations (Figs 4c and 7c). This is consistent with the re-
sults of previous studies conducted in the eastern Amund-
sen Sea, Cosmonaut Sea, Ross Sea, and northeastern
Antarctic Peninsula (Feng et al., 2022a, b; Ge et al., 2024;
Li et al., 2024; Mendes et al., 2018a) where diatoms typi-
cally dominate in open water arecas. The Diatoms-B
showed a preference for deeper MLD compared to the Di-
atoms-A, likely due to their lower heat absorption capaci-
ty (Kropuenske et al., 2010). The open ocean environ-
ment, characterized by a long ice-free period, deep MLD,
and weak water column stability (Figs 2 and 7a), likely
limited the algal growth, contributing to the low Chl a
crops. The high TN and POi_ -P inventories and low sea-
sonal nutrient utilization in this region (Figs 3, 7a and b)
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Fig. 7. Environmental drivers (a), integrated biogenic substance concentrations (b and c) and phytoplankton taxonom-

ic compositions along Leg L (d).

further suggest the occurrence of low primary productivi-
ty. The relatively high abundance of Hapt-LowFe (sec-
ondary contributor) suggests the occurrence of iron limita-
tion, potentially due to the low PMW, extended ice-free
periods (Fig. 7a) and Fe-poor environment in the open sea
dominated by ACC (dissolved Fe around 0.15 nmol/L; Ge
et al., 2024; Hopkinson et al., 2007).

4.2 Response of OC stock to plankton activity
and sea ice dynamics

The depth-integrated total OC concentration (TOC

concentration, sum of POC and DOC concentrations)
ranged from 86 g/m? to 188 g/m?, with an average of
(133 + 23) g/m?. The highest average values occurred in
the SIZ [(146 + 9) g/m?] and the lowest average values oc-
curred in the open ocean (118 £ 13 g/m?). The DOC con-
stituted the majority of the TOC pool (82% + 14%), with
average proportions of approximately 72% + 15% in the
ASP, 94% =+ 1% in the SIZ, and 89% = 3% in the open
ocean. However, the POC contributed approximately
28% + 15% in the polynya region, and its contribution
even reached 49% of the TOC at Station A11-00 (near the
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Dotson Ice Shelf). This contrasts with other marine envi-
ronments, in which the proportion of POC to the TOC is
significantly lower, such as about 6% in the western Arc-
tic Ocean (Griffith et al.,, 2012; Belyaev et al., 2010),
about 9% in the Okhotsk Sea (Nakatsuka et al.,
2004), about 9% in the East China Sea (Hung et al.,
2000), about 0.5% in the Bering Strait-Chukchi Sea (Gor-
don and Cranford, 1985), and about 13% in the northwest
Atlantic continental marginal seas (Bauer et al., 2001).
Similar high POC contributions (about 30%) have been
reported in the southern Ross Sea near the Ross Ice Shelf
where Hapt-LowFe also dominates (Smith et al., 1998;
Carlson et al., 2000).

The variations in the OC pool and the POC/TOC con-
centration ratios were strongly influenced by plankton ac-
tivity and sea ice dynamics. The differences in the
POC/TOC can be attributed to the sea ice variability, phy-
toplankton growth dynamics, and the heterotrophic con-
version of POC to DOC. The lowest POC/TOC concentra-
tion ratio (about 6% + 1%) was observed in the SIZ. This
was likely due to the limited phytoplankton growth caused
by light limitation as a result of the presence of sea ice
cover, which is evidenced by the low depth-integrated
POC and Chl a concentrations (Figs 4¢ and 7¢). The mod-
erate POC/Chl a concentration ratio (195-314) in the SIZ
suggest the presence of older, potentially degraded OC
from sea ice (Fig. 4e) (Cifuentes et al., 1988). As dis-
cussed earlier, active heterotrophic organisms likely rapid-
ly converted POC to DOC, as indicated by the high DChl
a/Chl a ratio and depth-integrated DOC concentration
(Fig. 7¢). In summer, the sea ice melt water in the SIZ re-
leases diatoms, heterotrophic flagellates, ciliates,
crometazoa, and brine with a high OC content (about 16
g/L) into the water column, supporting abundant cope-
pods and Antarctic krill (Garrison and Buck, 1989). Simi-
lar observations have been made in the Ross Sea pack ice
(Arrigo et al., 2003). The high nutrient stock in the SIZ
may also have resulted from the remineralization of or-
ganic matter (Figs 3a—c).

In contrast, the ASP exhibited the highest POC/TOC
ratio (28% + 15%), indicating a larger particulate OC
pool. The dominance of Hapt-LowFe (Fig. 5a), which are
not a preferred food source for many zooplankton (Atkin-
son et al., 2014), likely resulted in lower zooplankton
grazing pressure in the ASP. This is supported by the sig-
nificantly higher krill biomass in the SIZ (about 60 g/m?)
compared to the ASP ( <10 g/m?2) (unpublished data). The
low DChl a/Chl @ and POC/Chl « ratios in the ASP fur-
ther suggest limited degradation of labile Chl a caused by
zooplankton grazing activity and that most of the POC
originated from living phytoplankton. Studies on P.
antarctica growth dynamics indicated that this species can
regulate its OC synthesis based on TN availability, retain-
ing more carbon in the particulate pool under nutrient-rich
conditions (e.g., Smith et al., 1998). Despite the high sea-
sonal TN utilization in the ASP, the TN inventory re-
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mained comparable to those of the open ocean, suggest-
ing a sufficient TN supply (Figs 3a and d).

4.3 Horizontal transport of OC under the influ-
ence of hydrodynamic conditions

Minimal carbon sequestration in the continental shelf
region of the productive ASP has been reported (Lee
et al., 2017). In the euphotic layer in the ASP, nanoalgae
(primarily P. antarctica) dominated the phytoplankton
community (Fig. Sh) and contributed significantly to the
OC pool (Figs 7c and d). The P. antarctica is a major pro-
ducer of transparent exopolymer particles (a gelatinous
substance) and can form massive blooms of cells in gelati-
nous colonies (Xue et al., 2022). These P. antarctica
gelatinous colonies are buoyant and less dense, and they
are concentrated in surface waters and hinder efficient OC
sequestration in the underlying sediments (Zamanillo
et al., 2019; Lee et al., 2017; Turner, 2015). Moreover,
previous studies have reported low POC sinking fluxes in
the water column despite the high primary productivity in
the ASP, suggesting that much of the P. antarctica phy-
todetritus is converted to fine particles or dissolved forms
(Lee et al., 2017), likely due to the efficient recycling of
P. antarctica colonies in the water column (Turner, 2015).
Additionally, the mCDW penetrates deeply into the
Amundsen shelf along the seafloor and contributes to
melting of the ice shelves (Wéhlin et al., 2016). Then, the
buoyant water can upwell and mix with the overlying lay-
ers, further limiting the sequestration of OC in the deeper
waters (Petty et al., 2013; Pritchard et al., 2012). For ex-
ample, the primary productivity in the ASP is approxi-
mately 780 mg/(m?-d) (in terms of C) (Behrenfeld and
Falkowski, 1997), with bacterial consumption accounting
for about 130 mg/(m2-d) (in terms of C) at depths of
50-350 m (Ducklow et al., 2015), and the final POC sink-
ing flux reaching at a depth of 400 m is 7.2 mg/(m?-d) (in
terms of C) (Kim et al., 2016). This indicates that approxi-
mately 642.8 mg/(m2-d) (in terms of C) of POC were not
captured by the sediment trap and were probably sourced
from non-sinking matter. Consequently, the non-sinking
POC and DOC in the euphotic zone are likely subject to
horizontal transport via water mass movement.

To investigate the horizontal transport of the non-sink-
ing OC via water mass movement, we estimated the OC
transport rates in the upper 200 m of the water column
within the ASP based on the arithmetic mean of the water
velocity and the POC and DOC concentrations. For
clarity, we calculated the north-south and east-west trans-
port rates at individual stations and the total fluxes within
the upper 200 m of the water column (0-50 m and 50—
200 m layers) (Fig. 8). Considering the ASP as a single
unit, both the DOC and POC exhibited strong westward
transport [approximately 9.0 mg/(m?-s) (in terms of OC)
and 7.2 mg/(m?-s) (in terms of OC), respectively] (Fig. 8).
Latitudinally, the DOC [8.1 mg/(m?-s) (in terms of OC)]
exhibited northward transport, while POC [4.3 mg/(m?-s)
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Fig. 8. Conceptual model of horizontal OC transport in
the ASP. Red arrows represent DOC flux, and blue ar-
rows represent POC flux.

(in terms of OC)] showed southward transport (Fig. 8).
This difference could be due to the spatial variations in
the currents and OC hotspots within the ASP. For exam-
ple, the coastal regions (e.g., Stations A11-00 and A9-01)
near the ice shelf exhibited significantly higher southwest-
ward flow speeds (around 21.4 cm/s) and POC concentra-
tions (91.7 g/m?) (in terms of OC) in the 0-200 m water
layer compared to those at the other stations, thereby
largely determining the westward export characteristics of
the DOC and POC. The higher POC transport in the upper
50 m of the water column (Fig. 8) reflects the phytoplank-
ton-derived POC enrichment in these layers. Through in-
tegrating of the transport from all directions, we found
that the DOC generally exhibited a net northwestward
transport [approximately 12 mg/(m?-s) (in terms of OC)],
while the POC exhibited a net southwestward transport
[approximately 8.3 mg/(m?s) (in terms of OC)]. This pre-
liminary estimate suggests the occurrence of significant
OC export in the upper 200 m of the water column from
the ASP to the adjacent ice shelf edges and the SIZ, pro-
viding potential nutrients and energy to the ecosystems in
these regions. It is also important to acknowledge the lim-
itations of this estimation, including the spatial resolution
of the sampling, the assumption of equal particle veloci-
ties with currents, lack of consideration of the vertical ex-
change of matter, and the potential degradation of OC to
inorganic carbon. Nevertheless, these results provide valu-
able insights into the fate of non-sinking OC and con-
tribute to the development of OC budgets for the ASP.

5 Conclusions

This study provides a comprehensive examination of
the spatial dynamics of the phytoplankton assemblages
and OC pools across the ASP-SIZ-open sea continuum.
Our findings reveal the occurrence of distinct regional
variations in the phytoplankton composition, biomass, and
OC dynamics, which are closely linked to the hydrody-
namic regimes and environmental factors. It was found
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that the ASP was the most productive region and was
characterized by a high phytoplankton biomass dominat-
ed by haptophytes, particularly P. antarctica. This domi-
nance is attributed to the extended ice-free periods, elevat-
ed PAR, and nutrient availability, which collectively fos-
tered significant algal blooms. In contrast, the open ocean
exhibited lower Chl a and POC concentrations, likely due
to the deeper depth of the mixed layer and reduced water
column stablity. Our analysis highlights that the DOC ac-
counted for the majority of the TOC pool across all three
regions, and it accounted for the highest proportion in the
SIZ. Notably, the ASP exhibited a higher POC/TOC ratio
compared to the other two marine environments, indicat-
ing substantial primary productivity and limited degrada-
tion of particulate organic matter. The hydrodynamic pro-
cesses significantly influenced the horizontal transport of
non-sinking OC, particularly in the ASP where the
nanoalgae-derived particles exhibited low sinking rates.
Our estimates indicate the occurrences of substantial west-
ward transport of both DOC and POC from the ASP,
which contributes nutrients and energy to adjacent ice
shelf regions and the SIZ. In the future, higher-resolution
sampling will help to provide a more detailed understand-
ing of the small-scale biogeochemical processes and their
impacts on OC fluxes. Overall, this research underscores
the intricate interplay between the environmental dynam-
ics, phytoplankton community structure, and OC cycling
in polar ecosystems. The findings emphasize the impor-
tance of considering regional hydrodynamics and sea ice
dynamics in evaluating biogeochemical processes in the
Southern Ocean. Long-term monitoring and further stud-
ies are essential to enhance our understanding of the re-
sponses of these systems to ongoing climate change and
their implications for global carbon sequestration.
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