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Abstract

Nutrient uptake status dominates phytoplankton biomass and community structure in the Southern Ocean during austral
summer, yet how nutrient utilization variability responds to phytoplankton community succession is still unclear, partly
due to lack of data spanning the entire summer. In this study, nitrate, phosphate, and silicate combined with
temperature, salinity, and apparent oxygen utilization (AOU) were analyzed along 45°E in the Cosmonaut Sea during
December 2019, January 2021, and February 2022. The variations in nutrient utilization in the euphotic layer were
studied using biogeochemical tracers, and seasonal nutrient depletion was also estimated. The results showed that
nutrient distribution varied significantly from December to February. Significant positive correlations were observed for
nitrate and silicate concentrations with salinity and AOU, indicating that nutrient distributions were mainly influenced
by water mass and phytoplankton production. Increasing A[N*] and decreasing A[Si*] in the upper 50 m were observed
south of 63.5°S from December to February, which possibly contributed to a progressive shift in dominant
phytoplankton population from Phaeocystis antarctica to diatoms. The seasonal nutrient depletion generally increased
from December to February. Moreover, the consumption of silicate substantially increased compared to nitrate,
indicating that the abundance of diatoms was increasing with time during the austral summer. Our observations suggest
that nutrient utilization status is closely related to phytoplankton community structure in the euphotic layer of the
Cosmonaut Sea.

Key words nutrient, biogeochemical tracers, seasonal depletion, monthly variation, Cosmonaut Sea

Citation  Yang Xufeng, Li Dong, Zhao Jun, Zhang Cai, Zhu Changfeng, Cao Shunan, Luo Guangfu, Fan Gaojing,
Sun Yongming, Hu Ji, Zhang Haifeng, Yu Peisong, Sun Weiping, Pan Jianming, He Jianfeng. 2025. Monthly variations
in nutrient utilization along 45°E transect in the Cosmonaut Sea, East Antarctica during austral summer. Acta
Oceanologica Sinica, 44(4): 75-89, doi: 10.1007/s13131-025-2480-6

1 Introduction ton and other ocean life and vice versa (Sarmiento, 2004).
The supply amount and structure of nutrients have a sig-

Dissolved nutrient is fundamental to sustaining ocean nificant effect on phytoplankton biomass and community
life growth, thus its distribution within the euphotic layer structure (Quigg et al., 2003). The nutrient uptakes of var-
plays an important role in the distribution of phytoplank- ious phytoplankton species are also obviously different,
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thus changing the nutrient stock and structure in the eu-
photic depths. Phytoplankton usually assimilates dis-
solved nutrients in a similar ratio called canonical Red-
field’s N:P:Si of 16:1:16, which leads to the same nutri-
ent ratio for phytoplankton biomass. The above rule is very
helpful for researchers to understand the ocean biogeo-
chemical cycle and phytoplankton community shift in the
euphotic layer. Without a doubt, various N:P:Si ratios are
also observed in some sea areas, especially in the South-
ern Ocean (Martiny et al., 2013), which shows that nutri-
ent consumption deviates from conventional ratios, possi-
bly due to special phytoplankton community structure.
The Southern Ocean is a huge carbon sink region due
to carbon fixation by phytoplankton and its cold environ-
ment (Gruber et al., 2019a, b). Nitrogen, phosphorus, and
silicon are not the limiting factors for primary production
in the Southern Ocean, which is characterized by high nu-
trient and low chlorophyll (HNLC) compared to the other
oceans. Even though the coastal area near the ice shelf
sometimes shows high production, the phenomenon lasts
for a short time (Rubin et al., 2004). Light limitation
(Mitchell et al., 1991; Fan et al., 2024), unstable water
column (Nelson et al., 1991), deficiency of micronutri-
ents such as Fe (Buma et al., 1991; Holm-Hansen et al.,
1994), zooplankton grazing (Burkill et al., 1955), and oth-
er factors can lead to high nutrient and low production.
The researches show that Fe limitation can induce the
change of N:P:Si uptake ratio by phytoplankton and fur-
ther regulate the nutrient cycle in the Southern Ocean
(Hutchins et al., 1998; Takeda et al., 1998). The ongoing
research on nutrient status will help us discover the mech-
anism of low production in the Southern Ocean.
A[N'](NO;-16PO;™) and A[Si*] (SiO3”-NOJ), two
biogeochemical tracers, were proposed to evaluate the dif-
ference between nutrient supply and phytoplankton up-
take (Sarmiento et al., 2004; Parli et al., 2020), which can
further reflect phytoplankton dominant species. For exam-
ple, a decrease in A[Si*] indicates increasing siliceous-
shell phytoplankton in the community due to increasing
silicate consumption. Parli et al. (2020) found that most of
the tracer distributions can be explained by the dominant
phytoplankton populations. Thus, A[N*] and A[Si*] are
useful tools to understand the interactive relationship be-
tween nutrient cycles and phytoplankton production.
Several studies have been carried out on nutrient dis-
tribution (Westwood et al., 2010; Huang et al., 2022),
tracer (A[N*] and A[Si*]) variability (Parli et al., 2020), ni-
trogen uptake rates (Gandhi et al., 2012), and seasonal nu-
trient depletion (Parli et al., 2020) in the Cosmonaut Sea
during the austral summer, the highest productive season,
which help us understand the nutrient status at a certain
period of summer. It is a pity that the results are photo-
graphic, so we cannot comprehensively understand how
nutrient distribution, structure, and consumption change
with time during the entire summer. In this study, based
on the 36 th, 37 th, and 38 th China Antarctic Research

Expedition (CHINARE), we studied a typical section cov-
ering the coastal area and open ocean in the Cosmonaut
Sea. The most important thing was that sampling time
covered the entire summer, including early summer (De-
cember), mid-summer (January), and late summer (Febru-
ary). The characteristics of nutrient distribution, biogeo-
chemical tracers (A[N*] and A[Si*]), and nutrient deple-
tion during each month were analyzed to discuss the nutri-
ent variability and how phytoplankton biomass and com-
munity structure responded to nutrient change from early
summer to later summer.

2 Materials and methods

2.1 Study area and oceanography

The study area is located along 45°E between 62°S
and 68°S in the Cosmonaut Sea, East Antarctica (Fig. 1).
There are three main circulations existing in the region,
including the Weddell Gyre (WG), the southern boundary
(SB) of the Antarctic circumpolar current, and the Antarc-
tic slope current (ASC) (Fig. 1). The southern extent of
circumpolar deep water (CDW) is described by Orsi et al.
(1995) as SB. Warm and high-nutrient CDW is covered
by Antarctic surface water, and thus its upwelling or intru-
sion can lead to the increase of upper nutrient concentra-
tions (Huang et al, 2022). The WG, the dominant
circulation located in the western part of 40°E in the Cos-
monaut Sea, causes a shallower, warmer, and fresher sea-
sonal mixed layer in the western region than those of the
eastern region (Williams et al., 2010). The modified cir-
cumpolar deep water (MCDW) in the study area is no-
tably warmer and saltier than those in areas further east
(Qi et al., 2025). As for the eastern part of the Cosmonaut
Sea, the influence from WG shows a meridional decrease.
In addition, the ASC with a robust narrow westward-flow-
ing jet brings fresh shelf water, including bioavailable
iron, and causes high chlorophyll a concentration along
the shore (Meijers et al., 2010).

The upper water column is dominated by Antarctic
surface water (AASW) and winter water (WW), mainly
characterized by lower salinity and lower temperature (Qi
et al. 2025). Below 200 m, saline and warm CDW pre-
vails. Sea ice meltwater (SIW) is mainly distributed with-
in the upper 100 m near the shelf. The masses and circula-
tions, characterized by the special physicochemical envi-
ronment, are the key factors to nutrient distribution in the
top 250 m of the water column (Orsi et al., 1995).

2.2 Sample collection and measurements

The sampling was conducted in the Cosmonaut Sea
aboard R/V Xuelong 2 from December 24, 2019, to De-
cember 26, 2019; from January 16, 2021, to January 22,
2021; and from February 2, 2022, to February 14, 2022,
during CHINARE-36, CHINARE-37, and CHINARE-38,
separately. Considering that the sampling interval of each
cruise is only one year, and meanwhile, there are no spe-
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Fig. 1. Sampling stations of each cruise, bathymetry and circulation located in the Cosmonaut Sea. The black cycles,
red squares and blue triangles indicate the sampling stations from the CHINARE-36, CHINARE-37 and CHINARE-38,
respectively. The currents in the study area mainly include the southern boundary (SB) of the upper circumpolar deep
water (blue line), the eastern boundary of Weddell Gyre (WG, cyan line) and Antarctic slope current (ASC, black line).

cial climate events occurring in the Cosmonaut Sea in re-
cent years (Hao et al., 2025), inter-annual variations of
some physical and biochemical parameters can be ignor-
able. Moreover, as an important influence factor on the
biogeochemical cycle in this area, the sea ice concentra-
tion always decreases with time from December to Febru-
ary in each year, inferred from public sea ice concentra-
tion data from the university of Bremen (https://data.
seaice.uni-bremen.de/databrowser/). Therefore, it was
practicable to conduct the research on monthly nutrient
variability using the data from the three cruises.

Discrete seawater samples from about 10 stations in
each cruise were collected from 7 depths (0 m, 25 m,
50 m, 75 m, 100 m, 150 m and 200 m) using a Niskin
sampler (5 L or 10 L) attached to a rosette connected to a
Seabird 911plus CTD (Seabird, USA). Note that the sam-
ples from 150 m are missing during the CHINARE-36.

Temperature and salinity data were obtained from
the Seabird 911plus CTD during CHINARE-37 and
CHINARE-38. For the CHINARE-36, temperature and
salinity data are from a moving vessel profiler.

The collected seawater samples were filtered with a
0.45 pm cellulose acetate filter membrane (Whatman,
USA). The filtrate was collected in an acid-cleaned
polypropylene bottle and stored in a —20°C condition
for nutrient measurement in the lab. The nitrate (NO5 -N),
phosphate (PO?[—P), and silicate (SiO%“ -Si) concentra-
tions were determined using the diazo method with a cop-
per-cadmium reduction column, the phosphomolybde-
num blue method, and the silicon-molybdenum blue
method, respectively, by an AA3 automatic nutrient ana-

lyzer (SEAL, Germany). The nutrient concentrations of
seawater samples were calculated by the linear relation
between the standard solutions and their light absorption
values. The standard solutions (GBW 08617-08645) used
in the experiment were produced by the Marine Refer-
ence Material Center, Second Institute of Oceanography,
Ministry of Natural Resources of China. The measure-
ment precisions of nitrate, phosphate, and silicate are
0.06 umol/L, 0.012 umol/L and 0.05 pmol/L, respectively.
Dissolved oxygen samples were collected in DO bottles,
fixed with Winkler’s reagents, acidified, and analyzed on-
board by titrating against sodium thiosulphate. The dis-
solved oxygen concentrations were further used to calcu-
late the apparent oxygen utilization (AOU). The above da-
ta were given detailedly in Table S1.

2.3 The estimate of seasonal nutrient depletion

Several research studies showed that phytoplankton
consumed nutrients without the canonical Redfield’s
N:P:Si ratio of 16:1:16 (Hutchins et al., 1998; Timmer-
mans et al., 2004; Giddy et al., 2012; Martiny et al., 2013),
especially in the Southern Ocean, which is indicative of
an imbalance between nutrient supply and phytoplankton
uptake. To further understand the observed differences be-
tween nutrient utilization and stoichiometry, two biogeo-
chemical traces called A[N*] and A[Si*Jwere introduced as
important indicators of nutrient condition related to phyto-
plankton requirements (Sarmiento et al., 2004). The bio-
geochemical tracers were computed as follows:

AIN*] = [NO31- 16[PO;7], (1)
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A[Si*] = [SiO31-[NO;3 1. )
Seasonal nutrient depletion was estimated using the
widely recognized 7, method given by Rubin et al.
(2004). As a thermos-halocline will form in the Cosmo-
naut Sea during summer, the condition meets the basic
principles of using the 7, ; method. Assuming that nutri-
ent is mainly consumed by phytoplankton from spring due
to the melting of sea ice and increasing light availability,
nutrient depletion is estimated as the difference between
observed nutrient stock and residual WW nutrient stock
and can be calculated by integrating the water column
from the surface to the depth of winter water. The expres-
sion is as follows:

b4 z
NXU = _[()ACdZ = IO(CWW - Csample)dZ’ (3)

where the seasonal nutrient depletion is expressed by the
NXU. The character X in Eq. (3) represents nitrate, phos-
phate, or silicate. The character C denotes the nutrient
concentration, and Z is for the water depth where the low-

est temperature is located. The depth of winter water in
the study area was 50 m or 75 m.

3 Results

3.1 Basic hydrological parameters

The vertical distributions of temperature and salinity
along the 45°E transect in the Cosmonaut Sea during
December 2019 (Fig. 2a), January 2021 (Fig. 2b), and
February 2022 (Fig. 2¢) of the austral summer were illus-
trated in Fig. 2. Seawater temperatures ranged from
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—-1.820°C to 1.619°C with an average value of (-0.637 +
1.107)C in December. Similarly, the temperature varied
from —1.838°C to 1.601°C with an average value of
(-0.676 £ 1.177)°C in January; however, it obviously rose
in February, ranging from —1.838°C to 1.737°C with an
average value of (0.101 + 1.260)°C. Note that the temper-
atures of three stations at high-latitude regions were not
collected in December, resulting in a slightly higher aver-
age temperature. Based on data from the same stations
and depths, seawater temperatures showed a gradual in-
crease from December to February, mostly resulting from
the heating of the mixing layer. Vertically, seawater tem-
peratures initially decreased with depth before increasing
again below about 75 m during all three months, indicat-
ing the presence of a low-temperature layer, likely due to
residual winter water. Additionally, higher latitudes ex-
hibited lower seawater temperatures during all the
months, especially in January. From December to Febru-
ary, the low-temperature zone located at high latitudes ex-
panded northward, eventually being overtaken by intru-
sion of higher-temperature deep water from low latitudes.
As shown in Fig. 2, seawater salinity ranged from
33.616 to 34.693, with an average value of 34.186 + 0.289
in December, whereas it displayed a wider range of
32.042 to 34.674, with an average of 34.088 + 0.475 in
January. In February, salinity ranged from 33.220 to
34.684, with an average value of 34.166 + 0.385. Vertical-
ly, salinity increased with depth uniformly during Decem-
ber. As for January, the salinity of shallow water at high
latitudes experienced a notable reduction, likely due to
melting ice with low salinity, while deep-water salinity
slightly decreased. In February, the areas of low salinity
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Fig. 2. Vertical distributions of temperature and salinity along 45°E in the Cosmonaut Sea during December 2019 (a),

January 2021 (b) and February 2022 (c).
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reduced slightly compared to that in January, and deep
water with high salinity expanded northward significantly.
This similarity in distributions of temperature and salinity
suggests the coexistence of at least two water masses
characterized by high temperature, high salinity, and low
temperature, moderate salinity in the study area during the
summer.

3.2 AOU

The AOU values are widely used to evaluate water
heterotrophy or autotrophy, wherein negative values
denote autotrophy and positive values indicate heterotro-
phy. AOU ranged from —22.9 umol/kg to 160.4 umol/kg
in the study region during December, with an average val-
ue of (53.1 + 54.5) pumol/kg, and it varied between
—40.6 umol/kg and 162.7 pmol/kg in January, with an av-
erage value of (63.4 £ 52.8) umol/kg; in February, it
ranged from —35.3 pmol/kg to 163.3 umol/kg, averaging
(81.5 + 59.9) umol/kg (Fig. 3). Overall, vertical distribu-
tion of AOU showed strong alignment with salinity pat-
terns, reflecting the unique trophic status of each water
mass. Specifically, in December, surface waters shallow-
er than 25 m exhibited negative AOU, indicating autotro-
phy. In January, the region with negative AOU was con-

65°S

fined to south of 64°S but showed a more negative value.
By February, the area showing autotrophic reduction was
south of 65.5°S, while deep waters with high AOU from
mid- and low-latitude spread southward, similar to tem-
perature and salinity trends.

3.3 Nutrients

During the austral summer, nitrate concentrations
within the study area ranged from 14.0 pmol/L to
35.9 umol/L [average value: (22.5 = 6.0) umol/L] in De-
cember, 17.1 pmol/L to 37.8 umol/L [average value:
(29.1 £ 5.0) pmol/L] in January, and 14.8 umol/L to
34.5 pumol/L [average value: (28.4 + 4.7) pumol/L] in
February (Fig. 4). The nitrate exhibited the highest con-
centration during January. Vertically, nitrate concentra-
tions increased with depth in December, and the low val-
ues (<20 pumol/L) were always observed in the upper
50 m at both ends of the transect. The 20 pmol/L isopleth
extended below 100 m at higher latitudes. A tongue of el-
evated nitrate was observed around 64.3°S, potentially in-
dicative of upwelling. In January, nitrate concentrations
were generally above 30 umol/L below 50 m, while sur-
face waters south of 66°S exhibited concentrations as low
as 20 umol/L. By February, the distribution pattern shifted
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Fig. 4. Vertical distributions of NO3-N concentration along 45°E in the Cosmonaut Sea during December 2019 (a),

January 2021 (b) and February 2022 (c).

slightly, showing a decrease of approximately 5 umol/L
in the upper 50 m, and the low nitrate waters (<30 pmol/L)
spread northward from high latitudes.

Phosphate concentrations ranged from 0.89 umol/L to
2.48 pmol/L [average value: (1.53 + 0.37) umol/L] in
December, 0.96 pmol/L to 2.47 pumol/L [average value:
(2.01 + 0.35) umol/L] in January, and 0.90 pmol/L to
2.67 pmol/L [average value: (2.00 = 0.40) umol/L] in
February (Fig. 5). The vertical distribution of phosphate
largely mirrored that of nitrate. Low phosphate concentra-
tions were observed in the upper 50 m in December, while
in January and February, these low concentrations were
confined to the upper 25 m south of 65°S. A similar north-
ward expansion of low phosphate waters from high lati-
tudes was also observed.

Silicate concentrations ranged from 21.9 pmol/L to
77.9 pmol/L [average value: (39.9 = 14.1) umol/L] in
December, 30.8 pmol/L to 82.0 umol/L [average value:
(53.4 £ 12.9) umol/L] in January, and 14.8 pmol/L to
72.3 umol/L [average value: (44.7 = 14.0) umol/L] in
February (Fig. 6). The vertical distribution of silicate gen-
erally followed the trends of nitrate and phosphate. How-
ever, the lowest silicate concentrations (<20 umol/L) were
observed between 64°S and 65°S in February, whereas the

lowest nitrate and phosphate concentrations were located
south of 66°S. These distributional differences among the
nutrients suggest potentially their distinct utilization pat-
terns.

The nutrient concentrations of winter residual water
were also obtained according to its specific identification
method. The nitrate, phosphate and silicate in winter
water in December were (21.9 = 3.9) umol/L, (1.46 +
0.13) umol/L, and (36.5 + 8.5) umol/L, respectively,
which are (31.5 £ 3.1) umol/L, (2.04 £ 0.08) umol/L and
(52.6 £ 4.4) pmol/L in January and (28.0 = 1.9) pmol/L,
(2.06 = 0.14) umol/L, and (41.1 £+ 2.8) umol/L in Febru-
ary. It is obvious that the nutrient levels of winter water
are similar to the whole water column.

3.4 Biogeochemical tracers N'and Si*

A[N*] values ranged from —6.8 to 5.6 (average value:
—2.0 + 2.2) in December, showing low A[N*] levels gener-
ally (Fig. 7a). For the south of 65°S, A[N*] values in
depths of the upper 100 m remained relatively constant
level of around —2.5, while they hovered near 0 north-
ward, exhibiting a relatively homogenous distribution.
The largest variations in A[N*] were observed at 200 m.
Compared to that in December, A[N*] values in January
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Fig. 5. Vertical distributions of PO?" -P concentration along 45°E in the Cosmonaut Sea during December 2019 (a),

January 2021 (b) and February 2022 (c).

decreased slightly. Below 75 m south of 64°S, A[N"] ex-
perienced a reduction of approximately 2.5. By February,
the vertical distribution of A[N"] changed significantly,
characterized by an increase of approximately 5 in the up-
per 25 m south of 64°S.

A[Si*] values in December ranged from 4.5 to 43.3
(average value: 17.4 + 8.8). The vertical distribution of
A[Si"] largely mirrored that of A[N*], with relatively uni-
form values of around 15 in the upper 100 m. In contrast
to that in December, A[Si*] values in January exhibited
an increasing trend with depth, showing a pronounced
gradient north of 64.5°S and a maximum difference of
over 30. Furthermore, the lowest A[Si*] values south of
66°S were observed at 25 m or 50 m, rather than at the
surface. By February, A[Si*] decreased significantly (by
about 20) in the upper 25 m, and high A[Si*] waters deep-
er than 100 m appeared to have been transported south-
ward to 66.5°S.

4 Discussion

The Cosmonaut Sea exhibits high biological produc-
tivity during the austral summer (Westwood et al., 2010).

It was reported that mixed-layer chlorophyll a concentra-
tions reached 0.5 mg/m? in the region during summer
(Demidov et al., 2000), productivity of which also exceed-
ed other frontal zones along the same longitude (Parli
et al., 2020). This period is characterized by coupled bio-
geochemical processes, including glacial meltwater input,
ocean currents, nutrient upwelling, and shoaling of the
mixed layer. These processes significantly influence nutri-
ent spatiotemporal distribution, composition, and con-
sumption. The factors controlling nutrient dynamics can
vary considerably across different periods of summer;
hereby, monthly investigation is necessary in the Cosmo-
naut Sea during summer.

4.1 Monthly nutrient variations

This study provided a comprehensive dataset of nutri-
ent concentrations and related parameters for December,
January, and February in the Cosmonaut Sea. The nutri-
ent in each month exhibited a distinct distribution pattern.
Given the similar distribution of phosphate and nitrate, we
focused on nitrate and silicate to explore the monthly vari-
ations and their controlling factors to avoid redundancy.

In December, both nitrate and silicate concentrations
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generally increased with depth and were lower in the
upper 50 m layer. The vertical profiles of temperature
and salinity reveal a sharp change at a depth of about 50
m, indicating the development of a thermocline. This ther-
mocline can provide a stable physical environment con-
ducive to phytoplankton growth, potentially leading to the
observed depletion of nitrate and silicate in shallow lay-
ers, corroborated by negative AOU values in the same re-
gion. Furthermore, the low nitrate zone south of 65.5°S
showed low temperature and salinity, suggesting the influ-
ence of shelf waters transported by the ASC. We also
found that the ice edge was located near 65.5°S during
December (Fig. S1). The shelf water with more ice-melt-
ing water due to earlier melting would result in dilution
of nutrients in the mixed layer of the water column (Parli
et al., 2020). In addition, iron (Fe) in the sea ice may
be two orders of magnitude higher than that in the under-
lying seawater (Schoemann et al., 2008). Ice-melting
water with high Fe can stimulate phytoplankton growth
and further influence the nutrient uptake (van der Merwe
et al., 2011), which means that seasonal retreat of the ice
edge can induce seasonal phytoplankton bloom and nutri-
ent dynamics.

In January, nitrate concentrations increased substan-
tially compared to those in December, showing relatively
homogenous distribution below 50 m. Low nitrate values
were confined to the water’s upper 50 m south of 65°S.
Silicate distribution differed from nitrate slightly, show-
ing a decreasing trend with latitude below 50 m. The tem-
perature-salinity profiles clearly indicate the presence of
two distinct water masses: a warm, saline water mass and
a cold, moderately saline water mass. The high similarity
between nutrient distributions and hydrological properties
suggests that water mass mixing significantly influenced
nutrient distribution in January. The distribution of AOU,
an important indicator of water mass characteristics
(Zhang et al., 2024; Parli et al., 2020), further supports
this conclusion. The low nitrate zone south of 65.5°S ex-
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hibited warm, low salinity characteristics (7> 0°C, § <
33.6) and more negative AOU, indicating the combined
influence of Antarctic Surface Water and biological pro-
duction. Notably, silicate concentrations did not decrease
significantly in this region, suggesting potential preferen-
tial uptake of nitrate over silicate by phytoplankton.

Nutrient distributions in February were broadly simi-
lar to those in January. However, high-nutrient waters
from lower latitudes, characterized by warm, saline condi-
tions and low AOU, continued to intrude southward into
the colder, moderately saline waters at higher latitudes.
The low nitrate zone expanded northward to 63°S, indicat-
ing intensified biological activity. Furthermore, low sili-
cate concentrations were observed within the low nitrate
zone. Coupled with the mismatch between nitrate and sili-
cate in the shallow waters south of 65.5°S in January, it
suggests that a shift in phytoplankton community compo-
sition can significantly alter nutrient stoichiometry.

To further elucidate the influence of biological pro-
duction and water mass transport on nutrient distributions
and stoichiometry, we conducted statistical analyses in
detail. Pearson correlation coefficients (Fig. 8) reveal
significant positive correlations between nitrate, silicate,
and AOU for all three months. Further, the correlation
strength (R-values) increased over time from December to
February, suggesting a progressively stronger biological
control on nutrient dynamics, probably enhanced phyto-
plankton growth. Biological uptake of nutrients increases
with the melting of ice, physical mixing, and increased
sunlight (Prend et al., 2019). The above factors, including
water temperatures (Fig. 2), ice-melting water with Fe
(Fig. S1), and light availability (Garcia et al., 2009), in-
crease with time from December to February.

However, the strong nutrient-AOU correlations may
also reflect the influence of water mass mixing, as AOU is
a reliable water mass tracer (Guo et al., 2023). Therefore,
we also assessed the correlations between salinity and nu-
trients. The results showed significant positive correla-
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Fig. 8. Pearson correlation between AOU and NO3-N (a) or Siog_-Si (b) concentrations during December, January

and February in the Cosmonaut Sea.
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tions and increasing correlation coefficients over time
(Fig. 9), highlighting the importance of water mass trans-
port in regulating nutrient distributions. Analysis of 7-S
relationships (Fig. 9) reveals the presence of CDW, WW,
and AASW. The shelf water driven by ASC could be
present, but it was hard to identify due to various tempera-
tures and salinity from months. Specifically, the influence
of CDW was lowest in January, followed by December,
and highest in February, potentially reflecting monthly
variations in ocean currents (Moffat et al., 2009). Nutri-
ent-rich CDW upwells and replenishes nutrients in the
surface and subsurface layers, which are subsequently
consumed by phytoplankton. The interplay of these water
masses partly governs nutrient concentrations and spatial
distributions.

4.2 Control factors of A[N'] and A[Si"]

A[N*] and A[Si"] are valuable indicators of the differ-
ence between nutrient uptake and Redfield stoichiometry,
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providing insights into phytoplankton nutrient utilization
in the euphotic layer (Sarmiento et al., 2004). In this
study, A[N*] and A[Si*] exhibited substantial monthly
variations in the Cosmonaut Sea during austral summer
(Fig. 10).

In December, A[N*] was relatively homogenous, with
values near 0 north of 64.5°S and varying from -5 to —2.5
south of 64.5°S. These values are considerably lower than
those reported by Parli et al. (2020) for the polar front.
Similar to A[N*], A[Si*] was also uniform (about 15)
throughout the water column, except at a depth of 200 m,
consistent with Parli et al. (2020). A[N*] values ranged
from —2.5 to 0 at the upper 25 m, coinciding with the zone
with high phytoplankton productivity (negative AOU).
This suggests phytoplankton assimilated nitrate and phos-
phate by a near-Redfield ratio and consumed slightly less
silicate compared to nitrate. South of the Polar Front, phy-
toplankton species are between diatoms and P. antarctica
over the austral summer (Giddy et al., 2012). The assimi-

b O Dec., R=0.69, n=48, p<0.001
O Jan, R=0.64,n=62, p <0.001
801 A Feb.,R=0.93,n=065, p<0.001

Si02—Si/(umol-L)

© ocean data view

21—
o, O 80
N
|
|
| 70
l 4
o | 60 ~
g e 2
z 3
jo) o=
- w1
= !
= 7o) 40 %o
= < Q
2 o &
(=9
30
L
2
<
£ 8
O| Dec. S
O/ Jan. 51":;
Ly WA Feb | : . s 10
32.5 33.0 335 34.0 0

Salinity

Fig. 9. Pearson Correlation between salinity and NO3-N (a) or Siog_ -Si (b) concentration during December, January
and February in the Cosmonaut Sea, and NO5 -N (c) or SiOg_ -Si (d) in different water masses above 200 m depth. The
light grey curves represent the contours of potential density anomalies (kg/m3) referenced to zero pressure. The water
masses in the upper 200 m mainly include Antarctic surface water (AASW, black line), winter residual water (WW,
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Fig. 10. A[N*] (a) and A[Si"] (b) variations from stations in all sampling depths along 45°E during December, January

and February in the Cosmonaut Sea.

lation ratios of NO3 -N:POZ_ -P by these two phytoplank-
tons are significantly different, which for P. antarctica
(19.20 £ 0.61) is nearly twice as high as that for diatoms
(9.69 £ 0.33) (Arrigo et al., 1999). Moreover, silicon is
mainly consumed by diatoms while it is almost not influ-
enced by P. Antarctica. Pigment data from the same
cruise further indicate that P. antarctica dominated the
phytoplankton community, contributing 40% of chloro-
phyll @ (unpublished data), while diatoms contributed on-
ly 23%. This may explain the low A[N*] and high A[Si*]
observed in December.

In January, A[N*] levels and distribution remained
largely unchanged compared to those in December and
showed only a slight decrease at higher latitudes. Howev-
er, A[Si"] exhibited a pronounced increasing gradient with
depth, particularly below 100 m. Pigment data indicate
that diatom contribution decreased to 17% south of 64°S,
while P. antarctica increased to 63% (Li et al., 2024).
This reduced silicate consumption well corresponds to the
elevated A[Si"] levels in January, while the near-Redfield
N and P uptake by P. antarctica explains the A[N"] val-
ues of near 0.

The study region in February saw significant changes
in A[N*] and A[Si*], primarily in the upper 25 m, showing
increasing A[N*] and decreasing A[Si*]. The low AOU in
this region suggests that these changes are also driven by
phytoplankton activity. Unlike in December and January,
phytoplankton appear to have reduced nitrate consump-
tion (NNU) and increased silicate uptake. We hypothe-
size that the phytoplankton community shifted towards a
siliceous-dominated assemblage over time. Based on un-
published data and the study results in December and Jan-
uary, this siliceous population is likely diatoms. This is
supported by CHEMTAX analysis by Wright et al. (2010)
for the same region and period, which showed a higher
contribution of diatoms to chlorophyll a compared to oth-
er phytoplankton populations. Giddy et al. (2012) also
found a species shift from an early P. antarctica bloom to
one dominated by diatoms from December to February in

the southern and northern Weddell zones. These findings
suggest that shifts over time in phytoplankton community
structure regulate N and Si utilization during austral sum-
mer.

4.3 Seasonal nutrient depletion

Seasonal nutrient consumption was calculated using
nutrient concentrations of residual winter water (Fig. 11).
In December, NNU ranged from 64.1 mmol/m? to
213.5 mmol/m2, with an average value of (134.1 +
55.0) mmol/m2. NNU was generally low and slightly
higher at higher latitudes. NNU in January was substan-
tially higher, with an average value of (3122 =+
199.7) mmol/m? (2.3 times the average in December),
showing high values at both high and low latitudes. NNU
in February decreased with an average value of (192.8 +
100.9) mmol/m2, showing a marked decline from January,
particularly at higher latitudes (over 200 mmol/m? reduc-
tion).

Phosphate consumption (NPU) in December ranged
from 3.6 mmol/m? to 19.3 mmol/m? [average value: (9.0 +
6.3) mmol/m?], mirroring the latitudinal trend of NNU.
NPU in January increased with an average value of (18.1 £
11.1) mmol/m2, and high values are still at higher lati-
tudes. NPU in February increased slightly with an aver-
age value of (21.2 + 9.4) mmol/m2, but the highest NNU
values at high latitudes corresponded with the lowest NPU
values in the study area.

Silicate consumption (NSiU) in December ranged from
108.7 mmol/m?2 to 470.0 mmol/m? [average value: (245.8 +
141.0) mmol/m?], showing no clear latitudinal trend. Sim-
ilar to NNU, NSiU in January increased substantially with
an average value of (430.0 = 424.8) mmol/m2. A high
NSiU zone appeared at higher latitudes, mirroring NNU.
NSiU in February increased further with an average value
of (636.5 +419.7) mmol/m?2.

Overall, seasonal nutrient consumption in the Cosmo-
naut Sea exhibited significant monthly variability, gener-
ally increasing over time, except for a decrease in NNU in
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Fig. 11. Variations of seasonal NNU (a), NPU (b) and

NSiU (c) with stations along transect of 45°E in the Cos-
monaut Sea during December, January and February.

February. This is readily explained by the cumulative na-
ture of nutrient consumption over time in the absence of
external nutrient inputs. Spatially, high nutrient consump-
tion in December and January occurred in high-latitude
coastal waters, consistent with the distribution of chloro-
phyll a concentrations during these periods (Li et al.,
2021; Li et al., 2024). The marginal ice zone during aus-
tral summer is characterized by high chlorophyll a and
primary productivity, leading to substantial nutrient draw-
down. However, in February, silicate consumption was
disproportionately high compared to nitrate and phos-
phate, suggesting preferential silicate utilization by phyto-
plankton, potentially linked to the increased contribution
of diatoms to the phytoplankton community in February
(Wright et al., 2010). As for NNU in February, its low

values are mainly induced by the shallower depth of win-
ter residual water with 50 m, easily inferred by tempera-
ture and salinity profiles (Fig. 2).

We compared our estimated nutrient consumption
rates with those reported from other seas in the Southern
Ocean (Table 1). The results showed that nitrate, phos-
phate, and silicate consumptions varied considerably
among regions. The lowest nitrate and phosphate con-
sumption was observed south of Tasmania in the polar
frontal zone, while the highest phosphate and silicate con-
sumption occurred in Marguerite Bay (Serebrennikova
et al., 2004). Nutrient consumption in the Cosmonaut Sea
was generally lower than that in other regions, compara-
ble to Prydz Bay in January and February (Chen et al.,
2017), and similar to the polar frontal zone south of Tas-
mania (Lourey et al., 2001) in December. Nutrient con-
sumption appears strongly linked to sampling time. Mar-
guerite Bay, with the highest consumption, was sampled
in autumn, reflecting the nutrient utilization over the
whole summer. In contrast, the polar frontal zone south of
Tasmania, Prydz Bay, and the Cosmonaut Sea, sampled in
January, only consumed nutrients for one month during
summer. Nutrient consumption in February generally ex-
ceeded that in December and January for both Prydz Bay
and the Cosmonaut Sea. Interestingly, while nitrate and
phosphate consumptions in the Cosmonaut Sea in Jan-
uary were lower than those in Prydz Bay during the same
period, silicate consumption was higher, suggesting pref-
erential silicate utilization in the Cosmonaut Sea, likely
driven by a siliceous-dominated phytoplankton communi-
ty. These regional differences in nutrient consumption
probably reflect variations in seasonal productivity and
phytoplankton community structure. We propose that
cross-regional comparisons of nutrient depletion esti-
mates should be temporally standardized to account for
phenological differences in bloom dynamics.

Based on detailed analysis of nutrient utilization in
this study, the pattern of nutrients consumed by phyto-
plankton can be easily predicted. In early summer, nutri-
ents are mostly consumed by nanophytoplankton such as
P. antarctica when the sea ice starts to melt and light
availability increases. At this time, nitrate is preferentially
consumed compared to silicate in the euphotic layer,
which probably occurs in coastal waters due to earlier sea
ice melting and Fe supply. By mid-summer, phytoplank-
ton blooms consumed amounts of nutrients including ni-
trate and silicate, under warm and long-time light condi-
tions, together with increasing proportions of lightly silici-
fied diatoms in the phytoplankton population, partly driv-
en by a high grazing index (Pillai et al., 2018). In later
summer, nutrients are further utilized and show overcon-
sumption of silicate relative to nitrate when diatoms grad-
ually dominate instead of P. antarctica. Thus, it can be
seen that the nutrient cycle is strongly influenced by ma-
rine phytoplankton and vice versa. A high temporal reso-
lution survey is necessary to understand the interacting
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Table 1. Comparison of seasonal depletion of nutrients in different regions

Study area Nitrate depletion Phosphate depletion Silicate depletion Sampling
NNU/(mmol-m2) NPU/(mmol-m-2) NSiU/(mmol-m2) time
Ross Sea 460.0 20.0 490.0 autumn 1997
(Sweeney et al., 2000)
Marguerite Bay 540.0 40.0 2 000.0 autumn 2001
(Serebrennikova et al., 2004) 410.0 40.0 1 600.0 autumn 2002
Tasmania Front Zone 150.0 12.0 - Jan. 1995
(Lourey et al., 2001) 170.0 13.0 - Jan. 1994
170.0 15.0 - Jan. 1995
Prydz Bay 445.4 28.1 528.7 Feb. 2009
(Chen et al., 2017) 366.0 25.3 382.3 Jan. 2011
345.8 20.4 571.1 Feb. 2013
Cosmonaut Sea (this study) 134.1 9.0 245.8 Dec. 2019
312.2 18.1 430.0 Jan. 2021
192.8 21.2 636.5 Feb. 2022

Note: — represents no data.

mechanism between nutrient and phytoplankton popula-
tions, including their controlling factors.

5 Conclusions

The nutrient distribution varied significantly from De-
cember to February during austral summer in the Cosmo-
naut Sea, most of which can be attributed to phytoplank-
ton productivity and water mass. The water at high lati-
tude always kept a low concentration caused by primary
production, speculated from low AOU. The shelf water
with rich microelements stimulated the bloom of phyto-
plankton near the sea ice zone. The distributions of bio-
geochemical tracers (A[N*] and A[Si*]) further indicated
that nutrient utilization was largely influenced by the phy-
toplankton community in the euphotic layer. Differential
phytoplankton uptake of silicate and nitrate leads to the
A[N*] and A[Si*] variabilities, reflecting the increase in di-
atom abundance compared to the other phytoplankton,
such as P. antarctica, from December to February. The
nutrient depletion also showed the large increasing sili-
cate consumption from December to February, corre-
sponding to increasing A[Si*] value. Our estimated nutri-
ent depletion was similar to that of Prydz Bay at the same
month and lower than that in Marguerite Bay due to dif-
ferent sampling times. Of course, nutrient depletion was
directly related to phytoplankton productivity and phyto-
plankton community. We recommend that the compar-
isons of estimated nutrient depletion be better conducted
during the same period in order to accurately evaluate the
influence of phytoplankton productivity and phytoplank-
ton community. Though there are some uncertainties
about the above conclusions, mainly due to using a single
transect from three different years’ surveys to reflect the
regional condition and seasonal variability, the monthly
variability of nutrients is still credible, inferred from sea
ice monthly change. In subsequent research, the datasets
from the literature and historical expeditions in the Cos-

monaut Sea during summer will be collected and normal-
ized to reduce the uncertainty of study results.
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