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The optical characteristics of coastal Antarctic waters exhibit complexity due to the dynamic hydrography influenced by meltwater intrusion, which alters nutrient levels, thermohaline structure, and optically active substances (OAS) regimes. Studies on bio-optical variability and its implications on phytoplankton productivity (PP) are scanty in coastal polar regions. On this backdrop, time-series measurements (72 h at 6 h intervals) of bio-optical properties such as phytoplankton biomass (chlorophyll-a), absorption (aph), and total suspended matter (TSM) concurrently with PP were measured to understand their interplay and variability in relation to the ambient physicochemical settings in the under-sampled Prydz Bay, coastal Antarctica. Our findings revealed thermohaline stratification within the bay, likely attributed to the inflow of less saline meltwater from nearby glaciers and minimal wind activity. The consistent presence of sub-surface chlorophyll maximum (SCM) beneath the stratified layer underscored the light-acclimatization response of shade-adapted phytoplankton. Surface waters exhibited higher TSM compared to deeper layers, indicating glacial melt influence, while the depth of the sunlit layer remained relatively stable, suggesting limited water mass movement and/or variability in OAS at the study site. An inverse relation between chlorophyll-a and chlorophyll-a-specific phytoplankton light absorption (a*ph(λ)) manifested ‘pigment package effect’ within the prevailing phytoplankton community, implying reduced light-absorption efficiency and consequent lower PP. Compared to chlorophyll-a, the phytoplankton light absorption (aph(λ)) emerged as a better proxy for explaining PP variability. Nutrient availability was not limiting, which was conducive to micro (large) phytoplankton growth. Classification of phytoplankton size classes (micro, nano, and pico) based on the B/R ratio (aph at Blue (443 nm)/Red (676 nm) region) confirmed the dominance of larger (micro) phytoplankton that are more susceptible to package effect, thus have implications on reduced PP potential of this polar marine ecosystem.
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Highlights

	Phytoplankton size-class could be derived from its light-absorption spectral ratio.

	Phytoplankton productivity is strongly linked to light-absorption than biomass.

	Reduced productivity is linked to phytoplankton pigment package effect.

	Meltwater-induced nutrients influence phytoplankton size-class.






1 Introduction

Owing to their ability to synthesize organic matter (primary production) and fix atmospheric CO2, the oceanic phytoplankton forms the base of the marine food chain. Arguably, one of the most consequential activities of marine phytoplankton is their influence on the global C-cycle and climate (Falkowski, 2002), irrespective of their habitat. The process of sequestering atmospheric CO2 into the deep ocean through primary production, known as the “biological carbon pump (BCP)”, varies as a function of various factors, including light availability, temperature, nutrient levels, phytoplankton composition, and other environmental forcings. The biological pump facilitates the removal of approximately 11-16 pg of atmospheric CO2 annually from the surface layers of the global oceans, representing 12-18% of the overall carbon sequestration by the oceans (Falkowski et al., 2000), thereby emphasizing the role of oceans as a carbon sink. The Southern Ocean (SO) is no exception, serving as a sink for atmospheric CO2 through both solubility and BCPs (Chisholm et al., 2001; Prasanna et al., 2016; Tripathy et al., 2018). Consequently, it is pivotal in regulating the global carbon cycle and climate.

In the Indian sector of the SO (ISSO), it is documented that the magnitude of phytoplankton productivity (PP) is influenced by the pigment packaging effect (Tripathy et al., 2014; Kerkar et al., 2020, 2021), the presence of deep chlorophyll maximum (Tripathy et al., 2015), and the substantial influence of nutrient-rich freshwater inflow from melting sea ice (Sabu et al., 2014). Despite this, studies elucidating the biophysical interactions, particularly in coastal regions such as the Prydz Bay area within the ISSO (located between 70 °E and 80 °E), are scarce (Sabu et al., 2021; Kerkar et al., 2023). The Prydz Bay has a unique topography, and it ranks as the 3rd largest bay in the eastern Antarctic region, spanning over nearly 80,000 km2 (Smith et al., 1984). Connected to the Amery Ice Shelf, the largest ice shelf in eastern Antarctica, Prydz Bay experiences significant influence from this ice shelf, which supplies nutrient-rich freshwater through the melting of nearby glaciers. This influx profoundly affects the water quality and circulation processes within the bay (Smith et al., 1984; Liu et al., 2017; Sabu et al., 2021).

It has been observed that alterations in hydrological conditions influence changes in phytoplankton communities and their average cell size (Margalef, 1978; Yentsch and Phinney, 1989), consequently affecting the internal build-up of pigments and their packaging pattern (Allali et al., 1997; Vidussi et al., 2001). This, in turn, regulates the light absorption or photosynthetic efficiency of surrounding phytoplankton communities. The ‘pigment package effect,’ i.e., the absence of linearity between light-harvesting efficacy and pigment packaging due to intracellular overlapping within the chloroplasts (Bricaud et al., 1995), is typically more prominent in the larger phytoplankton (size > 10 µm). In simpler terms, when chlorophyll-a (Chl-a) increases, cell size also increases (Bricaud et al., 1995), leading to an augmentation in the size of a community’s cells or an increase in pigment density within cells, resulting in heightened pigment packaging. Consequently, this decrease in light absorption or photosynthetic efficiency ultimately leads to reduced PP (Marra et al., 2007).

Generally, the optical characteristics of coastal waters are complex due to the prevailing dynamic hydrographic settings, such as freshwater influx, upwelling, and mixing (Babin et al., 2003). Studies indicate that the intrusion of freshwater can substantially alter the distribution of light absorption properties among the optically active substances (OAS) viz., phytoplankton, detritus, and colored dissolved organic matter (Babin et al., 2003; Brunelle et al., 2012). During austral summer, the SO (south of 60°S) is significantly influenced by meltwater intrusion from the Antarctic ice shelf (Dierssen et al., 2002). When nutrient-rich freshwater, containing both macro and micronutrients, mixes with the adjacent high-saline waters, it induces alterations in the phytoplankton community, resulting in increased Chl-a and PP in the upper, sunlit layers of the SO (Moore and Abbott, 2000). These changes in the phytoplankton community would likely impact the overall light-absorption efficiency of phytoplankton. Therefore, it is imperative to assess this aspect, particularly given the limited available information in the ISSO (Tripathy et al., 2014; Kerkar et al., 2023).

Based on point measurements, several surveys have been carried out in the frontal regions of the ISSO to explain the variability of PP (Jasmine et al., 2009; Tripathy et al., 2014, 2015, 2018; Kerkar et al., 2020, 2021, 2022), community structure (Mendes et al., 2012; 2015), and bio-optical variability (Pandi et al., 2023a, b). However, time-series observations evaluating the link between bio-optical variables and PP are obscure in the coastal region to date. Against this backdrop, the present study aims to investigate the temporal variation (at a single location) of ambient physicochemical factors and their impact on PP and bio-optical variability in Prydz Bay during the austral summer of 2016-2017. The study hypothesizes that in Prydz Bay, (i) meltwater governs the underwater light regime, vertical mixing, nutrient supply, and thus phytoplankton community and production/carbon sequestration; (ii) the pigment packaging effect predominates and significantly influences the light-absorption efficiency of phytoplankton with varying depths, (iii) phytoplankton light-absorption, compared to its biomass, can serve as a better proxy for predicting variability in PP. This study is anticipated to advance our understanding of the linkage between bio-optical properties and PP variability in the coastal polar oceans, with particular emphasis on this lesser-studied region of the Southern Ocean.




2 Data and methods



2.1 Study area and sampling strategies

All the measurements were conducted in a fixed location (68°.33’ S and 74°.36’ E) in Prydz Bay, a deep embayment in coastal Antarctica (Figure 1A). Water sampling was carried out aboard research vessel MV-S.A. Agulhas 1 during the 9th Indian Scientific Expedition to the Southern Ocean (ISESO-9), which spanned over two months (December 2016-February 2017). Time-series measurements at 6h intervals were carried out starting at 06:30 h (local time) on 26-Jan-2017 and culminated at 00:30 h on 29-Jan-2017. In total, 12 casts were performed for the collection of samples. Vertical profiles of hydrographical parameters viz., temperature, salinity, fluorescence, photosynthetically active radiation (PAR), and dissolved oxygen (DO) were measured by an array of sensors assembled with the conductivity-temperature-depth (CTD, SBE 911+) probe integrated with a carousel water sampler (Sea-Bird Scientific, USA). Waters samples were collected using 10L Niskin samplers mounted on the carousel and then sub-sampled into respective pre-washed bottles for further analysis. The vertical diffuse light attenuation coefficient (Kd, m-1) was calculated by linear regression fitting of log-transformed vertical PAR data. The depth of the euphotic zone (Zeu) was estimated as Zeu(m) = −ln(0.001)/Kd (Kirk, 1994). A bucket thermometer (Theodor Friedrichs & Co, Germany) with an accuracy of ± 0.2°C was used for measuring sea surface temperature (SST) in the studied location.




Figure 1 | (A) Study area map showing the sampling location in Prydz Bay, coastal Antarctica. Time-series vertical distributions of (B) temperature, (C) salinity, and (D) dissolved oxygen measured by CTD. The white dotted line in each panel indicates the depth of the mixed layer.






2.2 Phytoplankton biomass

Phytoplankton biomass, including Chlorophyll-a (Chl-a), and phaeopigments concentrations were measured using a fluorometer (AU-10, Turner Designs). Water samples from designated depths (0, 10, 30, 50/SCM, 75, 100, 120 m) were filtered under low vacuum pressure onto Whatman GF/F filters (diameter: 47 mm, pore size: 0.7 μm) and afterward stored at -20 °C until further analysis. The filters containing the sample were soaked in 10 ml of 90% acetone for a day, and the pigments extraction was performed in the dark in a refrigerated condition. Following extraction, the fluorescence was measured before (Fo) and after (Fa) acidification with 2-3 drops of 10% HCl. The actual concentrations of Chl-a and phaeopigments were calculated following a standard protocol (JGOFS, 1994). The water column-integrated Chl-a (Chlint) was obtained by integrating the Chl-a value within 0-150 m.




2.3 Nutrients and total suspended matter

A 100 ml aliquot of water samples was directly transferred from the Niskin sampler into pre-cleaned polypropylene tubes. These samples were stored frozen at -20°C until analysis. The concentrations (μM) of nitrate (NO3), nitrite (NO2) phosphate (PO4), and silicate (SiO4) were determined by a continuous segmented flow autoanalyzer (Model-AA3, Seal Analytical Ltd., GmbH, Germany) according to JGOFS (1994). The standard error of less than 2% was maintained for all triplicate analyses. To estimate total suspended matter (TSM), water samples (2L) were filtered through pre-weighted 47 mm (pore size: 0.2 μm) Millipore filters under low vacuum pressure, and it was subsequently weighed (w1). Following filtration, the filters were dried in an oven at 60°C for four hours and weighed (w2) at room temperature. The concentration of TSM (mg l-1) was determined by deducting w1 from w2.




2.4 Phytoplankton light-absorption coefficient

Water samples ranging from 1-2 L were filtered onto Whatman GF/F filters (diameter: 25 mm, pore size: 0.7 µm) under low vacuum suction (<0.01 MPa) and were analyzed by a spectrophotometer equipped with an integrated sphere (UV-2600, Shimadzu Inc., Japan) to estimate light-absorption coefficient of total particulate matter (ap(λ)) and non-phytoplankton particles (anph(λ)) adopting quantitative filter technique (QFT) suggested by Mitchell and (1990 1990) and as detailed in Kerkar et al. (2021). The light-absorption coefficient of phytoplankton (aph(λ)) was determined by subtracting anph(λ) from ap(λ). Additionally, the Chl-a specific light-absorption coefficient of phytoplankton, i.e., aph*(λ), was calculated by normalizing aph(λ) to fluorometrically measured Chl-a at respective depths.




2.5 Phytoplankton carbon fixation rate

The daily phytoplankton carbon fixation rate or productivity (PP) was quantified by carrying out 24 h simulated in situ (SIS) incubations onboard the vessel. Waters samples from two depths (surface and SCM) were collected gently in acid-washed transparent bottles (NALGENE®) after passing through a mesh (diameter: 200 µm) to exclude zooplankton (grazers). The bottles were spiked with 13C-labelled sodium bicarbonate (NaH13CO3, 99 atom %, Icon Services, USA) and incubated in an on-deck transparent tank enabled with circulated surface seawater facility to maintain surrounding water temperatures. Appropriate neutral density filter covers were used for SCM samples to simulate reduced light intensity that prevailed at SCM depth. After completion of incubations, samples were filtered onto pre-combusted (450 °C, 4 h) GF/F filters of 25 mm diameter and stored at -20 °C for estimation of particulate organic carbon (POC, mgC L-1) and isotopic ratio of 13C and 12C (13C atomic %) of the samples by a stable isotope ratio mass spectrometer (Isoprime) in continuous-flow mode coupled with a Vario ISOTOPE cube elemental analyzer (Elementar) as detailed in Kerkar et al. (2021). The phytoplankton daily carbon fixation rate (PP, mgC m-3 d-1) was calculated according to Hama et al. (1983). The terminologies and abbreviations used in this study are given in Table 1.


Table 1 | List of terms and abbreviations used in this study.






2.6 Satellite observations of wind speed

To know the wind speed (m s-1) in Prydz Bay, we acquired the daily averaged wind speed over the time-series from the Advanced Scatterometer (ASCAT, http://apdrc.soest.hawaii.edu). The daily climatological data was generated using the daily wind data from the ASCAT from 2010 to 2020. The daily wind speed anomalies (m s-1) during the observation were estimated from the daily wind climatological data.





3 Results



3.1 Variability in hydrography and nutrients

Hydrography examination suggests that the water column’s physical attributes at the time-series station remained relatively stable throughout the sampling period. Water column (up to 150 m) temperature and salinity varied from –1.80°C to 2.09°C (avg -0.82 ± 1.01°C) and 33.36 to 34.52 (avg 34.29 ± 0.33 psu), respectively. In the upper ~25 m depths, the water temperature was > 0 degrees, and salinity was > 33.8 (Figures 1B, C), indicating the presence of Antarctic Surface Water (AASW; -1.5< Temp< 2°; 32.5< Sal< 34.2 psu) during the observations (Figure 2A). Both temperature and salinity exhibited similar vertical distribution and temporal variations, with deeper layers (100-150 m) characterized by high salinity (> 34.0) and low temperature (> -1.5 °C). Notably, a clear stratification was observed in the surface layers where comparatively low-saline and high-temperature water prevailed in the upper 20-25 m (Figures 1B, C), resulting in a restricted mixed layer depth (MLD) ranging from 9-20 m (Table 2). Water density (sigma-t) ranged between 26.69 and 28.55 kg m-3 (avg 27.76 ± 0.36 kg m-3). Sigma-t increased with decreasing temperature and increasing salinity (Figures 2B, C). Water column temperature and salinity (Supplementary Figure S1A) were negatively correlated (R2 = 0.93, p< 0.001), whereas linear regression between sigma-t, temperature, and salinity (Supplementary Figures S1B, C) demonstrated that variation in sigma-t was almost equally driven by temperature (R2 = 0.95, p< 0.001) and salinity (R2 = 0.99, p< 0.001). Dissolved oxygen (DO; ml l–1) values were slightly elevated in the surface layer but displayed markedly higher values just below the stratified layer, decreasing gradually with depth (Figure 1D). Sea surface temperature (SST) and sea surface salinity (SSS) exhibited nearly opposite trends during the initial 24 h of the time-series measurements and the varied correspondingly (Figures 1B, C). The relatively high saline and colder water observed at the beginning of the time-series measurement may be due to localized/small-scale upwelling or mixing events (Dinniman and Klinck, 2004; Wallace et al., 2008); however, it could also be owing to internals waves. Alas, we can not confirm this using this dataset.




Figure 2 | (A) A TS diagram with density (sigma-t) contours. The AASW was identified using the potential temperature (-1.5< T< 2) and salinity range (32.5< S< 34.2) described by Guo et al. (2019). Scatter plot of time-series (B) sigma-t versus temperature, and (C) sigma-t versus salinity in the study area.




Table 2 | Sampling date, time, cast number, mixed layer depth (MLD), vertical light attenuation coefficient (Kd), euphotic depth (Zeu), daily surface photosynthetically active radiation (D-PAR), difference between Zeu and MLD (Zeu-MLD), mean PAR level in the mixed layer (EML), depth of the SCM, water column-integrated chlorophyll a, water column average of nutrients and nutrient ratios observed in the study location (68 00’°S and 74 00’°E).



Macronutrients concentrations, i.e., nitrate (NO3), silicate (SiO4), and phosphate (PO4), varied from (9.89 – 33.76, avg 27.29 ± 5.35 µM), (23.73 – 61.15, avg 47.55 ± 9.66 µM), and (1.12 – 2.22, avg 1.93 ± 0.30 µM), respectively in the water column during the entire study period. The concentrations were relatively low in the mixed layer (ML), gradually increasing with depth (Figures 3A-C), suggesting less nutrient limitation, if any, for diatoms/silicoflagellates at greater depths. Profiles at TS7 showed some spiked values, possibly attributable to manual/instrumental errors in sample handling. The N:P, N:Si, and Si:P ratio, a proxy for nutrient limitations, varied from (8.83 – 15.62, avg 14.04 ± 9.66 µM), (0.41 – 0.68, avg 0.57 ± 9.66 µM), and (16.52 – 28.05, avg 24.43 ± 9.66 µM), respectively. Average values of these nutrients within the water column during each cast are given in Table 2.




Figure 3 | Vertical profiles of macronutrient concentrations (A) nitrate, (B) silicate, and (C) phosphate in the study location. The dotted line indicates the mixed layer depth.






3.2 Variability in phytoplankton biomass, total suspended matter, underwater light, and water column stability

The CTD-based fluorescence data (Figure 4A) revealed a reduction in surface fluorescence and a slight deepening of the SCM layer during the noon cast (at 1200 h), which could be the manifestation of higher incident sunlight. Diurnal variations in fluorescence caused by intense solar radiation were evident. The fluorescence profiles were consistent with fluorometrically measured Chl-a measurements (R2 = 0.75, p< 0.05). Fluorometrically measured in situ Chl-a concentrations within the water column (150 m) varied from 0.007 to 0.456 mg m-3 (avg 0.144 ± 0.107 mg m-3) during the sampling time (Figure 4B). Concurrently, the phaeopigments (degraded products of Chl-a) concentrations varied from -0.049 to 0.246 mg m-3 (avg 0.074 ± 0.045 mg m-3) in the studied location (Figure 4C). Despite the surface water displaying a greenish hue, indicative of higher algal growth or bloom conditions, Chl-a values were lower at the surface and showed a distinct subsurface maximum (SCM) layer below the stratification, spreading from 25-60 m of the water column (Figure 4B). This phenomenon suggests a potential decline phase of a phytoplankton bloom that might have occurred at the onset of austral summer, i.e., prior to the sampling period, although further confirmation is warranted. The in situ Chl-a concentrations showed minimal variation at the surface layer but exhibited notable fluctuations at the SCM layer. Initially, Chl-a values were low at SCM, gradually increasing after 12 hours before decreasing again. The water column-integrated Chl-a (Chlint) showed a random pattern and varied between 17.49 and 25.61 mg m-2 at the studied location (Table 2).




Figure 4 | Time-series vertical distributions of (A) CTD-based fluorescence; and fluorometrically estimated (B) chlorophyll-a, and (C) phaeopigments. The white dotted line in each panel indicates the depth of the mixed layer.



Total suspended matter (TSM) concentrations were relatively higher at the surface compared to the SCM layer, ranging between 6.2 and 8.1 mg l-1 (avg 7.29 ± 0.67 mg l-1) and 5.1 and 7.9 mg l-1 (avg 6.35 ± 0.97 mg l-1), respectively. The TSM concentrations at the surface and SCM were positively correlated (R2 = 0.43, figure not shown) and displayed a decreasing trend over time (Figure 5A). Higher TSM levels measured at the surface could be due to meltwater influx from the Antarctic Peninsula, which is prone to carry some sediment or soil resulting from atmospheric deposition and/or coastal erosion.




Figure 5 | Time-series of (A) concentrations of total suspended matter (at surface and SCM layer), and diffuse light attenuation coefficient in the water column, (B) vertical profiles of photosynthetically active radiation (%) in log-scale showing euphotic depth (dashed line) in the study area.



A typical exponential decline in the vertical light or photosynthetically active radiation (PAR) profiles (Figure 5B) was observed during the study. The vertical penetration of PAR in the water column remained stable throughout the 72 h measurements, showing minimal variation. The depth at which PAR reaches 1% of its value just below the surface, also known as the base of the euphotic zone (Zeu), varied within ~50-70 m (Figure 5B), delineating the depth conducive for phytoplankton photosynthesis. The variability in Zeu could be attributed to the varying diffuse light attenuation coefficient (Kd) values influenced by the incident solar elevation angle and concentrations of optically active substances (OAS) viz., Chl-a, total suspended matter (TSM) and colored dissolved organic matter (CDOM) in the water column. The Kd ranged from 0.063 to 0.099 (mean 0.088 ± 0.010 m-1) (Table 2; Figure 5A) and showed strong (R2 = 0.73), moderate (R2 = 0.56) and weak (R2 = 0.45) positive correlations (Figure 6) with surface TSM, SCM TSM, and water column-integrated Chl-a (Chlint, mg m-2), indicating the impact of these OAS on its variability. As obvious, the penetration of PAR was least during the 18:00 h casts and was highest during the noon cast due to high and low solar angles, respectively, implying that light attenuation was more linked to the higher solar angle than the concentrations of the constituents in the water column.




Figure 6 | Scatterplots showing relationships between vertical diffuse light attenuation coefficient and (A) total suspended matter at the surface layer, (B) total suspended matter at SCM, and (C) integrated chlorophyll-a in the water column.



Overall, the wind speed during the observation was weak, with a three-day average of ~4 m s-1). The magnitude of the wind during day 1 (26 January) and day 3 (28 January) was slightly higher than the climatology, whereas, on day 2 (27 January) and day 4 (28 January), it was almost similar to the climatological values (Figure 7A). The resulting wind anomalies (Figure 7B) indicates possible weak mixing or water mass movement vertically. The Brunt-Vaisala frequency (N) plot indicated a weekly stratified upper layer, with highly stratified waters below this layer (between 20-50 m) and lesser stratified waters beyond 65 m during the study (Figure 7C). N, when positive, zero, and negative, means the water column is stable, neutral, and unstable, respectively (Pond and Pickard, 1983).




Figure 7 | (A) Daily averaged wind speed during the time-series observation compared to the climatological data. The daily climatological data was generated using the daily wind data from the ASCAT for the period 2010-2020. (B) Daily wind anomalies during the observation. The anomalies were estimated from the daily wind climatological data. (C) The Brunt–Vaisala frequency (N) diagram indicates buoyancy frequency or water column stability in the study area. The CTD profiles were used to calculate the,   according to Pond and Pickard (1983), where g is the acceleration due to gravity,   is the density of seawater and   is the vertical potential density gradient.






3.3 Variability in phytoplankton light-absorption coefficients

The aph(λ) spectra were categorized by absorption peaks at the blue (443 nm) and red (675 nm) wavelength regions. The aph(λ) spectra were noticeably different between the surface and SCM layers. On average, aph(λ) values were higher at the SCM layer compared to the surface (Figure 8A), indicating more light absorption at SCM layers. The standard deviations (SD) for both peaks were more pronounced in the blue band than the red band due to the role of accessory pigments (other than Chl-a) in light absorption, which was corroborated by the linear relationship between aph(λ) and Chl-a (Figure 8C) at 443 nm (R2 = 0.60, p< 0.01) and 676 nm (R2 = 0.62, p< 0.01). In contrast to the aph(λ) spectra, the a*ph(λ), a proxy for the ‘pigment package effect’, were higher for the surface layer than at SCM, implying higher Chl-a specific light-absorption in the surface layers than SCM (Figure 8B). The prominent, inverse relationship between a*ph(λ) and Chl-a (Figure 8D) showed that absorption at both 443 nm (R2 = 0.53, p< 0.01) and 676 nm (R2 = 0.42, p< 0.01) experienced ‘pigment package effect’, with a relatively stronger packaging effect at the blue band. Higher SD values observed for SCM could be due to the influence of elevated fluctuating light conditions on the a*ph(λ) variability in the deeper layer. The average a*ph(λ) in the study location exhibited a typical flattening in the blue (450–470 nm) region.




Figure 8 | (A) Spectral average (Avg) and standard deviation (SD) of phytoplankton absorption (aph(λ)), and (B) chlorophyll-specific phytoplankton absorption (a*ph(λ)) at the surface and SCM layer. Scatter plot of (C) aph(λ) vs Chl-a (at 443 nm: y = 0.0774Chl-a+0.0084; at 676 nm: y = 0.034Chl-a+0.0041), and (D) Chl-a vs a*ph(λ) (at 443 nm: y = 0.1971e-2.673Chl-a; at 676 nm: y = 0.849e-2.361Chl-a). Line diagram showing B/R ratio (aph(443)/aph(676)) as a proxy for phytoplankton size-class, where the dashed line at 2.5 indicates the upper limit for microphytoplankton, (F) daily surface PAR, and daily phytoplankton productivity at surface and SCM layer measured on alternative days during the time-series, where the numbers on the top of the histograms indicate the chlorophyll-specific PP (PB) for respective stations.






3.4 Deriving phytoplankton size-classes from light-absorption coefficients

Understanding the prevailing size structure of phytoplankton communities is crucial for comprehending related physiological phenomena, viz., ‘pigment package effect” and the impact of accessory pigments on light absorption. This study derives the dominant phytoplankton size-class using previously established bio-optical criteria. The blue/red (B/R) ratio of the light-absorption spectra, represented as aph(443)/aph(676), serves as an indicator to categorize the dominant phytoplankton community size classes (Wu et al., 2007; Aguilar-Maldonado et al., 2018; Kerkar et al., 2021, 2023). This index classifies phytoplankton size classes as pico- (< 2 μm), micro- (> 20 μm), and nano-phytoplankton dominant communities when the B/R ratio is > 3.0, < 2.5, and 2.5< B/R< 3.0, respectively. The disparity in the B/R ratio was evident between the surface and SCM layer (Figure 8E), with values ranging from 1.63 to 3.29 (at the surface) and from 1.38 to 2.87 (at SCM). Overall, the B/R ratio for most samples was < 2.5, indicating a micro-phytoplankton-dominant community prevailing in the study location. Precisely, the dominance of micro-phytoplankton was observed in the SCM, while at the surface, there was a fluctuation between the dominance of nano- and micro-phytoplankton. At the PP stations, the phytoplankton community structure was consistent between TS-5 and TS-9 (surface dominated by nano-phytoplankton) but differed for TS-1 (surface dominated by micro-phytoplankton).




3.5 Phytoplankton productivity

Similar to phytoplankton biomass (Chl-a), PP was higher at SCM than the surface layer (Figure 8F). The lower PP observed at SCM during TS-5 could be due to the relatively diminished incident daily PAR (37.0 E m-2 d-1) due to cloudy conditions on that particular day. The PP ranged from 0.185 to 0.266 and from 0.236 to 0.449 mgC m-3 d-1 in surface and SCM layers, respectively. The Chl-a-specific PP (PB), an index for the physiological status of the phytoplankton, varied from 0.87 to 2.02 mgC (mgC Chl-a)-1 d-1. The relationships between productivity (PP), biomass (Chl-a), and absorption (aph) were evaluated to determine the better proxy for PP variability. The PP values were positively correlated with aph(443) and Chl-a, where PP and aph(443) relationship was stronger (R2 = 0.58, n = 6) (Figure 9A) than between PP and Chl-a (R2 = 0.20, n = 6) (Figure 9B), suggesting that the variability in PP was better explained by phytoplankton light-absorption coefficient than biomass. The aph(443) and Chl-a showed a typical positive but weak relationship (R2 = 0.21, n = 6) (Figure 9C), indicating that higher biomass leads to higher absorption. In contrast to PP, the PB values were higher at the surface than the SCM layer except at TS-1 (Figure 8F) and depicted a weak and moderate inverse linear relation with aph (R2 = 0.27, n = 6) (Figure 9D) and Chl-a (R2 = 0.52, n = 6) (Figure 9E), respectively revealing a decrease in PB with increasing light-absorption and biomass. The Chlint values at TS-1, TS-5, and TS-9 stations were not reflected in the observed PP values, implying that high or low Chl-a levels do not essentially translate to high or low rates of PP. Additionally, the Chl-a (mg m-2) integrated up to SCM depths at TS-1 (9.33), TS-5 (10.18), and TS-9 (18.99) also did not align with the observed PP patterns.




Figure 9 | Scatterplots showing relationships between (A) primary productivity and phytoplankton absorption coefficient at 443 nm, (B) primary productivity and chlorophyll-a, (C) chlorophyll-a and phytoplankton absorption coefficient at 443 nm, (D) chlorophyll-a specific PP and phytoplankton absorption coefficient at 443 nm, and (E) chlorophyll-a specific PP and chlorophyll-a.







4 Discussion



4.1 Water column properties, phytoplankton biomass, and community structure

The observed upper water column characteristics were consistent with previously reported (Sabu et al., 2021; Kerkar et al., 2023) in Prydz Bay. Throughout this study, the salinity gradient appeared more pronounced than the temperature gradient, potentially attributed to the formation of a buoyant layer comprising relatively low-salinity waters resulting from sea-ice melting and the influx of fresher meltwater originating from glaciers. Salinity exerted a stronger influence on water density (sigma-t) than temperature, aligning with the conclusions drawn by Tripathy et al. (2015), who highlighted the significant salinity dependency of sigma-t variations. Notably, distinct stratification was observed within the surface layers, extending to approximately 20-25 m (Figures 1B, C), leading to a confined MLD ranging from 9 to 20 m (Table 2). Wind events are crucial in influencing the upper ocean’s physical and biological processes (Tang et al., 2003). Limited wind activity within the bay resulted in a stratified thermohaline structure of the water column. While the wind speed during the study period generally aligned with climatological values (Figures 7A, B), the three-day average wind speed was weak (~4 m s-1), suggesting weak or absence of mixing. Weak and strong stratifications at the surface and subsurface layers could be confirmed by the lower and higher positive N values, respectively, showing water column stability. However, the relatively high salinity and colder water observed initially and the slight deepening of water column stratification observed towards the end of the three-day measurement period (Figures 1B, C) could be attributed to localized events. Previous studies have indicated that upwelling and mixing processes are highly localized and temporally variable, influenced by factors such as local stratification, winds, tides, sea-ice cover, and bathymetry (Dinniman and Klinck, 2004; Wallace et al., 2008). The stratification limited upward nutrient fluxes from deeper layers, resulting in relatively lower nutrient concentrations within the MLD (Figure 3). The DO values exhibited an inverse correlation with salinity and a positive correlation with temperature (figure not shown), indicating that warmer and fresher water, predominant in the upper 30 m, contained higher DO concentrations (> 8.5 ml l-1) compared to subsurface water. DO values decreased to < 7.0 ml l-1 at temperatures below -1.0 °C, indicating lessened photosynthetic activity beyond 50 m (Figure 1D). Additionally, DO and Chl-a were significantly correlated (R2 = 0.43, p< 0.05), implying the influence of oxygenic photosynthetic activities on regulating DO concentrations within the water column.

The vertical distribution of underwater PAR remained stable throughout the 72 h measurements, displaying minimal variation. The observed variability in Zeu could be attributed to the varying Kd values influenced by the incident solar angle and concentrations of OAS. The Kd showed strong and weak linear positive correlations with TSM concentrations at the surface (R2 = 0.73) and SCM (R2 = 0.56), respectively (Figures 6A, B), suggesting that surface water contains more OAS compared to the DCM layer (Kerkar et al., 2023). The moderate positive correlation between Kd and Chint (R2 = 0.45) indicated that phytoplankton biomass significantly attenuated underwater light (Pan et al., 2019). The measured concentrations of TSM (Figure 5A) were consistent with earlier reports by Dessai et al. (2011) but somewhat lower than reported by Kerkar et al. (2023), who observed TSM concentrations varying between 4.3 to 15.5 mg l-1 in the Prydz Bay. The higher TSM concentration at the surface suggests a relatively lower abundance of biogenic material than the SCM, which is consistent with earlier observations by Kerkar et al. (2020). Likely, the TSM sources in this bay can be attributed to the influx of dust-laden meltwater from nearby coastal Antarctica (Sabu et al., 2014; Pan et al., 2019).

The MLD was generally shallower than Zeu, with positive Zeu-MLD values indicating vertically stratified waters (Ferreira et al., 2017). This stratification provided favorable light conditions for phytoplankton carbon fixation, as phytoplankton did not encounter light limitation while vertically mixing through the ML. Furthermore, extremely high (> 35 m) Zeu-MLD values (Table 2) implied that light conditions within the ML was remarkably conducive to phytoplankton growth (Westwood et al., 2011; Cheah et al., 2013; Tripathy et al., 2020) during the observation period. The mean PAR level in the shallow ML (EML) was > 60% of the daily incident PAR (Table 2), corroborating a good ‘light climate’ (mean irradiance available to phytoplankton in the ML) for the growth of phytoplankton (Boyd et al., 2007; Venables and Moore, 2010) and overall metabolism (Lee et al., 2007) in this region.

Despite the surface water displaying a greenish hue, indicative of higher algal growth or bloom conditions, Chl-a values were lower at the surface and displayed a distinct subsurface maximum (SCM) layer below the stratification, extending from 25 to 60 m of the water column (Figures 4A, B). This phenomenon implies a potential decline phase of a phytoplankton bloom that may have occurred at the onset of the austral summer, with phytoplankton potentially entering a sinking phase, as indicated by earlier studies (Parslow et al., 2001; Gomi et al., 2010) highlighting the role of sinking diatoms in SCM formation and maintenance in the eastern ISSO. However, the possibility of the bloom extending to the base of the mixed layer cannot be ruled out. Furthermore, the SCM maintenance could be associated with a sub-mesoscale mixing process, which constantly provides nutrients at the base of the MLD during summer (Sangra et al., 2014). The build-up of diatom cells in the subsurface depths is controlled by the availability of SiO4 and/or trace nutrients (presumably iron; Fe). When sinking cells reach the SiO4- and Fe-rich subsurface depth, they are released from nutrient limitation-induced stress, leading to buoyancy recovery and cell accumulation in the subsurface depth (Parslow et al., 2001). Furthermore, the observed variation in SCM depth at the study location may be ascribed to the interplay between ambient light settings and nutrient availability, typically governing SCM depth (Tripathy et al., 2015).

Analysis of CTD-based fluorescence data revealed a reduction in surface fluorescence and a slight deepening of the SCM layer during the noon cast (at 1200 h), likely due to increased incident sunlight. Diurnal variations in fluorescence caused by intense solar radiation were evident. The distribution pattern of phaeopigments (Pheo) (Figure 4C) mirrored diurnal fluorescence variation (Figure 4A) caused by incoming solar radiation. Pheopigment concentration was notably higher at deeper depths than Chl-a distribution, indicating the sinking of Chl-a degraded materials resulting from phytoplankton death, decay, or zooplankton grazing (Gomi et al., 2010; Pillai et al., 2018; Venkataramana et al., 2022). Usually, photo-degradation diminishes exponentially with depth, mainly contributing to Pheo disappearance in the presence of PAR (i.e., accelerated removal in the well-lit zone (surface layer)), leading to reduced Chl-a/Pheo ratios with increasing depth (Welschmeyer, 1994; Tripathy et al., 2021). Our results revealed higher Chl-a/Pheo ratios in well-lit upper layers, decreasing with depth and with the lowest ratios at deeper depths, further confirming favorable light conditions in the ML conducive for phytoplankton growth.

Nutrient concentrations observed aligned with previous findings documented in the austral summer (Tripathy et al., 2014; Henly et al., 2017; Jones et al., 2023; Kerkar et al., 2023). Optimal growth conditions for microphytoplankton, particularly diatoms, are achieved when the atomic ratios of nitrate, silicate, and phosphate (N:Si:P) within the cell are approximately 16:16:1 (Redfield et al., 1963; Brzezinski, 1985). Aberrations from these standard ratios may indicate potential nutrient limitation and create a favorable environment for smaller (nano and pico) phytoplankton growth due to their competitive utilization of nutrients, especially at high N:P ratios with low PO4 values (Mackey et al., 2013). The observed N:P, N:Si, and Si:P ratios in the water column were consistent with the previous reports by Tripathy et al. (2014, 2015) and Kerkar et al. (2021). High average N:P (14.04 ± 1.14 µM) and Si:P (24.43 ± 1.90 µM) ratios in the study area indicated no nitrate and silicate limitation, while a high Si:P ratio (> 3) and low N:Si ratio (<1; 0.57 ± 0.03 µM) suggested Si-enriched water in the studied area and higher SiO4 concentration than NO3 (Harrison et al., 1977) at the sampling site. The nutrient ratios (Table 2) suggested favorable conditions for the growth of micro-phytoplankton (larger and presumably shade-adapted diatoms and ciliates), with occasional instances of nano-phytoplankton dominance (Figure 8E), possibly due to low phosphate concentrations, and/or high light conditions. Gomi et al. (2010) demonstrated that no specific diatom assemblages are characteristic of the SCM layer in the ISSO, as, at times, ciliates also occur abundantly in the SCM layer. Low PO4 concentrations relative to other nutrients could potentially result from co-precipitation with ikaite (abiotic calcium carbonate) (Jones et al., 2023). The proliferation of a particular phytoplankton species and its relative impacts on community composition are typically influenced by ambient physicochemical parameters, viz., temperature, salinity, nutrients, and light availability (Reynolds and Reynolds, 1985). Consequently, the community composition of phytoplankton is viewed as a comprehensive response to ambient environmental conditions (Claustre et al., 2005).




4.2 Phytoplankton light-absorption coefficient and package effect

Phytoplankton pigments play a significant role in photosynthesis and are pivotal for moderating oceanic ecological and biogeochemical processes. Assessing phytoplankton pigments by ‘optical’ means is desirable as it can be extrapolated to satellite remote sensing (Sun et al., 2021) for comprehensive oceanic studies at a synoptic scale. Among the means, the phytoplankton absorption coefficient (aph(λ)) is the widely preferred optical index for delineating phytoplankton variability (Moisan et al., 2011). The aph(λ) is influenced by shifts in phytoplankton species structure and physiological conditions; hence, the measurement of aph(λ) is a crucial aspect of bio-optical studies and absorption-based models of PP. The average aph(λ) and a*ph(λ) values (Figures 8A, B) of this study were higher than those reported by Clementson et al. (2001) but consistent with the values observed by Kerkar et al. (2022, 2023). These differences correspond to the variable ranges of ambient Chl-a concentration observed in the respective studies. While Chl-a does not provide taxonomic information, significant variance in Chl-a concentrations typically indicates variations in photosynthetic and accessory pigments, leading to fluctuations in the light absorption spectra (Barlow et al., 2002; Chase et al., 2013) characteristics of different phytoplankton size classes. For both surface and SCM, we observed a higher standard deviation in aph(λ) in the blue region than in the red region of the spectrum, suggesting the influence of accessory pigments in light absorption (Barlow et al., 2002). The mean aph(λ) at SCM was higher than the surface, indicating more light absorption at SCM owing to greater phytoplankton concentrations at SCM, as shown by the positive correlation between aph(λ) and Chl-a (Figure 8C).

The a*ph(λ) signifies phytoplankton light absorption efficiency for carbon fixation and is a crucial factor in estimating PP (Platt and Sathyendranath, 1988; Robinson et al., 2017). In contrast to aph(λ), the average spectra of a*ph(λ) were higher at the surface than the SCM, signifying higher Chl-a-specific light absorption at the surface (Figure 8B), indicative of efficient or healthier phytoplankton taxa predominant in this layer. As we move from the surface to deeper waters, there is an anticipated rise in Chl-a content per cell due to photoacclimation, leading to vertically declining a*ph(λ). So, the observed lower a*ph(λ) in SCM reveals the presence of a photoacclimated phytoplankton community. More variability in aph(λ) and a*ph(λ) was noticed at SCM than at the surface, especially in the blue region of the spectrum (443 nm). Mostly, in the global ocean, a*ph(λ)< aph(λ), whereas we noticed a reverse trend. The observed a*ph(λ) values were noticeably higher than the aph(λ), possibly due to the adaptive response of the dominant phytoplankton group (presumably shade-adapted) to the surrounding light condition, resulting in effective light harvesting (Matsuoka et al., 2009; Gomi et al., 2010; Tripathy et al., 2015). Usually, lower and higher values of a*ph(λ) are associated with larger and smaller pigment packaging and cell sizes and with lower and higher relative significance of accessory pigments, respectively (Ferreira et al., 2017). The higher a*ph(λ) at the surface observed in this study could be attributed to smaller pigment packaging and the prevalence of efficient and/or smaller phytoplankton taxa (discussed in section 4.3), underscoring that the light absorption efficiency of the surface phytoplankton was better than the SCM phytoplankton due to higher contribution of accessory pigment to total absorption at the surface. Additionally, the positive correlation between aph(λ) and temperature (figure not shown) suggests higher light absorption in the comparatively warmer surface layer in Prydz Bay, which is consistent with the findings of Kerkar et al. (2020) in the ISSO and Kheireddine et al. (2018) elsewhere in the global ocean. Both studies credited this to the predominance of smaller phytoplankton.

Generally, the aph(λ) typically increases, while the a*ph(λ) decreases nonlinearly with increasing Chl-a concentration, attributed to a diminishing contribution of non-photosynthetic pigments and increasing pigment packaging. This results in no linearity between light-harvesting efficiency and pigment packaging due to intracellular overlapping of the chloroplasts is known as the “package effect,” and the a*ph(λ) serves as an effective proxy for studying “package effect” (Bricaud et al., 1995, 2004). Various laboratory studies have demonstrated that package effects account for 58 and 71% of the variability in absorption (Sathyendranath et al., 1987; Stuart et al., 1998), and this variability in optical properties may introduce noise, thereby limiting the accuracy of bio-optical algorithms, in the global oceans in general and Polar oceans in particular. The observed inverse relationship between a*ph(λ) and Chl-a (Figure 8D) indicates the occurrence of a package effect in the study area. The a*ph(λ) versus Chl-a relationship of this study was consistent with other studies from high-latitude regions (e.g., Naik et al., 2013; Ferreira et al., 2017; Kerkar et al., 2020, 2022; D’Sa et al., 2021; Pandi et al., 2023a, b), albeit lower than the fit noticed by Bricaud et al. (1995) for lower and middle latitude waters. The package effect is noticeable in both the blue and red regions of the spectrum, with a more pronounced effect observed in the blue region due to the substantial contribution of accessory pigments to total absorption. The observed a*ph(λ) > aph(λ) could be due to (i) the changes in the relative abundance of chlorophyll (primary pigment) and accessory pigments within the phytoplankton and/or (ii) variation in packaging effect (i.e., pigment packaging within the shade-adapted phytoplankton cells) (Sathyendranath et al., 1987; Bricaud et al., 1995). In higher latitudes like Polar Oceans, significant variability in a*ph(λ) is expected (Ferreira et al., 2017) since it is derived based on the concentration of the primary pigment, i.e., Chl-a. However, higher concentrations of accessory pigments that absorb light can substantially affect a*ph(λ) estimates across the blue-to-red spectral range. This variability can be influenced by factors such as light acclimatization within species, leading to instances where a*ph(λ) > aph(λ) under specific environmental conditions.

The majority of the a*ph(λ) values in this study were > 0.07 m2 mgChl-a−1, suggesting either a reduced packaging effect or an increase in non-photosynthetic pigments concentrations, indicating the prevalence of smaller phytoplankton (Bricaud et al., 2010) in the study area. However, the presence of a*ph(λ) values < 0.07 m2 mgChl-a−1 also emphasizes the co-presence of large or microphytoplankton in the Prydz Bay. Significant light absorption by accessory pigments impacts a*ph(λ) estimates across the blue-to-red spectral range. Furthermore, variations in the package effect result from two primary factors: (i) alterations in cell size, shape, or morphology, and (ii) fluctuations in intracellular pigment concentration, often induced by photo-adaptive responses (Morel and Bricaud, 1981; Kirk, 1994). Although our dataset does not permit a detailed explanation of the processes involved, studies (Palmisano et al., 1986; Mendes et al., 2015; D’Sa et al., 2021) have indicated that phytoplankton can adjust their photosynthetic efficacy in response to varying light intensity (photo-adaptive responses) in Polar Regions. Pigment packaging holds significance in high-latitude oceans as phytoplankton adapts to the low-light and high-nutrient environment (Cota et al., 2003; Deppeler and Davidson, 2017; Baldry et al., 2020) by adjusting their pigment concentration and type. Fucoxanthin production, an essential mechanism for diatom assemblages to increase light harvesting, has been reported to occur at the tip of the Antarctic Peninsula (Mendes et al., 2018). Indeed, the synthesis of photosynthetic pigments is viable under non-limiting nutrient conditions, as observed in the nutrient-replete environment of the studied location in Prydz Bay.




4.3 Bio-optical representation of the phytoplankton community structure

Understanding the size distribution of phytoplankton communities can offer insights into related physiological phenomena, such as the pigment packaging effect and the impact of accessory pigments on light absorption. In this investigation, variation in phytoplankton absorption properties was utilized as an indicator to categorize the prevailing phytoplankton community structure, employing established bio-optical criteria known as the blue-to-red ratio of aph(λ) (i.e., B/R = aph(443)/aph(676)) as adopted in numerous studies (Stuart et al., 1998; Lohrenz et al., 2003; Wu et al., 2007; Aguilar-Maldonado et al., 2018; Kerkar et al., 2022, 2023; Pandi et al., 2023b). Overall, the B/R for most samples was < 2.5 (Figure 8E), indicative of the micro-phytoplankton dominant community prevailing in both layers of the studied location. However, values 2.5< B/R< 3.0 indicate a predominance of nano-phytoplankton (Aguilar-Maldonado et al., 2018) or mixed community (Stuart et al., 1998). We noted variations in community structure between casts, with instances of nano-phytoplankton or mixed communities prevailing at five and three instances in the surface and SCM layers, respectively. This suggests phytoplankton movement within the water column to achieve a better photo-adaptive state, often through photoacclimation to shade, in response to fluctuating ambient light and nutrient conditions (Bricaud et al., 1998). The observed community shift could also be because large phytoplankton species gain a competitive advantage over small plankton species by exploiting fluctuating and low light regimes; thus, they can maintain optimal photosynthetic rates in the deeper layer (Sangra et al., 2014) where variability in the light environment is significantly high for phytoplankton.

The B/R ratio approach indicated the dominance of micro-phytoplankton in most sampling points, complementing the observed pigment packaging effect in Prydz Bay, a nutrient-replete environment. A study by Kerkar et al. (2021) reported B/R values ranging between 1.6 and 3.2 at the coastal waters of ISSO, with most values of B/R< 2.5 suggesting a micro-phytoplankton-dominated community. The nutrient stoichiometry observed in this study is consistent with previously observed, indicating conducive growth conditions for larger plankton in the coastal waters (Iida and Odate, 2014; Tripathy et al., 2014; Mendes et al., 2015). However, the SO is usually characterized by the dominance of the nano and micro-phytoplankton communities during summers (Mendes et al., 2015; Jeon et al., 2023) with nanoplanktonic diatoms (2-20 μm) such as Fragilariopsis spp., small centrics (10-15 μm) from the genus Thalassiosira and Minidiscus spp. (< 10 μm) can dominate the coastal waters (Kim et al., 2018; Mascioni et al., 2023), which are characterized by a higher B/R ratio and are less inclined to pigment package effect (Tripathy et al., 2021). The B/R ratio suggests that the observed package effect could be ascribed to the diatom or the prymnesiophytes (mostly Phaeocystis) and prasinophytes blooms regularly reported in this region (Irion et al., 2021; Kauko et al., 2021).




4.4 Variability in phytoplankton productivity

The Antarctic continental shelves are critical sites for the biological uptake of CO2 by phytoplankton, as the area-normalized primary productivity rates here surpass those of any other SO region (Arrigo et al., 2008a). Consequently, these shelf regions disproportionately impact the SO carbon system and the CO2 exchange between the atmosphere and ocean, with potential implications for large-scale biogeochemical cycles and climate dynamics (Arrigo et al., 2008b). In this study, both Chl-a and PP were higher at SCM than the surface layer. However, the Chlint values were not mirrored in the observed PP values, indicating that high or low Chl-a levels do not necessarily correspond to high or low rates of PP. Instead, light absorption by phytoplankton and its subsequent utilization emerges as the fundamental factor governing oxygenic photosynthesis in the ocean (Marra et al., 2007; Ferreira et al., 2017). The low PP observed at SCM of TS-5 could be attributed to the low incident PAR due to overcast conditions on that particular day. The magnitudes of observed PP were equivalent to those reported by Kerkar et al. (2021) in Prydz Bay but were lesser than those reported by Tripathy et al. (2014) in coastal Antarctica (far west of Prydz Bay).

Various studies have elucidated the environmental mechanisms influencing SO and/or Antarctic PP, including effects of temperature (Neori and Holm-Hansen, 1982; Tilzer and Dubinsky, 1987), light (El-Sayed et al., 1970), and nutrients (Tsunogai and Watanabe, 1983; Iida and Odate, 2014). In this study, clear relationships between PP and physicochemical and bio-optical parameters (figures not shown) were observed, complementing the findings of previous studies. The PP (mgC m-3 d-1) at surface and SCM layer exhibited positive correlations with salinity (R2 = 0.35), NO3 (R2 = 0.7), SiO4 (R2 = 0.36), PO4 (R2 = 0.38), Chl-a (R2 = 0.20), and aph(443) (R2 = 0.58); while showing inverse correlation with water temperature (R2 = 0.53) and PAR (R2 = 0.46) at corresponding depths. However, PP did not show any relationship with MLD, a*ph(443) and daily PAR. Nevertheless, previous studies (i.e., Claustre et al., 2005; Kahru et al., 2017; Kerkar et al., 2021) observed a notable absence of physical controls (i.e., temperature and salinity) on PP variability in the SO, possibly due to the spatial distribution of their sampling stations, whereas the present study represents time-series approach.

The PB or assimilation numbers, an index for phytoplankton physiological status, were comparatively higher at the surface than the SCM except at TS-1 (Figure 8F). Notably, the higher PB at TS-1 was aligned with the corresponding phytoplankton size class present at that time i.e., TS-1 (SCM dominated by nano-phytoplankton), and TS-5, TS-9 (SCM dominated by micro-phytoplankton) (Figure 8E), revealing less package effect at the surface resulting in higher photosynthetic efficiency. Both a*ph(λ) and PB showed an inverse relationship Chl-a (Figures 8D; Figure 9E), indicating diminishing photosynthetic efficiency with elevated biomass in the study area, which is consisted with the earlier studies (Tripathy et al., 2014; Ferreira et al., 2017; Kerkar et al., 2020). Thus, if Chl-a increases in a particular region, we should see a decrease in PB if pigment packaging is affecting PP, which could also be confirmed by the observed inverse relationship between PB and aph(443) (Figure 9D). However, it is essential to acknowledge the limited number of observations in the present study, and we caution that further corroboration of this approach using a larger dataset is necessary to confirm the robustness of our results. Marra et al. (2007) have underscored that the commonly observed low PB in the SO and Ross Sea is not caused by low temperatures or low irradiance but rather attributed to pigment packaging and prevailing phytoplankton community structure.

Phytoplankton production forms the base of the marine food chain, playing a pivotal role in the oceanic biogeochemical cycles and food webs by providing sustenance for all higher trophic levels (Falkowski et al., 2000). However, measuring in situ PP is labor-intensive and time-consuming, prompting the search for proxies to estimate PP. Marra et al. (2007) demonstrated that across various trophic conditions in the ocean’s surface layer, variations in PP were more closely linked to variations in aph(λ) than changes in Chl-a concentration, suggesting that environmental variability is better captured by the absorption properties of phytoplankton pigments rather than their quantity. To validate this assertion, we evaluated the relationship between PP, Chl-a, and aph(λ) to ascertain the superior proxy for PP variability in the ISSO. Our study revealed a stronger positive linear relationship between PP and aph(443) compared to Chl-a (Figures 9A, B), indicating that phytoplankton light absorption, rather than biomass, better explains PP variability. This finding is consistent with the previous studies in SO (Marra et al., 2007; Lee et al., 2011) and ISSO (Kerkar et al., 2020; 2021). Additionally, we observed that the ratio of PP to aph(λ) was lower at the SCM layer than at the surface (figure not shown), supporting the assumption of Marra et al. (2007), whose study was restricted to the surface only, that the ratio of PP to aph(λ) would systematically decline with optical depth. The results presented in this study suggest that analytical retrieval of aph(λ) (Hirata et al., 2008) may be preferable over Chl-a for satellite-based PP studies in the ISSO. However, further validation using datasets of higher spatiotemporal resolution is warranted (Kerkar et al., 2021). A recent bio-argo-based survey by Vives et al. (2023) has shown that Chl-a did not serve as a good indicator while investigating the onset of spring blooms in SO. Our findings are consistent with Lee et al. (2011), who demonstrated the advantages of estimating satellite-based PP using an aph(λ)-based model (R2 = 0.74) over Chl-a-based model (R2 = 0.5). They indicated significant differences between the two model estimates, with aph(λ)-based model yielding results closer to the in situ PP, suggesting that if we are to calculate the contribution of the “biological pump” to global carbon cycle, it would be more precise if aph(λ)-based approach is used rather than the traditionally used Chl-a-based approach. Studies have highlighted the uncertainty associated with satellite estimation of Chl-a concentrations in the SO (Hirawake et al., 2000; Marrari et al., 2006; Lance et al., 2007) and have emphasized the efficacy of aph(λ)-based PP models in estimating phytoplankton carbon fixation (Hirawake et al., 2011). Long-term monitoring of phytoplankton physiological properties in the under-sampled ISSO is recommended to advance our understanding of these processes further.





5 Summary and conclusions

This study conducted concurrent time-series measurements (72 h at 6 h intervals) of phytoplankton productivity along with physicochemical and bio-optical properties to elucidate their interplay and variability in the under-sampled Prydz Bay, coastal Antarctica, during the austral summer of 2018. Results indicated the upper layer stratification in Prydz Bay, likely due to the influx of meltwater from nearby glaciers and low wind activity. The occurrence of SCM below the stratified layer could be attributed to the light acclimatization response of the shade-adapted phytoplankton. The distribution pattern of phaeopigments indicated the sinking of degraded biogenic materials and the prevalence of active zooplankton grazing. Surface layers exhibited more TSM than the SCM layers, emphasizing the role of glacial meltwater, which typically carries optically active substances (suspended particles). Stable light penetration indicates less movement of water mass in the studied location. Additionally, the underwater light climate and macronutrient concentrations and/or ratio indicated a conducive environment for the growth of large or micro-phytoplankton. Classification of phytoplankton size classes (micro, nano, and pico) using aph at Blue (443 nm)/Red (676 nm) region confirmed the dominance of larger (micro) phytoplankton, mainly in the SCM layer, that are more susceptible to package effect, thus having implications for the reduced potential for PP in this polar marine ecosystem. Light abortion properties indicated the prevalence of ‘pigment packaging’ effect in both layers, which in turn was reflected in the observed variability in the magnitude of the PP. We have shown that the PP variability is better explained by aph(λ) than Chl-a, reaffirming the advantages of aph(λ)-based approach in estimating PP from space-borne sensors or ocean color, over the traditionally used Chl-a approach, which can significantly alter our calculation of the contribution of biological pump to the global carbon cycle. This study has provided evidence that is expected to enhance our understanding of the variability in PP with respect to ambient environmental conditions in this under-sampled region of the Southern Ocean.
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