
Deep–Sea Research I 185 (2022) 103805

Available online 17 May 2022
0967-0637/© 2022 Elsevier Ltd. All rights reserved.

Factors influencing sea-ice algae abundance, community composition, and 
distribution in the marginal ice zone of the Southern Ocean during winter 
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A B S T R A C T   

Microalgae and bacteria living in Antarctic sea-ice play a fundamental role in polar-ocean biogeochemistry, 
accounting for ~25% of primary production in sea-ice-covered regions of the Southern Ocean. However, a 
paucity of measurements in the marginal ice zone (MIZ), particularly during winter, means that sea-ice algal 
dynamics are poorly understood, resulting in uncertainties in the drivers of Antarctic food-web and carbon-cycle 
variability. We investigated the relationships among biogeochemical parameters and sea-ice algae in the MIZ of 
the Indian Southern Ocean in winter 2017 through measurements of sea-ice algae functional groups, chlorophyll, 
and nutrient concentrations, in the sea-ice and the underlying surface seawater. We observed an abundant, active 
algal community within the sea-ice, which we attribute to passing cyclones that kept the ice permeable, along 
with biogeochemical and irradiance conditions that allowed for algal growth. The sea-ice conditions facilitated 
the proliferation of sea-ice diatoms, to chlorophyll concentrations >5 μg/L (versus 1.5 μg/L in the underlying 
seawater). The dominant taxa were of the genera Fragilariopsis, Pseudo-nitzschia, Coscinodiscus, and Chaetoceros 
spp., similar to those observed previously near east Antarctica. While sea-ice algae growth should have caused 
significant nutrient drawdown, nitrate concentrations were higher in the ice than in the underlying seawater. 
Since silicate was strongly drawn down, presumably by sympagic diatoms, we attribute the elevated nitrate 
concentrations to an active microbial loop (i.e., regeneration and nitrification). Our study highlights the 
ecological significance of the Southern Ocean MIZ in winter, providing a vital environment for overwintering 
sea-ice algae and bacteria that remain active despite the harsh conditions.   

1. Introduction 

The Southern Ocean (SO) plays a critical role in climate regulation 
(Sarmiento and Toggweiler, 1984; Siegenthaler and Wenk, 1984; 
Chapman et al., 2020), accounting for ~40% of the atmospheric CO2 
absorbed by the global ocean (Frölicher et al., 2015; Gruber et al., 2019). 
Oceanic CO2 absorption and storage are facilitated by the solubility 
pump, which is the driven by the temperature dependence of CO2 sol
ubility and the global overturning circulation that transports CO2 to 
depth, and the biological pump, which involves the fixation of atmo
spheric CO2 into biomass during photosynthesis and the subsequent 
transport of some of this biomass into the deep ocean (Volk and Hoffert, 
1985). In addition, Antarctic pack ice contributes directly to atmo
spheric CO2 removal, representing an annual CO2 sink of approximately 
0.03 Pg C (>50% of the SO CO2 sink south of 50◦S) (Delille et al., 2014). 

Sea-ice formation in the autumn and winter SO drives mixed-layer 
deepening and the resultant entrainment of nutrients into surface wa
ters. Sea-ice melt in spring and summer subsequently stratifies the upper 
water column, exposing phytoplankton to sufficient light to begin 
consuming the entrained nutrients, thereby driving the biological pump. 
SO sea-ice algae also contribute to the biological pump via the seeding of 
sea-ice-edge blooms in the marginal ice zone (MIZ) (Szymanski and 
Gradinger, 2016; Yoshida et al., 2020), which is defined as the transition 
zone between the open (ice-free) ocean and dense pack ice. These 
blooms account for approximately 50% of total MIZ primary production, 
yet the composition of the responsible sympagic and/or pelagic phyto
plankton communities is still debated (Yoshida et al., 2020). Along with 
their well-known contributions to regional biogeochemical processes (e. 
g., the biological pump, ecological stoichiometry, and the sulphur cycle; 
Kettle et al., 1999; Kang et al., 2001; Nair et al., 2015; Tréguer et al., 
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2018; Goto-Azuma et al., 2019), phytoplankton and sympagic algae also 
serve as a primary energy source for higher trophic levels such as 
zooplankton and fish (Kohlbach et al., 2018). The transfer of carbon to 
higher trophic-level pelagic organisms in the SO is especially important 
in winter when primary production in polar waters is assumed to be 
near-zero (Kohlbach et al., 2018). 

Antarctic sea-ice is a heterogenous environment characterized by 
ephemeral physical properties (McMinn, 2017; Yoshida et al., 2020). 
Sea-ice algae that aggregate within the ice experience extreme fluctua
tions in light, temperature, pH, and nutrient and gas (e.g., CO2 and O2) 
concentrations (McMinn, 2017), which influence their photosynthetic 
efficiency, production, and physiology. The MIZ is an ideal environment 
in which to investigate the sea-ice algae species that can withstand 
abiotic and biotic co-stressors, both within the sea-ice and in the pelagic 
environment, either as phytoplankton cells or as resting spores. The 
biogeochemical and physical properties of SO winter sea-ice are 
currently under-sampled (Sambrotto et al., 2003; Fripiat et al., 2017; 
Tison et al., 2020), in part because of the logistical challenge associated 
with wintertime sampling, and phytoplankton community response (e. 
g., photo-physiology and biomass) to changing sea-ice morphology 
which is sparsely documented (Torstensson et al., 2018). This lack of 
data, in turn, results in the potentially erroneous representation of 
ecological communities (e.g., phytoplankton assemblages in biogeo
chemical or ecological models) and a poor understanding of their sig
nificance for SO ecosystem functioning, nutrient cycling, and CO2 
removal (Bouman et al., 2012; Chapman et al., 2020). 

Each diverse bioregion surrounding Antarctica is already being 
impacted by environmental stressors associated with climate change 
(Deppeler and Davidson, 2017; Henley et al., 2020). The short and 
medium-term effects of climate change on sea-ice extent are likely to 
alter trophic food-web interactions and the release of organic material 
and nutrients (e.g., iron) during seasonal sea-ice melt (Brierly and 
Thomas, 2002; IPCC SROCC et al., 2019). As for the broad trends 
observed across the polar SO, sea-ice extent increased in the Weddell Sea 
and Indian Ocean regions between the late 1970s and 2014 (Parkinson, 
2019). Thereafter, a rapid decrease occurred, with sea-ice extent 
reaching a record low in 2017. Investigating MIZ ecosystem functioning 

during this period (austral winter 2017) and in this location (Southern 
Indian MIZ) could provide useful information on plankton community 
response to declining sea-ice extent, particularly as this trend is pre
dicted to continue in future (Rackow et al., 2020). 

Climate-induced stressors are predicted to impact phytoplankton 
community productivity and composition in most SO bioregions (Dep
peler and Davidson, 2017; Pinkerton et al., 2021). As such, it is 
reasonable to anticipate changes in SO carbon export, biogeochemistry, 
and trophic food web structure (Henley et al., 2020; Morley et al., 2020). 
The eco-physiological response of phytoplankton to environmental 
change will be taxon-specific and likely includes the ability to adapt 
(Lacour et al., 2017). Before we can fully understand how climate 
change will influence the ecological functioning of phytoplankton taxa 
in sympagic and pelagic ecosystems, however, we require more data on 
the current functioning of sea-ice algae communities. In this study, we 
investigated the taxonomic composition and abundance of sea-ice algae 
and the surrounding pelagic phytoplankton community in the MIZ of the 
Indian SO during the austral winter of 2017. The sympagic and sur
rounding surface water (<5 m depth) physicochemical environments 
(nutrients, temperature, and salinity) were also characterized in an 
attempt to assess the drivers of sea-ice algae community structure and 
abundance. 

2. Methodology 

2.1. Study area 

Sea-ice samples were collected during austral winter (July) 2017 in 
the MIZ of the Indian sector of the SO at 65◦S, 30◦E (Fig. 1) onboard the 
R/V SA Agulhas II (VOY25). The MIZ edge was defined by 30% ice cover 
and was encountered at 61.7◦S (De Jong et al., 2018). The MIZ was 
covered in first year ice, including 50% pancake floes between 2 and 4 m 
in diameter that were approximately 40 cm thick, with frazil ice filling 
the interstitial gaps (Vichi et al., 2019). Unlike the Antarctic continent, 
which experiences 24 h of darkness in winter (Clark et al., 2013; 
Núñez-Pons et al., 2018), the photoperiod in the MIZ during our study 
was approximately 6 h, similar to that recorded during austral winter in 

Fig. 1. Left: Map of the sampling location (sea-ice and seawater) in the Southern Ocean’s marginal ice zone (red dot). Right: Sampling location in the context of 
average sea-ice concentration (colours) and median sea-ice extent (orange line) for the 3rd of July 2017 (map extracted from meereisportal.de). 
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the South Atlantic MIZ (SCALE project, Skatulla et al., 2021) and the 
Weddell-Scotia Sea MIZ (between 7.1 and 8.6 h; Cota et al., 1992). Solar 
irradiance in the SO is highly seasonal, with fluxes of 0–800 μmol 
photons m− 2 d− 1 recorded in austral spring, summer, and winter (Cota 
et al., 1992; Lazzara et al., 2007; Hoogstraten et al., 2012). Moreover, 
during cloud free days, instantaneous irradiance above the sea surface 
has been known to reach 1200 μmol photons m− 2 d− 1 in the MIZ in 
winter (Cota et al., 1992). The optical properties and thickness of snow 
cover and the sea ice itself can also influence irradiance levels within the 
ice (Eicken, 1992). The pancake floes were covered with a negligible 
amount of snow (0–2 cm), comparable to previous observations from the 
MIZ (Lizotte and Sullivan, 1991; Skatulla et al., 2021). 

Three individual ice samples (“pancakes”) were collected using a 
sampling apparatus (a spreader beam structure bearing a 5 m × 5 m 
heavy-duty net) designed by the Engineering Department at the Uni
versity of Cape Town. While care was taken to preserve the integrity of 
the ice samples, our method of pancake collection could have resulted in 
some brine drainage, possibly modifying the sea-ice salinity and 
biogeochemical profiles. The pancakes were approximately 1 m in 
diameter and were collected at night to avoid light exposure. Two of the 
ice samples were cut into three vertical and four horizontal segments 
using an electric band saw, yielding 12 cubes of 10 cm3 for each pan
cake. The third pancake was divided into four vertical and four hori
zontal segments, for a total of 16 cubes of 10 cm3. Each cube was melted 
in the dark at room temperature, then subsampled for chlorophyll-a and 
nutrient analysis, and microalgae identification. Two surface seawater 
samples were collected from <5 m depth near (within ~5 m of) the sea- 
ice samples using a Conductivity-Temperature-Depth (CTD) rosette 
sampler equipped with an array of Niskin bottles. The seawater samples 
were similarly processed for chlorophyll-a, nutrients, and microalgae 
taxonomy. 

2.2. Sea-ice algae species composition 

Melted sea-ice samples (400 mL) for algae identification were pre
served with 2.5 mL of Lugol’s iodine solution (2% final concentration) 
and stored in amber bottles at low room temperature (20 ◦C) away from 
direct sunlight on board the R/V SA Agulhas II. At the Cape Peninsula 
University of Technology ecotoxicology laboratory, the sea-ice samples 
were settled using the Utermöhl method (Utermöhl, 1931), by which 20 
mL of sample was left to settle onto a coverslip for 24 h. Microalgae 
species were then counted and identified using an inverted light mi
croscope (Olympus CKX41) at a magnification of 100× to 200×. 

Forty mL of the three melted sea-ice samples containing the most 
diverse species assemblages were further analysed using Scanning 
Electron Microscopy (SEM). Samples were filtered onto Whatman 0.2 
μm Nucleopore track-etch membrane filters and left to dry for ~12 h in a 
petri dish. These were analysed at the Iziko South African Museum 
Marine Biology Department using a Hitachi T4000 Plus Table-top SEM 
with images viewed at 5 kV using backscatter electrons. 

Identification of taxa from light microscopy and SEM was carried out 
following Scott and Marchant (2005). A total of 48 sea-ice algae taxa 
were identified, but due to the limited microscope resolution, some 
could not be reliably discriminated to species level. Therefore, the 
following algae groups were characterised to genus level: Fragilariopsis 
spp., Pseudo-Nitzschia spp., and Nitzschia spp., while others were iden
tified to species level where possible. 

2.3. Chlorophyll-a analysis 

Sea-ice and surface seawater samples were analysed shipboard for 
chlorophyll-a concentrations. Aliquots of melted sea-ice and seawater 
were filtered through 0.3 μm (100 mL) and 2.7 μm (500 mL) glass fibre 
filters (GF-75s; Sterlitech) that were then extracted in 8 mL of 90% 
acetone for 24 h at − 20 ◦C. The fluorescence of the extracted sample was 
measured using a Turner Designs Trilogy fluorometer, and fluorescence 

was converted to chlorophyll-a following the non-acidified method of 
Welschmeyer (1994). The fluorometer was calibrated with a Sigma-Al
drich® chlorophyll-a analytical standard (Anacystis nidulans) prior to 
and after the cruise. 

The size-fractionated chlorophyll-a measurements were used to 
classify sea-ice algae cells as either pico-plankton or large algae cells. 
Large algae cells were classified as the cell fraction >2.7 μm (i.e., micro 
and nano-plankton). Pico-plankton biomass was calculated by sub
tracting the chlorophyll of the large algae cells from the total chlorophyll 
(>0.3 μm), which yields a measure of the 0.3–2.7 μm fraction. 

2.4. Nutrient analysis 

Standard spectrophotometric and fluorometric methods were used to 
determine the nutrient concentrations in each cube of pancake ice and in 
the underlying seawater (Grasshoff et al., 1983; Holmes et al., 1999). Ice 
and seawater samples were filtered immediately after melting using a 
0.2 μm syringe filter, with approximately 50 mL of liquid decanted into a 
clean polypropylene tube for nitrate, nitrite, silicate, and phosphate 
analysis; samples were frozen at − 20 ◦C until analysis ashore. Addi
tionally, 40 mL of 37 sea-ice samples (pancake 2 and underlying 
seawater) were collected in “aged” (i.e., stored with Milli-Q + working 
reagent; Smith et al., 2021) high-density polyethylene bottles for ship
board ammonium concentration analysis. 

The non-ammonium nutrient samples were analyzed in the Marine 
Biogeochemistry Laboratory at the University of Cape Town following 
the cruise. A Latchet Quick-Chem flow injection autoanalyzer was used 
to determine nitrate+nitrite and silicate concentrations following pub
lished auto-analysis protocols (Grasshoff, 1976; Diamond, 1994). Nitrite 
and phosphate were determined manually using the colorimetric 
methods described by Grasshoff et al. (1983) and a Thermo Scientific 
Genesis 30 Visible spectrophotometer. Precision of the nitrate, silicate, 
nitrite, and phosphate measurements was ±0.18 μM, ± 0.04 μM, ±
0.08 μM, and ±0.11 μM, respectively, while the detection limit was 0.1 
μM, 0.2 μM, 0.05 μM, and 0.05 μM, respectively. Aliquots of a certified 
reference material (JAMSTEC) were analysed during autoanalyzer and 
manual runs to ensure measurement accuracy. 

Ammonium concentrations were measured shipboard according to 
the fluorometric method of Holmes et al. (1999) using a Turner Designs 
Trilogy fluorometer equipped with a UV module. Precision was ±0.05 
μM and the detection limit was <0.05 μM. The matrix effect (ME) was 
calculated using the standard addition method (Saxberg and Kowalski, 
1979) and an ME correction, typically ≤5%, was applied to all samples 
(Taylor et al., 2007). Hereafter, all references to total nitrogen (N) are to 
nitrate+nitrite; ammonium concentrations were not added to the total N 
pool because we do not have ammonium data for all the pancakes. 

To account for the physical effects of temperature-driven concen
tration and/or dilution in the sea ice, which causes nutrient distributions 
in the brine to change during melting or freezing, salinity-normalised 
nutrient concentrations are typically used (Gleitz et al., 1995; Thomas 
and Dieckmann, 2002a and references therein; Papadimitriou et al., 
2007; Fripiat et al., 2017). We calculated salinity-normalised nutrient 
concentrations according to the method outlined by Fripiat et al. (2017). 
Briefly, nutrient concentrations were normalised to the underlying 
seawater salinity as: Normalised sea-ice nutrient concentration =
measured sea-ice concentration x (seawater salinity/sea-ice salinity). 
Hereafter, all references to sea-ice nutrient concentrations are to the 
salinity-normalised values. 

2.5. Temperature and salinity analysis 

Temperature was recorded immediately after sea-ice collection by 
inserting an electric thermometer into the centre of each cut pancake 
segment. After the ice samples were melted, a Portasal 8410A sali
nometer was used to measure salinity shipboard according to standard 
procedures outlined by Guildline Instruments (1981) and UNESCO 
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(1978). The salinometer was operated at a 23 ◦C bath temperature and 
21 ◦C ambient laboratory temperature, and was regularly calibrated 
using IAPSO Seawater Standards (OSIL). Seawater temperature and 
salinity were measured using a Seabird CTD sensor package (SBE 911), 
with CTD-derived salinity verified by comparison with direct 
measurements. 

Brine volume (Vb) was computed using the sea-ice temperature and 
salinity measurements according to the method outlined in Cox and 
Weeks (1983). Briefly, sea-ice salinity (Si) and density (ρi) were divided 
by the brine salinity (Sb) and density (ρb) at the temperature of interest 
and multiplied by the sea-ice sample volume (Vi): Vb/ Vi = pi.Si/ pb.Sb. 

2.6. Statistical analysis 

The algal community and biogeochemical environment were statis
tically analysed using 42 samples (40 sea-ice and 2 surface-water data 
points). According to the Central Limit Theorem (CLT), a sample size of 
more than 30 data points is usually sufficient for statistical analysis 
(Dodge, 2008). The species community were analysed using univariate 
and multivariate statistical approaches. A multivariate analysis was 
done using the PRIMER v6 statistical package together with the PER
MANOVA Plus package (Clarke and Gorley, 2006; Anderson et al., 
2008). Data were fourth-root transformed and converted to a similarity 
matrix using the Bray-Curtis similarity coefficient. A one-way permu
tational multivariate analysis of variance (PERMANOVA) was used to 
test the homogeneity of variance (p < 0.05) of the sea-ice algae 
(including all protist functional groups: diatoms, dinoflagellates, sili
coflagellates, coccolithophores, and ciliates) community structure, 
biomass (chlorophyll-a), and nutrient concentrations according to 
discrete sea-ice depth layers and pancake samples. The similar per
centage routine (SIMPER) using Bray-Curtis distance was used to iden
tify species contributing the most towards (dis)similarity in community 
composition across depth layers (shown as species contribution and 
average abundance). 

Standard diversity indices were calculated according to sea-ice depth 
layer as follows: the Shannon Wiener diversity index (H′), H’ =

​ Σ¡ ​ p¡(lnp¡), where p¡ is the proportion of the total sample represented 
by a particular species (i.e., the number of individuals in a species 
divided by the total number of individuals in the community) (Hayek 
and Buzas, 2013), and species evenness (Pielou’s J′) was determined 
using J′

= H’/H’max ​ = ​ H’/lnS, where H’max is the maximum 
possible value of Shannon diversity (InS) and S is the total number of 
species (Clarke and Warwick, 2001). Species richness was determined 
according to Margalef’s index as d ​ = (S − l)/lnN, where N is the 
number of individual cells (Clarke and Warwick, 2001). 

A hierarchical clustering analysis and non-metric multidimensional 
scale plot (MDS) were used to derive a proximity matrix indicating the 
similarity of species community assemblages relative to their position 
(Clarke and Warwick, 2001). The MDS plot illustrates the “natural algae 
groupings” according to sea-ice depth layer and individual samples. 

A Distance Based Linear Model (DistelM) was used to explain the 
relationship between biological variations and nutrient concentrations 
using the PERMANOVA Plus package. The DistelM partitioned the 
variation in the biological data according to a multiple regression model 
(based on the parameters depth-layer, sample, and the interaction be
tween depth-layer and sample) using the R2 function as a stepwise 
procedure. 

The IBM SPSS 26 statistics package was used to derive relationships 
between sea-ice algae community abundance and biogeochemical 
sympagic variables (nutrients and chlorophyll-a). To test homogeneity 
of variance among sea-ice samples, a multivariate analysis by combined 
dependent variables was used. No significant difference between vari
ables was identified, as per Pillai’s trace p-value. The Shapiro Wilkinson 
normality test was used to verify the equality of variances of sea-ice 
algae abundance in sea-ice samples. A Spearman’s rank-order 

correlation coefficient was computed to determine the strength of the 
monotonic relationship between environmental variables and sea-ice 
protist functional groups (diatoms, dinoflagellates, silicoflagellates, 
coccolithophores, and ciliates). Significance levels for all statistical tests 
were taken to be p < 0.05. 

3. Results 

3.1. Physical and biogeochemical environment 

All three pancakes contained a brine volume >5% at each sample 
depth (Fig. 2a). Salinity was low, ranging between 2 and 6‰, and 
showed no distinct trend with depth in the pancakes (i.e., profiles were 
fairly isohaline; Fig. 2b). Similarly, sea-ice temperature ranged between 
− 2 and − 1 ◦C and showed a largely isothermal profile (Fig. 2c). 

In the sea-ice, the nitrate (NO3
− ) and silicate (Si(OH)4) concentrations 

averaged 33.7 ± 37.2 μM and 33.6 ± 35.3 μM, respectively, and no clear 
trend was evident with pancake depth-layer (Fig. 3a). The phosphate 
(PO4

3− ), nitrite (NO2
− ), and ammonium (NH4

+) concentrations were 
lower, averaging 1.3 ± 2.6 μM, 1.2 ± 2.6 μM, and 2.6 ± 7.7 μM, 
respectively (Fig. 3b). Nitrogen (N = NO3

− + NO2
− ) and Si(OH) 4 were 

significantly correlated (p < 0.05, R2 = 0.66), and a fairly constant N:Si 
(OH)4 molar ratio of ~1:1 was observed for all sea-ice samples (Fig. 4a 
and b). Nitrogen-to-phosphate (N:P) ratios were variable, ranging be
tween 0 and 120:1 and averaging 27.4:1, with a median of 21.8:1 
(Fig. 4c). No correlation (R2 = 0.005) was observed between N and PO4

3−

(Fig. 4d). In the sea-ice, ammonium concentrations decreased from top 
to bottom, with an average concentration of 7.7 μM in the top layer and 
values <3 μM in the bottom layer (Fig. 3b). In the surrounding surface 
seawater, the concentrations of the nitrogen species were notably lower 
(NH4

+ = 0.70 μM, NO3
− = 26.9 μM, and NO2

− = 0.23 μM) than in the sea- 
ice (Fig. 3a and b). In particular, nitrate was on average 6.4 ± 7.8 μM 
higher in the sea-ice than in the seawater. Conversely, silicate concen
trations were higher in the surface water (46.7 μM) than in the sea-ice 
(average of 33.8 ± 37.2 μM), while phosphate concentrations were 
similar between the surface waters and the sea-ice (average of 2.0 μM 
and 1.3 ± 2.6 μM, respectively). The N:Si(OH)4 ratio of the seawater was 
1:1.7 and the N:P ratio was 13.4:1. 

Salinity and nutrient concentrations were generally not significantly 
correlated, at the level of both the individual pancake samples and at 
discrete depths. Ammonium concentrations, however, increased signif
icantly with decreasing salinity in pancake 2. According to the two-way 
PERMANOVA, nutrient concentrations were significantly different (p 
(perm) < 0.001) in individual pancake samples, but not with depth. 

3.2. Sea-ice algae biomass 

Average total sea-ice algae biomass (represented by total (>0.3 μm) 
chlorophyll-a) was significantly (p < 0.05) higher than that measured in 
surface waters (average of 1.16 ± 3.14 μg/L versus 0.14 ± 0.15 μg/L) 
and reached a maximum in the interior of the pancakes (Fig. 5a; average 
of 4.13 and 4.64 μg/L). Larger sea-ice algae (>2.7 μm) dominated the 
chlorophyll-a biomass in all depth layers (82 ± 90% on average). Sig
nificant differences (p < 0.05) were found between individual pancake 
samples and between the top and interior depth layers in pancake 2. 

3.3. Biological community structure 

Sea-ice algae cell abundance was significantly (p < 0.01) higher in 
the sea-ice (6076–14730 cells/mL) compared to the surrounding surface 
seawater (23–473 cells/mL) (Table 1), with the highest cell concentra
tions generally observed in the interior of the pancakes (Fig. 5b and c). 
Diatoms represented the dominant functional group in both the sea-ice 
and the underlying surface water (diatoms, both pennate and centric, 
contributed 92.7% and 99.6% of the total algal cell abundance in the 
sea-ice and underlying surface water, respectively; Fig. 5b and c). 
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Pennate diatoms dominated all layers, often exceeding concentrations of 
600 cells/mL, while centric diatom concentrations were much lower. 
Centric diatom abundance was nonetheless higher than that of the other 
main protist groups (silicoflagellates, coccolithophores, dinoflagellates, 
and ciliates), exceeding 26 cells/mL in all sea-ice depth layers whereas 
the other protists rarely reached 20 cells/mL (Fig. 5b and c). Compared 
to the surrounding surface water, sea-ice centric diatom abundance was 
low (average centric diatom abundance of 33.6 ± 87.7 cells/mL in the 
sea-ice (median of 60.1 cells/ml) and 92.6 cells/mL in surface waters) 
while sea-ice pennate diatom abundance was higher than in the sur
rounding seawater (average of 440.2 ± 790.4 cells/mL and 9.62 cells/ 
mL, respectively). In the sea-ice, the ciliates, silicoflagellates, and coc
colithophores were present at higher average abundances than the di
noflagellates (Fig. 5c), and the non-diatom protist community showed 
no distinct abundance pattern according to depth layer. However, coc
colithophores were generally more abundant than the other groups, and 
mostly concentrated in the bottom layer (except in pancake 2). 
Conversely, in the surface seawater, dinoflagellates were more abundant 
than the other protist groups, with the latter either absent or present at 
very low abundances (~2 cells/mL) (Table 1 and Fig. 5c). 

No clear pattern emerged for the diversity indices (species richness 
and diversity) in the sea-ice samples (Table 2). The sea-ice protist 
community (i.e., all microalgae groups) was mostly unevenly distributed 
(Pielou’s J’ <0.5) in all depth layers. This result suggests that in each 
sea-ice depth layer, one or more taxa dominated the species community 
structure in terms of abundance. Diatoms of the pennate genus Fragi
lariopsis dominated the sea-ice protist community, showing the highest 
average abundance across all depth layers (Table 2). Additionally, this 
genus was responsible for most of the similarity in community structure 
among the top (20%), interior (22%), and bottom (25%) layers. Other 
dominant pennate diatoms found across all depth layers were identified 
as Pseudo-nitzschia spp. and Proboscia spp. The dominant centric diatoms 
were Chaetoceros spp., Chaetoceros dichaeta, and Coscinodiscus spp., 

which generally contributed significantly across all depth layers. A 
markedly lower abundance of Dactyliosolen antarcticus, a diatom species 
of the class Coscinodiscophyceae, was observed in the top layers than 
deeper in the pancakes. By contrast, Corethron spp. contributed >90% of 
the (dis)similarity in the top layer, in contrast to the interior and bottom 
layers (Table 2). More broadly, however, average dissimilarity was low 
(37%) between pancake depth layers, indicating that the same species 
were present in each depth layer. 

Significant differences (p < 0.001) in algal community composition 
among discrete samples, depths, and depth × sample interaction were 
indicated by the PERMANOVA. The MDS analysis showed distinct 
groupings in community structure according to depth and pancake 
(Fig. 6a). Here, the top layers were generally closely correlated (pancake 
1 and 3), while the interior and bottom layers tended to group together. 
These groupings are in agreement with significant differences among 
depth layers insofar as no significant difference was found between the 
bottom and interior layers of the pancake samples. According to the 
MDS, community structure in the surface seawater was markedly 
different from that in the sea-ice. 

3.4. Relationship between the biogeochemical sympagic environment and 
algae community structure 

Several significant relationships (p < 0.05) emerged between 
nutrient concentrations and sea-ice algae biomass (i.e., chlorophyll-a) 
when the pancakes were tested without considering depth layers 
(Table 3). Overall, pico-sea-ice algae biomass (0.3–2.7 μm) was signifi
cantly negatively correlated with both nitrate and silicate concentra
tions. When sea-ice depth layers were individually tested, additional 
significant relationships (p < 0.05) emerged (Table 3): the interior layer 
was characterized by a negative correlation between pico-sea-ice algae 
biomass and both nitrate and silicate concentration, as well as between 
nitrite concentration and total chlorophyll-a; and a positive correlation 

Fig. 2. Vertical pancake-ice profiles of physicochemical parameters: (a) brine volume (%), (b) salinity (‰), and (c) temperature (◦C). Red circles indicate the average 
salinity (‰; panel b) and temperature (◦C; panel c) at each depth. 
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Fig. 3. Average concentrations (μM) of (a) nitrate and silicate and (b) nitrite, phosphate, and ammonium in the pancake sea-ice according to depth layers, and in the 
surface seawater associated with the pancake ice. Vertical error bars denote the standard error (SE) of the mean. “Accumulated nitrate” was calculated as sea-ice 
nitrate concentration minus seawater nitrate concentration, and so represents the net accumulation of nitrate in the sea-ice since its formation. 

Fig. 4. Nitrogen (N) and silicate (Si) (μM) (a) molar ratio and (b) linear regression, and N and phosphate (P) (c) molar ratio and (d) linear regression for all pancake 
sea-ice samples. The red circles indicates the underlying surface water molar ratios (panels 4a and c) and nutrient concentrations (panels 4b and d). 
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between pico-sea-ice algae and nitrite concentration was observed in the 
bottom layer. 

Total sea-ice algae, pennate diatom, and silicoflagellate abundances 
increased significantly (p < 0.05) with decreasing silicate and nitrate 
and increasing nitrite concentrations in the top layer of all the pancakes 
(Table 4). The interior layer was characterized by a significant positive 
relationship (p < 0.05) of ciliate and silicoflagellate abundance to 
phosphate concentration. Ciliate abundance was also negatively corre
lated (p < 0.05) with nitrite concentration in this layer. The bottom 
layer showed significant (p < 0.05) negative relationships between 
centric diatom abundance and nitrite concentration. 

The relationship between nutrient concentrations and sea-ice algae 
was further analyzed using a Distance Based Linear Model output (Dis
telM). Independently tested nutrients (nitrite) influenced the total 
variation of the biological community significantly (p < 0.05) (marginal 
test) (Table 5). When the cumulative effects (sequential test) of nutrient 
concentrations were analyzed, nitrite and silicate were the only vari
ables with a significant impact on the total biological variation. Despite 
this, the nutrient concentrations do not explain the total variation of the 
biological community structure very well (15.9%) (Fig. 6b). 

4. Discussion 

4.1. Physical and biogeochemical environment 

Sea-ice brine volume fraction determines sea-ice permeability, which 
in turn controls the mobility of biogeochemical constituents in ice (Tison 
et al., 2020). All sea-ice samples were permeable according to the >5% 
brine volume threshold (Fig. 2a; Golden et al., 1998), with the physical 
sea-ice structure characterized by a coalesced brine network wherein 
seawater (brine) could move freely (Fripiat et al., 2014). In addition, the 
pancake floes collected at all three sampling sites were <1 m in diam
eter, which indicates pancake growth via the frazil life cycle, as opposed 
to welding that characterizes pancake floes of larger size (>4 m) 
(Alberello et al., 2019). Pancake ice floes formed via the frazil life cycle 
have a decoupled brine channel system, with varying channel sizes that 
do not follow likely growth trends associated with depth layers in sea-ice 
(Lieblappen et al., 2018). It is thus possible that the frazil sea-ice life 
cycle could account for some of the differences we observe in biogeo
chemical properties with depth in the ice, if the accumulation of organic 
material and/or inorganic nutrients follows the uneven distribution of 

Fig. 5. Average concentration of (a) chlorophyll-a (μg/L) (for the bulk (i.e., >0.3 μm), nano- and microplankton (>2.7 μm), and picoplankton (0.3–2.7 μm) size 
classes), (b) diatoms (cells/mL), and (c) other protist groups (i.e., silicoflagellates, coccolithophores, dinoflagellates, and ciliates) in the pancake sea-ice samples 
according to depth layer, as well as in the surface seawater (SSW) associated with the pancake ice. Vertical bars denote the SE of the mean. 
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brine channels and pockets. 
Steep nutrient gradients were generally not observed in the sea-ice in 

this study (Fig. 3). Additionally, salinity was near homogenous through 
the ice, with no clear distinction between depth layers (Fig. 2b). These 
isohaline profiles were likely cause by the fairly-high permeability of the 
sea-ice structure and the cyclonic storm conditions that caused flooding 
of the sea-ice surface during the sampling period (1–4 July 2017). At the 
time of sampling, Vichi et al. (2019) recorded several cyclones, 
including an explosive extratropical cyclone, crossing the South Atlantic 
MIZ; these systems are expected to influence the fluid flow, biogeo
chemical properties, and micro-structure of the sea-ice, especially at its 
surface. Although it has been postulated that brine behavior largely 
regulates the inorganic nutrient pools in newly formed sea-ice, (Van
coppenolle et al., 2010), salinity and nutrient concentrations (nitrate, 
silicate, nitrite, and phosphate) were not significantly correlated in our 
study, suggesting that brine drainage was not a major driver of our 
observations. Such a lack of correlation between salinity and nutrients 
tends to occur after ice ages or over complete seasons due to a prolific 
biological community (Dieckmann et al., 1991; Fripiat et al., 2017). It is 
thus possible that the pancakes hosted an active sympagic biological 
community that actively altered the distribution of nutrients within the 
ice, decoupling the salinity and nutrient concentrations (Vancoppenolle 
et al., 2010). 

We recorded a higher accumulation of algal cells (abundance and 
chlorophyll-a biomass) in the sea-ice compared to the surrounding 
surface seawater (Fig. 5a). This observation suggests either the passive 
accumulation in forming sea-ice of algal material derived from surface 
seawater or that some sea-ice algae species were actively growing in the 
ice during the winter. The negative correlations between total protist 
abundance (i.e., all microalgae groups) and the nitrate and silicate 
concentrations (Table 4) strongly suggest active nutrient consumption 
by sea-ice algae, which is anticipated for a growing sea-ice algae com
munity (Wetzel, 2001). Additionally, the near-constant N:Si(OH)₄ ratio 
of 1:1 measured in most sea-ice samples (Fig. 4a), and the significant 
positive correlation (p < 0.05, R2 = 0.66) between nitrate and silicate, 
the concentrations of which changed in a ratio of 1:1 (Fig. 4b), evince 
active biogeochemical processes occurring during or prior to our sam
pling. First, the N:Si(OH)₄ ratio in surface seawater at the time of 

Table 1 
Protists (i.e., microalgae groups) recorded in pancake sea-ice and surface water 
samples (MIZ 1). Total abundance (cells/mL) is listed for taxa grouped according 
to phylum.  

Protist community 
composition 

Pancake 1 
(cells/mL) 

Pancake 2 
(cells/mL) 

Pancake 3 
(cells/mL) 

MIZ 1 
(cells/ 
mL) 

Actinopoda 0 1 0 0 
Phaeodaria 0 1 0 0 
Phaeogromia spp. 0 1 0 0 
Challengeridae spp. 0 1 0 0 
Protocystis bicornuta 0 1 0 0 
Bacillariophyta 8329 14730 6076 496 
Diatomophyceae 8329 14730 6076 496 
Biddulphiales 1263 1808 669 177 
Asterolampraceae spp. 12 14 2 0 
Asteromphalus hookeri 0 0 1 0 
Asteromphalus 

hyalinus 
0 8 1 0 

Asteromphalus spp. 5 2 1 0 
Eucampia antarcticus 8 4 0 0 
Chaetocerotaceae 863 1219 281 42 
Chaetoceros atlanticus 

bulbous 
8 19 9 0 

Chaetoceros convolutus 0 22 0 0 
Chaetoceros criophilus 38 100 4 10 
Chaetoceros dichaeta 157 161 102 0 
Chaetoceros spp. 659 918 165 32 
Coscinodiscaceae 143 136 125 10 
Coscinodiscus spp. 143 136 125 10 
Heliopeltaceae 2 0 0 0 
Actinoptychus senarius 2 0 0 0 
Hemidiscaceae 0 2 0 0 
Actinocyclus spp. 0 2 0 0 
Leptocylindraceae 31 30 14 0 
Corethron spp. 8 21 7 0 
Leptocylindrus danicus 23 9 7 0 
Rhizosoleniacceae 145 223 124 10 
Dactyliosolen 

antarcticus 
96 126 54 6 

Guinardia spp. 8 20 9 0 
Proboscia spp. 37 75 59 4 
Rhizosolenia spp. 4 3 2 0 
Unknown centrics 67 184 122 113 
Bacillariales 7052 12892 5386 317 
Bacillariaceae 6859 12615 5119 315 
Cylindrotheca 

closterium 
18 36 2 8 

Fragilariopsis 
kerguelensis 

52 246 103 6 

Fragilariopsis spp. 6656 12016 4892 292 
Nitzschia spp. 0 12 0 0 
Pseudo-nitzschia 

delicatissima 
38 4 72 0 

Pseudo-nitzschia spp. 95 302 49 9 
Fragilariaceae 1 23 0 0 
Thalassiothrix 

antarctica 
1 23 0 0 

Naviculacceae 28 75 50 2 
Membraneis 

challengeri 
0 2 0 0 

Navicula glaciei 2 0 7 0 
Navicula spp. 26 42 38 2 
Pleurosigma spp. 1 0 5 0 
Unknown species 1 0 31 0 0 
Unknown pennates 164 179 216 0 
Unknown diatoms 14 29 22 2 
Ciliophora 103 12 59 1 
Spirotrichea 0 2 0 0 
Tintinnida 0 2 0 0 
Xystonellidae 0 2 0 0 
Cymatocylis spp. 0 2 0 0 
Unknown ciliates 103 11 59 1 
Haptophyta 100 119 112 0 
Haptophyceae 100 119 112 0 
Coccolithophores 100 119 112 0 

100 119 112 0  

Table 1 (continued ) 

Protist community 
composition 

Pancake 1 
(cells/mL) 

Pancake 2 
(cells/mL) 

Pancake 3 
(cells/mL) 

MIZ 1 
(cells/ 
mL) 

Unknown 
coccolithophores 

Ochrophyta 48 87 32 1 
Dictyochophyceae 48 87 32 1 
Dictyochales 48 87 32 1 
Dictyochaceae 48 87 32 1 
Dictyocha speculum 47 84 32 1 
Unknown 

silicoflagellates 
2 3 0 0 

Pyrrophyta 12 7 4 4 
Dinophyceae 12 7 4 4 
Dinophysales 11 7 4 0 
Amphisoleniaceae 1 0 0 0 
Dinophysis antarctica 1 0 0 0 
Gymnodiniales 1 0 0 0 
Gymnodiniaceae 1 0 0 0 
Gymnodinium spp. 1 0 0 0 
Peridinales 1 0 0 0 
Protoperidiniaceae 1 0 0 0 
Protoperidinium spp. 1 0 0 0 
Unknown 

dinoflagellates 
10 7 4 4 

Sarcomastigophora 2 2 0 0 
Granuloreticulosea 2 2 0 0 
Foraminifera 2 2 0 0 
Unknown 

foraminifers 
2 2 0 0  
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sampling was 1:1.7. In the absence of biological activity, the N:Si(OH)₄ 
ratio within the ice would have been the same, which is not what we 
observed. Second, diatoms consume silicate and nitrate at a ratio of 1:1 
when favorable environmental conditions persist (i.e., when iron is 

Table 2 
Sea-ice algae species that contributed most towards similarity across pancake sea-ice depth layers (% calculated using SIMPER). “Avg. Abund” refers to average cell 
abundance while “Contrib” refers to percent contribution. Average dissimilarity across all groups was 36.6%. Species that contributed <90% to total community 
abundance are denoted A. Average diversity indices (Margalef d and Pielou’s J′) were computed across sea-ice depth layers.   

Top Interior Bottom 

Avg. 
Abund (cells/mL) 

Contrib. (%) Avg. 
Abund (cells/mL) 

Contrib. (%) Avg. 
Abund (cells/mL) 

Contrib. (%) 

Fragilariopsis spp. 4 20 5 23 5 26 
Unknown small pennates 4 10 2 8 2 7 
Proboscia spp. 1 6 1 6 1 4 
Pseudo-nitzschia spp. 1 4 2 6 2 10 
Fragilariopsis pseudonana 11 4 2 7 0.89A 1A 

Corethron spp. 1 3 1A 2A 0.40A 0.40A 

Chaetoceros spp. 2 10 3 11 2 12 
Coscinodiscus spp. 2 10 2 8 2 10 
Unknown small centrics 1 8 1 5 1 2 
Chaetoceros dichaeta 1 7 1 5 2 7 
Dactyliosolen antarcticus 1 4 2 7 2 8 
No. of species 16.50 16.90 15.10 
Abundance (cells/mL) 560.30 882.10 645.10 
Margalef d 2.60 2.37 2.23 
Pielou’s J’ 0.45 0.30 0.35  

Fig. 6. (a) Multi-Dimensional Scale (MDS) analysis of sea-ice and surrounding surface water microalgae community structure and (b) Distance linear model (Dis
telM) of the relationship between nutrient concentrations and sea-ice algae biological community variation. Data were fourth-root transformed using the Bray Curtis 
similarity resemblance matrix. Numbers indicate the pancake samples (1, 2, and 3). 

Table 3 
Relationships between sympagic nutrient concentrations and sea-ice algae 
biomass (chlorophyll-a; Chl a) according to depth layer and on average for all 
samples (Spearman rank correlation coefficient).  

Depth 
layer 

Nutrients 
(μM) 

Total Chl a 
(>0.3 μm) 

Chl a (>2.7 
μm) 

Chl a (0.3–2.7 
μm) 

Top NO₃⁻ 0.33 0.34 − 0.24  
Si(OH)₄ 0.55 0.60 − 0.24  
NO2- − 0.03 0.13 − 0.20  
PO43- − 0.47 − 0.32 − 0.10 

Interior NO₃⁻ − 0.19 − 0.07 − 0.72A  
Si(OH)₄ − 0.42 − 0.31 − 0.75A  
NO2- − 0.54A − 0.48 − 0.47  
PO43- − 0.12 − 0.08 − 0.07 

Bottom NO₃⁻ 0.18 0.20 − 0.31  
Si(OH)₄ − 0.12 − 0.11 − 0.24  
NO2- − 0.15 − 0.12 0.64A  
PO43- − 0.51 − 0.53 − 0.35 

All NO₃⁻ 0.03 0.13 − 0.55A  
Si(OH)₄ − 0.15 − 0.02 − 0.50A  
NO2- − 0.27 − 0.18 − 0.14  
PO43- − 0.30 − 0.24 − 0.17 

Significance shown at p < 0.05; marked as A. 

Table 4 
Relationships between sea-ice algae cell abundance and nutrient concentrations 
according to depth layer (Spearman rank correlation coefficient).    

NO3
− (μM) Si(OH)4 

(μM) 
NO2

− (μM) PO4
3− (μM) 

Top Total protist cells − 0.88A − 0.72 A 0.71 A 0.18  
Dinoflagellates − 0.42 − 0.45 0.01 0.01  
Pennate diatoms − 0.89 A − 0.79 0.72 A 0.18  
Centric diatoms − 0.60 − 0.45 0.71 A 0.27  
Silicoflagellates − 0.73 A − 0.66 A 0.66 A − 0.16  
Coccolithophores − 0.37 − 0.09 0.48 0.24  
Ciliates 0.13 0.17 − 0.33 0.10 

Interior  
Total protist cells − 0.39 − 0.44 0.17 0.37  
Dinoflagellates − 0.03 0.25 0.24 − 0.20  
Pennate diatoms − 0.39 − 0.42 0.15 0.27  
Centric diatoms − 0.06 − 0.03 0.26 0.45  
Silicoflagellates − 0.26 − 0.35 0.14 0.53 A  

Coccolithophores − 0.06 0.10 0.10 0.18  
Ciliates 0.17 − 0.08 − 0.50 A − 0.03 

Bottom  
Total protist cells − 0.22 0.14 − 0.25 − 0.47  
Dinoflagellates 0.47 0.10 0.40 − 0.10  
Pennate diatoms − 0.37 0.42 0.06 − 0.59  
Centric diatoms 0.25 − 0.59 − 0.72 A − 0.22  
Silicoflagellates 0.19 0.04 − 0.16 0.02  
Coccolithophores − 0.19 0.53 0.15 − 0.39  
Ciliates − 0.07 0.76 A 0.60 − 0.22 

Significance shown at p < 0.05; marked as A  

S.D.V. Louw et al.                                                                                                                                                                                                                              



Deep-Sea Research Part I 185 (2022) 103805

10

readily available; Hutchins and Bruland, 1998; Takeda, 1998) and in
crease their silicate-to-nitrate consumption ratio when iron is limiting 
(Franck et al., 2000; Brzezinski et al., 2003, 2015). Since sea ice is 
known to accumulate high concentrations of iron (Lannuzel et al., 
2016), the measured 1:1 relationship between N and Si(OH)4 may thus 
indicate elevated diatom activity. Third, despite being contained within 
the pancakes, the sea-ice algae would have experienced a more constant, 
and thus in net higher, supply of light than phytoplankton inhabiting the 
mixed layer, which is typically >100 m deep in the winter Antarctic 
Zone of the SO (Sallée et al., 2010). Fourth, silicate concentrations were 
on average higher in surface waters (47 μM) than in the sea-ice (34.4 
μM). Depletion of the sea-ice silicate pool was likely the result of the 
large algal standing stock, dominated by diatoms (Fig. 5b) (Thomas and 
Dieckmann, 2002b). We conclude that the sea-ice phytoplankton com
munity was actively growing at the time of sampling. Furthermore, the 
microscopy data show that this algal community was overwhelmingly 
dominated by diatoms, particularly pennate diatoms, which is indicative 
of a mature community (Leu et al., 2015; van Leeuwe et al., 2018). 

The concentrations of all dissolved inorganic N (DIN) species (i.e., 
nitrate, nitrite, ammonium) were higher in the sea-ice than in surface 
waters (Fig. 3), likely due to active regeneration via the detritus-based 
microbial food web within the ice (Fripiat et al., 2015, 2017). Addi
tionally, the nitrite concentrations and pennate diatom and dinoflagel
late abundances were positively correlated, which may have resulted 
from regeneration processes related to the high sea-ice algae standing 
stock occurring coincident with the growth of the diatoms (i.e., the 
sea-ice nutrient paradox; Roukaerts et al., 2021). Sea-ice brine nitrate 
and ammonium concentrations as high as 121 μM and 48 μM, respec
tively, have been observed previously and attributed to cell lysis, algal 
mortality, inefficient grazing, and N remineralisation (Arrigo et al., 
1995; Günther et al., 1999). In our study, the accumulation of ammo
nium to concentrations ranging from 3.0 to 7.7 μM in the ice (versus <1 
μM in surface waters) can be explained by intense microbial reminer
alisation of organic matter in the sea-ice brine, in excess of the lower rate 
of ammonium assimilation. This decoupling between the rates of 
ammonium assimilation and microbial remineralisation may occur 
because autotrophic ammonium assimilation requires light while the 
microbial loop is not constrained by light availability (Fripiat et al., 
2017). 

The elevated nitrite and nitrate concentrations indicate that nitrifi
cation, the chemoautotrophic microbial oxidation of ammonium to ni
trite and then nitrate, was also active in the winter sea-ice, as has been 
observed in the spring (Fripiat et al., 2014; Roukaerts et al., 2016). 
Indeed, Fripiat et al. (2014) concluded based on nitrate isotope mea
surements that in situ nitrification produced up to 70% of the nitrate 
assimilated by Antarctic pack-ice algae in spring. In our winter study, 
the sea-ice nitrate concentration was on average 7.5 μM higher than that 
of seawater. Additionally, the decline in the sea-ice silicate concentra
tion suggests that 12.4 μM nitrate may have been coincidentally 
consumed by active sea-ice diatoms (i.e., assuming nitrate and silicate 
were consumed in a ratio of ~1:1, as implied by the slope of the rela
tionship in Fig. 4a). Taken together, and assuming that the initial nitrate 
concentration in the sea-ice brine at the time of ice formation was 
similar to that in the underlying seawater (Fripiat et al., 2017), our 

observations suggest that nitrification produced ~20 μM nitrate since 
pancake formation. This scenario contradicts predictions, admittedly 
made based on very little data, that the early-winter sea-ice microbial 
community is near-dormant (Fripiat et al., 2017). 

The sea-ice N:P ratios (average of 27.4:1) were higher than those 
expected for (and typically measured in) surface seawater (here, 13.4:1) 
(Redfield et al., 1963). SO diatoms are known to consume N and P in a 
fairly low ratio (10:1 to 14:1; Arrigo et al., 2002) compared to temperate 
species, which would leave the ambient nutrient pool enriched in N 
relative to P, as observed in this study (Weber and Deutsch, 2010). A 
similar dynamic may be at play within the sea-ice, with species-specific 
metabolic requirements, physiological response, life history, cell size, 
and distribution within the ice contributing to the high observed vari
ability in the nutrient N:P ratio (Klausmeier et al., 2008; Weber and 
Deutsch, 2010; Lyon and Mock, 2014; Matsumoto et al., 2020). Addi
tionally, while the remineralization and release of P from particulate 
organic matter is more rapid than that of N (Burkhardt et al., 2014), 
phosphate is also easily adsorbed by metal organic complexes, which 
removes it from solution (Becquevort et al., 2009; Lannuzel et al., 2011; 
Fripiat et al., 2017), potentially raising the N:P ratios in the ice. How
ever, we observed a similar phosphate concentration in the sea-ice and 
surrounding seawater, such that we cannot confidently elucidate the 
relationship between phosphate and sea-ice biogeochemical cycling via 
the microbial loop or primary production in winter. 

4.2. Size distribution of the sea-ice algae community 

This study shows the clear dominance of the phytoplankton com
munity by diatoms, primarily nano- and micro-sized diatoms (>2.7 μm), 
in both the sea-ice and the surrounding seawater. An abundance of large 
diatoms has previously been observed in newly formed sea-ice and 
attributed to accumulation during frazil ice formation (van Leeuwe 
et al., 2018). The dominance of larger cells could also imply a more 
established sea-ice community (e.g., Carnat et al., 2014; Carnat et al., 
2016; Tison et al., 2017; Tison et al., 2020). 

4.3. Microhabitats 

A high abundance and biomass of sea-ice algae was observed 
throughout the sea-ice depth layers (Fig. 5). This is a common feature of 
Antarctic pack ice, with biological communities well-distributed 
throughout the ice (Torstensson et al., 2018). However, we found that 
the sea-ice algae community structure was significantly different among 
depth layers (top, interior, and bottom) in the pancakes. This 
depth-related variability likely indicates the existence of microhabitats 
that favour different species with specific preferences (Horner et al., 
1992). Below, we examine the depth-distribution of sea-ice algae in our 
pancake samples. 

4.3.1. Top layer 
While pack-ice algae community studies, particularly of the surface 

versus interior assemblages, are sparse, the surface layer of Antarctic 
pack-ice has been shown to contain high sea-ice algae biomass, at least 
in spring through autumn, due to communities residing within the 
infiltration layers (Lizotte, 2003). In our study, however, biomass was 
generally lowest in the top layer of the pancakes. Sea-ice algae growth 
may have been restricted in this layer due to the passing of explosive 
cyclones across the study area, which exposed the upper column of 
sea-ice to rapid temperature changes (midlatitude warm oceanic air) 
and storm waves (Vichi et al., 2019). At the same time, disparate hab
itats were likely responsible for species accumulating to variable 
abundances throughout the pancakes. One example of this are the di
atoms, Corethron spp. and Dactyliosolen antarcticus, that show a large and 
minor contribution, respectively, to community structure in the top and 
lower layers (Table 2). 

Table 5 
Distance linear model output using R2 function.   

Sea-ice algae (cell/mL) 

Nutrients (μM) Marginal test Sequential tests  

P P 

NO₃⁻ 0.11 0.12 A 

Si(OH)₄ 0.07 0.04 A 

NO2⁻ 0.00A 0.02 A 

PO4
3⁻ 0.160 0.11 

Significance shown at p < 0.05; marked as A. 
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4.3.2. Interior layer 
Higher average total biomass and microalgae abundance was 

observed in the interior of all the pancakes compared to the top and 
bottom layers. Dense interior communities are usually a product of the 
heterogenous structure of Antarctic pack-ice, resulting from physical 
sea-ice processes such as aging, refreezing, and surface flooding (Ugalde 
et al., 2016; van Leeuwe et al., 2018). High biomass interior commu
nities were found in pack ice in the Weddell Sea (AWECS 2013) obser
vations that were explained by high sea-ice permeability resulting from 
warm cyclonic events and deep snow cover (Tison et al., 2017). How
ever, the interior diffuse community described by Horner et al. (1992) 
for pack ice better characterizes our observations of the interior layer, 
since a similar sea-ice algae biomass concentration (<10 μg/L) and 
community assemblage (consisting of diatoms, dinoflagellates, ciliates, 
and coccolithophores) was observed. Furthermore, the significant rela
tionship between ciliates and nutrients (negative correlation with nitrite 
and positive correlation with phosphate; Table 5) in this layer is 
consistent with active regeneration. Macronutrient regeneration is 
common in sea-ice (Dieckmann et al., 1991; Fripiat et al., 2015, 2017; 
Torstensson et al., 2018), controlled by sympagic biota such as bacteria, 
foraminifera, and other protozoa including ciliates (Dieckmann et al., 
1991), with a potential contribution from biofilms (Roukaerts et al., 
2021). 

4.3.3. Bottom layer 
We observed a significant correlation between increasing pico-sea- 

ice algae abundance and decreasing nitrite concentrations in the pan
cake bottom layers. Small algae tend to be reduced N specialists, with 
their high surface area-to-volume ratios providing them with an 
enhanced affinity for low concentrations of ammonium (Fawcett et al., 
2011; Glibert et al., 2015 and references therein). This results in less 
ammonium being available for oxidation to nitrite. We further observed 
a higher accumulation of coccolithophores compared to other 
non-diatom groups in the bottom layer. While coccolithophores typi
cally succeed (rather than co-exist in high abundance with) diatoms in 
the ocean (Margalef, 1978), the sea-ice environment, particularly the 
bottom layers of SO pancake ice, could provide a unique opportunity for 
diatom-coccolithophore coexistence where the physicochemical re
quirements for growth are met for both functional groups to proliferate 
simultaneously. Nissen et al. (2018) recently showed a significantly 
greater control of grazing on diatom versus coccolithophore abundance; 
if this top-down control is weaker in pancake ice than in the surface 
ocean, combined with the fact that other essential resources are gener
ally more abundant in the ice, the result could be enhanced 
diatom-coccolithophore coexistence. 

4.4. Algal biomass and community composition in surface waters and the 
sea-ice 

Winter algae biomass was significantly higher in the sea-ice than in 
the surrounding seawater (Fig. 5a). Similarly low surface-water (<0.1 
μg/L) and high sea-ice (>1 μg/L) chlorophyll-a concentrations were 
observed during the PIPERS study of the MIZ of the central and western 
Ross Sea during early winter (Tison et al., 2020). A chlorophyll-a con
centration >1 μg/L is usually considered a bloom in the open ocean, 
which highlights the extreme concentration of biomass retained within 
the sea-ice during winter, reaching 5 μg/L in the sea-ice interior. Given 
this, and the nutrient dynamics discussed in section 4.1, we hypothesize 
that sea-ice algae were growing within the pancake ice during winter 
and were likely seeded from the surrounding surface water. This notion 
is supported by the lack of significant difference between sea-ice and the 
surrounding surface seawater in terms of both community structure and 
the number of species found. A strong overlap in species composition 
between pack-ice and the water column is often observed prior to and 
following ice-breakup and has been interpreted as resulting from the 
seeding effect of the surrounding water on the ice through scavenging (e. 

g., Kristiansen et al., 1998; Brierly and Thomas, 2002; Szymanski and 
Gradinger, 2016). Therefore, we suggest that our study site (Fig. 1) may 
be characterized as a closely coupled system during winter, similar to 
the Weddell Sea pack ice during late summer (Garrison et al., 1987). 
However, the coupling may not hold in other seasons (e.g., spring, early 
summer) as the sea-ice and surface water communities evolve 
separately. 

4.5. Relationship between biogeochemical parameters and sea-ice algae 
community 

We observed no limiting effect of macronutrients on the sea-ice algae 
community, since all nutrients were present at non-zero concentrations 
alongside high average total chlorophyll biomass (2.4 μg/L) in all pan
cakes. Consistent with a lack of nutrient limitation, the Distance Based 
Linear model (DistelM) revealed that the measured nutrients explained 
only 15.9% of the total variation in the sea-ice algae community struc
ture, with nitrite and silicate emerging as the only significant drivers of 
community composition (Table 5). Macronutrients are not the only 
factors influencing phytoplankton growth, however, and it is likely that 
parameters not considered in our analysis, such as trace metal concen
trations, light availability, and predation, also affected community 
structure. 

We consider centric diatoms to have been relatively abundant in our 
study since their contribution to the community exceeded 10%, which is 
higher than that observed by Clarke and Ackley (1983), Meiners et al. 
(2016), and Hop et al. (2020). However, pennate diatoms were the 
dominant taxa in all sea-ice and surface water samples (Lizotte, 2001; 
Ugalde et al., 2016; van Leeuwe et al., 2018). This taxon often dominates 
under the ephemeral conditions of the MIZ, and in diatom sea-ice 
communities characterized by high abundances of the family Bacillar
iaceae (Garrison, 1991; Eicken, 1992; Torstensson et al., 2015). The 
dominant taxa identified in this study (Table 2) were similar to those 
observed in east Antarctic pack ice (Ugalde, 2015), east Antarctic sea-ice 
(Meiners et al., 2011), Ross Sea sea-ice (Tison et al., 2020), wintertime 
surface waters in the west Indian sector (Weir et al., 2020), and in the 
surface mixed layer of the eastern Indian sector of the SO in summer 
(Gomi et al., 2010). Although these studies focused on disparate tem
poral and spatial scales, it is evident that similar dominant phyto
plankton taxa can be found in both surface waters and sea-ice in 
Antarctic waters. 

Fragilariopsis spp. was the dominant pennate diatom genus across all 
depth layers of the pancakes. Species of this genus often dominate the 
sea-ice environment (Krell et al., 2008), including the pack ice (Lizotte, 
2001), the open waters of the MIZ (Kang and Frexyll, 1992), and the 
winter mixed layer of the Antarctic Zone just north of the MIZ (Weir 
et al., 2020). Some species in this class are considered model psychro
philic organisms, adapted to extremely low temperatures and high brine 
salinities (Krell et al., 2008). 

We enumerated low average abundances of dinoflagellates in all sea- 
ice samples compared to the ciliates, silicoflagellates, and coccolitho
phores. By contrast, using a sequencing approach, Torstensson et al. 
(2015) found that bottom sea-ice communities in mid-summer in the 
Amundsen and Ross Seas were dominated by dinoflagellates, which they 
attributed to the low light conditions encountered near the base of the 
ice. The lower dinoflagellate abundances observed in our study are 
difficult to explain by light availability since incident light in winter is 
far lower than that experienced by sea-ice algae in summer. Molecular 
methods of algal community analysis appear to generally yield higher 
abundances of sea-ice dinoflagellates than traditional microscopy (Gast 
et al., 2006; Bachy et al., 2011; Torstensson et al., 2015), a phenomenon 
that has been suggested (although not proven) to result from sea-ice 
processing methods such as thawing (as used in this study) (Garrison 
and Buck, 1982; Gast et al., 2006; Torstensson et al., 2015). 
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5. Concluding remarks 

In this study, we provide the first evidence for the active growth of 
sea-ice algae in pancake ice during winter (July 2017) in the southern 
Indian MIZ of the SO. Our findings are similar to observations made in 
winter in the Ross Sea pack ice (2017, PIPERS) and Weddell Sea pack ice 
(2013, AWECS). We find that synoptic-scale weather events (i.e., 
explosive cyclones) and the pancake-ice life cycle exert considerable 
control over the physical sea-ice structure and its biogeochemical 
properties. Relationships observed between sea-ice protist functional 
groups and macronutrient concentrations and stoichiometry indicate i) a 
coalesced brine channel system characterized by elevated permeability, 
and ii) the presence of an active sea-ice algae community and microbial 
loop, with high rates of nitrogen regeneration inferred from elevated 
nitrate and ammonium concentrations. Our findings contradict a recent 
meta-study of pack-ice nutrient concentrations (Fripiat et al., 2017), 
which hypothesised that sea-ice algae are not active during winter in the 
Antarctic pack-ice. It is possible, however, that the northern reaches of 
the MIZ where our pancakes were collected are more dynamic and 
biologically active than the pack-ice given that light levels are higher 
and the ice is typically thinner. The biogeochemical functioning of the 
northern versus southern MIZ warrants further investigation. Additional 
work is also needed to identify the seasonal drivers of biological varia
tions in the ice and underlying seawater, with implications for under
standing how climate change will impact sea-ice algae communities, in 
terms of distribution, assemblage, and abundance, as well as carbon 
export potential and food supply to higher trophic levels. 
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Tréguer, P., Bowler, C., Moriceau, B., Dutkiewicz, S., Gehlen, M., Aumont, O., Bittner, L., 
Dugdale, R., Finkel, Z., Iudicone, D., Jahn, O., Guidi, L., Lasbleiz, M., Leblanc, K., 
Levy, M., Pondaven, P., 2018. Influence of diatom diversity on the ocean biological 
carbon pump. Nat. Geosci. 11, 27–37. https://doi.org/10.1038/s41561-017-0028-x. 

Ugalde, S.C., 2015. Antarctic Sea Ice Algae: Primary Production and Carbon Allocation. 
PhD thesis. University of Tasmania, Tasmania.  

Ugalde, S.C., Westwood, K.J., van den Enden, R., McMinn, A., Meiners, K.M., 2016. 
Characteristics and primary productivity of East Antarctic pack ice during the 
winter-spring transition. Deep-Sea Res. Pt. II Top. Stud. Oceanogr. 131, 123–139. 
https://doi.org/10.1016/j.dsr2.2015.12.013. 

UNESCO, 1978. Eighth report of the joint panel on oceanographic tables and standards. 
In: UNESCO Technical Papers in Marine Science, pp. 28–35. 
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