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Understanding the dynamics of the phytoplankton community in the marginal seas of the Southern Ocean is crucial for delineating its role in global carbon cycling. This study investigated spatiotemporal variations in phytoplankton community structure and organic carbon pools in the Cosmonaut Sea, East Antarctica, with an emphasis on spatial heterogeneity and environmental drivers during late austral summer (February). Water samples were collected from 15 stations during the 40th Chinese Antarctic Research Expedition (CHINARE-40, February 2024), and nutrient, pigment, particulate organic carbon (POC), and dissolved organic carbon (DOC) concentrations were quantified. The CHEMTAX analysis revealed that the phytoplankton community was dominated by diatoms (38% ± 16%), dinoflagellates (22% ± 12%), and Prymnesiophyceae Phaeocystis antarctica (12% ± 10%). Diatoms and P. antarctica contributed significantly to POC (r = 0.36, p < 0.01) and DOC (r = 0.69, p < 0.01), respectively. Spatial distribution patterns displayed pronounced heterogeneity; large ice-edge diatoms dominated cold, high-light, and shallow mixed-layer regions, while small pelagic diatoms and dinoflagellates dominated in stratified, nutrient-limited, and low-light environments. Comparative analysis with adjacent Southern Ocean sectors further highlighted how distinct water masses shape niche competition. Furthermore, our results suggest a trend toward phytoplankton miniaturization, with increasing prevalence of dinoflagellates and P. antarctica under projected positive phases of the Southern Annular Mode, potentially diminishing biological carbon pump efficiency and weakening carbon sequestration. Collectively, these findings clarify how the Cosmonaut Sea phytoplankton community responds to environmental variability, providing essential insights into biogeochemical cycling and carbon budget dynamics in the Southern Ocean under climate change.
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1 Introduction


As an amplifier of global environmental change (Ludescher et al., 2019), the Southern Ocean plays a significant role in the global carbon cycle, accounting for approximately 40% of oceanic CO2 uptake and exhibiting exceptional carbon sequestration potential (Frölicher et al., 2015; Deppeler and Davidson, 2017). However, climate-driven regime shifts, including the poleward migration of the westerlies, weakened water column mixing, shortened annual sea ice duration, and intensified Amundsen Sea Low anomalies (Rintoul et al., 2018; Wang et al., 2023), thereby profoundly impacting polar ecosystems. These environmental changes directly alter euphotic zone planktonic ecosystems by modifying hydrodynamic conditions and water physicochemical properties, thereby exerting both direct and indirect effects on Southern Ocean food webs and further impacting the magnitude and efficiency of the biological carbon pump (BCP).


Phytoplankton responses in the euphotic zone are central to these ecosystem changes. As the foundation of the marine food web, phytoplankton drive carbon fixation and export (Deppeler and Davidson, 2017; Petrou et al., 2016), with diatoms and Phaeocystis antarctica dominating in the Southern Ocean but fulfilling distinct ecological roles (Tréguer et al., 2018). Diatom-dominated communities achieve high BCP efficiency via siliceous particle export (Sarthou et al., 2005), whereas P. antarctica-dominated assemblages exhibit enhanced primary production within the euphotic zone (Li et al., 2025). Phytoplankton growth responds to environmental constraints, including light availability, sea ice dynamics, and nutrient supply, and is particularly sensitive to bioavailable iron from meltwater and upwelling (Alderkamp et al., 2015, 2019). As a high-nutrient, low-chlorophyll region, the Southern Ocean is subject to significant constraints on phytoplankton primary production, primarily stemming from the scarcity of micronutrients such as iron (Bazzani et al., 2023; Heidemann et al., 2024). Notably, within the Cosmonaut Sea—a maritime area characterized by low primary productivity—iron limitation occurring during the late phase of sea ice ablation can even lead to the miniaturization of phytoplankton communities (Li, 2024). Although phytoplankton biomass across the Southern Ocean has increased over the past two decades, primary production at the mixed-layer base has declined (Pinkerton et al., 2021), and ongoing warming may further reduce productivity (Moore et al., 2018). Understanding phytoplankton dynamics is, therefore, key to predicting BCP efficiency and regional carbon budgets.


During the austral summer, the Southern Annular Mode (SAM) and climate warming drive marked changes in Antarctic marine environments and phytoplankton succession. In the Weddell Sea, rapid sea ice loss since 2016 has altered phytoplankton and zooplankton communities (Turner et al., 2020; Feng et al., 2022b), while the Cosmonaut Sea—despite recent sea ice expansion (Ludescher et al., 2019)—displays shrinking krill habitats and rising picoplankton dominance (Lin et al., 2022; Han et al., 2022). Late summer (February) features high photosynthetically active radiation (PAR) but reduced daylength, substantial freshwater influx from sea ice melt, and enhanced surface warming (Nardelli et al., 2023), resulting in distinct phytoplankton communities compared to early summer (Fan et al., 2024; Kang et al., 2024; Li et al., 2024). Studying these late-summer assemblages is thus essential to understanding seasonal succession under changing conditions. To address these issues, we analyzed samples collected from 15 stations in the Cosmonaut Sea in February 2024, integrating hydrographic data, nutrients, phytoplankton pigments, biogenic silica (BSi) measurements, organic carbon assessments, remote sensing, and historical records. Our study aimed to 1) characterize spatial heterogeneity in dominant phytoplankton groups and organic carbon pools, 2) evaluate community succession throughout the austral summer, and 3) compare coastal and offshore phytoplankton responses across different Southern Ocean sectors using historical data and project future BCP efficiency and carbon budgets in the Cosmonaut Sea. These insights are vital for predicting polar ecosystem and carbon cycle responses in a warming world.






2 Methods





2.1 Study area and sampling


The Cosmonaut Sea (30°E–80°E, 60°S–68°S), located in the Indian Ocean sector of East Antarctica, occupies the Weddell–Enderby Basin and is bounded by the Weddell Sea to the west and the Cooperation Sea to the east (
Figure 1
, Williams et al., 2010). Its circulation system is characterized by the Prydz Bay Gyre and the Weddell Gyre along the western/eastern margins, the eastward-flowing Antarctic Circumpolar Current (ACC) to the north, and the westward Antarctic Slope Current (ASC) to the south (Wakatsuchi et al., 1994; Li et al., 2024). Water masses in this region primarily comprise the Antarctic Surface Water (AASW), Circumpolar Deep Water (CDW), and Antarctic Bottom Water (AABW) (Li et al., 2024). Interactions between the Weddell Gyre and the relatively slow-moving ACC (~15 cm s−1) in the northern Cosmonaut Sea drive the upwelling of Warm Deep Water (WDW). The Southern Boundary (SB) of the ACC lies south of 60°S, with its southern frontal jet (sACCf) entering the sea near 50°E. The ASC (>25cm s−1 core velocity) significantly modulates sea ice dynamics and cross-shelf nutrient transport, culminating in its retroflection at Cape Ann (Meijers et al., 2010). During the 40th Chinese Antarctic Research Expedition (CHINARE-40; February 5–25, 2024), seawater samples were collected at 15 stations spanning 40°E–60°E in the Cosmonaut Sea (
Figure 1
, 
Supplementary Table S1
). Hydrographic profiles (temperature, salinity, and density) were obtained using a pre-calibrated Sea-Bird SBE 9/11 CTD system (Bellevue, WA, USA). A rosette sampler (General Oceanics, Miami Gardens, FL, USA) equipped with Niskin bottles was employed to collect water from discrete depths (5, 25, 50, 75, 100, 150, and 200m). For biogeochemical analysis, 1.5–4.0 L of seawater was filtered through pre-combusted GF/F filters (Whatman, Wilmington, DE, USA) under low-light conditions, with filters stored at −80°C until laboratory processing.


[image: Map of the Cosmonaut Sea and surrounding region, depicting oceanographic features and currents. Orange and bright yellow arrows indicate the Antarctic Circumpolar Current and Antarctic Slope Current. Dashed lines mark the Southern Boundary of the ACC, with solid lines showing the Southern ACC Front. Sample stations are marked as blue dots. Sea ice coverage is highlighted in light blue. Elevation is represented with a color gradient, from 50 to 2500 meters. A small inset shows the location within a global view of Antarctica, highlighting the Cosmonaut Sea.]
Figure 1 | 
A map of the Cosmonaut Sea, Antarctic, showing water depths and ocean circulation patterns.








2.2 Remote sensing data and physical hydrological parameters


PAR and euphotic depth (Z
eu) data were obtained from the ESA GlobColour platform (http://oceancolor.gsfc.nasa.gov) at a spatial resolution of 4 × 4km and an 8-day temporal resolution.


Mixed layer depth (MLD) and sea surface temperature (SST) data were obtained from the Copernicus Marine Service (https://data.marine.copernicus.eu/). MLD data had a spatial resolution of 27.8 × 27.8km (monthly temporal resolution), while SST data had a spatial resolution of 5.5 × 5.5km (daily temporal resolution).


The sea ice concentration (SIC%) was acquired from the University of Bremen’s sea ice portal (https://data.seaice.uni-bremen.de) at a spatial resolution of 3.125 × 3.125km and a daily temporal resolution. The meltwater fraction (MW%), a key metric for quantifying the influence of sea ice, was calculated as follows (Mendes et al., 2017):
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where Ssurface
 and Sdeep
 represent the salinity of the surface water and deep water (≈300-m depth), respectively.






2.3 Pigment analyses


Phytoplankton pigments were analyzed following Feng et al. (2022b). Briefly, filters were extracted with 3 mL acetone, sonicated in an ice bath for 30 s, and subsequently stored at −20°C for 2h. The extract was filtered through a polytetrafluoroethylene syringe filter (4-mm diameter, 0.22-μm pore size) and evaporated to dryness under a gentle stream of nitrogen. The dried residue was then re-dissolved in 300 μL of a methanol:water mixture (9:1, v/v). Pigment extracts were analyzed using an ultra-performance liquid chromatography (UPLC) system (ACQUITY UPLC®) equipped with a BEH C18 column (50 × 2.1mm, 1.7-μm particle size), a photodiode array detector, and a fluorescence detector. Pigments were identified and quantified based on retention times, absorption maxima, and response factors determined from authentic standards. The analytical method had a precision of 0.26 mg m−3 and a detection limit of 2.2 mg m−3.


The relative contributions of different phytoplankton groups to the total chlorophyll a (Chl a) biomass were estimated using the CHEMTAX software (Wright et al., 2010), which applies class-specific pigment ratios to characterize phytoplankton community structure and abundance relative to total Chl a (
Table 1
). The groups considered in this study included two diatom subgroups (Feng, 2022)—Fragilariopsis spp. (Diat-A), a group of large-celled cold-water diatoms, and Pseudo-nitzschia spp. (Diat-B), a group of small pelagic diatoms—as well as P. antarctica [distinguished as high-iron (Hapt-HiFe) and low-iron (Hapt-LoFe) ecotypes], dinoflagellates (Dino), cryptophytes (Crypto), prasinophytes (Prasi), cyanobacteria (Cyano), and chlorophytes (Chloro).



Table 1 | 
Phytoplankton pigment matrix in the Cosmonaut Sea.





	Class

	Chl c
3


	Chl c
1


	Peri

	Fuco

	Neo

	Pras

	Viola

	Hex-fuco

	Allo

	Lut

	Chl b







	Initial ratio matrix




	Prasi
	0
	0
	0
	0
	0.03
	0.097
	0.056
	0
	0
	0.006
	0.62



	Chloro
	0
	0
	0
	0
	0.062
	0
	0.031
	0
	0
	0.22
	0.18



	Crypto
	0
	0
	0
	0
	0
	0
	0
	0
	0.22
	0
	0



	Diat-A
	0
	0.04
	0
	0.52
	0
	0
	0
	0
	0
	0
	0



	Diat-B
	0.033
	0
	0
	0.61
	0
	0
	0
	0
	0
	0
	0



	Dino
	0
	0
	0.54
	0
	0
	0
	0
	0
	0
	0
	0



	Hapt-HiFe
	0.13
	0
	0
	0.08
	0
	0
	0
	0.4
	0
	0
	0



	Hapt-LoFe
	0.27
	0
	0
	0.01
	0
	0
	0
	1.1
	0
	0
	0



	Final ratio matrix




	Prasi
	0
	0
	0
	0
	0.07
	0.09
	0.049
	0
	0
	0.0066
	0.55



	Chloro
	0
	0
	0
	0
	0.071
	0
	0.032
	0
	0
	0.23
	0.15



	Crypto
	0
	0
	0
	0
	0
	0
	0
	0
	0.21
	0
	0



	Diat-A
	0
	0.21
	0
	1.04
	0
	0
	0
	0
	0
	0
	0



	Diat-B
	0.016
	0
	0
	0.83
	0
	0
	0
	0
	0
	0
	0



	Dino
	0
	0
	0.82
	0
	0
	0
	0
	0
	0
	0
	0



	Hapt-HiFe
	0.34
	0
	0
	0.13
	0
	0
	0
	0.43
	0
	0
	0



	Hapt-LoFe
	0.13
	0
	0
	0.01
	0
	0
	0
	1.21
	0
	0
	0







The following pigment standards were included in the analysis: chlorophyll c3 (Chl c3), chlorophyll c1 (Chl c1), neoxanthin (Neo), violaxanthin (Viola), fucoxanthin (Fuco), 19′-hexanoyloxyfucoxanthin (Hex-fuco), alloxanthin (Allo), peridinin (Peri), lutein (Lut), prasinoxanthin (Pras), and chlorophyll b (Chl b). The phytoplankton community was included in the analysis: prasinophytes (Prasi), chlorophytes (Chloro), cryptophytes (Crypto), a group of large-celled cold-water diatoms (Diat-A), a group of small pelagic diatoms (Diat-B), dinoflagellates (Dino), and Phaeocystis antarctica [distinguished as high-iron (Hapt-HiFe) and low-iron (Hapt-LoFe) ecotypes].








2.4 Organic carbon, nutrient, and BSi analyses


Samples were analyzed to determine the organic carbon content, including particulate organic carbon (POC) and dissolved organic carbon (DOC). For POC analysis (Li, 2024), filters were fumigated with 12 mol/L HCl vapor for 12h to remove inorganic carbon, rinsed with ultrapure water to eliminate residual acid, and dried at 55°C. The processed samples were analyzed using a Shimadzu TOC-LCPH-SSM5000 analyzer (Shimadzu, Kyoto, Japan). The standard material utilized (GBW07314) was supplied by the Certified Reference Materials Center of the Second Institute of Oceanography, Ministry of Natural Resources, China. The instrument precision was better than 0.1%, and the detection limit was 4 μg/L.


DOC concentrations were determined using a Shimadzu TOC-L high-temperature combustion analyzer (Shimadzu, Japan). Milli-Q water was utilized as a blank to establish the baseline. DOC measurement reference standards were obtained from the University of Miami’s deep seawater reference material. Analytical errors were kept within 5% based on at least three replicate measurements per sample.


The nutrient concentrations of seawater samples were determined following the method described by Grasshoff et al. (2009). Samples were filtered through cellulose acetate membranes (0.45-μm pore size) and stored at −20°C. Analyses were performed using a continuous-flow automated nutrient analyzer (San++, Skalar, Breda, Netherlands) with detection limits of 0.1 μmol/L for nitrate, 0.1 μmol/L for silicate, and 0.03 μmol/L for phosphate.


The BSi content was analyzed according to the method of Tréguer et al. (1992). Filters were extracted with 0.2 mol/L NaOH in a water bath at 95°C for 45 minutes. The solution was cooled to room temperature (approximately 25°C), neutralized with HCl, and centrifuged. The silicic acid concentration was spectrophotometrically determined using the molybdate blue method at 380 nm following the “Marine Survey Specifications” (General Administration of Quality Supervision, Inspection and Quarantine of the People’s Republic of China and Standardization Administration of China, 2007). The detection limit for BSi was above 0.1 μmol/L.






2.5 Integrated water column analysis


To minimize statistical errors caused by uneven sampling, the concentrations of phytoplankton pigment, organic carbon, and BSi were integrated over the upper 200m of the water column to evaluate the distribution patterns of phytoplankton products (Feng et al., 2022b). The integrated concentration in the water column was calculated as follows:
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where Dn
 is the sampling depth and Cn
 is the concentration of parameter n at that depth.


Historically integrated data for the average contributions of different phytoplankton groups to the Chl a concentrations at each station were employed to calculate the abundance of various phytoplankton groups at each station (Wright et al., 2010).






2.6 Statistical analyses


The Origin 2021 (OriginLab, Northampton, MA, USA) and Ocean Data View 4 (Alfred Wegener Institute, Bremerhaven, Germany) software were used to perform statistical analyses and the graphical visualization of horizontal and vertical distributions. Correlations between parameters were examined based on two-tailed t-tests and Pearson’s correlation analyses in SPSS 20 (IBM, Armonk, NY, USA).







3 Results





3.1 Physical environments


The average seawater temperature in the 0–200-m layer of the Cosmonaut Sea study area was 0.1°C ± 1.2°C (
Supplementary Figure S1a
). Vertically, the seawater temperature generally decreased with increasing depth, with the lowest temperatures at most stations observed in the 50-m layer. Horizontally, at all sampled depths, seawater temperature displayed a marked increasing trend from nearshore to offshore waters. The average salinity of the water column above 200m in the Cosmonaut Sea research area was 34.1‰ ± 0.3‰ (
Supplementary Figure S1b
). Salinity increased with depth. Horizontally, for all sampled depths, the nearshore salinity was consistently lower than that in offshore waters, and the salinity was higher in the western section of the Enderby Land nearshore region than in the east.


During the February 2024 sampling period, only southwestern nearshore stations CD2–13 in the Cosmonaut Sea retained sea ice, with a SIC% of 47%, while almost no sea ice was observed in other parts of the study area (
Figure 2d
). The mean SST was 0.8°C ± 0.7°C (
Figure 2e
) and was negatively correlated with the SIC% (r = −0.63, p < 0.05; 
Figure 3
). The MLD ranged from 15 to 52m, with an average of 31 ± 9m, exhibiting a general spatial pattern of shallower layers in the south and deeper layers in the north (
Figure 2c
). The mean MW% was 3.0% ± 0.4% (
Figure 2f
), with higher values distributed in the northern open waters of Enderby Land and the southwestern nearshore Cosmonaut Sea. The MW% was significantly negatively correlated with the average salinity (r = −0.69, p < 0.01) and negatively correlated with the SST (r = −0.53, p < 0.05; 
Figure 3
). The highest levels of PAR were observed in the eastern Enderby Land region (
Figure 2a
). The shallowest Zeu values were detected in the northern coastal area of Cape Ann, with relatively high Zeu values found at the southern ice edge of the Cosmonaut Sea and in the northern open waters of Cape Ann, and Zeu was positively correlated with the MW% (r = 0.56, p < 0.05; 
Figure 3
).


[image: Nine-panel infographic depicting spatial distribution maps with various oceanographic parameters along a geographic region. Each panel has a colored gradient bar indicating values.  a. Panel shows PAR (Photosynthetically Available Radiation) in E·m²·day⁻¹. b. Z\(_{eu}\) (euphotic zone depth) in meters. c. MLD (Mixed Layer Depth) in meters. d. SIC% (Sea Ice Concentration percentage). e. SST (Sea Surface Temperature) in degrees Celsius. f. MW% (Meltwater percentage). g. N/Si (Nitrogen to Silica ratio). h. N/P (Nitrogen to Phosphorus ratio). i. Si/P (Silica to Phosphorus ratio).   Color ranges indicate variations in respective data across each map.]
Figure 2 | 
Ocean Data View plots of physiochemical parameters in the Cosmonaut Sea, Antarctic. (a) PAR, photosynthetically active radiation; (b) Zeu, euphotic depth; (c) MLD, mixed layer depth; (d) SIC%, sea ice concentration; (e) SST, sea surface temperature; (f) MW%, meltwater fraction; (g) N/Si, average N:Si ratio; (h) N/P, average N:P ratio; (i) Si/P, average Si:P ratio.




[image: Correlation matrix with circular markers representing correlation coefficients between variables such as Dino%, Chloro%, and others. Red circles indicate positive correlations, blue circles indicate negative correlations, with intensity denoting strength. A color scale on the right ranges from negative one (blue) to positive one (red).]
Figure 3 | 
Correlations between depth-integrated phytoplankton biomass and environmental factors in the water column. Dino%, percentage of dinoflagellates; Chloro%, percentage of chlorophytes; Crypto%, percentage of cryptophytes; Cyano%, percentage of cyanobacteria; Prasi%, percentage of prasinophytes; Diat%, percentage of diatoms; Hapt%, percentage of Phaeocystis antarctica; POC, depth-integrated particulate organic carbon; DOC, depth-integrated dissolved organic carbon; BSi, depth-integrated biogenic silica; Chl a, depth-integrated chlorophyll a; T, average temperature; S‰, average salinity; PAR, photosynthetically active radiation; Zeu, euphotic depth; MW%, meltwater fraction; MLD, mixed layer depth; SIC%, sea ice concentration; N/P, average N:P ratio; Si/P, average Si:P ratio; N/Si, average N:Si ratio.








3.2 Nutrient concentrations and ratios


The nitrate concentrations in the Cosmonaut Sea ranged from 16.2 to 33.3 μmol/L, with an average of 25.4 ± 3.5 μmol/L (
Supplementary Figure S1c
). Phosphate concentrations ranged from 1.3 to 2.9 μmol/L, averaging 2.2 ± 0.4 μmol/L (
Supplementary Figure S1d
). Silicate concentrations varied between 23.3 and 69.1 μmol/L, with a mean value of 44.7 ± 12.2 μmol/L (
Supplementary Figure S1e
). The concentrations of all three nutrients were significantly positively correlated with salinity (nitrate, r = 0.70, p < 0.01; phosphate, r = 0.57, p < 0.01; silicate, r = 0.83, p < 0.01). The spatial distribution of nutrients generally exhibited an increasing trend from nearshore to offshore regions, as well as a vertical increase with depth. However, elevated surface (5m) nutrient concentrations were observed at nearshore stations CD2–13 in the southwestern sector of the Cosmonaut Sea.


The nitrogen-to-silicon ratio (N/Si) in the study area was 0.4–0.9, with an average of 0.6 ± 0.1 (
Figure 2g
). The nitrogen-to-phosphorus ratio (N/P) was 9.9–15.7, with a mean of 12.2 ± 1.4 (
Figure 2h
). The silicon-to-phosphorus ratio (Si/P) was 13.5–32.6, averaging 19.6 ± 3.8 (
Figure 2i
). The Si/P was significantly positively correlated with salinity (r = 0.73, p < 0.01), while the N/Si was significantly negatively correlated with salinity (r = −0.67, p < 0.01; 
Figure 3
). No significant vertical trends were observed in nutrient ratios, but on a horizontal scale, higher ratios were detected in the open northwest sector of the Cosmonaut Sea, while lower values were distributed in the northern ridge region of Enderby Land.






3.3 Spatial distributions of organic carbon, BSi, and Chl a concentrations


The POC concentration in the 0–200-m layer of the Cosmonaut Sea study area ranged from 4.8 to 46.9 μg/L, with an average of 19.1 ± 9.4 μg/L (
Supplementary Figure S2a
). POC concentrations generally declined with increasing depth, with high values found in the surface layers. Spatially, higher POC concentrations were observed on the western side of Cape Ann compared to the eastern side, and in the southwestern sector of the Cosmonaut Sea compared to the northeast. The depth-integrated water column POC concentration averaged 3.4 ± 0.6 g/m2, ranging from 2.1 to 5.0 g/m2 (
Figure 4a
), with a distribution similar to that of surface POC, being higher in the southwestern open waters and lower in the northeast.


[image: Four contour maps depicting various oceanic data in the Southern Ocean. Panel a shows integrated particulate organic carbon (POC) with values ranging from 2 to 4.5 grams per square meter. Panel b presents dissolved organic carbon (DOC) ranging from 120 to 200 grams per square meter. Panel c displays biogenic silica (BSi) with values from 0.15 to 0.7 grams per square meter. Panel d illustrates chlorophyll-a (Chl-a) concentrations from 20 to 45 milligrams per square meter. Each map shows data gradations using a color scale.]
Figure 4 | 
Spatial variation in depth-integrated phytoplankton crops of (a) particulate organic carbon (POC
int
), (b) dissolved organic carbon (DOC
int
), (c) biogenic silica (BSi
int
), and (d) chlorophyll a (Chl aint
) in the water column.




The DOC concentrations in the 0–200-m layer ranged from 453.8 to 1,942.0 μg/L, with an average of 815.3 ± 224.8 μg/L (
Supplementary Figure S2b
). Overall, surface DOC concentrations were higher in offshore waters compared to nearshore areas and higher on the western side of Cape Ann than on the east. The integrated DOC concentration averaged 159.8 ± 27.6 g/m2, with a range of 121.4 to 204.6 g/m2 (
Figure 4b
), displaying a decreasing trend from the south of the Cosmonaut Sea toward the coast.


BSi concentrations in the 0–200-m layer ranged from 0.1 to 10.1 μmol/L, with a mean value of 1.6 ± 1.4 μmol/L (
Supplementary Figure S2c
). Vertically, BSi concentrations initially rose with increasing depth before decreasing at a depth of 50m (
Supplementary Figure S2c
). Horizontally, high BSi values were mainly observed in the offshore waters south of the Cosmonaut Sea and at stations CD2–13 in the southwest, where sea ice had not yet fully melted (
Figure 2d
). The depth-integrated BSi concentration averaged 1.0 ± 0.5 mmol/m2, with a range of 0.5 to 2.7 mmol/m2 (
Figure 4c
), exhibiting a spatial pattern opposite to that of SIC%. Low values were detected in the southwestern nearshore area where sea ice persisted, while higher values appeared near the ice edge in Enderby Land.


The concentrations of Chl a in the 0–200-m layer ranged from 0.4 to 677.3 ng/L, with an average of 177.9 ± 171.2 ng/L (
Supplementary Figure S2e
). Chl a concentrations were positively correlated with POC (r = 0.59, p < 0.01) and BSi (r = 0.34, p < 0.01). High concentrations of Chl a were primarily found in the western ridge region of Enderby Land, with a spatial pattern of higher Chl a concentrations nearshore than offshore and a vertical distribution characterized by Chl a concentrations that initially increased with depth before decreasing. The integrated Chl a concentration averaged 30.1 ± 6.9 mg/m2, ranging from 19.6 to 47.1 mg/m2 (
Figure 4d
), with the highest values detected in the western Enderby Land ridge area.







4 Discussion





4.1 Spatial patterns of phytoplankton and organic carbon pools


Dominant phytoplankton species in the Cosmonaut Sea displayed clear spatial variability. The major groups comprised diatoms (38% ± 16%), dinoflagellates (22% ± 12%), and P. antarctica (12% ± 10%) (
Figure 5
; 
Supplementary Figure S3
), with the Diat-A (25%) subgroup being the most prevalent. Horizontally, the Diat-A subgroup, which is adapted to polar cold-water conditions (Pančić et al., 2015), was abundant in the southwestern nearshore, peaking at station C7–07 in the eastern coastal section of Enderby Land (
Figure 5a
), which features low temperature (mean 0.18°C), the highest PAR (26.22 E m−2 day−1), and the shallowest MLD (15.7m) in the study area (
Figures 2a–c
). In contrast, the Diat-B subgroup (mainly Pseudo-nitzschia) was more abundant offshore (
Figure 5c
), reflecting its adaptation to higher SST in the open ocean (Zhu et al., 2017). Dinoflagellates, the second most abundant group (
Figure 5b
), displayed a significant positive correlation with the MLD (r = 0.59, p < 0.05; 
Figure 3
), which was consistent with the ability of dinoflagellates to adjust photosynthetic pigment composition in deeper, low-light mixed layers (Carvalho, 2017; Anschütz et al., 2022) coupled with the reduced grazing pressure and interspecific competition in deeper MLDs (Feng et al., 2022a). P. antarctica was mainly found in regions influenced by the upwelling of the modified CDW (
Figure 5d
; 
Supplementary Figure S4
), thriving under strong mixing (Van Leeuwe et al., 2020) and fluctuating light (Henley et al., 2017). Moreover, according to Henley et al. (2017), the cellular N/P of P. antarctica (ranging from approximately 9 to 13) closely matches the CDW (N/P of approximately 12–13), enabling P. antarctica to efficiently utilize micronutrients (Zn, Cd, and Fe) supplied by CDW upwelling (Henley et al., 2017; Tian et al., 2023).


[image: Eight maps illustrating the distribution percentages of different phytoplankton groups in a region. Each map represents one group: Diatoms A (25%), Dinoflagellates (22%), Diatoms B (13%), P. antarctica (12%), Cryptophytes (8%), Prasinophytes (8%), Chlorophytes (6%), and Cyanobacteria (5%). Color gradients from blue to red indicate varying concentrations, with reference coordinates and a color scale on the right.]
Figure 5 | 
Spatial variation in phytoplankton taxonomic composition in the Cosmonaut Sea. (a) Diat-A%; (b) Dinoflagellates%; (c) Diat-B%; (d) P. antarctica%; (e) Cryptophytes%; (f) Prasinophytes%; (g) Chlorophytes%; (h) Cyanobacteria%. Diat-A, a group of large-celled cold-water diatoms; Diat-B, a group of small pelagic diatoms; P. antarctica, Phaeocystis antarctica.




A significant positive correlation was observed between organic carbon content and dominant phytoplankton groups, highlighting the central role of the phytoplankton community in regulating the Cosmonaut Sea organic carbon pool. Diatom crops were strongly correlated with the concentrations of both POC and BSi in the 0–200-m water column (r = 0.36, p < 0.01; r = 0.29, p < 0.01), underscoring the major contribution of diatoms to the POC pool. This phenomenon is consistent with previous reports that diatoms dominate Southern Ocean POC production, contributing approximately 40% of primary production and significantly influencing the POC pool (Tréguer et al., 2018; Misic et al., 2024). This is attributed to the secretion of sticky exopolysaccharides by diatoms and the protective role of their siliceous frustules in the preservation of organic matter (Tréguer et al., 2018; Blain et al., 2021). In contrast, the P. antarctica crop was significantly positively correlated with the depth-integrated DOC concentration (r = 0.69, p < 0.01; 
Figure 3
), reflecting a strong effect on the DOC pool in the Cosmonaut Sea. This aligns with findings of elevated DOC following P. antarctica blooms in other Antarctic regions (Kim et al., 2022, 2023), likely due to exopolysaccharide release during colony formation and post-bloom cell lysis (Marchant et al., 1991; Kwon et al., 2021).


In summary, our findings indicate that diatoms represent a significant contributor to POC. Specifically, Diat-A dominates in cold, high-irradiance, and shallow mixed-layer regions, whereas Diatom-B is prevalent in warmer environments. In contrast, P. antarctica contributes primarily to DOC pools and exhibits a preference for CDW habitats, likely attributable to the close alignment between its cellular N/P ratio and that of the CDW.






4.2 Seasonal succession of the phytoplankton community in the Cosmonaut Sea


We integrated historical survey data with our expedition results to construct a conceptual diagram illustrating the seasonal succession of phytoplankton communities in the Cosmonaut Sea (
Figure 6a
). During austral autumn (March–May), sea ice expands north and diatoms dominate at the ice edge, as indicated by high POC and BSi inventories (Smith and Nelson, 1990). During winter (June–August), when sea ice cover peaks, Chaetoceros (a diatom genus) prevails in shallow mixed layers, while P. antarctica dominates in deeper mixed layers, except within sea ice (Spiridonov et al., 1996). During spring (September–November), shallower MLDs and cold, fresh meltwater favor large diatoms and other >10-μm phytoplankton at the ice edge (accounting for 42%), while picophytoplankton (<2 μm) contribute 50%–61% of the total Chl a in offshore deep layers (MLDs > 200m; Fiala et al., 2002). During summer (December–February), continuous sea ice melt introduces nutrient-rich, lower-salinity water, and the combination of shallower mixed layers and higher PAR drives intense phytoplankton blooms co-dominated by diatoms and P. antarctica (Wright et al., 2010; 
Figure 6b
). Li et al. (2024) showed that P. antarctica (45%) and diatoms (31%, with the contribution of Diat-A being four times that of Diat-B) dominated in January 2021, while our February 2024 data revealed that diatoms (38%, with the contribution of Diat-A twice that of Diat-B) and dinoflagellates (22%) predominated. Overall, seasonal succession in the Cosmonaut Sea mirrors that of the West Antarctic Peninsula (Nardelli et al., 2023). Sea ice algae initiate the spring diatom bloom; diatoms and P. antarctica co-dominate during summer; nutrient depletion and mixed layer deepening in late summer to autumn favor mixed flagellates and small diatoms, with diatoms maintaining autumnal dominance (
Figure 6a
).


[image: Diagram showing seasonal and monthly variation in marine elements. Panel a depicts four seasons (autumn to summer) across a depth of 100 meters, illustrating changes in light, sea ice, algae, and organisms like Diat-A, Diat-B, P. antarctica, and dinoflagellates. Panel b shows similar elements for December to February. Light intensity varies, represented by red circles. The legend explains symbols for organisms, sea ice, and light conditions.]
Figure 6 | 
Schematic model of dominant phytoplankton functional groups in the Cosmonaut Sea. (a) Autumn (Smith and Nelson, 1990), winter (Spiridonov et al., 1996), spring (Fiala et al., 2002), and summer (Wright et al., 2010). (b) December (unpublished), January (Li et al., 2024), and February (this study). Diat-A, a group of large-celled cold-water diatoms; Diat-B, a group of small pelagic diatoms; P. antarctica, Phaeocystis antarctica.




In this study, shifts in dominant phytoplankton groups during the austral summer in the Cosmonaut Sea were mainly driven by nutrient limitation and sea ice dynamics. First, due to the spring seeding effect from sea ice algae and rapid growth in the early summer, nutrient levels—especially silicate—were depleted by February (Blain et al., 2002; Nardelli et al., 2023), favoring mixotrophic dinoflagellates and Diat-B, which are better adapted to low silicate availability (Kang and Fryxell, 1992; Jeong et al., 2012; Ruggiero et al., 2024). Second, most of the region, except southwestern Enderby Land, was characterized by low SIC%, with only stations C4–12 having SIC% > 40% (
Figure 2d
), resulting in low dissolved iron (dFe) levels (0.09–0.33 nM, late January to February; Blain et al., 2002). Under such low iron conditions, P. antarctica was unable to maintain the Hapt-HiFe morphotype, leading to a >300% decrease in biomass compared to that in January 2021 (
Figure 7c
), with Hapt-LoFe becoming dominant (DiTullio et al., 2007; Henley et al., 2017; Bender et al., 2018; Van Leeuwe et al., 2020). Concurrently, sea ice retreat led to surface warming (by 1–2 °C; 
Figure 2e
) in the northern open ocean, which enhanced the competitive advantage of Diat-B (mainly Pseudo-nitzschia) and favored the increase of Diat-B with deepening mixed layers (Sun et al., 2003; Mendes et al., 2013; Pančić et al., 2015; Zhu et al., 2017; Morioka and Behera, 2021). Thus, the following succession patterns were observed in the Cosmonaut Sea during February: Diat-A remained a major dominant group but lost some competitive advantage due to surface warming, silicate depletion, and deeper MLD, while the broader ecological tolerance and higher silicate utilization of Diat-B led to nearly a twofold increase in its biomass relative to that in January 2021 (
Figure 7b
); under nutrient-limited conditions, the biomass of small mixotrophic dinoflagellates increased significantly; finally, low dFe resulted in a marked decline in P. antarctica biomass, with a reduced abundance of the Hapt-HiFe morphotype.


[image: Three vertical bar charts labeled a, b, and c show changes over time in different variables. Chart a displays POC, DOC, and Chl a levels from 2006 to 2024. Chart b illustrates Diat-A, Diat-B, and Diatoms percentages. Chart c presents Hapt-HiFe, Hapt-LoFe, and P. antarctic percentages. Data points vary across years, indicating trends and variations in each category.]
Figure 7 | 
Historical depth-integrated concentrations of total organic carbon, chlorophyll a, and dominant phytoplankton functional groups in the Cosmonaut Sea. Data were obtained from the years 2006 (Wright et al., 2010), 2020 (unpublished), 2021 (Li et al., 2024), and 2024 (this study). (a) Phytoplankton production interannual variability, (b) diatom interannual variability, and (c) Phaeocystis antarctica interannual variability. OC
int
, including depth-integrated particulate organic carbon (POC) and depth-integrated dissolved organic carbon (DOC); Chl aint
, depth-integrated chlorophyll a; Diat-A, a group of large-celled cold-water diatoms; Diat-B, a group of small pelagic diatoms; P. antarctica, Phaeocystis antarctica [distinguished as high-iron (Hapt-HiFe) and low-iron (Hapt-LoFe) ecotypes].








4.3 Comparative analysis of phytoplankton distribution across Antarctic marginal seas


Significant shifts in sea ice, stratification, and light conditions cause the late summer Southern Ocean water column to differ markedly compared to the water column during spring and early summer, resulting in substantial changes in phytoplankton communities and BCP dynamics. Understanding succession mechanisms during this period is key to clarifying BCP behavior. Therefore, this study collected and integrated historical data and recent observations to compare the late-summer spatial patterns and environmental drivers of phytoplankton across ecological hotspots, including the Cosmonaut Sea, Prydz Bay, Ross Sea, Amundsen Sea, and Antarctic Peninsula, along with its adjacent seas (
Figure 8
). Nevertheless, we must acknowledge that the available data for comparison are limited, as our sampling period was constrained to February–March. In the absence of observational data from the Eastern Antarctic Peninsula during February–March, we selected the Weddell Sea—adjacent to the Cosmonaut Sea—to serve as a surrogate for the eastern region of the Antarctic Peninsula. February datasets from Antarctic marginal seas were compiled from years other than 2024 (the year of our study), thereby introducing potential interannual variability.


[image: Map of the Southern Ocean divided into Pacific, Indian, and Atlantic Sectors, highlighting phytoplankton types and controlling factors in various seas. In the Amundsen Sea, dominant species are P. Antarctica and diatoms, influenced by iron levels. The Ross Sea features diatoms nearshore and Haptophytes offshore, affected by iron and grazing. Bellingshausen Sea has dinoflagellates and small flagellates, limited by nutrients and light. Northern Antarctic Peninsula and Weddell Sea show diatoms and P. Antarctica. Cosmonaut Sea is characterized by diatoms and dinoflagellates in nutrient-poor waters. Prydz Bay contains diatoms and Haptophytes, influenced by meltwater.]
Figure 8 | 
Dominant phytoplankton functional groups in typical Antarctic seas during late summer (i.e., February). Highlighted regions include the Cosmonaut Sea (this study), Prydz Bay (Heidemann et al., 2024), Ross Sea (Jo et al., 2021), Amundsen Sea (Alderkamp et al., 2012), Antarctic Peninsula, Weddell Sea (Mendes et al., 2012), and Bellingshausen Sea (Costa et al., 2020). P. antarctica, Phaeocystis antarctica [distinguished as high-iron (Hapt-HiFe) and low-iron (Hapt-LoFe) ecotypes]; “greens”, chlorophytes and prasinophytes (Heidemann et al., 2024); dFe, dissolved iron.




In late February, Cosmonaut Sea phytoplankton were dominated by diatoms (38%) and dinoflagellates (22%) (
Figure 5
; 
Supplementary Figure S3
). The Diat-A subgroup thrived in cold, shallow, high-light nearshore waters, while Diat-B and dinoflagellates gained an edge in deeper, nutrient-poor offshore areas. Diatoms, P. antarctica, and green algae dominated in the Prydz Bay. In the nearshore continental shelf waters, glacial melt, ice shelf disintegration, and sediment resuspension enhance dFe inputs, favoring the Hapt-HiFe form of P. antarctica and diatom growth, whereas a lack of deep water dFe supply in the open ocean favors “greens” (including chlorophytes and prasinophytes) and Hapt-LoFe (Heidemann et al., 2024). Similarly, the results showed that diatoms and P. antarctica dominated in West Antarctic marginal seas, especially in the Ross Sea (together accounting for 99.6% of the total phytoplankton biomass), with diatoms abundant in shallow, iron-replete coastal waters and Hapt-LoFe P. antarctica prevailing offshore due to iron limitation and selective grazing (Jo et al., 2021). For example, in the northern open waters of the Ross Sea, where krill super-swarms selectively graze on diatoms, a lower Si:N ratio (5.1) along with evident iron limitation promotes the dominance of single-celled Hapt-LoFe P. antarctica (Jo et al., 2021). The ice edge region of the Amundsen Sea features mixed blooms of diatoms and P. antarctica where dFe and light are high. In the Pine Island polynya and Amundsen Sea polynya, P. antarctica (83% ± 14%) dominates, particularly the Fe-stress-adapted Hapt-LoFe form, while small diatoms (Pseudo-nitzschia) prevail in open waters with low krill grazing and deeper mixed layers (Alderkamp et al., 2012). Moreover, in the Antarctic Peninsula and its adjacent seas, such as the Weddell Sea, diatoms, cryptophytes, and P. antarctica predominate, supported by iron-rich meltwater in the nearshore zones but limited by stratification and light in open waters, where conditions favor small phytoplankton (Mendes et al., 2012; Alcamán-Arias et al., 2018). Differently, in the nearshore zones of the Bellingshausen Sea, the massive input of ice-melt water gives rise to a highly stable thin layer that impedes vertical mixing and reduces the upward flow of nutrients toward the surface, resulting in a shift from diatoms to dinoflagellates (Costa et al., 2020).


Overall, similar phytoplankton spatial distribution patterns are evident across the marginal seas of the Southern Ocean during late February (
Figure 9
): 1) higher dFe in the nearshore waters due to melt and resuspension support diatoms (generally large forms such as Fragilariopsis) and Hapt-HiFe P. antarctica; 2) environmental pressure from zooplankton (e.g., krill) grazing enhances nearshore diatom dominance while promoting small diatoms such as Pseudo-nitzschia in offshore waters due to grazing selectivity (Xue and Zhu, 2021); and 3) as the MLD increases from the coast to the open ocean, the deeper MLD in offshore regions limits light and restricts vertical nutrient supply, enabling small phytoplankton with higher specific surface areas to better adapt to these conditions, while large diatoms thrive in shallower, well-lit nearshore waters (Peloquin and Smith, 2007). Furthermore, in the nearshore zones where diatoms and P. antarctica are the dominant species, the BCP is more efficient and contributes more significantly to the organic carbon pool; in the open ocean dominated by small phytoplankton, the microbial food web makes a larger contribution to the organic carbon pool, while the material and energy transfer efficiency is lower, resulting in a less efficient BCP.


[image: Diagram illustrating nearshore and offshore ocean processes. Nearshore shows meltwater with nutrients, sediment resuspension, and CDW upwelling, leading to a shallow MLD. Offshore features high predation on krill, dinoflagellates, and P. antarctica, impeding nutrient replenishment due to a high MLD. A legend describes symbols: Diat-A, Diat-B, P. antarctica, dinoflagellates, krills, sea ice, nutrients, and MLD.]
Figure 9 | 
Schematic model potentially illustrating differences in phytoplankton community structure between coastal and offshore water environments. Diat-A, a group of large-celled cold-water diatoms; Diat-B, a group of small pelagic diatoms; MLD, mixed layer depth; CDW, Circumpolar Deep Water.








4.4 Ecological and biogeochemical implications of phytoplankton community shifts


Rising anthropogenic CO2 emissions have intensified stratospheric cooling and driven a positive SAM (pSAM), resulting in stronger, poleward-shifted Southern Hemisphere westerlies (Bitz and Polvani, 2012; Ludescher et al., 2019). However, the effects of the pSAM are zonally variable due to Antarctic asymmetry (Noh et al., 2021). For example, while the Amundsen Sea off West Antarctica experiences increased coastal SST and sea ice melt due to warm air and water intrusions (Zheng et al., 2025), East Antarctic regions such as the Cosmonaut Sea and Prydz Bay display intensified Ekman transport, reduced subsurface upwelling, and weakened oceanic heat transfer, promoting higher SIC% and lower SST (Zhang, 2007; Ludescher et al., 2019; Morioka and Behera, 2021; Noh et al., 2021). This positive feedback sustains pSAM conditions in the Cosmonaut Sea (Lovenduski et al., 2007).


These environmental changes profoundly reshape phytoplankton communities, carbon export, and BCP efficiency in the Cosmonaut Sea. Sea ice expansion and reduced CDW upwelling maintain low temperatures and restricted nutrient supply (Moore et al., 2018), partly contributing to significantly lower phytoplankton biomass (<50% of 2006 levels; 
Figure 7a
). Ice-edge diatoms (Diat-A) decline due to light and nutrient limitations (Pančić et al., 2015), and even the small oceanic Diat-B subgroup loses its competitive advantage under cold, low-nutrient conditions; the results indicate that the diatom biomass has dropped by 200% compared to that in 2006 (
Figure 7b
). Although higher SIC% favors P. antarctica in low-light environments (Alderkamp et al., 2010), limited dFe availability due to weak upwelling reduces the Hapt-HiFe form of P. antarctica (
Figure 7c
). However, dinoflagellates persist in nutrient-poor settings via mixotrophy (Deshmukh et al., 2024).


Such phytoplankton shifts ripple through the food web and BCP. The declining abundance of diatoms, which are key for Antarctic krill, impacts krill biomass and thus top predators such as penguins and seals (Atkinson et al., 2004; Hunt et al., 2007). The proliferation of small autotrophs, such as P. antarctica, redirects the food web toward salp-dominated pathways, thereby reducing carbon export and siliceous pump (with a relatively high POC export) efficiency and ultimately weakening the BCP function (Murphy et al., 2007; Zhu et al., 2017). The dominance of small autotrophs favors microbial loop activity (Han et al., 2022), leading to the further retention of organic carbon and limiting energy transfer to higher trophic levels, thus reducing overall carbon sequestration in the Cosmonaut Sea.







5 Conclusion


This study reveals marked spatial and temporal heterogeneity in phytoplankton communities in the Cosmonaut Sea during late austral summer. The Diat-A subgroup dominated in cold, well-lit nearshore waters, while small Diat-B diatoms and dinoflagellates thrived in nutrient-poor, deeper mixed layers offshore. P. antarctica benefited from nutrients supplied by CDW upwelling. Diatoms provided the main contribution to the POC pool, whereas P. antarctica enhanced DOC through exopolymer release. Seasonally, phytoplankton followed a clear succession pattern from spring ice-algae seeding, to summer diatom and P. antarctica blooms, to the co-occurrence of diatoms and smaller taxa during autumn. Across the Southern Ocean during the late austral summer, environmental gradients also shaped distinct phytoplankton assemblages, as follows: meltwater-enriched, iron-rich nearshore waters with low SST, shallow mixing, abundant light, and low krill grazing favored large diatoms and Hapt-HiFe P. antarctica, while the nutrient-poor deeper mixed layers in the open ocean supported smaller phytoplankton with a high specific surface area. In the Cosmonaut Sea, future pSAM-driven changes, such as expanding sea ice, reduced upwelling, and declining nutrients may reduce the abundance of diatoms and favor smaller phytoplankton, risking diminished BCP efficiency and carbon sequestration. Overall, this study fills an important observational gap, clarifies dominant species transitions, and advances the understanding of seasonal ecosystem and carbon cycling responses in the Southern Ocean.
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