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data compilation
Henley et al.

Keywords

Nutrients, sea ice, Antarctica, nitrogen cycle, ice algae, primary production, remineralisation,
organic matter

Abstract

Antarctic sea ice plays an important role in Southern Ocean biogeochemistry and mediating
Earth’s climate system. Yet our understanding of biogeochemical cycling in sea ice is limited
by the availability of relevant data over sufficient temporal and spatial scales. Here we
present a new publicly available compilation of macronutrient concentration data from
Antarctic land-fast sea ice, covering the full seasonal cycle using datasets from around
Antarctica, as well as a smaller dataset of macronutrient concei.* ations in adjacent seawater.
We show a strong seasonal cycle whereby nutrient concentrati~=s «¢ high during autumn
and winter, due to supply from underlying surface waters, anc the 1 are utilised in spring and
summer by mixed ice algal communities consisting of diatym. and non-siliceous species. Our
data indicate some degree of nutrient limitation of ice al¢ a1 pv".nary production, with silicon
limitation likely being most prevalent, although uncert~in..=s remain around the affinities of
sea-ice algae for each nutrient. Remineralisation of ¢* gan > matter and nutrient recycling
drive substantial accumulations of inorganic nitroger, pi.~sphate and to a lesser extent silicic
acid in some ice cores to concentrations far in ey ces of those in surface waters. Nutrient
supply to fast ice is enhanced by brine convect.o. r.atelet ice accumulation and
incorporation into the ice matrix, and und-..- ce “‘dal currents, whilst nutrient adsorption to
sea-ice surfaces, formation of biofilms, «~d .biotic mineral precipitation and dissolution can
also influence fast-ice nutrient cycling. Conc *ntrations of nitrate, ammonium and silicic acid
were generally higher in fast ice than reported for Antarctic pack ice, and this may support
the typically observed higher algal t.0'1.7ss in fast-ice environments.

1. Introduction

1.1 Importance of the Southern. ceun and Antarctic sea ice

The Southern Ocean plays a c1.*ical role in Earth’s climate system by removing up to 50 % of
the total atmospheric CO-» and »p to 75 % of the total heat that has been absorbed by the
oceans globally (Caldeir ' & Duffy, 2000; DeVries, 2014; Fletcher et al., 2006; Friedlingstein
et al., 2022; Frolicher e. ~1., 2015; Orr et al., 2001). Antarctic sea ice plays an important role
in mediating the excharo’, of both CO; and heat between the Southern Ocean and the
atmosphere, through both physical and biogeochemical mechanisms (Delille et al., 2014;
Fransson et al., 2011; Gordon, 1981). The Southern Ocean is also fundamentally important in
the global ocean circulation (Marshall & Speer, 2012) and the redistribution of nutrients to
the major ocean basins north of 30°S (Henley et al., 2020), with estimates suggesting that
nutrients sourced from the Southern Ocean contribute over 60 % of the nutrient pool in low-
latitude regions (Fripiat et al., 2021; Sarmiento et al., 2004). Antarctic sea-ice dynamics also
impact ocean mixing and circulation (Abernathey et al., 2016; Pellichero et al., 2018;
Pellichero et al., 2017), and biogeochemical exchanges with Antarctic sea ice can alter water
column inventories of nutrients and subsequent export to more northerly latitudes (Moore et
al., 2018).

Despite the documented importance of Antarctic sea ice, few datasets are available to
quantify associated biogeochemical processes and their influence on regional
biogeochemistry, ecosystem functioning and ocean-climate feedbacks at the circumpolar
scale (Fripiat et al., 2017; Lannuzel et al., 2016b; Meiners et al., 2018; Meiners et al., 2012;



van Leeuwe et al., 2018). This sparsity of data limits our ability to model Antarctic marine
ecosystems in and around the sea-ice zone and the underpinning biogeochemical processes.
Furthermore, Antarctic sea ice has experienced unprecedented reductions in extent since 2014
(Eayrs et al., 2021; Parkinson, 2019), with the most recent seasonal minimum extent in
February 2023 being the lowest on record (US NSIDC, 2023, URL:
https://nsidc.org/arcticseaicenews/sea-ice-tools/). Fast-ice extent has shown a similar pattern
of decline over the same time period with the lowest recorded extent published so far being in
2022 (Fraser et al., 2023). These observed changes make it all the more urgent to
significantly improve our understanding of these systems and therefore our ability to predict
the impacts of ongoing and anticipated climate change. Here, we focus on the macronutrients
nitrate, nitrite, ammonium, phosphate and silicic acid in Antarctic land-fast sea ice and
underlying waters to provide the circumpolar data coverage required to drive a step-change in
our understanding of this important component of the coastal Southern Ocean ecosystem.

1.2 Dynamics and importance of Antarctic land-fast sea ice

Land-fast sea ice (hereafter fast ice) is annual or multi-year se» *~¢ . ttached to shorelines,
shallow sea floors, ice shelf fronts, glacier tongues or groundc 4 ic :bergs. It contrasts with
pack ice, which drifts with prevailing ocean surface currer.s a *d winds. Growth of fast ice is
strongly influenced by meteorological conditions and int :r..~t* ons with the surrounding
marine waters (Arndt et al., 2020; Bluhm et al., 2017; Hex: 2006; Heil et al., 1996; Massom
et al., 2010; Murphy et al., 1995).

Fast-ice extent varies seasonally and interannually ar yun.? the Antarctic continent (221 to 601
x 10° km? in 2000-2018), accounting for 3.2-8.5%0 ,* the total Antarctic sea-ice extent
between winter and summer (Fraser et al., 2027%; "“r~ser et al., 2020; Li et al., 2020). The
growth of fast ice begins in coastal waters . aro~terised by turbulent mixing with the freezing
of seawater to form frazil ice crystals. St."sr quent thermodynamic thickening of the ice
occurs due to the formation of columnar ice « 1 the bottom of the solid ice, as well as the
accumulation of snow and associated tc.mation of snow ice or superimposed ice on the
surface (McGuinness et al., 2009; R :e« 'ones & Wells, 2018; Tang et al., 2007). In some
areas, the transport of super-coole nl-~.es of ice shelf water leads to the formation of
platelet ice, which may accumul.. ‘e under the fast ice forming a sub-ice platelet layer, and/or
consolidate into existing fast ic.* forining incorporated platelet ice (Hoppmann et al., 2020).
These platelet-ice layers are ch. racterised by variable spatial patterns and temporal
evolutions (Arndt et al., 207y, F.oppmann et al., 2020). A schematic diagram of fast-ice
structure is provided in t e g aphical abstract. Overall, the duration, thickness and physical
characteristics of fast ic. aie the result of contrasting effects of the intensity and persistence
of atmospheric cooling ir autumn and winter, snow deposition, and the occurrence of sea-ice
breakout events caused by storms, extreme katabatic winds from the Antarctic continent,
coastal currents, tides, or upwelling of warm water that melts the sea ice (Cozzi, 2014; Heil,
2006; Rusciano et al., 2013). Whilst there are many similarities between Antarctic fast ice
and its Arctic counterpart, there are significant differences in terms of the attachment
mechanisms of fast ice to coastlines, shallow seafloors and land-derived ice, the formation
processes for snow ice and platelet ice (as well as the severe lack of observations of platelet
ice in the Arctic), and the important role of melt ponds in Arctic fast-ice decay, which are
rarely observed in Antarctica (Fraser et al., 2023; Hoppmann et al., 2020). These physical
differences are very likely to lead to differences in fast-ice biogeochemistry between the two
polar regions. However, the focus of our study is on nutrient cycling in Antarctic fast-ice
environments.

The heterogeneous physical characteristics of Antarctic fast ice make the ice and sub-ice
platelet layer refuges suitable for the growth of assemblages of autotrophic and heterotrophic
organisms, ranging in size from viruses to copepods, which spend all or part of their life



cycles in sea ice (Arrigo, 2014; Bluhm et al., 2017; Horner et al., 1992; Schnack-Schiel et al.,
2001). Microalgae form taxonomically distinct communities in the interior and bottom layers
of fast ice, as well as in the sub-ice platelet layer (Arrigo & Thomas, 2004). Their growth in
the brine-channel network within the sea-ice matrix is limited by light, as well as the low
volume of the liquid phase, low temperatures and high salinities, and restricted supply of
nutrients from the water column underneath (Meiners et al., 2018). In contrast, bottom ice
and sub-ice platelet layers are the most biologically productive, due to their more favourable
temperature and salinity conditions and proximity to seawater nutrients (Arrigo et al., 1995;
Gillies et al., 2013; Guglielmo et al., 2004; Giinther & Dieckmann, 1999; Ichinomiya et al.,
2007; Paterson & Laybourn-Parry, 2012; Saggiomo et al., 2017). Dissolved and particulate
constituents are exchanged with the surrounding coastal waters, with an increase in
particulate fluxes towards the pelagic and benthic compartments during summer, when
ablation of the sub-ice platelet layer and bottom ice and the break-out of fast ice take place
(Cozzi & Cantoni, 2011; Pienkowski et al., 2009; Riaux-Gobin -: al., 2003; Thomas et al.,
2001; Thrush et al., 2006; Zhang et al., 2014).

The availability and cycling of dissolved inorganic nutrients i Ar tarctic fast ice is affected
by both physical and biological processes. Most nutrients - re . 2jected through brine channels
into the water column as sea ice forms, with major chans es *h-.c are proportional to changes
in salinity. Subsequently, nutrient concentrations can c<cn!ate and be replenished in the
bottom ice and sub-ice platelet layers because of brir. * coi vective processes during the
desalination of sea ice and changes in the hydrostatic eq. librium between sea-ice brine and
seawater induced by changes in air temperature, 41 pressure, marine currents and tides
(Ackley & Sullivan, 1994; Arrigo et al., 1995; T »7., 2014; Fripiat et al., 2015; Gleitz et al.,
1995; Lei et al., 2010; Lieblappen et al., 27.%; " oukaerts et al., 2021).

From a biological point of view, the nuti.~n’s are a source of essential elements like nitrogen
and phosphorus, which are assimilated by sy.1pagic (ice-associated) microorganisms because
of their role in nutrition, growth and me:abolism of cells. Siliceous phytoplankton species
(mainly diatoms) can also contribute sr.o<tantially to primary production in fast ice (Horner et
al., 1992; van Leeuwe et al., 2022 va, "eeuwe et al., 2018), such that the availability of
silicic acid has also been investiy ted as a potentially limiting factor in this habitat (Fripiat et
al., 2007; Lim et al., 2019). Bic'ogical processes often cause extreme increases in nutrient
concentrations in fast ice comp.red to their levels in seawater, as a result of high levels of
nutrients being accumulated ,»*, biomass and subsequent bacterial remineralisation of
particulate and dissolvec org. nic matter, cellular release, excretion and sloppy feeding by
zooplankton grazers (A. “igu, 2014; Fripiat et al., 2015; Gradinger & lkavalko, 1998;
Guglielmo et al., 2004; Horner et al., 1992; Roukaerts et al., 2021; Thomas & Dieckmann,
2002).

1.3 Knowledge gaps and aims of this study

Over the past half-century, an increasing number of studies on nutrient dynamics in Antarctic
fast-ice systems have been carried out. However, they have almost always been restricted to
spatially-limited field campaigns, and mostly with short temporal coverage. As such, they
provide environmental information that is not adequate to support large-scale modelling of
Antarctic coastal ecosystems. In this study, we perform the first compilation and analysis of
macronutrient concentration data for Antarctic fast ice at the circumpolar scale, using
published and unpublished data. This analysis will pave the way for a better implementation
of biogeochemical models in coastal sea-ice ecosystems and improve our ability to project
future changes in this climatically sensitive system.

2. Materials and methods

2.1 Study areas and data coverage



Macronutrient concentration data (nitrate, nitrite, ammonium, phosphate and silicic acid)
from 245 ice cores taken from fast ice around Antarctica were compiled into an open-access
database hosted by the Australian Antarctic Data Centre (URL:
https://data.aad.gov.au/metadata/BEPSII 2023 Fast Ice Nutrients). Ice cores are
summarised by their seasonal coverage in Table 1 and by sampling location with information
on data contributors and relevant publications in the Supplementary Information (Table S1).
By Southern Ocean region, 21 cores were from the Indian Sector, 70 from the West Pacific
Sector, 67 from the Ross Sea, 85 from the West Antarctic Peninsula (WAP), and 2 from the
Weddell Gyre (Figure 1).

Ice cores were collected between 1997 and 2021. Sampling effort was highest in November
(n=93 cores), followed by December (n=37) and October (n=22), with fewer than 20 cores
being available for all other months and fewer than 10 per month from February to June
(Table 1). Of these, 232 cores were from first-year ice, 12 cores were from multi-year ice and
1 was from second-year ice. For analyses of monthly median v."1es for first-year ice, months
with fewer than four cores were excluded.

Data were contextualised using observations of sea-ice prope.ties .aken at the time of
sampling, including ice thickness, texture, structure, age a'.d s linity, snow thickness, and
freeboard level. Ice thickness was generally determined o “ae length of ice cores extracted.
On a small number of occasions, when full ice cores c~mila not be extracted from thick multi-
year ice, ice thickness was estimated using an EM B: 4 el :ctromagnetic-induction system
(Sahashi et al., 2022).

Samples of under-ice water (n=120) and sub-ice pi .telet layer ice and interstitial water
(n=111) were collected in some studies and ar.. 1. ~I".ded where available. Sub-ice platelet
layer ice and interstitial water were collec’c frem core holes and cracks in the ice at
Drescher Inlet and in Terra Nova Bay, V, ~o .« Bay, and Lady Newnes Bay along the Victoria
Land coast in the eastern Ross Sea. Nutriem ~oncentrations were measured in unconsolidated
platelets that were sieved and melted, 1. interstitial waters that were separated by sieving or
filtration, and in mixtures of platelets 2.1 interstitial waters that were not separated. These are
handled separately in this analysis ~nc <ab-ice platelet layer ice is referred to as platelet ice
for simplicity, as we do not discw. °s incorporated platelet ice specifically.

2.2. Comparison of field and l. ~oracory methods and data processing

Sampling methods and laboraw v analyses used in each area of interest were compared to
exclude systematic biases in .= analysis of the dataset. Most of the concentrations presented
here were measured as b ik 1 utrient concentrations of melted ice core sections (n=1914).
Cores were collected fre ™ 1ast ice using ice corers (0.09 to 0.14 m diameter) and cut into
sections of lengths rangir g from 0.05 to 0.75 m (mean 0.15 m, median 0.12 m). Sections
were cut using clean stainless-steel saws and then melted in the dark at ambient temperature
or <4°C. A small number of measurements are from sea-ice brine samples, obtained by
centrifugation of ice core sections (lengths 0.20 to 0.75 m, mean 0.34, median 0.30, n=22;
Arrigo et al., 2003). There has been concern that the change in salinity during ice core
melting may cause release of intracellular nutrients into solution due to osmotic stress or
shock to sea-ice microbial communities and subsequent cell lysis. Whilst we do not assess
these effects directly in this study, Fripiat et al. (2017) showed that the contribution of
intracellular nutrients from algal cells to nutrient concentrations measured in Antarctic pack
ice should be minimal. This has also been discussed for extremely rich biological
assemblages in multi-year ice (Roukaerts et al., 2021; Thomas et al., 1998) and a study
comparing different melting treatments on nutrient concentrations (Roukaerts et al., 2019).
However, additional studies are required to evaluate this effect, including measurements of
the intracellular nutrient storage in sea-ice algae, which has been shown to be important in
other nutrient-rich ecosystems and biofilms (e.g., Stief et al., 2022).



Nutrient concentrations were measured in filtered and unfiltered samples, either in
laboratories on Antarctic research stations/ships shortly after melting or centrifugation, or in
home laboratories following storage at <-18°C or by fixing with mercuric chloride and
refrigeration at <4°C. No significant differences have been reported between samples for
nitrate, nitrite or phosphate stored frozen or fixed and those analysed immediately (Dore et al.,
1996; Kattner, 1999). Ammonium concentrations are subject to uncertainty associated with
both freezing and fixing, although no significant changes during storage have been reported
between filtered and unfiltered samples (Dore et al., 1996; Fawcett et al., 2014; Kattner, 1999;
Macdonald et al., 1986). Underestimation of silicic acid concentrations driven by formation
of secondary silicate precipitates during freezing was reduced as far as possible in this dataset
by thawing samples over a prolonged period (>24 hours) or using a water bath at 50°C, in
line with recommended procedures (Becker et al., 2020; Dore et al., 1996; Sakamoto et al.,
1990).

The nutrient concentrations in this compilation are mostly from. ~utomated or manual
colorimetric analysis (e.g., Hydes et al., 2010). Some studies a=~ly.>d ammonium (NH;")
concentrations using ortho-phthaldialdehyde (OPA) and fluot yme ry (Holmes et al., 1999).
Specific analytical protocols varied across studies, but in gene -al calibration standards were
prepared using artificial seawater or low-nutrient seawat .r .7t salinities similar to the
samples being analysed to avoid matrix effects. In this ~oi.nilation, total soluble reactive
phosphorus is referred to as phosphate (PO,”) and tc*al d ssolved silicon is referred to as
silicic acid (Si(OH)4). Nitrite data are included wherr av.ilable (n=188). Because nitrite data
are not available for over a fifth of cores (n=57) w_ use nitrate-+nitrite (NO3+NO,") for all
cores and refer to these concentrations as nitra e [~ simplicity. This approach is reasonable
given the small and relatively constant co’... ‘bu.'on of nitrite to the nitrate+nitrite pool
(median contribution of 2% across the d.*as _t).

Data and supporting metadata were contribu.>d from across the international scientific
community working in Antarctic sea-ic. biogeochemistry in .csv format and compiled into a
master dataset. Further processing, r1a ..~ulation and visualisation of the data was conducted
in RStudio version 3.5.1 and Matl~h E?918b. Nutrient concentrations are examined as a
function of time, normalised ice . ore uepth (% of ice thickness), and longitude to investigate
the temporal and spatial variab.'ity of nutrient dynamics in fast ice and their exchange with
surface waters. Nutrient conce..‘rations are bulk measured values unless otherwise stated. In
addition, to examine seasena, ~l.anges driven by biological processes, independent of
physical changes in sea-. ce p operties, we normalised the nutrient concentrations measured in
fast ice to a representat: “= salinity value for the underlying seawater (34.3) according to
Equation 1, following (Gl< itz et al. (1995).

C*=Cx (Sw/S)

Equation 1

C* is the salinity-normalised nutrient concentration, C is the measured (bulk) nutrient
concentration, Sy, is the salinity of the underlying seawater, and S is the bulk salinity of the
sea-ice sample. Sea-ice salinity was typically measured using a conductivity meter with
precision ranging from 0.01 to 0.1.

2.3 Additional data

Mean concentrations of the nutrients in coastal waters surrounding fast ice were obtained for
all areas of interest by reviewing the available scientific literature relevant to coastal sites
around Antarctica. This allows us to examine the seasonal and spatial variability in water
column nutrient dynamics and their implications for nutrient enrichment processes during the
growth of fast ice and subsequent exchange between ice and underlying waters. These data
are summarised in the Supplementary Information (Table S2 with references).



Monthly time series of air temperature (°C) at 10 m height, surface wind speed (m s), and
total (diffuse + direct) surface downwelling photosynthetically-active radiation (PAR; W m™),
estimated by MERRA v2 models for 1980-2020 (Gelaro et al., 2017), were obtained from the
Giovanni Online Data System developed and maintained by NASA GES DISC (URL:
https://giovanni.gsfc.nasa.gov/giovanni/). These data were averaged over the circumpolar
ocean region between the Antarctic coastline and latitude 64°S, as the region in which almost
all fast ice occurs (Figure 1). A seasonal climatology of total fast-ice extent (Fraser et al.,
2021) is shown for comparison and to contextualise the observational data presented in this
compilation. We also use chlorophyll a concentration data from the Antarctic fast-ice algal
chlorophyll a dataset (AFIAC; Meiners et al., 2018) to provide the biological context for
interpreting the nutrient data.

3. Results

3.1 Seasonal variation in fast-ice extent and relevant atmosphe. > conditions

Seasonal variability in Antarctic fast-ice extent and the most re!~va.'t atmospheric conditions
influencing fast ice are shown in Figure 2. Fast-ice extent inc. =ase¢ 5 rapidly from April to
June and then at a slower rate to its annual peak around 607,020 km? in late September
(Figure 2a). Fast ice then decreases from October to its a 12! minimum around 210,000 km?
in February/March. Variance is evident in all months (ST, >41,000 km?), but greatest in
March/April and August/September (SD >53,000 kn. ), r« flecting interannual variability
throughout the seasonal cycle, but being largest in arr .un./early winter and late winter. Air
temperature at 10 m height above sea level decrr as ¢ rapidly from April to minimum values
below -15°C in July and August when solar ra li.. i~.1 is minimal (Figure 2b). Temperature
increases rapidly as the sun returns to the .. h southern latitudes and reaches its maximum
values of -1.6 + 0.3°C in January. Variai.~e s greater in July and August (SD = 1.6°C and
1.4°C, respectively) than in January, reflecti.. 3 larger interannual variability in winter than in
summer. Total PAR shows a similar se.~onal pattern that also reflects that of solar radiation,
with low values between April and /v *<t and zero values across the latitudinal range in
June and July (Figure 2¢). PAR ir~vea--s rapidly through spring and early summer in line
with increasing solar radiation t¢ 2 maximum of 105 + 4 W m™ in December, before
decreasing again through late s. mmer and autumn. Surface wind speed shows a different, yet
still pronounced, seasonal cycic increasing rapidly through late summer and early autumn to
values over 9 m s” by April {7 sure 2d). These high values are then maintained through
autumn and winter with nax mum monthly mean values occurring in August (9.95 = 0.44 m
s). Wind speed decrea. s wrough spring and summer to a seasonal minimum of 7.30 + 0.30
m s in January.

3.2 Seasonal variation in fast-ice physical properties: ice thickness and salinity

Across the dataset, fast-ice thickness was minimal in early autumn as it began to form from
freezing seawater (Figure 3a). Thickness increased gradually over winter, reaching a
maximum in November-December before decreasing rapidly as solar warming and strong
winds caused ice melting, thinning, break-out and loss. Exceptions to this were in the multi-
year fast ice at Syowa Station (Liitzow-Holm Bay, East Antarctica), where ice thickness of
over 4 m was observed in January and February (multi-year ice not shown in Figure 3a).
Multi-year ice was also observed at Drescher Inlet (Weddell Sea), with a thickness of 2.2 m
in January. The maximum thickness of first-year ice was up to 3.3 m in the Ross Sea
(indicating ice rafting), 1.7 m around East Antarctica, and 1.1 m in west Antarctica.

Sea-ice bulk salinity showed a seasonal cycle with relatively high values in upper (median
8.6), interior (median 7.0) and bottom (median 7.5) ice layers when ice was forming in April
(Figure 3b). Over winter, salinity was most variable in upper ice layers (median 3.5-9.3).
Salinity showed a gradual reduction in interior ice layers to a minimum of 4.1 in January.



Salinity was higher in bottom ice layers than in interior ice over the full seasonal cycle, with a
maximum median value of 8.2 in September decreasing to a minimum of 5.7 in December.
The seasonal minimum salinity in upper ice layers also occurred in December (median 2.9),
after a pronounced reduction from the November value (7.6). Median salinity values in both
bottom and upper ice layers increased again from December to January. Seasonal profiles of
ice-core salinity over the full ice thickness (Figure 4a) showed a characteristic C-shape in
autumn and winter, albeit with some small-scale variability. C-shaped profiles became more
pronounced overall through spring and into summer when they were most pronounced, with
higher values in upper and bottom ice and lower values in the interior ice layers, and the
lowest median bulk salinities were observed. Sea-ice salinity was substantially lower than the
mean of seawater values (34.3) throughout the sea-ice cycle, and we observed no clear spatial
patterns in sea-ice salinity across the dataset.

3.3 Observed variation in fast-ice macronutrient concentrations

3.3.1 First-year ice

Figure 3 shows the seasonal variation (monthly median values ~na aterquartile ranges) in
measured nutrient concentrations in the upper, interior and bc tomr ice layers of first-year
Antarctic fast ice over the annual cycle. Chlorophyll a cor cen. ration data from the AFIAC
dataset (Meiners et al., 2018) are also shown for each ice la_=* for comparison to the nutrient
data. Figure 4 shows the vertical distributions of salini* a.d nutrient concentrations by
season sampled. Multi-year sea ice sampled in Janua: v an 1 February showed differences
compared to first-year ice, so these data are plotted 2 .d «nalysed separately (Figure 5). Fast-
ice nutrient concentrations are compared to conc ¢p _rations measured in ice-covered or
adjacent surface waters, shown in Figure 6 anc p.~<.nted in Section 3.6. Time series of all
fast-ice nutrient concentrations and salinit, . ea-urements included in this study are shown in
the Supplementary Information (Figure _1) in first-year ice, a strong seasonal cycle in
vertical nutrient distributions was observed ..om autumn and early winter as the ice was
forming through to spring and summer ."hen the ice was melting, decaying and breaking up
(Figure 3, 4). Chlorophyll a data shc w .=t ice algal biomass was highest in bottom ice over
the full seasonal cycle, with large ~=a. = in December and May, which were matched by
increases in upper and interior ic. albcit to a lesser degree (Figure 31).

Nitrate was highest on average n autumn and winter (monthly median up to 6.71 pmol L™ in
upper ice in July and 7.54 pmo! L " in bottom ice in June), although values were consistently
lower than the underlying < e waters (29.0 + 1.5 pmol L™'; Figure 6a) throughout the ice
column (Figure 3c, 4h). Nitre te exhibited a characteristic C-shaped profile, following the
salinity profiles, with lo 7est concentrations in the interior ice layers and gradual increases
towards the bottom and v per ice layers. In early spring in October, nitrate was drawn down
further in the interior ice layers and some profiles showed increased concentrations above
surface water values in the bottom ice layers (Figure S1a). A small number of cores showed
these increases continuing in November, when nitrate concentrations in bottom ice layers at
times reached >50 umol L™'. These high nitrate values close to the ice-water interface
occurred in the Ross Sea, East Antarctica and the WAP. Nitrate concentrations throughout
the ice column were reduced substantially through December and into mid-summer, except
for an increase in bottom ice in January.

Ammonium concentrations were relatively low in general over winter with values similar to
surface water values (1.2 + 0.7 pmol L™'; Figure 6b) over the full ice profile (Figure 4c).
Median ammonium values were highest in spring, but showed significant variability over this
period (Figure 3d). Ammonium decreased in the interior ice layers from June to October and
in bottom ice from June to September; however, in October, ammonium increased in bottom
ice layers to values of between 2.5 and 15 umol L™, The highest ammonium concentrations
were measured in a small number of cores in November (n=13), with maxima of >60 pmol L’



! (range 65 to 128 pmol L) in the 40-60% and 75-95% depth horizons, which also coincided
with maxima in phosphate concentrations (Figure S1c, d). The high ammonium values in
interior and bottom ice layers occurred primarily in the Ross Sea sector (163-173°E).
Ammonium concentrations then decreased over the full ice depth through December and into
mid-summer to values similar to, or lower than, typical seawater values.

Nitrite concentrations were consistently low (<0.2 pmol L) and similar to surface water
values (0.1 £ 0.06 pmol L™'; Figure 6¢), with little variation throughout the ice column in the
majority of cores (Figure 3e, 4d). Slight increases were observed in November with nitrite
concentrations reaching 0.25 umol L™ throughout the ice column and up to 0.45 pmol L in
bottom ice layers. Extreme values over 0.90 pmol L™ were measured in a small number of
cores (n=5). Nitrite concentrations exhibited a C-shaped profile in January with some of the
lowest values observed in interior ice and some of the highest concentrations in upper and
bottom ice layers.

Total dissolved inorganic nitrogen (nitrate + nitrite + ammoniu.~» = DIN) showed a seasonal
cycle that reflected that of nitrate and ammonium (Figure 3f). €*hs. ntial accumulation of
DIN was observed in bottom ice layers in October and Nover.'ber and in November
concentrations in upper and interior ice also reached their -eas »nal maxima. DIN
concentrations decreased in all ice depth horizons throug’1 =~ ember and January with the
greatest reductions shown in bottom ice layers.

Phosphate exhibited C-shaped profiles in most of the autu nmn and winter cores, with values
lower than surface waters (2.05 + 0.12 pmol L™; Fig.re Ze) in the interior layers and up to
surface water values in bottom and upper ice lay:r: (Figure 3h, 4f). However, a significant
minority of cores showed an accumulation of { he *»'iate in interior ice layers to
concentrations higher than surface water v i “es “up to 8 pumol L™'; Figure S1d). In early
spring in October, phosphate concentrations were reduced over most of the ice depth horizons,
although phosphate accumulation to values 1.'gher than seawater values was observed in
some bottom ice layers. These trends cc~tinued in November with phosphate concentrations
in bottom ice layers reaching >20 prac. ' = in a small number of cores from the Ross Sea.
Substantial accumulation was alse ~b. > ved in interior ice layers in a small number of Ross
Sea cores, with phosphate conce. *rations reaching >20 pmol L™ in the 40-60% and 75-90%
depth horizons, which correspc 'dea to the ammonium maxima (Figure S1d, ¢). Phosphate
concentrations decreased subsw. ntially in the interior ice from early December and were low
(generally <1.5 pmol L™) for “ rest of the month, with less extreme bottom ice values (up to
~5 umol L") and onlv a :ma,' number of cores having increased concentrations in upper ice
layers. Phosphate remai. 2a 10w or continued to decrease over all ice depth horizons into mid-
summer.

Silicic acid concentrations in sea ice were generally lower than or equal to their
corresponding seawater values for most of the seasonal cycle (Figure 3g, 4e). Concentrations
were highest during autumn and winter, and relatively uniform in the majority of cores,
although a small number of cores showed high values in bottom ice layers (reaching >150
umol L™'; Figure S1b). From winter concentrations that were close to or lower than
concurrent seawater values (77.4 + 2.1 pmol L™; Figure 6d), silicic acid was drawn down
over the full ice thickness through spring to minimum values in summer (<15 pmol L').
Silicic acid maxima were observed in bottom ice layers in a small number of cores through
October to December, with some correspondence with the high nitrate concentrations in these
layers. Our dataset showed no clear spatial patterns in silicic acid concentrations around
Antarctica.

3.3.2 Multi-year ice

Multi-year fast ice sampled at Syowa Station, Drescher Inlet and in the Ross Sea in January
and February showed nutrient and salinity characteristics that were distinct from those of



first-year ice and so are considered separately in this analysis (Figure 5). Neither salinity nor
nutrient profiles showed the characteristic C-shape of first-year ice. Salinity values were
lower in the majority of multi-year ice cores (<6) than in first-year ice, with minimum values
in the upper 25% of the ice thickness (Figure 5a). The majority of cores showed an overall,
yet not monotonic, increase in salinity with ice depth to maximum values in the lower and
bottom ice layers. A minority of cores (n=3) showed higher values in the uppermost ice and
then rapid declines to minimum values around the 10% depth horizon. A small number of
cores (n=3) showed rapid down-core increases in the upper quarter of the ice thickness to
maximum values in the upper 25-50%, before decreasing again to varying degrees over the
remaining ice thickness. One core from Drescher Inlet showed a strong increase in bottom ice
to a maximum salinity value >10 at the ice-water interface.

Nitrate concentration was low and relatively constant over the full ice thickness in most
multi-year ice cores (Figure 5b). Maximum nitrate concentrations were observed in bottom
ice in Drescher Inlet and over the full ice thickness, albeit with - latively large variability, in
a core taken at Syowa Station in mid-February. Ammonium ce=~ei‘rations were also low
with little variability with ice depth in the majority of cores, a'tho.gh accumulation to >2
umol L was measured in some cores from Syowa Statior (r.rure 5¢). The highest
ammonium values, which were higher than those observ .d :» ‘irst-year ice cores at this time
of year, were measured in the bottom ice at Drescher I»le.. Nitrite concentrations were
generally low and similar to those measured in first-;, 2ar ) >e, with some evidence of
accumulation in the lower interior ice and bottom ice lay ~rs (Figure 5d). Silicic acid
concentrations were also low and similar to first year ice summer values in the majority of
these multi-year fast-ice cores (Figure 5¢). The c.»a* exception to this was the maximum
value in bottom ice in Drescher Inlet just <. ve *he ice-water interface (44.20 pmol L™),
whilst the value at the ice-water interfac. w+.s much lower (8.14 pmol L), showing fine-
scale variability. Phosphate concentrations 1.. multi-year ice were similar to those measured
in most first-year ice cores, with the lov. »st values in the upper quarter of the ice thickness
and overall increases with ice depth (F .1ve 5f). The highest value (3.00 pmol L") was
observed at the ice-water interface ‘n ™ escher Inlet.

3.4 Comparison of nutrient conc. “tra.ions in fast ice and pack ice

To examine the differences in .."1trient concentrations between fast ice and pack ice, we
compared frequency histogran.. based on the fast-ice nutrient data from this compilation and
a similar compilation of nntrior. data from Antarctic pack ice (Fripiat et al., 2017; Figure 7).
This comparison shows ‘hat  /hilst salinity is indistinguishable between the two ice types
(Figure 7a), concentratic ns of both nitrate and ammonium, and therefore DIN, are higher and
more variable in fast ic~ ( ‘igure 7b, c, e). In contrast, nitrite concentration is higher in pack
ice (Figure 7d). Like DIN, silicic acid concentrations are also higher and more variable in fast
ice (Figure 7f), whilst phosphate concentrations are indistinguishable between fast ice and
pack ice (Figure 7g).

3.5 Nutrient concentrations in platelet ice

Nutrient concentrations of platelet ice and interstitial water sampled in Drescher Inlet from
January to March 1997 and 1998, and in the eastern Ross Sea in November and December
1997, 1999 and 2004 are compared here to those of the overlying fast ice (Table 2; Figure 8).
Underlying surface waters were also sampled in the eastern Ross Sea, so are further
compared to platelet ice and interstitial waters.

In Drescher Inlet (January to March), mixed platelet ice and interstitial water showed higher
nitrate concentrations than in the overlying ice core bottom layers. Individually, interstitial
waters showed higher mean concentrations with large variability, whilst platelets showed
concentrations indistinguishable from bottom ice values. Phosphate concentrations in
interstitial water and mixed platelet ice and interstitial water were lower than in



corresponding bottom ice, whilst the platelets themselves showed concentrations
indistinguishable from bottom ice, like nitrate. Silicic acid concentration showed a similar
pattern to nitrate, being highly variable in interstitial waters, less variable in mixed platelet
ice and interstitial water, and lower and less variable in isolated platelets. Comparison with
corresponding bottom ice samples is difficult for silicic acid due to strong variation in the
bottom-most ice core sections. Ammonium concentrations in platelet ice and interstitial
waters were variable, but substantially lower than in the overlying bottom ice layers. Nitrite
concentrations in platelet ice and interstitial waters were also lower than bottom ice values.
For the eastern Ross Sea data (November and December), nutrient concentrations in platelet
ice and interstitial water were substantially more variable than those in Drescher Inlet and
reached significantly higher values (Table 2; Figure 8). Platelet ice and interstitial waters both
showed concentrations frequently much higher than corresponding seawater values for nitrate,
ammonium, nitrite and phosphate. In contrast, silicic acid concentrations in platelet ice and
interstitial waters were similar to, or lower than, corresponding - :awater values. Compared to
concentrations in bottom ice, nitrate and silicic acid concentrat:~ns vere both significantly
higher in platelet ice and interstitial water, with the difference beir g most pronounced for
silicic acid (Figure 8e). Nitrate concentrations were more ¢ . 'ar in November and higher in
platelet ice and interstitial waters in December when bot o1, i~¢ concentrations had declined
significantly (Figure 8a). In contrast, ammonium concenti. tions were higher overall in
bottom ice than in platelet ice and interstitial waters, :‘art1 ;ularly in November (Figure 8c).
Nitrite and phosphate both showed similar mean con .en.ations in bottom ice and platelet ice
and interstitial waters, with substantial variabilit, ¢ ver the time series (Figure 8b, d).

3.6 Nutrient concentrations in surface waters

Surface water (<20 m) nutrient concentrat’o. s ."m a coastal site in Marguerite Bay over a
three-year period (2013 to 2016; Henley ~t 7., 2020) are used to represent the seasonal cycle
in locations influenced by fast ice around Ai."arctica (Figure 6). These year-round data are
compared to seasonal data from the eas.>rn Ross Sea in November 1997 and 1999 and
November and December 2004 (Cor.z1, 20 14). Seasonal minimum and maximum values for
Marguerite Bay are shown in Tab'~ 3 >~d monthly values for the eastern Ross Sea are shown
in Table 4. Table S2 summarises vater column (0-800 m) nutrient concentrations from
studies associated with fast ice ‘round Antarctica. Similarity of values and trends across these
datasets shows that seasonal va -avility is substantially larger than spatial variability around
Antarctica, such that the Mai - _rite Bay data presented here are broadly representative of
these shelf environments for he purposes of comparing this variability to that in fast ice.
Nitrate, phosphate and > licic acid showed a seasonal cycle characterised by drawdown by
spring and summer phytolankton blooms and subsequent resupply, primarily by vertical
mixing, during autumn and winter (Figure 6a, d, €). Minimum concentrations of each of these
nutrients were measured in January and maximum concentrations were reached in October
prior to the onset of the phytoplankton bloom (Table 3). Ammonium showed a different
seasonal cycle, with minimum values in November and maximum values in May (Figure 6b).
Nitrite reached its seasonal maximum earlier than nitrate in June and its seasonal minimum
occurred concurrently with nitrate in January (Figure 6c¢).

Seawater nutrient data from the eastern Ross Sea are broadly similar to those from
Marguerite Bay, with concentrations of nitrate, phosphate and silicic acid being comparable
to seasonal maximum values in Marguerite Bay in November and decreasing in December
due to biological drawdown (Figure 6a, d, e; Table 4). Ammonium values were more variable
in the Ross Sea than in Marguerite Bay in November and December, whilst nitrite values
were lower in November and similar to those in Marguerite Bay in December (Figure 6b, c;
Table 4).



As sea ice was forming through April, May and June, seawater nitrate, nitrite, phosphate and
silicic acid concentrations in Marguerite Bay increased towards their high winter values.
Depending on the timing of sea-ice formation, which varies spatially and interannually,
concurrent seawater nitrate concentrations ranged from 16.9 + 1.6 pmol L™ to 21.1 + 3.7
umol L™ and nitrite concentrations ranged from 0.14 + 0.01 pmol L™ to 0.25 + 0.05 pmol L™
(Figure 6a, ¢). Seawater phosphate concentrations during sea-ice formation ranged from 1.3 +
0.1 pmol L™ to 1.6 + 0.2 pmol L™, and silicic acid concentrations ranged from 54.2 + 4.1
pumol L to 60.4 + 9.7 umol L™ (Figure 6d, ). Sea-ice formation coincided with maximum
monthly mean ammonium concentrations in surface waters, ranging from 2.1 + 0.4 pmol L™
to 3.3 + 1.5 pmol L™ (Figure 6b).

4. Discussion

4.1 Nutrient supply, uptake and cycling processes in Antarctic fast ice

The major processes affecting nutrient concentrations in Antarctic f. <t ice are exchange with the
underlying surface waters, biological uptake by ice algal communiti=: an.' remineralisation of
organic material, as well as nutrient adsorption to sea-ice surfaces and netal-organic matter
complexes, the formation of biofilms and precipitation of mine -als ‘Fripiat et al., 2017; Meiners &
Michel, 2017; Roukaerts et al., 2021). These biogeochemical )ro.-.ses are mediated by physical
changes in sea-ice characteristics associated with ice forrr...nn, melting and break-up. In turn, these
physical processes are regulated largely by atmospheric ¢« ndi.ions (Figure 2), in particular, the
seasonal cycle of temperature and the mechanical breal -up o. ice in spring/summer, and also
sporadically during winter, due to strong winds fror.: t'ie continent as well as the westerlies and their
effect on sea storms and large waves that break t' e ice. Through these mechanisms, these
atmospheric conditions have an important i’ .flur nce on sea-ice biogeochemistry. Here we use the
seasonal patterns in nutrient concentrations « ‘d physical parameters described, as well as nutrient
stoichiometry and relationships betweei, nutrient concentrations and salinity to examine the major
processes governing sea-ice nutrient bir.g ~oc..emistry and evaluate their importance.

The primary use of nutrients in sca .~¢ :s fuelling ice algal primary production, which
constitutes a small but ecologic1._’ important contribution to biogeochemical cycles in
Southern Ocean coastal and ma. ~inal ice zones, by providing an early season food source for
pelagic and benthic food webs ( ..g., Arrigo, 2017). Whilst primary production in the offshore
Southern Ocean is gener~.. " luuited by iron and other essential micronutrients, this study
focuses on the macrc.~uti ‘ent, that are also essential for primary production by ice algal
communities and coastai phytoplankton growth. Total ice algal biomass has been shown to be
greater in fast ice than i.. pack ice around Antarctica, and this has been hypothesised to be a
consequence of higher availability of both light and nutrients to fast-ice communities
(Meiners et al., 2018). Light and nutrient availability are both influenced strongly by the
thickness and structure of the ice and overlying snow cover, as well as ice temperature and
salinity and their combined effect on ice porosity and permeability (Castellani et al., 2020;
Cozzi, 2008). Comparing our dataset with a compilation of Antarctic pack-ice nutrient data
(Fripiat et al., 2017) shows that the concentrations of nitrate, ammonium and silicic acid are
higher and more variable in fast ice than in pack ice around Antarctica, especially in bottom
ice layers (Figure 7). These findings are consistent with several studies that have shown high
nutrient accumulation in coastal sea ice (e.g., Arrigo et al., 1995; Fripiat et al., 2015;
Lannuzel et al., 2014; Roukaerts et al., 2021). Higher DIN is likely a result of more intense
remineralisation and nutrient retention in fast-ice brine channels (e.g., Fripiat et al., 2015).
Higher silicic acid may also be driven partly by this phenomenon, although the higher
concentrations in coastal surface waters than the open Southern Ocean are likely to be a more
important factor driving the differences between sea-ice environments. Combined with



greater light penetration through a thinner snow cover on fast ice to reach ice algal
communities, the higher nutrient availability shown here could sustain higher algal biomass
generally observed in fast ice than in pack ice (Meiners et al., 2012; 2018). Higher biomass
could also cause the higher DIN and silicic acid concentrations in fast ice by providing more
material to be remineralised to inorganic nutrients.

4.2 Nutrient sources and exchange with surface waters

4.2.1 Water masses and surface waters

The total macronutrient inventory in Antarctic sea ice is ultimately controlled by nutrient
supply from the underlying seawater; by incorporation of dissolved nutrients as the ice forms
from freezing seawater, by incorporation and subsequent remineralisation of organic matter,
and by exchange with seawater once the ice has formed through convective processes
associated with desalination, tidal pumping and potentially surface flooding (Gleitz &
Thomas, 1993; Gleitz et al., 1995; Meiners & Michel, 2017; Vancoppenolle et al., 2010). C-
shaped salinity and nutrient profiles reflect the combination of . 2se phenomena and occur
primarily due to faster ice growth in the autumn and early wint>~ wlen ice was thinner,
leading to less brine rejection and desalination and, therefore, higl er nutrient concentrations
in upper ice layers. Slower ice growth later in winter and t'.us >reater brine drainage,
desalination and nutrient loss leads to lower salinity and au:+i<at concentrations in interior ice,
and this effect is enhanced by warmer temperatures th== 1. upper ice layers. Increased
concentrations in bottom ice are the result of direct ¢ nve ‘tive exchange from surface waters
and remineralisation of organic matter accumulated - : 0. ~lose to the ice-water interface, both
of which are facilitated by warmer temperatures n he bottom layers than in interior or upper
ice (Cozzi, 2014).

In this analysis, we show that the salinity- .. ‘m.'ised concentrations of nitrate, phosphate and
silicic acid in fast ice are within the rang. o values measured in coastal surface waters during
autumn ice formation (Figures 6 and 9; Tabi. S2) and maintain a similar range of values to
surface waters over winter until Augus.'September. This suggests that spatial and interannual
variability in surface water nutrient .0’ =ntrations as ice forms (Figure 6; Table S2) is likely
to lead to differences in the sea-ic~ nu **ent inventory prior to any ice algal bloom. Surface
water nutrient concentrations in . tunm/winter are influenced by vertical mixing with deeper
nutrient-rich water masses (e.g. circumpolar deep water, high salinity shelf water), which is
enhanced by seasonally strong ~inds (Figure 2d), as well as the degree of biological nutrient
uptake by phytoplankton hloc~ in the preceding summer growing season and subsequent
remineralisation of the o0 'gan ¢ matter produced (Henley et al., 2020; Henley et al., 2017).
Whilst the coastal regio. < where fast ice is found receive a greater supply of iron than the
open Southern Ocean (M miman et al., 2020), such that biological nutrient uptake is greater,
macronutrient drawdown to limiting concentrations is rare in Antarctic surface waters
(Henley et al., 2020; Moreau et al., 2019). The timing of sea-ice formation during autumn and
winter when nutrient replenishment by enhanced vertical mixing is already underway also
contributes to surface water nutrient concentrations being consistently high enough to provide
a nutrient source to sea ice (e.g., Gibson & Trull, 1999; Gleitz & Thomas, 1993). This
nutrient source is likely to be larger for fast ice in the Antarctic than the Arctic, where deep
winter mixing is less efficient and surface water nutrient concentrations are significantly
lower and can limit primary production during the summer growing season (Mills et al., 2018;
Reigstad et al., 2002; Tremblay et al., 2015). The higher productivity of Antarctic coastal
surface waters than further offshore during summer also facilitates entrainment of some
particulate and detrital organic matter into the sea ice as it forms in autumn, sometimes
leading to phytoplankton and ice algal blooms (e.g., Lieser et al., 2015). Evidence for such
autumn blooms is seen in fast-ice chlorophyll a data, with the largest biomass accumulations
in the bottom layers close to the ice-water interface (Figure 3i; Meiners et al., 2018). These



blooms then undergo subsequent remineralisation to provide an additional source of nutrients
within the ice matrix, at times elevating concentrations above surface water values (Janssens
et al., 2016).

4.2.2 Platelet ice and enhanced nutrient supply

The formation of sub-ice platelet layers and their subsequent consolidation into incorporated
platelet ice results in convection which can also promote nutrient inputs to sea ice from
surface waters in regions close to or downstream of ice shelves (Giinther & Dieckmann,
1999). Our findings of nutrient concentrations in sub-ice platelet layers in the Ross and
Weddell Seas being higher on average than in surrounding surface waters for nitrate, nitrite,
ammonium and phosphate suggest that the initial supply of seawater nutrients is
supplemented by remineralisation of organic matter that was both scavenged from the water
column as the platelet layer formed and produced in situ, in agreement with previous work
(Arrigo et al., 1995; Dieckmann et al., 1992; Giinther & Dieckmann, 1999). In particular, the
observation of higher nitrite in the platelet layer indicates highc - cates of bacterial
nitrification than in surface waters (Arrigo et al., 1995; see Ser*n *.3.3). Silicic acid
concentrations being lower in platelet ice and interstitial wate 's th in in surface waters is
consistent with slower rates of diatom frustule dissolution .o nared to organic matter
remineralisation, such that biological uptake of silicic ac’d o uiatoms exceeds its
regeneration in the platelet layer (Giinther & Dieckmann, 1999). Higher nitrate and silicic
acid in the platelet layer than the overlying bottom ic - is | kely to reflect biological uptake by
high algal standing stocks including diatoms in bottc a 1.=. This gradient in nitrate and silicic
acid concentrations would then promote their susp y from the platelet layer to the bottom ice
by diffusive processes. Lower concentrations ¢ n . vecage of ammonium, nitrite and phosphate
in the platelet layer than bottom ice impliru. » n.~re intense remineralisation of a larger algal
biomass in the semi-closed bottom ice n. tri <. Overall, our data show that nutrient
accumulation within the platelet layer and su™>sequent incorporation into the ice matrix can
enhance the supply of seawater nutrien.. into fast ice around Antarctica and support previous
assertions that this process is likely ‘o '»o more effective for fast-ice platelet layers than pack
ice (Arrigo et al., 1995).

4.2.3 Tidal currents and enhance 7 nuwrient supply

Under-ice tidal currents have L. en snown to enhance nutrient supply to sea ice by increasing
brine convection and promotin. exchange with surface waters (Cota et al., 1987; Eicken,
1992; Vancoppenolle et al .2'3). The strength of these currents is influenced in turn by
water depth, bottom topc graj hy, and proximity to glaciers and ice shelves (Sun et al., 2019).
A recent study has show ~ cievated turbulence in the ocean surface boundary layer under fast
ice in Marguerite Bay (~c.npared to ice-free conditions), which could also promote the supply
of nutrients to the sea ice from surface waters (Inall et al., 2022). As fast ice is present over
shallower waters than pack ice, tidal currents are expected to be stronger under fast ice than
pack ice (Richter et al., 2022), further leading to greater ice-ocean exchanges of dissolved
and particulate constituents. These stronger tidal currents could thus contribute to explaining
greater nutrient supply and potentially higher ice algal biomass in fast ice (see Section 4.1),
as has been observed in East Antarctica (Roukaerts et al., 2021) as well as the Canadian
Arctic (Dalman et al., 2019; Mortenson et al., 2017).

4.2.4 Sedimentary nutrient supply

Sedimentary nutrient fluxes to the water column can also influence ice-ocean nutrient
exchanges when sea ice occurs near the sedimentary source or downstream in waters that are
influenced by sedimentary fluxes from which nutrients are subsequently transferred to sea ice
(de Jong et al., 2013; DeMaster et al., 1996). Sedimentary silicic acid fluxes have been shown
to be significant in the WAP shelf region, driven by diatom frustule dissolution and reverse
weathering reactions (Cassarino et al., 2020), and are likely to be the most important



sedimentary macronutrient flux influencing sea-ice biogeochemistry in coastal Antarctica.
Sedimentary denitrification has been measured in Antarctic shelf settings (Hartnett et al.,
2008) and could cause a water column nitrogen deficit over shallow continental shelves, as
has been observed in the Arctic (Chang & Devol, 2009; Fripiat et al., 2018). Table S2 shows
such a nitrogen deficit, compared to the Redfield ratio of 16N:1P, in some shallow coastal
areas around Antarctica where fast ice is known to occur, indicating that sedimentary
denitrification could influence nutrient content in the ice. However, in general Antarctic
shelves are much deeper than their Arctic counterparts, such that the effect of sedimentary
denitrification on Antarctic fast ice is expected to be small overall. Sediment-derived
nutrients may also be transferred directly to the ice matrix along continental margins where
sea ice is attached to the coast, although this effect is likely to be highly localised and not a
major nutrient supply mechanism for Antarctic fast ice more widely.

4.2.5 Surface flooding and snow cover

Snow cover on top of sea ice can facilitate nutrient delivery to .2 sea-ice matrix from surface
waters by depressing the ice-snow interface below the sea surf~~= «.d causing surface water
flooding of the snow and upper ice layers (Tison et al., 2017). Sut sequent formation of snow
ice, under the weight of overlying snow as the flooded snc w/s'ush layer freezes, can
incorporate seawater nutrients into the ice matrix (Maks' m ¢ jeffries, 2000; Sturm &
Massom, 2009, 2017). In our dataset, approximately h~!t L€ the ice cores are accompanied by
measurements of snow thickness (n=128), of which :'ost 1ad snow cover of less than 0.5 m
and only five had a ratio of snow thickness to ice thir kn.~s of >1:3 indicating flooding.
Amongst the small number of cores that have frr ¢v vard measurements (n=11), a negative
freeboard required for surface flooding was orly ‘h-erved in one first-year ice core from the
Dronning Maud Land coast. Although the ¢ wva. little evidence for surface flooding at the
time of sampling across our dataset, C-s..7p"d salinity and nutrient profiles may be indicative
of surface flooding having occurred over the ‘ce-covered period, particularly for profiles that
were or had been close to the ice edge o cracks and leads in the ice cover. Seawater inflow to
the upper ice layers would have bec i »ossible through spring as increasing air
temperatures (Figure 2b) warmed *he -~ per ice, producing a more permeable matrix than
during winter when these layers ‘ere cold and impermeable. These effects of surface
flooding would be superimpos. 1 onwo the seasonal evolution of salinity and nutrient profiles
driven by variability in brine a. ~“inage and convection with depth and time (Cozzi, 2014) and
biological processes (Section 1 5.2, 4.3.3).

Snow can also act as 4 reservoir for nutrients that are supplied by atmospheric deposition or
from land (Nowak et ai., 2u18) and can subsequently percolate into the sea-ice brine network,
as suggested in the case . iron (Duprat et al., 2019; Lannuzel et al., 2016a), or be
incorporated into the ice matrix through the formation of snow ice or superimposed ice.
Superimposed ice is formed from snow alone when accumulation is insufficient to depress
the ice-snow interface below the sea surface, such that meltwater from the shallowest snow
permeates the interface below the freezing point and refreezes (Kawamura et al., 1997,
Nomura et al., 2018). Superimposed ice formation can be important for supplying
micronutrients such as iron (Lannuzel et al., 2016a), but its effect on macronutrients is more
likely to be one of dilution rather than enrichment. This has been shown recently near Syowa
Station, where high rates of snow fall and accumulation (Toyota et al., 2016) lead to the
formation of both snow ice and superimposed ice (Kawamura et al., 1997; Nomura et al.,
2018; Nomura et al., 2012). Superimposed ice is low in nutrients due to low concentrations in
snow on top of the sea ice (Sahashi et al., 2022); a consequence of Antarctica’s distance from
areas of human activity and resultant purity of the air, compared to that in the Northern
Hemisphere. Our data show that multi-year ice has a much thicker snow cover (0.56 + 0.42 m)
than first-year ice (0.13 = 0.07 m) in this region, such that these dilution effects are likely to



be more pronounced in multi-year ice, which dominates over first-year ice around Syowa
Station (Fraser et al., 2021). Our multi-year ice data (Figure 5) show that macronutrient
concentrations are lower in the upper ice horizons than in interior and bottom ice and
decrease in the upper ice over time due to replacement by clean snow each year. This is fully
consistent with superimposed ice formation diluting nutrient concentrations in upper ice
layers, with this effect being particularly pronounced for multi-year ice (Sahashi et al., 2022).
Of the mechanisms of nutrient supply to Antarctic fast ice described here, we conclude that
platelet ice accumulation and under-ice tidal currents are important in enhancing convective
and diffusive nutrient fluxes, with a more minor role for surface flooding. The rate and extent
of nutrient exchange between the ice matrix and the underlying seawater is influenced
strongly by ice temperature, salinity, and the thickness and structure of the ice and overlying
snow. As a result of the underlying seawater being the major source for Antarctic fast-ice
nutrients, it is the nutrient concentrations of those surface waters — as regulated by water
masses, mixing, sedimentary nutrient supply and biological prc ~ ;sses — that ultimately
control the total nutrient inventory of sea ice.

4.3 Seasonal nutrient dynamics and major processes

4.3.1 Influence of physical and biogeochemical processes sn s asonal nutrient cycles
Changes in sea-ice nutrient concentrations in space, time ai.? *vith ice depth are driven by a
combination of biological, biogeochemical and physic~! v.~cesses influencing nutrients
directly and indirectly. Here we use plots of bulk nut: ‘ent oncentrations as a function of
salinity (Figure 10) alongside time series of salinity-».ori.>alised nutrient concentrations
(Figure 9) to elucidate the most important proce-.s¢, at work over the seasonal cycle around
Antarctica. A conservative relationship of bull n. tr*ent concentrations with salinity shows
that changes in nutrient concentrations are u.ve™ by concentration or dilution during sea-ice
freezing and melting (i.e., physical procc se.), and is indicated by a theoretical dilution line
(TDL) constructed as a linear regression fro..” wintertime surface water values (Figure 10).
Departures from the TDL indicate nutricnt depletion or enrichment by biological processes.
Spatial and temporal changes in sali ity »ormalised nutrient concentrations (Figure 9) reveal
further the importance of biologic~! ai 7 biogeochemical processes in sea ice that are
independent of physical changes n sea-ice properties. We also examine the relationships
between DIN, phosphate and s. icic acid, in comparison to those expected from biological
nutrient uptake and remineralis-tion stoichiometry, as characterised by the Redfield ratio of
16:1 for N:P and the 1:1 ratic ~* Si:N expected for iron-replete pelagic diatoms (Figure 11).
This enables us to exnloi e the coupling and decoupling of nitrogen, phosphorus and silicon
cycles in Antarctic fast .~e over the seasonal cycle (Section 4.3.3).

Seasonal cycles of salirit -normalised nitrate, phosphate and silicic acid concentrations in sea
ice provide evidence for nutrient supply from surface waters and biological uptake by ice
algal communities (Figure 9). Salinity-normalised nitrate, phosphate and silicic acid
concentrations that are within the observed range of surface water values (Table S2) in
autumn and winter, with most bulk values plotting along or close to the TDL (Figure 10),
show that nutrients are supplied to the sea-ice matrix from underlying seawater as the ice
forms and by subsequent ice-ocean exchanges. Consistent trends in sea ice and the underlying
surface waters (Figure 6) show further that the effects of enhanced vertical mixing of the
water column in autumn and winter on upper ocean nutrient concentrations are also reflected
in sea-ice nutrient inventories.

4.3.2 Biological nutrient drawdown linked to ice algal production

Biological drawdown of nitrate, phosphate and silicic acid is shown from early spring
(September) to mid-summer (December/January) by overall reductions in salinity-normalised
concentrations (Figure 9). Superimposed onto these trends are accumulations of nitrate and
phosphate in October and November in some bottom ice layers where biomass is



accumulating rapidly (see Section 4.3.3). The overall reductions show some correspondence
with decreasing salinity from November to January, indicating a contribution to these trends
from nutrient (and salinity) loss by enhanced brine drainage as seasonal-maximum air
temperatures (Figure 2b) lead to ice warming, melting and increased permeability. However,
bulk concentrations plotting below their respective TDLs in nutrient-salinity space (Figure 10)
confirm that these seasonal declines are driven primarily by biological uptake by ice algal
communities. This is consistent with seasonal chlorophyll a data (Figure 3i), which show that
ice algal biomass increases rapidly in bottom ice layers, and to a lesser extent in upper and
interior ice, from September as the sun returns to high southern latitudes, increasing PAR
(Figure 2¢) and initiating biomass accumulation (Meiners et al., 2018). The summertime peak
in chlorophyll @ concentrations in all ice layers in December (Figure 3i) coincides with
seasonal minima of nitrate in all ice layers and silicic acid in bottom ice (Figure 9a, €). The
timing of minimum monthly median values and maximum month-to-month drawdown does
vary amongst the three nutrients and between ice horizons, bec.* se of differences in uptake
stoichiometry, which are probably related to variations in ice 2'zal « o mmunity composition
with ice depth and time. There is some evidence for more intcnse trient drawdown in
interior ice and slightly higher concentrations in upper and oo.‘om ice, leading to more
pronounced C-shaped profiles than observed in winter a1 d c~*ly spring, especially for nitrate.
We attribute these changes to nutrient drawdown beinc m1et to a degree in bottom and upper
ice by replenishment from surface waters, potentially incl 1ding surface flooding, and
remineralisation (Section 4.3.3) during the growing ¢ :as 1.

Sustained drawdown of silicic acid over the enti ¢ ,eriod of biomass accumulation and
overall nitrate and phosphate drawdown implic aw. < .iatoms as major contributors to the ice
algal community. Biological uptake acts 2, « do.minant process impacting silicon dynamics in
fast ice and draws down silicic acid to cu~cr atrations similar to or lower than those observed
in underlying or adjacent shelf surface watei. (Figure 6; Table S2). Coincidence of the
minimum monthly silicic acid concenti.*ion with the nitrate minimum and the chlorophyll a
maximum in bottom ice implies a di 1t . *-dominated ice algal community where biomass is
highest (van Leeuwe et al., 2022) ™ ¢~utrast, minimum silicic acid concentrations were
reached a month later than minji. "m wuitrate concentrations in the upper and interior ice layers
and the most rapid monthly de. -easc in silicic acid occurred two months later than that of
nitrate in interior ice. This sugy >sts that there was a significant contribution to primary
production and nutrient urtax~ “a upper and interior ice by non-siliceous flagellates (in
addition to diatoms), suc1 as ‘he haptophyte Phaeocystis sp., as has been observed in a range
of Southern Ocean setti, os and in the Arctic (Arrigo et al., 2014; Becquevort et al., 2009;
Torstensson et al., 2015- - an Leeuwe et al., 2018). This vertical structure in community
composition is reinforced by the molar Si(OH)4:NO5", Si(OH)4:DIN and Si(OH)4:PO,’" ratios
all being lower in bottom ice where diatoms dominate than in interior or upper ice layers, and
gradually decreasing from early spring into summer (Figure S2). Further, the relative timing
of the most pronounced drawdown periods of silicic acid (November to December) and
nitrate (September to October) in interior and upper ice suggests a succession in the algal
community from a mixed assemblage including flagellates in the early part of the productive
period to a greater dominance of diatoms approximately two months later (Jones et al., 2022;
van Leeuwe et al., 2018; van Leeuwe et al., 2022). This is also supported by the temporal
trends of the molar Si(OH)4:NOs’, Si(OH)4:DIN and Si(OH)4:PO43 " ratios that all show
increases in interior ice for October (Figure S2) when we infer that flagellates were more
prevalent in the ice algal assemblage, and subsequent declines as diatoms become more
abundant.

4.3.3 Nutrient regeneration and recycling within the ice matrix



Substantial accumulations of DIN and phosphate superimposed onto overall trends of
biological drawdown during spring and summer are observed in several fast-ice cores.
Salinity-normalised concentrations in excess of surface water values (Figure 9) and bulk
values plotting above the TDLs (Figure 10) indicate biological enrichment of these nutrients
by organic matter remineralisation and nutrient recycling within the ice matrix. Our dataset
shows significantly higher salinity-normalised ammonium concentrations in sea ice than
surface water values for most of the seasonal cycle in all ice layers and bulk values plot
consistently above the TDL. The largest ammonium accumulations occur in bottom ice in
October and November, and in interior ice in November, particularly in the Ross Sea and
adjacent to the Adélie Land coast. We also observed a significant accumulation of nitrate in
bottom ice in some cores in October and November, with bulk values (>20 pmol L) plotting
significantly above the TDL, particularly in the Ross Sea and around East Antarctica.
Combined with seasonal trends in salinity-normalised DIN, these observations of the
individual inorganic nitrogen forms provide strong evidence fo. ‘atense biological nitrogen
recycling within the sea-ice matrix, particularly in the spring a= e.-ly summer (Arrigo et al.,
1995; Cozzi, 2008; Cozzi, 2014; Fripiat et al., 2015). This occurs oincident with substantial
accumulation of algal biomass (Figure 3i; Meiners et al., 21" and shows that primary
production and organic matter remineralisation can occu s.™.itaneously within the ice
matrix, likely in microenvironments, e.g., biofilms, with u.~tinct biogeochemical dynamics
(Roukaerts et al., 2021; Section 4.5). Uptake by the i < al ;al community of ammonium as an
alternative nitrogen source to nitrate becomes more - apc.-tant as the growing season proceeds
(Kristiansen et al., 1998) and has been shown to ke a larger contribution to primary
production in the interior ice than in bottom ic . ¢!~<_ to the ice-water interface (Roukaerts et
al., 2016). Such uptake of ammonium as v ' as nitrate is likely to influence concentrations
of both inorganic nitrogen forms in our «.~ta ,et (Priscu & Sullivan, 1998; Thomas &
Dieckmann, 2002).

Nitrification plays a key role in nitroge.. recycling and provides a critical regenerative
pathway back to nitrate, as evidence 1 1., viinter by increases in salinity-normalised nitrite
concentration in all ice layers betv-=er. * fay and August and in spring/summer by substantial
accumulations of nitrate in some ~ottom ice in October and November and elevated nitrite
values in all ice layers in Janua. v. 1nis is consistent with ammonium oxidising bacteria being
found in Antarctic sea-ice asse. *biages (Priscu et al., 1990) and shows that nitrification can
occur when light limitation 15 ~.fficient to allow nitrifiers to outcompete ice algae for the
available ammonium (F1 pia et al., 2014a; Fripiat et al., 2015). Such light limitation is
expected in winter whe.. insolation is at or close to its seasonal minimum (Figure 2), but can
also occur in spring anc summer when ice and/or the overlying snow are thick enough for
light attenuation to lead to limiting conditions in the bottom ice or through the ice column
(Castellani et al., 2020; Fripiat et al., 2015). It is also plausible that in distinct
microenvironments within the ice matrix (Roukaerts et al., 2021; Section 4.5), ice algae are
limited by a factor other than light availability during spring and summer, such as silicic acid
availability for diatom-dominated communities (Section 4.4). Nevertheless, we propose that
light limitation linked to ice and potentially snow thickness is the primary control on
spring/summer nitrification in our dataset, because this is observed most readily in January
when all ice sampled was thicker than 1.4 m (Figure 3).

Phosphate also shows significant accumulation above surface water values in bottom ice
through November and December, as well as in interior ice in January and in the same cores
from the Ross Sea and adjacent to the Adélie Land coast from November that showed large
peaks in ammonium concentration. This biological enrichment of phosphate concurrent with
that of inorganic nitrogen provides further evidence for intense organic matter
remineralisation. Such accumulations of phosphate, ammonium and nitrate well above



surface water values strongly suggest efficient nutrient pumping into the ice matrix, high
levels of accumulation into biomass and subsequent high rates of heterotrophic activity by
bacterial communities and grazers coupled with substantial nitrogen and phosphorus
recycling (e.g., Arrigo et al., 1995; Giinther et al., 1999; Roukaerts et al., 2021; Thomas et al.,
1998). There is also evidence for accumulation of ammonium and phosphate, as well as
dissolved organic matter, in interior ice that had clearly been impacted by a previous break-
out event and refreezing, such that nutrient accumulation can also be driven by decay of
organic detritus entrapped episodically in the ice as well as remineralisation of algal biomass
produced in situ (Cozzi, 2014).

We found no statistically significant difference in phosphate concentrations between fast ice
and pack ice (Figure 7; median values of 0.27 and 0.29 umol L™, respectively), suggesting
that phosphate accumulation due to organic matter remineralisation and nutrient recycling
occurs to a comparable degree between these ice environments around Antarctica. Similar to
observations of pack ice (Fripiat et al., 2017), our dataset show. “hat phosphate accumulation
in fast ice is greater than that of nitrate and/or ammonium, acc~=11. to the Redfield ratio of
16N:1P (Figure 11a), which leads to a reduction in the molar N:P -atio through spring and
early summer (Figure S2). This strongly suggests that in a-.d1. on to organic matter
remineralisation producing both phosphate and inorganic n.*~ gen, there must also be
preferential assimilation and remineralisation of phosrhoi o< relative to nitrogen. This would
be consistent with greater resource allocation by ice . 'gae to phosphorus-rich ribosomes
(growth machinery) during rapid growth (Arrigo, 207'5; " lausmeier et al., 2004), coupled
with convective loss of excess DIN, and/or orga.ic phosphorus being more labile and thus
having a shorter turnover time than organic nit.o_=r (Clark et al., 1998; Letscher & Moore,
2015; Loh & Bauer, 2000). The degree of p. 2sphate accumulation in excess of DIN
accumulation shown here cannot be acce '*:d for by these uptake and remineralisation
effects alone, so there must be additional pr¢ ~esses occurring that produce excess phosphate
without producing DIN. Phosphate adsc ntion onto metal-organic matter complexes (Fripiat
et al., 2017; Maranger & Pullin, 20C 5; Jvan & Lavkulich, 1994; Zhou et al., 1997) could be
facilitated by high concentrations ~¥ a *~aying organic matter and trace metals in sea ice (e.g.,
Becquevort et al., 2009; Dumon >t al., 2009; Lannuzel et al., 2011; Thomas et al., 2001), and
phosphate release may also oce 'r during dissolution of abiotic calcium carbonate (ikaite;
CaC03.6H,0) (see Section 4.0,

Dissolution of diatom frustiuc~ ilongside organic matter remineralisation can be an important
component of silicon cy« ling in sea ice and is strongly influenced by bacterial activity (Bidle
& Azam, 1999), grazing ‘1nomas & Dieckmann, 2002), frustule surface area and
composition, and envir~r nental conditions such as temperature, salinity and pH (Barker et
al., 1994; Greenwood et al., 2001; Martin-Jézéquel et al., 2000). Silicic acid polymerisation
may also play a significant role in regulating the availability of silicon and dissolution of
biogenic silica, yet these intricate processes are often neglected in sea ice. Given that
polymerisation is known to be sensitive to temperature, pH, saturation and salinity (Chan,
1989), we could expect it to be important in sea ice brine channels with low temperatures,
high salinities and varying pH, particularly in portions of the ice with high rates of diatom
growth, death and dissolution, and therefore high silicic acid concentrations. Polymerisation
may be less important closer to the ice-water interface in the open brine network where
conditions are less extreme, but further work is required to better constrain its influence
across sea-ice environments.

Here, the large accumulations of DIN and phosphate during spring/early summer are not
accompanied by accumulations of silicic acid to the degree expected according to the 1:1
Si(OH)4:DIN ratio for nutrient uptake by iron-replete diatoms and subsequent
remineralisation, and instead plot below this ratio (Figure 11b). This suggests that organic



matter remineralisation occurs faster, over shorter timescales, and to a greater extent than
diatom frustule dissolution (Dugdale et al., 1995) and may also reflect the contributions to
nutrient uptake and subsequent recycling of non-siliceous species in addition to diatoms.
These processes also contribute to gradual decreases in the Si(OH)4:DIN and Si(OH)4:PO4>
ratios in all ice layers over spring and early summer, as silicic acid is primarily being drawn
down whilst phosphate and DIN are also accumulating due to organic matter remineralisation.
Nevertheless, we do observe significant increases in silicic acid concentrations and
Si(OH)4:DIN and Si(OH)4:PO,” ratios in bottom ice in January, which provide evidence for
some degree of diatom frustule dissolution. Consistent with findings from Antarctic pack ice
(Fripiat et al., 2017), this shows that diatom frustule dissolution occurs to a greater extent in
sea ice than in the underlying surface waters (Fripiat et al., 2014b; Henley et al., 2018). This
difference is most likely a consequence of the relatively slow rates of biogenic silica
dissolution (e.g., specific dissolution rates of 0.01 to 0.19 d'; Nelson et al., 1991), such that
the longer residence times of diatoms in sea ice allow greater d.~;olution than in the surface
ocean, despite the lower temperatures.

4.4 Nutrient limitation of sea-ice algae

Low sea-ice nutrient concentrations, particularly during m’d-s '‘mmer in upper and interior ice
layers, may limit primary production by sympagic algae ‘A.i~0 & Thomas, 2004;
Vancoppenolle et al., 2013). Primary producers becon= n. *rient-limited when the
concentration of one or more nutrients is insufficient ‘o st stain maximum growth rates. Light
and nutrient co-limitation are also common in this er virc "ment as a result of the high latitude
and seasonal cycle of insolation and PAR (Figur: » o) and the attenuation of light by sea ice
and the overlying snow cover (Castellani et al., »."?*; Maykut & Untersteiner, 1971). Whilst
iron is often the limiting nutrient in Antar- .. su-face waters, this is unlikely to be the case in
fast ice, where concentrations of iron arc ~is.aificantly higher than both pack ice and surface
seawaters (Lannuzel et al., 2016b). In contra. *, complete exhaustion of inorganic nitrogen,
phosphate and silicic acid has been doc. mented and shown to have significant effects on ice
algal biochemistry (Gleitz et al., 19€0: Cleitz & Thomas, 1993; Lizotte & Sullivan, 1992;
McMinn et al., 1999). To assess th~ pct_ntial for nutrient limitation across our Antarctic fast
ice dataset, we estimate the conc. ntraiion of DIN, phosphate and silicic acid available to
sympagic organisms in sea-ice ‘rine, following Fripiat et al. (2017). Measurements of sea-ice
temperature were not available “or most ice cores in our dataset, therefore brine nutrient
concentrations could not he ¢.* nated using brine volume fractions (Cox & Weeks, 1983).
Instead, we approximate brin > volume fraction as the maximum expected ice porosity typical
of warm and saline Anw.~cuc sea ice, 20% (e.g., Tison et al., 2008). Individual measured
values for DIN, phospb2t. and silicic acid and monthly median values for each in upper,
interior and bottom ice layers were divided by this porosity (0.2) to estimate brine nutrient
concentrations, which were then compared to measured or estimated values for nutrient half-
saturation constants or concentrations below which nutrient limitation is known to occur.
Nutrient-nutrient plots of these estimated brine values (Figure 12) compare the degree of
limitation between DIN and phosphate, and silicic acid and DIN. The representative threshold
DIN concentration is given as 2 pmol L based on an upper bound for phytoplankton in the
euphotic zone (Moore et al., 2013), whilst that of phosphate (0.3 umol L") is given as an
upper bound based on the lowest brine concentration estimated using this method for
Antarctic pack ice and the median value measured in sack-hole brines in spring-summer
(Fripiat et al., 2017). These representative thresholds are not based on half-saturation
constants for nutrient uptake measured for ice algae, but they are taken to be reasonable
estimates based on available literature. Whilst none of the monthly median values for DIN or
phosphate fall below these representative thresholds, suggesting that neither nitrogen- nor
phosphorus-limitation are prevalent in the fast ice that we observed, our analysis does



indicate sporadic limitation by one or both nutrients in several individual data points plotting
below these thresholds (Figure 12a). These limiting conditions are most common in interior
ice during late spring and summer (November to February), concurrent with or following the
increase in ice algal biomass from September to December (Figure 3; Meiners et al., 2018).
Phosphate reaches limiting conditions more frequently than DIN, and in upper and
occasionally bottom ice, as well as the interior layers. Accumulation of phosphate and DIN
concurrent with algal biomass in some bottom ice sections during spring/summer prevents
them reaching limiting conditions despite substantial uptake, because these nutrients are
resupplied to the algal community by organic matter remineralisation during the growth
period (Section 4.3.3).

Limitation of sea-ice diatoms by silicic acid availability has been inferred in fast ice at Davis
Station, East Antarctica, when silicic acid concentrations were mostly below 12 pmol L™
(Lim et al., 2019). Similarly low silicic acid concentrations (<10 pmol L") in surface waters
in the Ross Sea ice-edge zone during summer have also been fc-ad to limit diatom growth
(Nelson & Tréguer, 1992). Lim et al. (2019) also showed that -~ a*inity of fast-ice diatoms
for silicic acid may be substantially lower than pelagic diaton s, b.ilding on previous work
that showed a decreased affinity at low temperatures (Stap’etc"d & Smith, 1996). Lim et al.
(2019) used a one-dimensional physical-biogeochemical se. i-e model to show that observed
chlorophyll a and silicic acid concentrations were best »x.'ained by a half-saturation constant
for silicic acid uptake (Ksg;) of 50 pmol L. This is st »sta tially higher than the Kg; of 3.9
pmol L™ that has been measured for cultured pelagic diaoms (Sarthou et al., 2005), which is
consistent with observational results from Ross ©e:. surface waters showing Kg; values of 1.1
to 4.6 pmol L' (Nelson and Tréguer, 1992). Wh, <t similarly high Kg; values have been
measured in pelagic diatoms south of the " 'ar T'ront in the Pacific Sector of the Southern
Ocean, surface water values are generall " nuch lower (Nelson et al., 2001). The much higher
value for Kg; in fast ice (Lim et al., 2019) is . ipported by unpublished experimental results
from C. W. Sullivan (referenced in Arri;o et al., 1993) and previous modelling work (Arrigo
& Sullivan, 1994; Saenz & Arrigo, 70’ 2 Saenz & Arrigo, 2014). Figure 12b shows that
using the representative value for ==la>: diatoms (3.9 pmol L™'; Sarthou et al., 2005) would
indicate that silicon limitation is .'ot prevalent in our dataset, and only occurs sporadically
during the summer, similar to .. trogen- and phosphorus-limitation. However, a higher value
of Kg;, as indicated by Lim et a! (2019), would mean that diatoms could experience silicon
limitation in all ice layers in 5 **amer, with the most intense limitation occurring in upper and
interior ice in Januarv (ad L zcember) and in bottom ice in December. A plausible
explanation for higher 1< would be the typically larger cell sizes of sea-ice diatoms, thus
greater demand for silicic acid, which could also have implications for DIN and phosphate
demand, as well as micronutrients. We recommend future studies, including targeted
laboratory experiments, that aim to reduce the uncertainty around the affinity of sea-ice
diatoms for silicic acid and the affinity of all ice algae for nitrate, ammonium and phosphate,
which may also differ significantly from pelagic phytoplankton (Thomas & Dieckmann,
2002). Nevertheless, our data suggest that silicon limitation can be more prevalent in
Antarctic fast-ice algae than nitrogen- or phosphorus-limitation, due to stronger biological
drawdown and slower recycling rates, and this may exert an important control on ice algal
community composition (Section 4.3.2).

4.5 Nutrient adsorption to sea-ice surfaces and the role of biofilms

Accumulations of ammonium, phosphate and nitrate that we observe in spring and summer,
to concentrations higher than seawater values (Figure 9; Section 4.3.3), are consistent with
previous studies showing retention of nutrients within the brine network, such that
concentrations measured in sack-hole brine were lower than the bulk ice concentrations for
ammonium and phosphate (Fripiat et al., 2017), as well as iron (Lannuzel et al., 2016b).



Adsorption of nutrients to ice surfaces was put forward as a likely process facilitating such
retention, with the presence and high concentrations of decaying organic matter and
extracellular polymeric substances (EPS) in sea ice promoting nutrient recycling, adhesion to
ice and retention within the brine system (Deming & Collins, 2017; Meiners et al., 2008;
Underwood et al., 2010). While possible in the case of ammonium, phosphate and iron,
Roukaerts et al. (2021) suggest that the complexation to EPS of other anions including nitrate
cannot explain their accumulation in bottom fast ice. This is also supported in Fripiat et al.
(2017) where no difference was reported for nitrate between sack-hole and bulk ice
concentrations. However, another characteristic of EPS is that they can form a biofilm, where
microorganisms aggregate and adhere to surfaces via self-produced EPS, creating a gel-like
polymer network (Davey & O'Toole, 2000; Decho, 2000; Kokare et al., 2009). These
biofilms retain decaying products (including nutrients) in close proximity to the sympagic
community and could explain observations of nutrients (including nitrate) accumulating
during the growth season (Roukaerts et al., 2021). The presence f biofilms has also been
hypothesised to be required to explain observations from sever-' suort-term time-series
studies (Fripiat et al., 2015; Lim et al., 2019; Riaux-Gobin et 1., 2 013; Thomas &
Dieckmann, 2002; van der Merwe et al., 2011) of high nut ie1.* concentrations in association
with high chlorophyll a (or particulate organic carbon) it b ot~ m fast ice, the so-called
nutrient-chlorophyll paradox (Roukaerts et al., 2021). Rv . <ing a combination of conceptual
and NPZD models (with and without biofilms), Roul aert: et al. (2021) showed that the
presence of biofilms would best explain field observ- tio. < from three highly productive sites
in East Antarctica and allow both nutrient uptak-. oy autotrophs and production by
heterotrophs to occur at the same time and in cio. » » roximity to each other. The autotrophs
and heterotrophs cohabiting in the biofilmr,  -iti 0 a sub-centimetre spatial scale, allow the
spatial decoupling between nutrient proc “ct'on and loss terms as well as the co-occurrence of
high biomass and high nutrients observed in “ottom fast ice.

4.6 Abiotic removal of phosphate

Time series of salinity-normalised n itricot concentrations show that phosphate is drawn
down in all ice layers in August, =1 ¢~ -he lowest monthly median value observed in bottom
ice (Figure 9). This occurs prior (» the return of the sun to high southern latitudes and
sufficient increase in PAR to 1. tigace primary production (Figure 2c), and earlier than the
trend of biological drawdown >~own by nitrate. This earlier drawdown cannot be explained
by photosynthetic uptake anu ay instead be explained by phosphate co-precipitation with
ikaite in the low-temner: ture high brine salinity and low-porosity conditions characteristic of
Antarctic winter (Dieck.naun et al., 2008; Hu et al., 2014; Jones et al., 2022; Moreau et al.,
2015; Papadimitriou et 21 , 2013; Rysgaard et al., 2014). Whilst further work is required to
better-define the importance of mineral precipitation and dissolution in coupled
biogeochemical cycles, the seasonal patterns shown here emphasise the complexity and
diversity of phenomena influencing sea-ice nutrient cycling, including both biotic and abiotic
processes.

5. Conclusions and implications

We present a major international compilation of nutrient concentration data from Antarctic
fast ice, and describe the key biogeochemical processes cycling nitrogen, phosphorus and
silicon within the ice matrix and the exchange of nutrients between fast ice, surface waters
and snow cover. Nutrients are supplied to fast ice primarily from underlying surface waters
by direct exchange across the ice-water interface. This exchange is driven largely by
convective processes associated with desalination, and fluxes are enhanced by higher surface
water nutrient concentrations, platelet ice accumulation, and under-ice tidal currents.
Comparison of our nutrient dataset with the AFIAC compilation of fast-ice chlorophyll a data



(Meiners et al., 2018) shows that nutrient uptake by ice algal communities during spring and
summer leads to reductions in nutrient concentrations in many cases. Strong drawdown of
silicic acid indicates the importance of diatoms in the ice algal assemblage, particularly in
bottom ice where biomass is greatest. In other cases, we observed large accumulations of
inorganic nitrogen and phosphate in spring and early summer concurrent with substantial
biomass accumulation, especially in bottom and interior ice layers. This supports previous
work showing that primary production and organic matter remineralisation can occur
simultaneously in fast ice (Roukaerts et al., 2021), and shows that the resultant nutrient
recycling was particularly intense in these layers. These accumulations may be enhanced by
nutrient adsorption to sea-ice surfaces and/or the presence of biofilms. Accumulation of
silicic acid occurs later and to a lesser degree due to slower rates of diatom frustule
dissolution. We have shown that sporadic limitation of primary production by nitrogen or
phosphate can occur in Antarctic fast ice, although limiting conditions for these nutrients are
neither widespread nor sustained across our dataset. A lower ai ity of sea-ice diatoms than
pelagic diatoms for silicic acid, as well as strong drawdown ar< <l¢ ver recycling of silicic
acid, could mean that silicon limitation is more widespread in fast ice, but further work is
required to better-quantify the affinities for all nutrients ar.on, st sea-ice algal communities,
which could differ significantly from pelagic phytoplank .o..

Overall, we found that concentrations of nitrate, amme=iu. and silicic acid were all higher in
fast ice than in pack ice around Antarctica, and we al vibu e this difference to greater supply
from underlying seawater and more intense recyclins 01 >rganic matter. We conclude that
greater nutrient availability, particularly of silici. -id which is most likely to be limiting, is
potentially an important factor in explaining g n. -2'.y more elevated algal biomass in fast ice
than pack ice, alongside greater light avai’. 11, due to thinner snow cover in coastal fast-ice
environments (Meiners et al., 2012; 201} ".a sum, this study shows that the cycling of
nitrogen, phosphorus and silicon in Antarctic fast ice, and their exchange with surface waters,
are modulated by a combination of phy. cal and biological processes over the seasonal cycle,
with the relative importance of these p « ~2sses varying in time and space.

Many of the processes involved ir nu.~ nt cycling in fast-ice environments are sensitive to
ongoing and anticipated climate . hange. For example, continued warming would likely
reduce ice and snow thickness . nd nicrease porosity and permeability earlier in the spring
season, likely leading to an inc. »ase in nutrient supply to the ice matrix through enhanced
exchange with the surface ncc~ .. As well as increasing the availability of nutrients to
sympagic biological con muu ities, such warming effects on the ice structure would increase
the amount of light ana >avitable space for ice algal growth (Fraser et al., 2023). Resultant
changes in the timing, m» znitude and duration of ice algal blooms would then alter the uptake
and recycling of nutrients within the ice matrix, thus influencing subsequent exchanges with
the surface ocean. A more detailed explanation of how future changes in Antarctic fast ice
may affect primary production is provided in Fraser et al. (2023).

The most significant impact on fast-ice nutrient cycling at the circumpolar scale will be
widespread losses of Antarctic sea ice, such as those that have been observed since 2014
(Eayrs et al., 2021; Fraser et al., 2023; Parkinson, 2019). These unprecedented declines in
total Antarctic sea-ice extent — and fast-ice extent specifically — will have reduced the area of
the Southern Ocean where fast-ice nutrient cycling has a direct influence on the surface
waters and ecosystems associated with the ice. This effect will be especially pronounced
along stretches of the Antarctic coastline where fast ice has reduced vastly in area or
disappeared completely, as observed during the record-low sea-ice extents in mid-late
summer 2022 and 2023 (Fraser et al., 2023; US NSIDC, 2023, URL.:
https://nsidc.org/arcticseaicenews/sea-ice-tools/). However, in the areas where fast ice does
persist, the nutrient cycling processes that we have described here are likely to become ever



more important in their role in supporting ice algal primary production, providing an
important early-season food source for pelagic and benthic food webs, and in exchanging
nutrients with the surrounding ocean. These changes in fast-ice coverage and duration are
likely to have cascading effects throughout Antarctic marine food webs, including overall
reductions in ice algal primary production due to smaller habitat ranges and shorter habitable
periods (Fraser et al., 2023), shifts in distributions of species reliant on the early-season food
source and habitat provision from fast ice (Swadling et al., 2023), and potential large-scale
implications for Southern Ocean biogeochemistry, including nutrient cycling (Henley et al.,
2020).
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Table 1. Number of ice cores by month, location around Antarctica (Longitude), range of ice
thickness and ice type (age).

Month # cores | Longitude Ice thickness | Ice type/age
April 9 69°W — 142°E | 0.23 —0.75 m | 9 first-year ice
May 9 69°W — 142°E | 0.27 - 0.89 m | 9 first-year ice
June 8 69°W — 142°E | 0.34—0.91 m | 8 first-year ice
July 14 69°W — 142°E | 0.25—1.18 m | 14 first-year ice
August 15 69°W — 142°E | 0.27 - 1.30 m | 15 first-year ice
September | 19 69°W — 167°E | 0.43 —1.51 m | 19 first-year ice
October 22 69°W — 167°E | 0.70 — 1.70 m | 22 first-year ice
November | 93 69°W —173°E | 0.70 —2.60 m | 93 first-year ice
December | 37 69°W — 169°E | 0.60 —3.25 m | 37 first-year ice
January 16 69°W — 166°E | 1.44 —1.72 m | 4 first-year ice
1.52m 1 second-yez " ice
1.52-7.00 m | 11 multi-ycar i
February |2 38 —40°E 1.32m 1 first rear . e
430 m I multi-y. «c ice
March 1 141°E 0.47 m _ fisi yearice

Table 2. Nutrient concentrations in sub-ir ¢ p ateict layer ice, comprising ice platelets
(Platelets) and interstitial waters (IW), bo..".m ice and surface waters (SW) from Drescher
Inlet and along the Victoria Land coa-t, eastein Ross Sea. Time-series data are shown in

Figure 8. ~
Platelets+IW | IW ‘ Platelets (umol L™ | Bottom ice SW
(umol L") (uror ™) | h (umol L") | (umol L)
Drescher Inlet
NO5’ 13.77+£2.24 | 420+ 8.88 +1.19 9.35
+NO; 11 06
NOy 0.11+0.02 ; 0.12+£0.10 |0.08+0.03 0.21
NH," 268122 1 2514+3.01 |3.01+3.50 15.60
PO, 1.36 £ 0.08 1.31£1.02 [220+1.16 3.00
Si(OH)4 2493 +£8.65 |29.92+ 11.95+1.34 8.14-44.20
24.51
Eastern Ross Sea
NO; 38.56 £ 24.34+£9.50 | 46.98 +23.68 16.19 £ 27.04 +
27.23 20.57 4.98
NO, 0.14 £ 0.08 0.07+£0.06 |0.24+0.33 0.09+0.09 | 0.06=+0.06
NH," 470 £ 4.22 4.40 £ 6.01 9.22 +8.34 12.01 £ 1.00+1.42
12.60
PO, 4.39+2.63 2.64+£1.79 | 7.97+8.00 546+12.70 | 1.87 £0.38
Si(OH)4 47.55 + 6091 + 31.94 +13.86 10.82 £7.64 | 72.40 +
11.39 21.93 7.66




Table 3. Summary data for surface water nutrient concentrations from Marguerite Bay (2013
to 2016) showing seasonal minimum and maximum values (monthly mean + SD) and their

timing. Time-series data are shown in Figure 6.

Seasonal minimum Seasonal maximum

Timing Mean + SD | Timing | Mean + SD

(month) | (umol L") | (month) | (umol L™)
NO;3 +NO; | January 10.1£9.3 | October | 28.7+ 1.2
PO, January [ 0.7+0.6 | October | 1.9+ 0.1
Si(OH)4 January 46.6 +24.3 | October | 79.6 + 6.9
NH4" November | 0.4+0.3 | May 33+1.5
NOy January 0.08 £0.05 | June 0.25+£0.05

Table 4. Summary data for surface water nutrient concentrations from the eastern Ross Sea
(1997, 1999, 2004) showing monthly mean values (+ SD) for N.- vember and December.
Time-series data are shown in Figure 6.

November mean + SD | December mean = SD |
(umol LY (umol LY _'
NO; +NO; | 289+1.4 18.1 +6.0
PO, 2.0+0.1 12+0.5
Si(OH)4 75,0+ 34 59.9+9.8
NH," 1.0+1.4 1.0+1.4
NOy 0.04 + 0.02 0.11£012
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processes and fluxes are colour-coded and shown by art s with solid lines. Processes found
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Figure 1. Map of Antarctica she ving locations of fast ice studies and the number of ice cores
collected in each location. Mini. »um and maximum fast-ice extents from 2000-2018 are
shown (Fraser et al., 2020}, 2. blue shading depicts ocean bathymetry (ETOPO 5, US
National Oceanic anc Aimos ) heric Administration), as per legends. Elevation of the
Antarctic continent is frc m the Reference Elevation Model of Antarctica (REMA) from the
University of Minnesot. (attps://www.pgc.umn.edu/data/rema/). Sampling locations in order
from Greenwich Meridian are Dronning Maud Land (DML), Syowa Station (Sy), Davis
Station (Da), Casey Station (Ca), SIPEX (Si; RSV Aurora Australis), Dumont D’Urville
Station (Du), three locations in the Ross Sea (Victoria Land coast (ViL), McMurdo Sound
(MMS) and open Ross Sea (RS)), Rothera Station (Ro), and Drescher Inlet (Dr). Colours of
circles for each location indicate the ages of fast ice from which cores were collected, as per
legend, and numbers of cores from each ice type are given in Table 1.
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Figure 2. Seasonal patterns of Antarctic fast-ice >.te 1t and atmospheric conditions that
influence fast ice. (a) Climatology of total fas. ‘ce extent showing monthly mean (black lines)
and standard deviation (grey shading) ve ues, March 2000 to March 2018 (Fraser et al., 2020;
2021). Also shown are monthly mean (blac." lines) and standard deviation (grey shading)
values for (b) air temperature at 10 m . =ight, (c) total surface downwelling PAR, and (d)
surface wind speed, all averaged ove. (he vircumpolar ocean region between the Antarctic
coastline and latitude 64°S, for 1980-".0"20, from the MERRA v2 models (Gelaro et al., 2017).
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Figure 3. Time series for first-year Antarctic fast ice of (a) ice thickness, (b) measured
salinity, bulk nutrient concentrations (¢) nitrate, (d) ammonium, (e) nitrite, (f) DIN, (g) silicic
acid, (h) phosphate, and (i) bulk chlorophyll a concentration. In (a), data points are coloured
by longitude according to the legend. In (b)-(h), data are binned by calendar month and
shown by ice core depth (where light blue=upper 0.2 m, dark blue=interior, magenta=bottom
0.1 m), with lines connecting monthly median values and shaded areas showing interquartile
ranges. X symbols are used in (b), (d) and (f) to indicate monthly median values where no
value is available for the previous or following month, with colours indicating core depth.
Monthly median values for February and March are excluded due to only one profile being



available for each month. Chlorophyll @ concentration data are from the AFIAC dataset
(Meiners et al., 2018), binned and shown as per the salinity and nutrient data in (b)-(h).
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Figure 4. Vertical profiles for bulk salinit* « d . trient concentrations in first-year fast ice
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Median values and interquartile ranges . ve shown for (a) salinity, (b) nitrate, (c) ammonium,
(d) nitrite, (e) silicic acid and (f) phcspute in bins of 10% of normalised core depth.



a) o0 b) Month
Mar
y ° -
25 5 Feb
2 2 -
£ 501 £ Y Jan
5 5
° ke s © Ice type (age)
& Second-year
75 ¢ Multi-year
100 . e,
12 16
d o e)
2588
g 2P £
g LA . 8
<9
7 &
7535,
10048 do‘\'\< ; » : : : ; ; ; . .
0.0 0.1 0.2 0.3 0 20 40 60 80 0 1 2 3 4
NO," (umol L) ~..Oh,. (umol L") PO,* (umol L)

Figure 5. Vertical profiles for bulk salin. v 2.1d nutrient concentrations in multi-year fast ice
cores as a function of normalised ice core ac,*th. Shown are measured values of (a) salinity,
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Symbol type depicts ice type, wher= t.i»agle=second-year (n=1, Ross Sea) and
diamond=multi-year (n=12, Syc ra Swition and Drescher Inlet).
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points are colour-coded "'y d:« pth, as per legend. Symbol type depicts location and data type:
triangles = Rothera data “2u13-2016); squares and solid black line = Rothera monthly mean +
SD; circles = Ross Sea 42.a (1997, 1999, 2004). Rothera data are from Henley et al., 2020;
Ross Sea data from Cozzi, 2014. Summary data for Marguerite Bay are provided in Table 3
and summary data for the Ross Sea are provided in Table 4.
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breaks in (b)-(d). Data are o... the eastern Ross Sea for November (1997, 1999, 2004) and
December (2004), an ft ym rescher Inlet (Weddell Sea) for January and March 1997 and
February 1998. Data fro. ~ each location are summarised in Table 2.



NO; + NOy,
(umol L™

NH,*
(umol L™

NO,
(umol L™

DIN
(umol L")

Si(OH),
(umol L™

(umol L™

Month

Ice core depth
~— Upper0.2m - Interior = Bo.~0.1m - # - Mean surface water values

Figure 9. Time series of salinit -n¢ 'malised nutrient concentrations in first-year fast ice, (a)
nitrate, (b) ammonium, (c) ni.-ite, (d) DIN, (e) silicic acid, and (f) phosphate. Data are binned
by calendar month and shovm b/ ice core depth (where light blue=upper 0.2 m, dark
blue=interior, magenta=} ot.om 0.1 m), with lines connecting monthly median values and
shaded areas showing mt.-~wartile ranges. X symbols are used in (b) and (d) to indicate
monthly median values w 1ere no value is available for the previous or following month, with
colours indicating core aepth. Black squares and dashed lines depict monthly-mean surface
water nutrient concentrations £ SD (from Figure 6), for comparison. Monthly median values
for February and March are excluded due to only one fast-ice profile being available for each
month. Where monthly data are missing compared to Figures 3 and 4, this is because bulk
sea-ice salinity data were not available to perform the normalisation.
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Figure 10. Nutrient-salinity plots for all :ce .ypes showing (a) nitrate, (b) ammonium, (c)
nitrite, (d) silicic acid, (¢) phosphate. Data | ~ints are colour-coded by longitude as per legend
and the symbols depict ice core depth \‘riangle=upper 0.2 m, circle=interior, square=bottom
0.1 m). Dashed black lines are theor~.u .2l dilution lines (TDLs) depicting conservative
relationships of each nutrient with sal ni.y.
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Figure 11. Nutrient-nutrient plots showing measuremen* - fiv..u all ice types: (a) DIN-
phosphate; (b) silicic acid-DIN. Filled symbols depict ..he.. ammonium data were available
and show DIN concentrations; open symbols depict v. her ammonium data were not available
to calculate DIN, so nitrate concentrations are plotte . ins.>ad. Symbols depict ice core depth:
triangles=upper 0.2 m, circles and crosses=inter or, cquares and x symbols=bottom 0.1 m.
Data points are colour-coded by sampling date fro... 1 April (red) to mid-February (magenta)
each year, according to the legend. Both ! >gc 1ds pply to both plots. Dashed black lines show
the expected relationships based on the k..1eld N:P ratio and the 1:1 Si:N ratio expected for

nutrient uptake by iron-replete diatons.
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Figure 12. Nutrient-nutrient plots showing estimated indiv .dux' (smaller open symbols) and
monthly median (larger filled symbols) concentrations ir fa.* .ce brine from all ice types: (a)
DIN-phosphate; (b) silicic acid-DIN. Symbols are col~r-c~ded by sampling date from 1
April (red) to mid-February (magenta) each year, acc rdir g to the legend. Ice core depth is
represented by symbol type as follows: triangles=up’.er v 2 m, circles and crosses=interior,
squares and x symbols=bottom 0.1 m. Dashed b’acx lines show representative concentrations
below which nutrient limitation is known to occu. “DIN =2 pumol L™'; phosphate = 0.3 pmol
L"), and measured and estimated values fur he .utrient half-saturation constant for silicic
acid (Kg; = 3.9 umol L' and 50 umol L™, sr ¢ text for more details).
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Henley et al., highlights

A circumpolar compilation of Antarctic land-fast sea-ice nutrient data is presented
Nutrients supplied mostly from underlying seawater via convection and as ice forms
Nutrients drawn down by mixed ice algal communities, including diatoms

Organic matter remineralisation can lead to large accumulations of N and P

Nitrate, ammonium, silicic acid higher in Antarctic fast ice than pack ice overall



