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Abstract Much of the Antarctic coast is covered by seasonal landfast sea ice (fast ice), which serves as an
important habitat for ice algae. Fast-ice algae provide a key early season food source for pelagic and benthic
food webs, and contribute to biogeochemical cycling in Antarctic coastal ecosystems. Summertime fast ice is
undergoing a decline, leading to more seasonal fast ice with unknown impacts on interconnected Earth system
processes. Our understanding of the spatiotemporal variability of Antarctic fast ice, and its impact on polar
ecosystems is currently limited. Evaluating the overall productivity of fast-ice algae has historically been
hampered by limitations in observations and models. By linking new fast-ice extent maps with a one-
dimensional sea-ice biogeochemical model, we provide the first estimate of the spatio-seasonal variability of
Antarctic fast-ice algal gross primary production (GPP) and its annual primary production on a circum-Antarctic
scale. Experiments conducted for the 2005-2006 season provide a mean fast ice-algal production estimate of
2.8 Tg Cly. This estimate represents about 12% of overall Southern Ocean sea-ice algae production (estimated in
a previous study), with the mean fast-ice algal production per area being 3.3 times higher than that of pack ice.
Our Antarctic fast-ice GPP estimates are probably underestimated in the Ross Sea and Weddell Sea sectors
because the sub-ice platelet layer habitats and their high biomass are not considered.

Plain Language Summary Antarctic landfast sea ice (fast ice) is sea ice fastened to the coastline of
Antarctica and provides a prolific habitat for microalgae. These ice algae are ecologically important because
their production takes place early in the season when water column primary production is low. By combining a
new satellite data set and a biogeochemical sea-ice algal growth model, this study provides the first estimate of
circum-Antarctic fast-ice algal production: 2.8 million tonnes of carbon per year, which is about 12% of the total
Antarctic sea-ice algal production. The mean algal primary production per area in fast ice is 3.3 times higher
than that of pack ice.

1. Introduction

Much of the Antarctic coast is covered by a belt of landfast sea ice (fast ice), fastened to the land or peripheral ice
structures, unlike pack ice which is free drifting (Fraser et al., 2023). Fast ice forms a biogeochemically active
barrier that constrains heat, gas and momentum exchanges between the ocean and the atmosphere (Inall
et al., 2022; Vancoppenolle et al., 2013) and provides a productive habitat for algal communities. Ice algae
provide an early season and highly concentrated food source for Antarctic marine food webs (Kohlbach
et al., 2017; Louw et al., 2022). Antarctic fast ice chlorophyll a (Chl @) concentrations, a proxy for algal biomass,
are among the highest recorded in marine ecosystems (Arrigo, 2016; Meiners et al., 2018; Roukaerts et al., 2021).
Previous modeling studies have not differentiated between fast ice and pack ice when estimating the Gross
Primary Production (GPP) in Antarctic sea ice, despite them being distinctly different habitats. The contribution
of fast ice to overall sea ice GPP is thus unclear.

Unlike phytoplankton, sea-ice algal biomass and production cannot be estimated with airborne or spaceborne
remote sensing techniques (e.g., DeJong et al., 2018) and in situ observations are limited in space and time, due to
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localized sampling methodologies (Meiners et al., 2017; Pinkerton et al., 2021; Wongpan et al., 2018). Despite
sea-ice algae contributing only ~1% of total Southern Ocean primary production, and 12%-50% of total primary
production in the sea-ice zone (Arrigo et al., 1997, 2008; Saenz & Arrigo, 2014), they are ecologically important
because their production occurs in locations and at times when algal growth in the water column is limited
(Meiners et al., 2018; Quetin et al., 1996). Extrapolating ice-core observations, Legendre et al. (1992) estimated
Antarctic sea-ice algal production to be in the range of 63-70 Tg C y~'. More recent modeling studies provide
sea-ice GPP estimates ranging between 35.7 Tg C y~' (year 1989-1990, Arrigo et al., 1997) and 23.7 Tg C y~!
(year 2005-2006, Saenz & Arrigo, 2014). Over longer time scales, overall Antarctic sea-ice algal production has
been estimated to average 15.5 Tg C y~' (157-year mean since 1850, Jeffery et al., 2020), ranging between 11.5
and 19.5 Tg C y~'. Using a novel light transmission index approach, Pinkerton and Hayward (2021) estimated
total Antarctic sea-ice GPP to be around 25 Tg C y™'. On a local scale, an East Antarctic field study showed that
fast-ice algae contribute 55%—65% to total (pelagic, benthic, and ice-associated (sympagic)) primary production
in December (McMinn et al., 2010).

A key constraint for Antarctic sympagic primary production is the areal extent of sea ice (Arrigo et al., 1997),
which has experienced significant loss in recent years (Purich & Doddridge, 2023; Raphael & Handcock, 2022).
Summertime fast ice is experiencing a decline of its own, profoundly affecting related Earth system processes
(Fraser et al., 2023). Despite the critical importance of Antarctic fast ice in a wide variety of coastal processes, we
have limited knowledge of its spatial and temporal variability and role in polar ecosystems. Providing a first
circum-Antarctic fast-ice extent climatology, Fraser et al. (2021) reported a fast ice contribution (2000-2018) of
4.0%-12.8% of the total sea-ice area (ranging seasonally from 221,000 km? in March to 601,000 km? in late
September/early October). Given the ongoing changes in both overall Southern Ocean sea-ice extent (Fogt
et al., 2022; Parkinson, 2019) and, more recently, fast-ice extent (Fraser et al., 2023), a baseline of fast-ice algal
production is needed to better understand how changes in fast ice may affect coastal Antarctic ecosystems and
associated ecosystem services (Steiner et al., 2021).

This study provides the first estimate of circum-Antarctic fast-ice primary production by linking satellite mapping
efforts (Fraser et al., 2020) with a one-dimensional sea-ice biogeochemical model (LIM1D, Vancoppenolle
et al., 2010). We focus on 2005-2006 since total and sector-specific primary production in pack ice has been
estimated for that year in a previous study (Saenz & Arrigo, 2014). Although Saenz and Arrigo (2014) used a
different ice-algal productivity and sea-ice extent product, the structure of our calculations (satellite sea-ice extent
driving a 1-dimensional biophysical sea-ice algal productivity model, with common parameterizations) enables a
comparison between Antarctic fast-ice and overall Southern Ocean sea-ice productivity. To provide a measure of
uncertainty, we also conducted model sensitivity analyses for variations in oceanic heat flux, ice algal silicate
half-saturation constant, and snowfall, following suggestions from recent sea-ice algal modeling efforts (Duarte
et al., 2017, 2022; Lim et al., 2019; Saenz & Arrigo, 2014).

2. Data and Methods
2.1. One-Dimensional Sea-Ice Biogeochemical Model and Fast-Ice Extent Product

The 1-dimensional Louvain-la-Neuve Sea Ice Model (LIM1D) was configured to model Antarctic fast ice,
assumed to form in situ with its spatial distribution prescribed from the recent satellite-derived fast ice product of
Fraser et al. (2020), with an initial thickness of 0.05 m (Wongpan et al., 2021), and evolving with a 1-hr time step.
LIM1D represents the ice column as 10 layers with equal thickness plus one additional snow layer. Four cate-
gories of physical processes are implemented: sea-ice growth and melt, thermal diffusion, brine dynamics, and
radiative transfer. Photosynthesis was limited by light and macro-nutrient availability, temperature, and brine
salinity. A full description of LIM1D is given in Vancoppenolle et al. (2010), Moreau et al. (2015) and Van-
coppenolle and Tedesco (2016). We followed initialization and parameterizations as described in Lim
et al. (2019) suggesting that ice algae (represented as diatoms) have higher silicate half-saturation constants (Kg;)
than pelagic diatom species. The Japanese 55-year atmospheric reanalysis product for driving ocean-sea ice
models (JRA55-do; Tsujino et al., 2018) was used as surface forcing (Table S1 in Supporting Information S1),
selected because of its high resolution and development for forcing ocean and sea-ice models of the Ocean Model
Intercomparison Project Phase 2 (OMIP-2; Tsujino et al., 2020). To avoid truncation of extremely low air
temperatures applied in JRAS55-do around the Antarctic coast as a function of time and latitude (Large &
Yeager, 2004; Tsujino et al., 2018, Figure S1 in Supporting Information S1), JRAS5-do temperatures were
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Table 1
Sensitivity Experiments
Experiment Oceanic heat flux Kgi (uM) Sub-grid -scale snow Snowfall Air tem-perature GPP (Tg Cy™)
CONTROL Constant 0 W m ™2 50 Yes Constant, uniform ERAS 2.67
OHF Summer 30 W m ™2 50 Yes Constant, uniform ERAS 2.58
KSI Constant 0 W m~2 3.9 Yes Constant, uniform ERAS 4.38
OHF_KSI Summer 30 W m~? 3.9 Yes Constant, uniform ERA5S 3.97
JRASNOW Constant 0 W m™> 50 Yes JRA55-do ERAS 1.08
JRATEMP? Constant 0 W m™> 50 Yes Constant, uniform JRAS55-do 2.38
NOSUB Constant 0 W m ™2 50 No Constant, uniform ERAS 1.78
Mean (SD) 2.75 (1.26)

Note. Kg; is the half-saturation constant of dissolved silica. GPP stands for Gross Primary Production. SD is the standard deviation. OHF is oceanic heat flux. *Note that
the JRATEMP run is excluded from the Mean and SD calculation.

Depth [m]

o
o

Depth [m]

replaced with data from the fifth-generation European Center for Medium-Range Weather Forecasts re-analysis
(ERAS; Hersbach et al., 2018). A simulation (JRATEMP, Table 1) was also performed using the JRA55-do
temperatures, despite their unrealistic truncation described above. Selected results from the LIM1D model are
shown in Figure 1.

For 2005-2006, fast-ice pixels at a native resolution of 1 km from the satellite-based data set of Fraser et al. (2020)
were distributed into 1690 grid cells, matching JRA55-do's 0.5625° grid. Multiyear fast ice (MY]) is abundant in
some regions, for example, in Liitzow-Holm Bay (Aoki, 2017; Ushio, 2006; Figure 2b). We note that our model

Default snowfall rate

0.272 X Default snowfall rate

I -+ 1994-1995 observed snow depth
X 1994-1995 observed ice thickness

(029 my™)

+

1.740 X Default snowfall rate

- — -Simulated ice thickness

gl

Mar May Jul Aug Oct Dec Jan Mar

2005-2006

Mar May Jul Aug Oct Dec Jan Mar

2005-2006

Mar May Jul Aug Oct Dec Jan Mar

2005-2006

DSi [mmol m'a]

Chla [mg m'a]

Figure 1. Model evaluation at Davis Station. Evolution of sea-ice and snow depth with contours showing photosynthetically active radiation (PAR) (a—c), dissolved
silica (DSi; d—f) and chlorophyll a (Chl a; g—i) from a grid cell centered at —68.2370°S and 78.1875°E near Davis Station for default snowfall rate (0.29 m yfl, middle),
and with 0.272 (left) and 1.740 (right) multipliers. The multipliers are two of the nine multipliers used to simulate a log-normal snow depth distribution (see Table 1 in
Saenz & Arrigo, 2014). Note that sea-ice and snow thickness observations are from the 1994—-1995 season (Swadling, 1998). Results are shown for the CONTROL run
(Table 1). For other runs, please refer to Figures S2—S5 in Supporting Information S1.
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Figure 2. Temporal evolution of (a) records of fast ice percentage (solid lines) for each grid cell. (b) Corresponding daily
mean primary production from selected grid cells near Davis Station, Syowa Station and McMurdo Sound and (c) the
vertically integrated chlorophyll a (Chl a) concentrations (Iy,,) from observations (Meiners et al., 2018). The dashed lines
(in a) represent the multiyear ice fraction for each grid cell, which was not considered in the analysis (Figure 3b). Results
show the output for the CONTROL run (Table 1).

configuration only allows for estimating GPP in first-year fast ice (FYI), and that based on annual sampling
during 2015-2019 in this region, Chl a concentrations in MYI are ~6 times lower than in FYI (Sahashi
et al., 2022). Therefore, we assumed that MYI has relatively low primary productivity compared to FYI and
excluded MYI from GPP calculations. Locations of MYI were masked out by analyzing the time series of fast ice
cover from the satellite-based data set of Fraser et al. (2020) for 24 months (48 timesteps) within each pixel, from
June 2004 to June 2006. A three-point median filter was applied along the time dimension to remove possible
errors in a single map. MY was then defined as a pixel with a (median-filtered) fast ice cover for all time steps.

2.2. Snow Cover, Ocean Heat Flux and Silicate Half-Saturation Sensitivity

As illustrated in Figure 1, snow cover has a large impact on light transmission through the sea ice, thereby strongly
influencing sympagic primary production. We performed a range of tests to quantify the effects of varying snow
accumulation scenarios on GPP. These can be categorized into three experiments:

1. Spatially uniform, linearly increasing snow cover at a mean rate of 0.29 m y~' (matching the rate observed at a
coastal fast ice site (Davis Station) in 1994; Swadling, 1998) but with a log-normal subgrid-scale parame-
terization of accumulation distribution, following Saenz and Arrigo (2014). For this, each grid cell is divided
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into nine equal-area snow depth categories. For each category, snowfall is multiplied by a log-normally
distributed, category-specific factor (0.102, 0.272, 0.427, 0.532, 0.721, 0.952, 1.310, 1.740, 3.310), in order
to approach a log-normal snow depth distribution (see Table 1 in Saenz & Arrigo, 2014). Finally, primary
production in the grid cell is the average of the nine equal-area productivities calculated with different snow
depths. This experiment is considered the most realistic approach and is named CONTROL;

2. Snow input directly from JRAS55-do (i.e., with spatiotemporally varying snow input)—although this is
considered unrealistically heavy (Figure S6 in Supporting Information S1), since many coastal fast-ice regions
experience wind-driven snow removal, resulting in a thin snow cover (Fraser et al., 2023). Our model set-up
and forcing parameterizations do not include wind-driven snow drift, which is beyond the scope of the present
study and will be the focus of future work using a coupled ocean-sea ice-atmosphere model. The present study
also includes a prescribed subgrid-scale snow thickness distribution, as above—experiment named JRAS-
NOW; and

3. Spatially uniform snow cover increasing linearly throughout the year at a rate of 0.29 m y~' (as with
CONTROL), but without subgrid-scale snow thickness distribution—experiment named NOSUB.

Due to a wide range of oceanic heat flux observations (both positive and negative in sign, e.g., Heil et al., 1996;
Langhorne et al., 2015) and our model not being coupled to the ocean, we assumed no sensible heat flux from the
ocean to the ice (0 W m™2) for the CONTROL run; due to a lack of data on the seasonal changes in regional
oceanic heat flux to force the model (e.g., Wongpan et al., 2021). We also conducted experiments with an oceanic
heat flux of 30 W m™? during summer (experiment named OHF, Table 1), which was derived from observations at
Davis Station (Swadling, 1998; Figure S2 in Supporting Information S1). Davis Station is a suitable area for
model evaluation as it is covered by first-year, level fast ice that breaks out entirely in summer (Heil, 2006) and is
generally not influenced by ice shelf water, that is, shows no platelet ice accumulation.

We also performed an experiment to test the effect of modified silicate half-saturation constants (KSI) from
Kg;i = 50 pM in the CONTROL experiment (after Lim et al., 2019) to Kg; = 3.9 pM in the KSI experiment (after
Sarthou et al., 2005). All experiments are listed in Table 1.

2.3. Gross Primary Production

The annual ice algal GPP integrated over depth, time, and area was calculated for each model grid cell from the
simulated amount of carbon produced by sea-ice algae by photosynthesis for each ice layer. This GPP was
multiplied by the time-evolving fraction of FYI per grid cell and integrated for 365 days to obtain the annual fast
ice GPP.

3. Results and Discussion
3.1. Model Evaluation

This work focuses on 2005-2006 since total primary production by sea-ice algae has been estimated for that year
in a previous study (Saenz & Arrigo, 2014). Only Davis Station provides a full-year time series of ice physical
properties for 2005-2006, therefore we validate LIM 1D with this data set. The model-simulated fast-ice thickness
(in the NOSUB experiment) closely matches the observations (Figure 1b). The model run does not capture fast-ice
breakout. This caveat, however, does not affect the estimated GPP, as production in a grid cell ceases when the
satellite-based fast-ice product indicates fast-ice breakout in that cell (Figure 2a).

Simulated fast-ice primary production (Figure 2b; subgrid-scale mean = 0-65 mg C m~2 d™!) agrees with the
range reported in spring-time in situ primary production studies, for example, 0.5-85, 103 and 140 mg C m~>d™"
for McMurdo Sound, Casey Station and Prydz Bay, respectively (Archer et al., 1996; Grossi et al., 1987; McMinn
et al., 2012). Simulated phenology and observed ice-core-integrated Chl a values (IChla, [mg m™2]; Meiners
et al., 2018) of first-year fast ice algae near Davis, Syowa, and McMurdo Stations are shown in Figure 2c. They
indicate a modest but important increase in biomass in autumn (in May) and a spring (onset in September/October
and continued through to early December) algal bloom. The differences between the model and observations can
partly be attributed to biases in ice-core GPP observations due to high spatial variability in ice-algal biomass and
production (e.g., Lange et al., 2017) as well as the effects of grazing on ice algal biomass accumulation.
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Gross primary production
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Figure 3. Gross primary production (GPP) in Antarctic landfast sea ice (Kg; = 50 pM or CONTROL). (a) Calculated by treating all ice pixels as first-year ice.
(b) Fraction of multiyear ice area per grid cell. (c) GPP after subtracting the contribution from multiyear ice areas. The definitions for the abbreviations are shown in

Table 2.

3.2. Fast Ice Primary Production in 2005-2006

Without masking MYT pixels, total fast-ice algal primary production estimates range from 1.5 to 5.7 Tg C y™!
(Figure 4). After subtracting the contribution from MYT areas (e.g., Figure 3 for CONTROL), fast-ice primary
production reduces to 1.1-4.4 Tg C y~' (Table 1). These estimates represent 5%—19% of the total 2005-2006
Southern Ocean sea-ice algal production (23.7 Tg C y™') as estimated by Saenz and Arrigo (2014). Hereafter,
GPP without the MY contribution is discussed. The mean GPP from all sensitivity runs is 2.75 + 1.26 Tg C y™'
which is 12% =+ 5% of the total sea-ice GPP (Saenz & Arrigo, 2014). The sector-by-sector fast-ice and sea-ice GPP
estimates are summarized in Table 2. In the Bellingshausen Sea, mean fast-ice GPP is 0.32 + 0.14 Tg C y™,
which contributes 51% + 22% to total sea-ice GPP in this sector (0.63 Tg C y~', Saenz & Arrigo, 2014). In East
Antarctica, the Australian sector fast ice contributes 34 + 19% to the total sea-ice GPP. The West Indian Ocean
and Australian sectors display the highest fast-ice GPP, which can be explained by their relatively large fast-ice
extent compared to other areas (Fraser et al., 2021). The high fast-ice contribution to total sea-ice GPP in the
Bellingshausen Sea (up to 81%) highlights the importance of fast-ice production not only for Antarctic coastal
ecosystems, but likely for wider areas where pack ice has been shown to disappear faster than fast ice. The
correlation between fast-ice GPP and the fraction of overall sea ice that is fast ice was significant, with a
Spearman correlation coefficient of 0.84 (p = 0.005), supporting the logical idea that ice area (habitat extent) is a
key driver of total fast-ice algal production (Figure 5).

Our model suggests that Antarctic fast ice is annually more productive per unit area than pack ice. The ratio of
simulated fast-ice GPP (this study) to that of pack ice (Saenz & Arrigo, 2014) for the widely used ocean sectors
(Figure 6, Table 2) ranges from 2.2 to 6.9 (mean = 3.3, N = 5). Fast ice is generally more stable and stationary
compared to pack ice, which, combined with the relatively thin snow atop (Fedotov et al., 1998), provides a more
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Figure 4. Spatial distribution of simulated annual fast ice algal production for all sensitivity experiments. (a) CONTROL (b) OHF (c) KSI (d) OHF_KSI (e) JRASNOW

and (f) NOSUB (Table 1).

suitable environment for fast-ice algae to establish and thrive. Fast ice is also typically thicker and persists for
longer than pack ice, providing a greater habitable volume and allowing more time for algae to grow within the ice
matrix. Greater primary production in fast ice compared to pack ice is likely facilitated by higher macronutrient
availability from coastal waters (van Leeuwe et al., 2018). Fast ice exhibits higher iron concentrations than pack
ice, due to proximity to iron sources in coastal Antarctic areas (Lannuzel et al., 2016). Nutrients are also generally
more abundant along the continental shelf, resulting in higher reservoirs of nutrients in fast ice relative to pack ice
(Henley et al., 2023). These factors are potential explanations for the higher modeled annual productivity in
Antarctic fast ice compared to pack ice, as modeled in this study.

3.3. Sensitivity of Fast-Ice Gross Primary Production

The majority of fast-ice algae reside in porous bottom layers of the ice where nutrient availability is high
(Arrigo, 2016; Meiners et al., 2018). However, an improved understanding of ice algal community nutrient uptake
dynamics, as well as their response to changing snow and ice cover thickness and duration, is needed to further
constrain fast-ice primary production estimates. We tested the response of ice algae to oceanic heat flux, dissolved
silicate uptake, snow thickness and air temperature forcings, as described in the following subsections.

Oceanic heat flux: We investigated the sensitivity of the model outputs by increasing oceanic heat flux to
30 W m~? in the summer months (15 Nov—31 Dec 2005). This reduced the sea-ice growth season, hence the
length of sea-ice algal production season and therefore the overall fast-ice GPP. A slight (<10%) decrease in the
GPP was observed, from 4.38 t0 3.97 Tg C y~' (Kg; = 3.9 pM) and from 2.67 t0 2.58 Tg C y~"' (Kg; = 50 uM or
CONTROL).
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Table 2
Sectorial Annual Ice Algal Gross Primary Production (Tg C)
Region Fast ice mean GPP (SD) Sea ice GPP (Saenz & Arrigo, 2014) Fast ice/sea ice GPP (%) (SD)
Circumpolar 2.75 (1.26) 23.7 11.6 (5.3)
Dronning M. L.* (DML; 23°W-22.5°E) 0.07 (0.03) 5.27 1.3 (0.6)
West Ind. Ocean® (WIO; 22.5°-71°E) 0.64 (0.32) 3.12 20.4 (10.3)
Amery Ice Shelf* (AIS; 71°-74°E) 6.76 (3.67) x 107 0.22 0.3 (0.2)
East Ind. Ocean (EIO; 74°~103°E) 0.28 (0.14) 1.16 24.3 (12.4)
Australia (AUS; 103°-146°E) 0.51 (0.28) 1.51 33.9 (18.7)
Vict. Oates L. (VOL; 146°-172°E) 0.47 (0.22) 1.44 32.4 (15.6)
Ross Ice Shelf* (RIS; 158°W-172°E) 1.57 (0.37) x 107 2.81 0.0 (0.0)
Amundsen Sea (AMS; 102°-158°W) 0.24 (0.08) 2.90 8.3 (2.9)
Bellings. Sea (BES; 60°—102°W) 0.32 (0.14) 0.63 50.5 (21.8)
Weddell Sea® (WES; 23°-60°W) 0.22 (0.06) 4.68 4.8 (1.3)
Weddell Sector (WS; 60°W-20°E) 0.29 (0.08) 9.65 3.0 (0.8)
Indian Sector (IS; 20°-90°E) 0.84 (0.43) 4.36 19.3 (9.8)
Pacific Sector (PS; 90°-160°E) 0.79 (0.42) 2.53 31.0 (16.6)
Ross Sector (RS; 160°E—130°W) 0.35 (0.16) 5.76 6.1 (2.7)
Amundsen Bellings. Sector (ABS; 60°-130°W) 0.48 (0.19) 1.42 33.8 (13.6)

4Sectors were modified from Fraser et al. (2021) where DML (19° W-18° E), WIO (27° W-71° E) and WES (27°-60° E) and no AIS and RIS. SD is the standard
deviation. Dronning M. L. is Dronning Maud Land, West Ind. Ocean is Western Indian Ocean, East Ind. Ocean is Eastern Indian Ocean, Vict. Oates L. is Victoria and

Oates Lands, and Bellings. Sea is Bellingshausen Sea.

Dissolved silicate uptake: Most sea-ice algal communities in fast ice, particularly in biomass-rich bottom layers,
are dominated by pennate diatoms that require DSi to build their frustules (e.g., van Leeuwe et al., 2018), making
DSi concentrations potentially limiting (Lim et al., 2019). Sea-ice diatoms may have a much lower affinity for
DSi than pelagic diatoms, with a Kg; value of 50 pM used in LIM1D producing the closest fit to both Chl a and
DSi observations in fast ice collected near Davis Station (Lim et al., 2019). Moreover, Duarte et al. (2022)

improved simulations of Chl a in an Arctic refrozen lead and second-year ice by increasing Kg; from 2.2 pM
(Duarte et al., 2017) to 4 or 5 pM. The choice of Kg; may therefore strongly affect modeled GPP estimates in sea
ice. Our study supports sensitivity to Kg; at the circum-Antarctic scale. Using Kg; = 3.9 pM (Sarthou et al., 2005)
instead of 50 pM (Lim et al., 2019) increased the fast-ice GPP estimate by 39%. This increase in fast-ice GPP is
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Figure 5. Correlation between fast-ice Gross Primary Production (GPP, %)
and the fraction of overall sea ice that is fast ice with a Spearman correlation
coefficient of 0.84 (p = 0.005) for sea ice sectors following Fraser

et al. (2021).

much larger than the 14% reported by Saenz and Arrigo (2014) for a suite of
sensitivity experiments exploring GPP sensitivity to complexity of ice algal
habitat (2%), environmental forcings (13%), and nutrient availability (14%)
while keeping a constant Kg; (60 pM). Combined, these findings highlight
that Kg; is a key source of uncertainty for the estimation of circum-Antarctic
sea-ice GPP.

Snow: Snow strongly affects both sea-ice growth and light supply to ice algae.
Thin snow allows deeper penetration of photosynthetically active radiation,
which results in earlier onset and greater sea-ice algal accumulation compared
to a thicker snow cover (Figures la—1c). Abraham et al. (2015) showed that
implementation of sub-grid scale snow thickness variability improves the
model representation of light intensity at the bottom of the ice. Removing sub-
grid scale variability of snow depth from model simulations (NOSUB) de-
creases the GPP by 33%. Without the fraction of each grid cell with a lower
snow depth, as introduced by this procedure, there is later onset and lower
intensity of light transmission to the bottom community, reducing produc-
tivity (Figures la—Ic). Using the unrealistically heavy JRAS55-do snowfall
rate and distribution JRASNOW) largely increases snow depth and reduces
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70F 7 ' ' ' o 1 the fast-ice GPP by 75%. These two experiments highlight the large impact of
,/ snow and its distribution on ice algal production (e.g., Jeffery et al., 2020),
. eor / 1 calling for further investigations on the impact of snow on fast-ice (and pack-
g % sol ! i ice) GPP.
g_é l , | Air temperature forcing: Using the JRAS5-do air temperature (warmer in
8 § ' / winter, Figure S1 in Supporting Information S1) reduced GPP from 2.67 to
8 § sok e -9 4 2.38 Tg C y~' (Table 1). The choice of air temperature forcing has less effect
G o on GPP than dissolved silicate uptake and snow thickness (Section 3.3).
20 G-~ - = - - b
e Altogether, the temporal progression of ice algal blooms in spring is linked to
10— ; ; ; ; varying limiting factors with seasonally changing relative contributions
Weddell Indian Pacific Ross Amundsen (Arrigo, 2016; Arrigo et al., 1997; Campbell et al., 2015; Meiners et al., 2017).

Sectors

It is generally assumed that early in the season light limitation dominates. As

Figure 6. Area-normalized ration between Gross Primary Production (GPP) sunlight increases, and ice algal growth progresses, nutrients (both silicate and
in fast ice versus pack ice for each sea ice sector following Saenz and nitrate) can become depleted thus limiting productivity (Henley et al., 2023;

Arrigo (2014).

Limetal., 2019). Due to its high albedo and light-attenuation properties, snow

is a key factor in controlling the light available to ice-algal communities

(Campbell et al., 2015; Leu et al., 2015). Note also that as biomass increases,
self-shading can become an additional controlling factor. However, self-shading has been primarily reported from
highly concentrated algal habitats, such as the sub-ice platelet layer (Arrigo et al., 1993), which were not included in
our work. We note that the breakup of fast ice determined from Fraser et al. (2020)'s fast-ice distribution data set is
the fundamental limitation of fast ice primary production for this model-based study (Figure 2).

Full-season fast-ice sampling has been conducted in very few Antarctic regions, and there is no existing data set
with a comprehensive set of concomitant measurements of physical-chemical-biological variables from a platelet-
ice free location (Carnat et al., 2014; Giinther & Dieckmann, 1999). Existing data sets are generally short
(<3 months), have a poor temporal (>1 week) resolution and are lacking key auxiliary physical observations such
as snow data (Meiners et al., 2018). While studies like our modeling approach provide gap-filling information,
high-resolution and full ice-season data sets of a suite of parameters are necessary to gain a deeper understanding
of fast-ice algal temporal and spatial dynamics (Miller et al., 2015; Steiner et al., 2016).

3.4. Limitations and Future Modeling Work

Our first estimates of circum-Antarctic fast-ice GPP are likely conservative due to the complete exclusion of MY1
(Sahashi et al., 2022) as well as biomass-rich platelet ice layer habitats (Arrigo et al., 1997). Platelet ice is a
persistent feature in McMurdo Sound (Hoppmann et al., 2020; Langhorne et al., 2015), and harbors high and
productive ice algal communities (Arrigo et al., 1993; van der Linden et al., 2020). Efforts to observe platelet ice
distribution at regional scales are underway (Haas et al., 2021; Langhorne et al., 2023), as well as the development
of a sub-ice platelet layer in a one-dimensional thermodynamic sea-ice model (Wongpan et al., 2021). Seasonal
observations on oceanic heat flux under and near ice shelf cavities, needed to force these models, are however still
lacking (McPhee et al., 2016). Given the importance of platelet ice in the Ross Sea and Weddell Sea sectors
(Hoppmann et al., 2020; Langhorne et al., 2015), we assume that our model underestimates ice algal production in
these areas, particularly in platelet-rich environments such as McMurdo Sound, along the Dronning Maud Land
coast and other possible areas. Future work should include platelet ice layers and should also evaluate the inter-
annual variability in fast-ice GPP, rather than focusing on a single year. Further studies focusing on evaluating the
consequences of changes in fast ice area will help to understand impacts on coastal ecosystems. These will be
particularly important given the recent changes observed in the Southern Ocean sea-ice and fast-ice extent (Fraser
et al., 2023; Purich & Doddridge, 2023).

4. Conclusions

By combining new maps of fast ice with a one-dimensional sea-ice biogeochemical model, we provide a first
estimate of fast-ice GPP and its relative contribution (12%) to overall Antarctic sea-ice primary productivity. Fast
ice dominates the total sea-ice algal primary production in the Bellingshausen Sea. Our modeling approach
underlines the need for integrated circum-Antarctic coastal observations and time-series data of oceanic heat flux,
snow thickness, nutrient forcings and ice algal dynamics to further evaluate fast ice algal and biogeochemical
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models, and optimize sea-ice algal growth parameterizations. Future work should focus on interannual variability
in the context of recent climate induced changes in the Southern Ocean sea-ice extent and include the quanti-
fication of the contribution of platelet ice algal communities.

Data Availability Statement

LIMID is available at http://forge.ipsl.jussieu.fr/lim1d revision #3.26. Reanalysis data used to force the model:
JRAS5-do accessed via Tsujino et al. (2018) and ERAS (Hersbach et al., 2018) were downloaded from the
Copernicus Climate Change Service using the Climate Data Store API (https://doi.org/10.24381/cds.adbb2d47).
Figures were produced using Antarctic Mapping Tools for MATLAB (Greene et al., 2017) and cmocean col-
ormap (Thyng et al., 2016). Fast-ice distribution (Fraser et al., 2020) is available at https://doi.org/10.26179/
5d267d1ceb60c. Data presented here is available via the Australian Antarctic Data Centre (Wongpan, 2024).
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