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Abstract

The melting of seasonal sea ice in Antarctica plays a pivotal role in the region’s carbon cycle, influencing global carbon
storage and the exchange of carbon between the atmosphere and the ocean. However, the impact of variability in the
timing of seasonal sea ice retreat on the flux and composition of sinking particulate matter remains to be elucidated. In
this study, we deployed sediment traps in Prydz Bay during the austral summers of 2019/2020 and 2020/2021, noting
that sea ice melting occurred approximately one and a half months earlier in the former summer compared to the latter.
We analyzed sediment trap data, which included total mass flux (TMF), particulate organic carbon (POC), biogenic
silica (BSi), particulate inorganic carbon, and lithogenic particle (Litho) fluxes, as well as the stable isotopes §!3C and
35N of particulate organic matter (POM). Additionally, we incorporated remote sensing data on sea ice concentration
and chlorophyll a. This dramatic delay in sea ice melting timing could result in a significant increase in TMF, BSi and
POC fluxes in the summer of 2020/2021 compared to 2019/2020. Elevated BSi fluxes and more !3C-depleted POC in
the austral summer of 2020/2021 suggest that the delayed melting of sea ice may have stimulated the productivity of
centric diatoms. Furthermore, the higher BSi/POC ratio and more negative 5!5N values of POM, along with a reduced
presence of krill in the traps, indicate a diminished grazing pressure from zooplankton, which collectively enhanced the
sedimentation efficiency of POC during the austral summer of 2020/2021. These findings highlight the critical role of
sea ice melting timing in regulating productivity, flux and composition of sinking particulate matter in the Prydz Bay
ecosystem, with significant implications for carbon cycling in polar oceans.
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1 Introduction of high productivity there (Arrigo and van Dijken, 2003;
Arrigo et al., 2015). As seasonal sea ice melts, there is an

The seasonal ice zone (SIZ) of the Southern Ocean ac-  increase in light availability, the release of freshwater en-
counts for about 40% of the total area of the Southern riched with dissolved iron, and a subsequent decrease in
Ocean (Roach et al., 2025) and serves as a significant area  the depth of the mixed layer (Lannuzel et al., 2007; Zhang
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et al., 2014; Raiswell et al., 2018). Collectively, these fac-
tors facilitate the rapid proliferation of phytoplankton,
which enhances the sequestration of carbon via the bio-
logical carbon pump, transferring organic carbon fixed
through photosynthesis from the euphotic zone to the deep
ocean (Volk and Hoffert, 1985; Boyd et al., 2019). The
SIZ of the Southern Ocean contributes about 30% of the
absorption of anthropogenic CO, and plays an important
role in regulating the Earth’s climate (Sallée et al., 2012;
Delille et al., 2014; Frolicher et al., 2015; Meredith et al.,
2019).

The annual formation and decay of seasonal sea ice
represent the most significant seasonal physical phe-
nomenon in the Southern Ocean, driving the spring bloom
of phytoplankton and influencing the subsequent respons-
es of higher trophic levels throughout the summer. The
timing of sea ice melting earlier/later, can extend/shorten
the growing season of phytoplankton, thereby enhancing/
limiting primary production in the SIZ (Quéguiner, 2013).
Concurrently, the reproductive cycles of many zooplank-
ton species are synchronized with the phytoplankton gro-
wth season; variations in timing of ice melting may affect
their reproductive timing and success rates (Rembauville
et al., 2015), subsequently altering the structure of the bio-
logical pump and ultimately affecting its efficiency (Mas-
som and Stammerjohn, 2010; Ardyna and Arrigo, 2020).
The specific mechanisms underlying these dynamic pro-
cesses remain not fully understood, which constrains our
comprehension on the role of Antarctic marine ecosystem
in climate change and carbon sequestration.

Sediment traps can collect samples of particulate mat-
ter settling at a specific depth in the water column over a
set time interval, making them an ideal tool for studying
the response mechanisms of the biological pump in the
SIZ under varying sea ice melting conditions (Honjo et al.,
2008). Research on sediment particles primarily focuses
on total mass flux (TMF) and its components, including
particulate organic carbon (POC), biogenic silica (BSi),
particulate inorganic carbon (PIC), and lithogenic particle
(Litho) fluxes, with POC and BSi being the predominant
constituents (Honjo et al., 2008). The concentration and
flux of POC represents a portion of primary production
and is also the most closely monitored component (Salter
et al., 2012; Rembauville et al., 2016). POC is complex in
composition, primarily consisting of carbon contained in
phytoplankton debris and spores, zooplankton carcasses,
molts, and fecal matter (Rembauville et al., 2015; Manno
et al., 2020; Trinh et al., 2023). BSi predominantly origi-
nates from the siliceous cell walls of plankton, particular-
ly diatoms (over 90%), as well as radiolarians and sili-
coflagellates (DeMaster, 1981). In polar marine ecosys-
tems, BSi is considered a vital ballast material, forming
aggregates with phytoplankton debris and zooplankton fe-
ces, and which enhancing carbon sedimentation efficien-
cy (Francois et al., 2002; Klaas and Archer, 2002; Wilson
et al., 2012). Stable carbon and nitrogen isotopes (8'3C

and 8'5N) are classic tools for tracing the sources of POC
(Hwang et al., 2004, 2005; Mayer, 1994). Variations in
the pathways and carbon sources utilized by different phy-
toplankton populations result in significant differences in
their 8!13C values. For instance, carbon isotope signatures
of sea ice diatoms exhibit distinct enrichment of 13C, rea-
ching values up to —8%o (Dieckmann and Hellmer, 2003),
whereas centric diatoms typically exhibited negative val-
ues around —30%o, and pennate diatoms around —21%o (Lee
et al., 2012; Zhang et al., 2023). In contrast, the feeding of
zooplankton on phytoplankton only causes a minor frac-
tionation, an average enrichment of 0.4%o to 1%o per trop-
hic level (Peterson and Fry, 1987). Consequently, in short-
er food chains, the §!3C of POC is often utilized to reflect
the succession of phytoplankton communities (Kopczy-
nska et al., 1995; Post, 2002). Fecal matter produced by
zooplankton after ingesting phytoplankton is relatively en-
riched in 14N, resulting in 8!5N values in zooplankton that
are higher than those in phytoplankton. These values in-
crease significantly with each trophic level with each trop-
hic level, typically enriching 3%o to 5%o per trophic level,
thereby serving as an excellent indicator of zooplankton
contributions and community succession (Deniro and Ep-
stein, 1981; Neill and Cornwell, 1992; Post, 2002).

Prydz Bay is a typical SIZ, which contains the third
largest polynya in Antarctica—the Prydz Bay Polynya. Its
annual average net primary productivity is (88.3 + 19.4)
g/(m2-a) (in terms of C), second only to the Amundsen
Sea Polynya and the Ross Ice Shelf Polynya (Arrigo and
van Dijken, 2003), making it an important CO, sink in
Antarctica (Arrigo and van Dijken, 2003; Arrigo et al.,
2015). Prydz Bay exhibits significant variations in season-
al sea ice coverage. The ice-free period typically lasts
from October to February, while the freezing period ex-
tends from March to September. The extent of sea ice
reaches its maximum in September and its minimum in
February (Zheng and Shi, 2011). During summer months,
the community structure of phytoplankton and zooplank-
ton in Prydz Bay rapidly responds to the melting of sea
ice. At the onset of ice melt in austral spring (November),
the initial bloom is comprised of ice algae, followed by a
bloom of large centric diatoms as sea ice continues to re-
treat (Petrou et al., 2016). The dominant zooplankton dur-
ing this period includes euphausiids and copepods, which
exhibit relatively low grazing rates on phytoplankton
(Skerratt et al., 1995; Guo et al., 2024). Once open water
is established in austral summer, the dominant phyto-
plankton group shifts to pennate diatoms, eventually tran-
sitioning to mixotrophic cryptophytes (Kopczynska et al.,
1995; Taylor et al., 1997; Zhang et al., 2023). Meanwhile,
euphausiids, large copepods, and small copepods increase
significantly (Yang et al., 2013; Li and Yang, 2017; Pan
et al., 2024). Sea ice diatoms and pennate diatoms are pri-
marily responsible for the elevated 83C,,, values, where-
as Phaeocystis, naked flagellates, autotrophic dinoflagel-
lates, and centric diatoms contributed to lower 3'3C,,, val-
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ues in particulate organic matter (Dieckmann and Hellmer,
2003; Kopczynska et al., 1995). Consequently, the V-
shaped 813C0r‘g of POC effectively reflects the succession
of algal community during summer (Han et al., 2018,
2019). Previous studies of particulate matter sedimenta-
tion in Prydz Bay have revealed significant inter-annual
variability in TMF and its component fluxes, which are
believed to be closely linked to differences in phytoplank-
ton communities and the effects of ballasting (Han et al.,
2018, 2019). However, it remains unclear whether these
variations are related to the timing of sea ice melting. To
address this question, this study analyzed sediment trap
samples collected during the austral summers of
2019/2020 and 2020/2021 in Prydz Bay by the Chinese
Antarctic Research Expedition. This study focused on the
inter-annual variability in TMF and the component fluxes
of particulate matter under conditions where the onset of
sea ice melt differed by one and a half months, exploring
the underlying reasons for these variations.

2 Methods and materials

2.1 Study area and sampling

Prydz Bay, located in Eastern Antarctica, is the third
largest bay in Antarctica, following the Weddell Sea and
Ross Sea. The circulation patterns within the Prydz Bay
region are relatively simple, primarily involving the
Antarctic Circumpolar Current (ACC), the Antarctic
Slope Current (ASC) to the north, the Prydz Gyre (PG),
and the Coastal Current of Antarctica (CoC) within the
bay (Le et al., 1996; Shi et al., 2011). The eastern en-
trance of Prydz Bay is sheltered by the Four Ladies Bank
and accumulations of icebergs, which limit the inflow of
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wind and wave energy into the bay, resulting in restricted
deep-water exchange with the open ocean. Additionally,
the westward flow within the bay is obstructed by the
Fram Bank on the western side of the entrance, further re-
ducing deep water exchange (Vaz and Lennon, 1996;
Williams et al., 2010). Seasonal variations in Prydz Bay
are marked by significant changes in sea ice, with com-
plete freezing occurring across the continental shelf dur-
ing austral winter, extending to approximately 57°S. In
the austral summer, sea ice retreats southward, creating ar-
eas of ice-free open water within the inner bay. Sea ice
originating from the Amery Ice Shelf (AIS) and West Ice
Shelf predominantly grounds at Four Ladies Bank and
Fram Bank, with concentrations ranging from 60% to
100%, notably lower at the AIS margin compared to re-
gions north of 68°S (Roden et al., 2013, 2016). In the
northern section of the bay’s continental shelf, the pres-
ence of icebergs and sea ice restricts the propagation of
wind and waves, thereby enhancing water stability (Ro-
den et al., 2016). Consequently, Prydz Bay functions as a
relatively enclosed system with high water stability, pro-
moting the growth and proliferation of phytoplankton.
During the austral summer of 2019/2020 and 2020/
2021, sediment traps (PARFLUX Mark78H-21, McLane,
Inc., USA) were deployed in the Prydz Bay ice marginal
zone to collect a time series of settling particulate sam-
ples. The trap stations were located at MP10(36/38) (2019/
2020, 68.35°S, 75.11°E, water depth 579 m, trap depth
415 m) and MP10(37/39) (2020/2021, 68.28°S, 75.33°E,
water depth 566 m, trap depth 405 m) (Fig. 1, Table 1).
Each sediment trap had a collection area of 0.5 m? and
sample bottles with a volume of 500 mL. To mitigate or-
ganic degradation caused by microbial activity, the sam-
ple bottles were filled with pre-filtered seawater con-
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Fig. 1. Location of sediment trap sites MP10(36/38) (2019/2020) and MP10(37/39) (2020/2021) in Prydz Bay. The or-
ange line with arrow is the Antarctic Slope Current (ASC); the blue lines with arrows denote Prydz Gyre (PG); the pur-
ple line with arrow is Antarctic Coastal Current (CoC). The red star is the location of the Chinese Antarctic Zhongshan

Station.
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tained formaldehyde (5%, v/v). The deployment of the
sediment trap in 2020/2021 was delayed by approximate-
ly one month compared to the previous year due to sea ice
coverage. Detailed information of sampling times and in-
tervals is provided in Table 1.

2.2 Laboratory analysis

2.2.1 Bulk analysis of sediment trap samples

The collected samples were preserved at 4°C and sub-
sequently sieved through 1 mm Nylon mesh to remove
swimmers. The particulate matter less than 1 mm was
split into 10 equal aliquots using a rotary precision wet
sample divider (McLane, Inc.). The samples were filtered
through a pre-weighed 0.7 pum Millipore polycarbonate
membrane, followed by washing the filtrate with ultra-
pure water to remove the salt, and were freeze-dried. TMF
was calculated based on the dry weight of the sample. For
the determine of carbon and nitrogen content, a portion of
each sample was filtered on a 0.7 um GF/F glass fiber fil-
ter, which had been previously combusted at 450°C for 4 h
and weighed. For POC analysis, samples were exposed to
acid fumes for 12 h to remove the inorganic carbon, after
which they were washed with ultra-pure water and dried
at 50°C. The carbon and nitrogen concentrations were
measured by a Euro Vector EA 3000 element analyzer.
During the analytical procedure, a soil reference material
(GSS-4) was interspersed at every sixth sample interval to
serve as a quality control check, and the 1 ¢ precision of
replicate analysis is +0.05% for carbon and nitrogen anal-
ysis. Every sample was measured twice, and the mean of
two measurements is reported here. Particulate organic ni-
trogen (PON) was equal to total particulate nitrogen. To-
tal carbon was measured directly, and PIC was calculated
as the difference between the total carbon and POC. BSi
concentrations were determined spectrophotometrically
after digestion with sodium hydroxide, following the
method described by Brzezinski and Nelson (1989), using

certified reference material GBWO08645. After mi-
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crowave-assisted digestion, concentrations of total alu-
minum (Al) and iron (Fe) were determined by iNductive-
ly Coupled Plasma Optical Emission Spectroscopy (ICP-
OES) (Thermo iCAP 7200). High purity ICP Multi Ele-
ment Standard Solution XXI CertiPUR was utilized to
create the calibration curve in the quantitative analysis.
The contents of particulate organic matter (POM), calci-
um carbonate (CaCO;), opal (SiO,-0.4H,0) and litho-
genic content (Litho) were calculated as POC (wt%) x
2.50, PIC (wt%) x 8.33, BSi (Wt%) x 2.40 and Al (wt%) x
12.15, respectively (Thunell, 1998; Honjo et al., 2000;
Kim et al., 2015; Han et al., 2019).

2.2.2 65N and 63C analyses of POM

Two 1/10 aliquots of particulate material were pre-
pared and analyzed for !5N and 8'3C following the meth-
ods described by Han et al. (2018). Isotope analyses were
conducted using a Thermo Delta V advantage isotopic ra-
tio mass spectrometer (IRMS) coupled to a Thermo Fish-
er FLASH2000 elemental analyzer. Caffeine and urea
with known 813C and 8'°N values were used to monitor
the measurement, respectively. Two parallel analyses
were conducted for a part of samples and the precision of
the replicate of 8!3C and 815N analysis is within the range
of £0.2%o.

2.2.3 Remote sensing of sea ice concentration and

chlorophyll a

Sea ice concentration (SIC) data is sourced from the
University of Bremen in Germany, with a spatial resolu-
tion of 3.125 km by 3.125 km and a temporal resolution of
1 d. Data within a 30 km by 30 km area centered on the
observation station is selected for mean value calculation.

Remote sensing chlorophyll a (Chl @) concentration
data is accessed from NASA Ocean Color website (https://
oceancolor.gsfc.nasa.gov/13/), which is selected from the
Aqua-MODIS product with a spatial resolution of 4.0 km
by 4.0 km and a temporal resolution of 1 d. Data within a
60 km by 60 km area centered on the observation station

Table 1. Biogeochemical parameters of sinking particles in Prydz Bay during austral summers of 2019/2020 and
2020/2021
m=2-d-! 0,
CHINARE Duration/ Flux/(mg-m™*d ) Molar Content/% 313,/ 315N/
(year) Cup Start date TMF POC PON PIC BSi F 1 ratio of Opal POM Litho CaCO; %o %o
Y 1o e Bsipoc VP2 itho 3
CHINARE-36 #1 2019.12.06 12 785.04 79.97 10.08 1.99 207.29 2.34 3.02 1.11 66.3 26.6 4.9 22 254 18
(2019/2020) #2 2019.12.18 14 386.52 50.76 5.82 3.93 76.65 1.58 2.02 0.65 500 345 67 89 276 2.1
#3 2020.01.01 10 55.06 590 0.84 0.40 11.72 0.32 0.36 0.85 55.6 292 8.5 6.7 269 34
#4 2020.01.11 10 226.00 25.11 3.63 0.79 47.81 1.47 1.93 0.82 553 302 113 32 287 35
#5 2020.01.21 11 401.05 41.43 596 554 96.31 1.45 1.93 1.00 572 256 58 114 -29.7 3.0
#6 2020.02.01 10 683.78 59.90 8.33 6.01 154.45 2.09 2.90 1.11 612 247 58 83 288 22
#7 2020.02.11 10 84.73 5.82 0.80 0.74 22.76 0.27 0.36 1.68 68.6 183 54 7.8 -28.0 3.0
CHINARE-37 #1' 2021.01.01 9 108.44 12.77 1.40 0.96 25.86 0.61 0.83 0.87 554 285 9.0 72 306 1.0
(20202021) #2' 2021.01.10 10 598.15 59.71 6.40 1.00 151.53 1.38 1.88 1.09 668 274 42 15 -305 09
#3' 2021.01.20 11 1021.02 81.20 9.61 5.96 275.62 1.89 2.60 1.45 70.0 21.5 33 53 299 0.8
#4' 2021.01.31 10 1491.70 99.46 12.68 3.00 448.20 1.61 2.18 1.93 78.2 18.1 1.9 1.8 -29.0 1.3
#5' 2021.02.10 10 1268.65 71.23 9.03 3.80 359.51 1.51 2.17 2.16 785 162 24 29 278 1.5
#6' 2021.02.20 14 548.27 28.77 3.96 1.57 185.16 1.25 1.74 2.76 80.7 13.1 3.8 24 275 1.6
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is selected for mean value calculation. Here, the data is
presented as an 8-d average which were provided by the
website.

3 Results

3.1 Temporal variation of SIC and Chl a concen-
tration

During the austral summer of 2019/2020, the melting
of sea ice proceeded similarly to previous years, with sig-
nificant ice melt observed by late November. However, an
anomalous increase in SIC was noted in January, lasting
for over 20 d, during which ice concentrations peaked at
90% (Fig. 2a). In contrast, during the austral summer of
2020/2021, sea ice retreated about one and a half months
later than in austral summer of 2019/2020, with some ice
still present in early January (Fig. 2a). This duration and
extent were notably less than the previous year, despite no
significant change in the onset of freezing.

Satellite-derived Chl a concentrations were constrain-
ed by SIC, becoming available only after the onset of sea
ice melting. In the austral summer of 2019/2020, Chl a
concentration exhibited four distinct peaks: Peak I occur-
red in middle to late November, which was predicted
trend based on previous observations and research (Han
et al., 2018, 2019), showing partial decline with a peak
value of no less than 1.2 mg/m3; Peak II was observed at
the end of December with a value of 1.5 mg/m?3; Peak III
occurred in mid-February with a value of 3.7 mg/m?3;
Peak IV was recorded in early March, achieving a maxi-
mum of 4.0 mg/m3, rapidly declining to 1.0 mg/m3 within
a week post-peak (Fig. 2a). In contrast, during the austral
summer of 2020/2021, two Chl a concentration peak re-
vealed two peaks of Chl a concentration: Peak V was ob-
served in mid-February with a value of 1.2 mg/m?3; a more
prominent Peak VI occurred in late February, reaching a
maximum of 3.0 mg/m3, which subsequently decreased to
0.3 mg/m? within a week post-peak (Fig. 2a). The timing
of Peaks V and VI occurred one week earlier than that of
Peaks III and IV, respectively.

3.2 Mass and elemental fluxes

In the austral summer of 2019/2020, TMF value
ranged within 55.06-785.04 mg/(m?-d), with an average
of 386.22 mg/(m?-d) (Table 1). Two notable peaks
occurred in mid-December 2019 and early-February
2020, reaching 785.04 mg/(m?2-d) and 683.78 mg/(m?2-d),
respectively (Fig. 2b). In contrast, during the austral
summer of 2020/2021, TMF values were higher, ranging
within 108.44-1491.70 mg/(m?-d), with an average of
853.44 mg/(m?2-d) (Table 1).

During the former austral summer, the flux of BSi
ranged within 11.72-207.29 mg/(m?-d), averaging
88.14 mg/(m?-d), while in the latter austral summer, BSi

fluxes varied from 25.86 mg/(m?-d) to 448.20 mg/(m?-d),
averaging 240.98 mg/(m?-d) (Table 1, Fig. 2b).

During the former austral summer, POC flux ranged
within 5.82-79.97 mg/(m?-d), averaging 40.17 mg/(m?2-d),
while PON flux ranged within 0.80-10.08 mg/(m?2-d),
averaging 5.25 mg/(m?-d) (Table 1, Figs 2¢ and d). In
the latter austral summer, POC flux varied within
12.77-99.46 mg/(m?2-d), averaging 58.04 mg/(m?2-d), while
PON flux ranged from 1.40 mg/(m?-d) to 12.68 mg/(m?2-d),
averaging 7.11 mg/(m?-d) (Table 1, Figs 2¢ and d). Un-
like TMF and BSi fluxes, the peak values of POC and
PON fluxes did not significantly differ between the two
summers (Table 1, Figs 2c and d).

For the former austral summer, Al flux ranged
from 0.36 mg/(m2-d) to 3.02 mg/(m2-d), averaging
1.84 mg/(m2-d), and Fe flux ranged from 0.27 mg/(m2-d)
to 2.34 mg/(m?-d), averaging 1.40 mg/(m?2-d), with peak
values coinciding with POC and BSi peaks (Table 1,
Fig. 2e). In the latter austral summer, Al flux varied
from 0.83 mg/(m?-d) to 2.60 mg/(m?-d), averaging
1.92 mg/(m?2-d), and Fe flux ranged from 0.61 mg/(m?-d)
to 1.89 mg/(m?-d), averaging 1.39 mg/(m?-d) (Table 1,
Fig. 2e).

For the former summer, the flux of PIC ranged within
0.40-6.01 mg/(m?-d), averaging 2.85 mg/(m?-d), with
peak values occurring in mid-to-late December (Table 1).
In the latter austral summer, PIC flux varied within
0.96-5.96 mg/(m?-d), averaging 2.72 mg/(m?-d), with the
highest values observed in late January (Table 1).

3.3 Molar ratios

The molar ratio of BSi/POC ranged from 0.65 to 1.68
with an average of 1.14 during the former austral summer;
and ranged from 0.87 to 2.76 with an average of 1.85 dur-
ing the latter summer (Table 1, Fig. 2b). The molar ratio
of BSi/POC exhibited a minor initial decline followed by
a gradual increase in the former austral summer, maintain-
ing a stable value throughout January with minimal fluc-
tuations (Fig. 2b). In contrast, the latter austral summer
saw a consistent and gradual increase in this ratio over
time (Fig. 2b).

3.4 Particulate stable isotope data

The 8'*C,,, values from traps during the previous aus-
tral summer ranged from —29.7%o to —25.4%o, with an av-
erage of —27.9%o (Table 1, Table Al, and Fig. 2¢). From
December 2019 to late-January 2020, the value of §'3C,,,
exhibited a general downward trend from Cup #1 to Cup
#5, with a slight increase in Cup #3, indicating a more
negative trend. From late-January to mid-February 2020,
the value of 613C0rg progressively increased from Cup #4
to Cup #7, though the magnitude of this increase was sig-
nificantly smaller than the previous decrease. In contrast,
during the subsequent austral summer, the value of 3!3C_,

g
from traps ranged from —30.6%o to —27.5%o, with an aver-
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Fig. 2. Time-series fluxes of various components in Prydz Bay during austral summer of 2019/2020 and 2020/2021.
Chl a: remote sensing chlorophyll a; SIC: sea ice concentration; TMF: total mass flux; POC: particulate organic carbon;
PON: particulate organic nitrogen; BSi: biogenic silica; 613C0rg: organic stable carbon isotopic composition; 8!°N: or-
ganic stable nitrogen isotopic composition; Al: aluminum; Fe: iron. [ —VI are Chl a peaks; #1-#7 represent the cup
number of the first summer; #1'—#6’ represent the cup number of the second summer.

age of —29.2%o (Table 1, Fig. 2¢). Throughout this period,
the value of 83C,, consistently showed a gradual up-
ward trend, suggesting a shift towards less negative val-
ues. The 815N data from traps of the former austral sum-
mer ranged from 1.6%o to 3.5%o with an average of 2.7%o
(Table 1, Fig. 2d). From December 2019 to January 2020,
values gradually became positive, then fluctuated, show-
ing a noticeable positive trend in the final trap. The 3!5N
data from traps of the latter austral summer ranged from
0.8%o to 1.6%o with an average of 1.2%o (Table 1, Fig. 2d).
Throughout January of the latter austral summer, values

showed a slight gradual decrease, followed by a trend to-
wards further negative values. Overall, §!°N values in the
latter summer were significantly lower compared to the
former austral summer.

3.5 Geochemical
matter

composition of particulate

The settling particulate matter collected in sediment
traps can be categorized into biogenic and lithogenic flux-
es. Biogenic fluxes include opal, POM, and CaCO,. Opal
primarily consists of diatom shells, with a chemical for-
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mula of SiO,-4H,0. During the former austral summer,
opal represented 50.0% to 68.6% of the total weight,
while in the latter summer, it varied from 55.4% to 80.7%
(Fig. 3). POM flux contribution to TMF was around
18.3% to 34.5% in the former austral summer and 13.1%
to 28.5% in the latter summer (Table 1, Fig. 3). CaCO,
represented 2.2% to 11.4% of the total material flux in the
former austral summer, while in the latter summer, it
ranged from 1.5% to 7.2%. The flux of Litho contribution
to the TMF was 4.9% to 11.3% in the former austral sum-
mer and 1.9% to 9.0% in the latter austral summer (Table 1,
Fig. 3).

Correlations between TMF and each of the flux com-
ponents of both austral summers are shown in Fig. 4.
Among them, an obvious positive correlations exist
between opal and POM fluxes (2 = 0.950, p < 0.01 for the
austral summer of 2019/2020; 2 = 0.898, p < 0.05 for the
austral summer of 2020/2021), and both are strongly cor-
related with TMF in both summers (Fig. 4).

4 Discussion

4.1 Annual variations in summer particle flux
dynamics

Along the Antarctic ice edge, the seasonal melting of
sea ice during austral spring and summer correlates close-
ly with the blooming of diatoms and the export of sedi-
mentary particles (Nelson and Smith, 1986). In Prydz
Bay, increases in TMF and POC fluxes appear to com-
mence immediately following the complete disappear-
ance of sea ice, typically with minimal lag, often within
just a few weeks (Han et al., 2018; Yu et al., 2023). The
response patterns of Chl a concentration, TMF, POM flux,
and BSi flux between these two summers highlighted sig-
nificant differences, with TMF, POM, and BSi showing
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Fig. 3. Geochemical composition of particulate samples
over time with the four major components normalized to
100%.

higher correlations (Fig. 4), underscoring the critical role
of diatom blooms in their output.

During the austral summer of 2019/2020, satellite da-
ta of Chl a concentration revealed a decline during the lat-
ter stages of bloom Peak [ (Fig. 2a), which correspond-
ed with similarly to observations of first peak of TMF,
BSi and POC fluxes collected in mid-December from Cup
#1 (Figs 2b and c), consistent with flux values reported by
Han et al. (2019). From mid-December to early January,
Chl a concentration increased significantly, paralleling the
gradual decrease in TMF, BSi and POC fluxes from Cup
#1 to Cup #3, which indicated an increasing productivity
but a low export of particle fluxes from upper water. At
Peak [ of Chl a concentration, Cup #1 recorded a 8'3C,,
value of —25.4 %o, representing the middle to late phase
following the complete melting of sea ice, reflecting a
combined contribution of sea ice diatoms and centric di-
atoms to POC (Dieckmann and Hellmer, 2003). The re-
treat of sea ice diatoms due to complete sea ice melt led to
an increased dominance of centric diatoms within the di-
atom community (Lin et al., 2021). Despite the declining
trends in TMF, BSi and POC fluxes from Cup #1 to Cup
#3, Chl a concentration value experienced Peak II, likely
be linked to the bloom of Phaeocystis sp. in late Decem-
ber in study area (Kopczynska et al., 1995). Due to ineffi-
cient sinking of Phaeocystis sp. despite high productivity,
it was less to reach depths below the euphotic zone
(Reigstad and Wassmann, 2007). The §'°C,, value of
Cup #3 shifted positively compared to Cup #2 (Fig. 2c),
likely influenced by increased sea ice algae inputs in late
December, when SIC significantly increased (Fig. 2a).
Sea ice diatoms are located at the bottom of the ice. As the
sea ice melts, they enter the underlying water, making
their presence more noticeable in the early stages of ice
melting (Arrigo et al., 2015). So, at the end of December
2019, there would be an input of sea ice diatoms in Cup
#3, leading to an increase in 3'°C,,, value. Then, in mid-
January 2020, which was the height of austral summer,
the sea ice diatoms at the bottom of the sea ice have al-
ready been released, and the aggregation of sea ice could
not bring in the input of sea ice diatoms. The low BSi flux
in Cup #3 representd a reduction in the overall productivi-
ty of diatoms. The input from sea ice diatoms brought in
by sea ice, was small, thus has a limited impact on the
overall enhancement of diatom productivity. However,
sea ice diatoms have extremely high 813C-rich value, and
an increase in their relative proportion within the overall
diatom community could easily lead to an increase in the
813C,,, values of POM. From Cup #3 to Cup #7, BSi flux
gradually increased, with 8!3C,, values shifting gradual-
ly from —26.9 %0 to —29.7 %o, then to —28.0 %o, reflecting
the transition from Phaeocystis sp. to centric diatom-
dominated, then to pennate diatom-dominated communi-
ties (Kopczynska et al., 1995). Notably, the second flux
peak of TMF, BSi, and POC fluxes in Cup #6 occurred
prior to the Chl a concentration Peaks III and IV. In con-
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Fig. 4. Correlation coefficients between fluxes of different major components in the sediment trap samples (" 'p <

0.001, *p < 0.01, *p < 0.05).

trast, TMF, BSi, and POC fluxes of Cup #7 suddenly de-
creased while Chl a concentration reached at Peaks III and
IV, indicating the productivity of the total diatom commu-
nity decreased drastically, and the high Chl a concentra-
tion value related to non-diatom species such as flagel-
lates and autotrophic dinoflagellates at this time, which
had been reported previously (Kopczynska et al., 1995;
Taylor et al., 1997). The gradual increase in 6'3C,, val-
ues observed in Cups #4-—#7 primarily reflected the in-
creasing proportion of pennate diatoms within the diatom
community. As these smaller-sized algae, coupled with re-
duced diatom populations, had significantly lower sedi-
mentation rate and easily mineralized in the surface water,
resulting in a limited contribution of the entire algal com-
munity to POC flux (Arrigo and Thomas, 2004). This
aligns with the observation: POC and BSi fluxes were
highly correlated in summer (Fig. 4), suggesting diatoms
as the main source of settling organic matter.

During the austral summer of 2020/2021, sediment
traps deployed after complete sea ice melt, which approxi-
mately one and a half months later than in 2019/2020.
Following the sea ice melt, Chl a concentration values
gradually increased, with pronounced Chl a concentration
peaks observed throughout the summer, specifically
Peaks V and VI in February and March, respectively;
Peak VI exhibited higher values than Peak V. The 3'3C,,
values shifted from —30.6%o to —27.5%o, reflecting the suc-
cession from centric diatoms to pennate diatoms within
the diatom community (Kopczynska et al., 1995). From
late December to early February, Chl a concentration lev-
el gradually increased to Peak V, accompanied by rapid
increases in TMF and BSi, indicating a promoted of pen-
nate diatom productivity. Unlike Cups #3 and #4 of the
summer of 2019/2020, Cups #1' and #2" exhibited 3'°C,,,
values prominently skewed towards —30.0 %o in the first
half of January, suggesting centric diatoms dominated the
community post-complete sea ice melt. From late Febru-
ary to early March, Cups #4' to #6' recorded gradual de-
clines in TMF, BSi, and POC fluxes, while Chl a concen-

tration peaked at the end of February, similarly to the late
stage of 2019/2020, with the primary algal bloom during
Peak VI likely dominated by non-diatom algae.

Comparing these two summers reveals that sea ice
plays a vital role in the succession of algae communities,
the 13C-depleted of POC in 2020/2021 summer indicated
that delayed sea ice melt may promote the relative produc-
tivity of centric diatoms to the overall algal community
due to disappearance of Phaeocystis sp. bloom. The val-
ues of Chl a concentration were similar within January to
March between these two summers, however TMF, BSi,
and POC fluxes in 2020/2021 summer much higher com-
pared to 2019/2020 summer cannot be explained higher
the relative productivity of centric diatoms alone. The in-
significant increase in POC export, potentially attributa-
ble to changes in weakened efficiency of POM assimilat-
ed by zooplankton, which could be influenced by the de-
layed sea ice melt.

4.2 Remineralization and export of POM influ-
enced by sea ice melting time

In Prydz Bay, high productivity is associated with
rapid remineralization of organic carbon within the water
column. Summer data indicate that the concentration of
POC drops swiftly from 482.9 pg/L at the surface to
42.4 pg/L in the mixed layer at a depth of 200 m, reflect-
ing that most of POM at the surface is transformed into
dissolved organic carbon and dissolved inorganic carbon,
indicating a low efficiency of vertical carbon export
(Jiang et al., 2024). This phenomenon implicates complex
biogeochemical cycling mechanisms, including zooplank-
ton consumption and excretion (Lampitt et al., 1993; Boyd
et al., 2019), zooplankton vertical migration (Boyd et al.,
2019), particle aggregation and fragmentation (Briggs
et al., 2020), and degradation by marine bacteria (Giering
et al., 2014). Those factors all significantly influence the
fluxes of silicon and carbon, thereby affecting the vari-
ability of BSi/POC observed in the samples collected by
the two sets of sediment traps.
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In the Southern Ocean, a high BSi/POC ratio is usual-
ly related to the three primary factors. First, the lateral
transport of resuspended sediments may increase the
BSi/POC values in the samples of the sediment trap (Col-
lier et al., 2000). Considering minimal differences in the
location and depth of sediment trap deployment over two
years, the interannual difference in BSi/POC due to sedi-
ment resuspension may be limited. Second, Fe limitation
is a significant factor contributing to the increase in the
BSi/POC ratio of diatoms. Under non-limiting conditions,
the typical BSi/POC ratio of well-nourished diatoms is
0.13, but under iron-limited conditions, this ratio can in-
crease by 2 times to 3 times or more (Hutchins and Bru-
land, 1998; Takeda, 1998). During the austral summer, the
BSi/POC ratios in Prydz Bay show a consistent pattern
(Han et al., 2018, 2019), increasing gradually from De-
cember to March. This period sees high productivity in
the SIZ, where diatom blooms deplete available iron, par-
ticularly the bioavailable form crucial for diatoms. This
iron scarcity may elevate diatom Si/C uptake ratios, a re-
sponse to iron stress as indicated by Brzezinski and Nel-
son (1989). Notably, during the two summers, the flux of
Fe was relatively consistent (Fig. 2¢). Therefore, while Fe
limitation may be present, it does not appear to be the pri-
mary determinant of the differences of BSi/POC ratio be-
tween these two summers. Third, grazing and aggregation
of diatom lead to decoupling of organic carbon and BSi
degradation, resulting in variation of BSi/POC ratio (Pon-
daven et al., 2007). Meanwhile, the culture experiment
showed when diatoms are exposed to grazers, the
BSi/POC ratio could increase by a factor of 2-3 (Pondav-
en et al., 2000, 2007). So, there are two possible explana-
tions to the differences of BSi/POC ratio between these
two summers: (1) a promotion of BSi decomposition in
the former summer relative to the latter summer; (2) high
stress from grazers increasing diatoms’ synthesis of BSi in
latter summer relative to the former summer.

The delayed melting of sea ice can influence the tim-
ing of algal blooms, which subsequently affects the activi-
ty of zooplankton such as krill (Moline et al., 2008;
Schmidt et al., 2014). During the austral summer of

2019/2020, a substantial quantity of krill molt and individ-
uals were collected in the sediment traps (Fig. Sa), indicat-
ing relatively high biological activity in the study area at
that time. Conversely, in the austral summer of
2020/2021, the number of krill molt and individuals cap-
tured in the traps significantly decreased (Fig. 5b), sug-
gesting potential seasonal variations in biological activity
or alterations in ecosystem structure. Furthermore, the
315N values in particulate matter from these two summers
reflect the processing of organic matter by consumers, in-
cluding krill (Lourey et al., 2003). Two factors influenc-
ing 8!°N in particulate matter are as follows. First, the
proliferation of phytoplankton leads to substantial con-
sumption of nitrate in the water column, resulting in the
enhanced uptake of enriched 3'°N (Altabet and Francois,
2001). Second, secondary processes occurring in the up-
per and mid-water column, such as trophic transfer, parti-
cle reworking, and mid-water remineralization, can sub-
stantially elevate 8'°N values in sinking particulate mate-
rial (Altabet and Francois, 2001; Lourey et al., 2003). The
upper water in the study area contains high concentra-
tions of nitrate (30—40 umol/L) that remains are largely
unutilized by phytoplankton, even during periods of phy-
toplankton growth (Sigman et al., 1999; DiFiore et al.,
2006). Therefore, nitrate does not a limiting factor for bio-
logical productivity in study area. Consequently, the ele-
vated 315N values in particulate matter from these two sets
of traps are unlikely to be associated with excessive ni-
trate consumption due to phytoplankton blooms. Instead,
they are more likely influenced by trophic transfer, parti-
cle reworking, or mid-water remineralization processes.
The 8'°N value and count of krill in Cups #1'-#6' from
the austral summer of 2020 and 2021 within January to
March are significantly lower than those in the Cups #3—
#7 from the previous summer with the same time (Figs 2d
and 5), indicating less intense feeding activity during the
former summer, which can be attributed to the adverse ef-
fects of a prolonged period of sea ice persistence
(Williams et al., 2008). Moreover, the stress response of
diatoms was observed under experimental conditions
(Pondaven et al., 2007). In an open water body system
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like Prdyz Bay, such stress should be significantly re-
duced, especially considering that the feeding intensity al-
ready decreased compared to the latter summer. So, stress
response of diatoms by grazing should not be accounted
for the higher value of BSi/POC of the summer of
2020/2021. The feeding activity of zooplankton can lead
to the consume of organic carbon and the fragmentation of
diatom frustules, thereby enhancing the dissolution rate of
biogenic silica (Pondaven et al., 2007). Additionally, zoo-
plankton enhance transport efficiency through their feces
and vertical migration, which is conducive to the preser-
vation of organic carbon (Dagg et al., 2003). Both factors
leaded to a more slow-growing and lower BSi/POC ratio
in the summer of 2019/2020 than that in the summer of
2020/2021. Therefore, when evaluating the impact of zoo-
plankton on the biological pump, the promoted turnover
rate of Si they facilitated should not be overlooked.

5 Summary and implications

Overall, the variation in retreat time of sea ice exerts a
significant influence on the export of particulate matter in
the Antarctic marginal sea. This phenomenon is closely
linked to the succession of phytoplankton communities
and the growth and grazing activities of zooplankton. The
delayed sea ice retreat in the austral summer of 2020/
2021 than 2019/2020 led to a promote of centric diatoms,
weakened zooplankton grazing, potentially facilitated the
efficient sinking of organic matter. These interconnected
factors underscore the complex dynamics by which sea
ice influences the productivity, community composition,
and biogeochemical cycling within the polar marine
ecosystem.
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Table A1l. Mean value and uncertainty of TOC, TON, 813C0rg, and 8°N of POM in sediment trap samples of both
summers
CHINARE (year) Cup TOC proportion/% TON proportion/% 313C /%0 S13N/%o
CHINARE-36 #1 10.19 + 0.04 1.25+0.07 -25.4 1.8+0.0
(2019/2020) #2 13.13 £ 0.06 1.55+0.01 -27.6 2.1
#3 10.72 £ 0.02 1.56 +0.03 -26.9 34
#4 11.11 £0.02 1.61+0.02 —28.7 3.5
#5 10.33 +£0.04 1.56 +0.02 -29.7+0.1 3.0£0.0
#6 8.76 £ 0.03 1.24 +£0.00 8.27 22402
#7 6.87+0.01 0.94 +0.02 7.75 3.0
CHINARE-37 #1' 11.78 £ 0.04 1.32+0.00 -30.6 1.0
(2020/2021) #2' 9.98 £0.06 1.06 +£0.00 -30.5 0.9
#3' 7.95 +0.04 0.95+0.01 -29.9 0.8+0.1
#4' 6.67 +0.03 0.77 £ 0.01 -29.0 1.3
#5' 5.61+£0.05 0.70 £ 0.00 -27.8 1.5
#6' 5.25+0.01 0.69 +0.00 -27.5 1.6

Note: For TOC and TON analysis, every sample was measured twice at one time, and the mean of two measurements is reported

here. For 613C0rg and 35N analysis, every sample was measured once, and some samples were randomly selected for replicate

testing.


https://doi.org/10.1029/GM032p0099
https://doi.org/10.1016/j.dsr2.2009.04.020
https://doi.org/10.1016/j.dsr2.2007.11.007
https://doi.org/10.1029/2012GB004398
https://doi.org/10.1007/s00300-013-1387-4
https://doi.org/10.1007/s00300-013-1387-4
https://doi.org/10.1007/s00300-013-1387-4
https://doi.org/10.1007/s00300-013-1387-4
https://doi.org/10.1007/s00300-013-1387-4
https://doi.org/10.1007/s00300-013-1387-4
https://doi.org/10.1007/s00300-013-1387-4
https://doi.org/10.1007/s00300-013-1387-4
https://doi.org/10.1029/2023JG007415
https://doi.org/10.3389/fmars.2023.1135900
https://doi.org/10.3389/fmars.2023.1135900
https://doi.org/10.1016/j.dsr.2013.08.006
https://doi.org/10.1016/j.dsr.2013.08.006
https://doi.org/10.3969/j.issn.1672-5174.2011.07.002
https://doi.org/10.3969/j.issn.1672-5174.2011.07.002
https://doi.org/10.3969/j.issn.1672-5174.2011.07.002

	1 Introduction
	2 Methods and materials
	2.1 Study area and sampling
	2.2 Laboratory analysis
	2.2.1 Bulk analysis of sediment trap samples
	2.2.2 δ15N and δ13C analyses of POM
	2.2.3 Remote sensing of sea ice concentration and chlorophyll a


	3 Results
	3.1 Temporal variation of SIC and Chl a concentration
	3.2 Mass and elemental fluxes
	3.3 Molar ratios
	3.4 Particulate stable isotope data
	3.5 Geochemical composition of particulate matter

	4 Discussion
	4.1 Annual variations in summer particle flux dynamics
	4.2 Remineralization and export of POM influenced by sea ice melting time

	5 Summary and implications
	Acknowledgement
	References

