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Abstract Antarctic sea ice is one of the largest biomes on Earth providing a critical habitat for ice algae.
Measurements of primary production in Antarctic sea ice remain scarce and an observation‐based estimate of
primary production has not been revisited in over 30 years. We fill this knowledge gap by presenting a newly
compiled circumpolar data set of particulate and dissolved organic carbon from 362 ice cores, sampled between
1989 and 2019, to estimate sea‐ice net community production using a carbon biomass accumulation approach.
Our estimate of 26.8–32.9 Tg C yr− 1 accounts for at least 15%–18% of the total primary production in the
Antarctic sea‐ice zone, less than a previous observation‐based estimate (63–70 Tg C yr− 1) and consistent with
recent modeled estimates. The results underpin the ecological significance of sea‐ice algae as an early season
resource for pelagic food webs.

Plain Language Summary In the Southern Ocean, sea ice provides a habitat for sea‐ice algae. These
algae play an important role in Southern Ocean food webs by converting carbon dioxide into biomass via
photosynthesis—a process known as primary production. Both simplistic calculations and elaborate production
models suggest that sea‐ice algae contribute a small but significant portion of Southern Ocean primary
production in the sea‐ice zone. However, direct measurements of primary production are rare, and observation‐
based estimates are limited. Here, we compiled a large data set of organic carbon in Antarctic sea ice, sampled
between 1989 and 2019, to provide an updated estimate (reported as net community production) of how much
organic carbon Antarctic sea ice algae are producing. These results show that sea‐ice algae contribute at least
15%–18% of the total primary production in the Antarctic sea‐ice zone. Future projections of algal activity in the
Southern Ocean and its sea ice should take these results into account.

1. Introduction
The Antarctic sea‐ice zone (i.e., the region of ocean that is seasonally covered by sea ice; Arrigo et al., 2008;
Legendre et al., 1992; Saenz & Arrigo, 2014) in the Southern Ocean is where algae living within the ice can
contribute significantly to overall primary production, particularly during the winter‐to‐spring transition (Arrigo
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&Thomas, 2004). These microorganisms are a vital source of food for a diverse food web, including the abundant
and commercially important Antarctic krill (Euphausia superba; Swadling et al., 2023). Sea‐ice algae also
provide other ecosystem services (Steiner et al., 2021) and contribute to the uptake of atmospheric carbon dioxide
(CO2) through photosynthesis (Campbell et al., 2017; Delille et al., 2014; Fransson et al., 2011; Henley
et al., 2012). Thriving in liquid brine inclusions encased within sea ice, ice algae are adapted to extreme and
variable conditions, including low light levels, cold temperatures, high brine salinities, fluctuating nutrient
concentrations, and space constraints (Jones et al., 2022; Lim et al., 2023; Meiners et al., 2012).

During the winter‐to‐spring transition, ice algal communities initially face light limitation, with snow cover
exerting substantial control through high albedo and low transmittance (Arndt et al., 2017; Campbell et al., 2015;
van Leeuwe et al., 2022). As insolation increases, ice algal growth rapidly increases provided nutrients are
sufficiently available (Fripiat et al., 2017; Henley et al., 2023; Lannuzel et al., 2016; van Leeuwe et al., 2022).
Changes in snow and ice thickness and other properties such as temperature and salinity could significantly affect
the timing (Stroeve et al., 2024), duration and magnitude (Arrigo & Sullivan, 1992; Vancoppenolle &
Tedesco, 2017) of ice algal productivity as they control light, nutrient availability and algal physiology. A
comprehensive understanding of sea‐ice bio‐physical coupling is essential to understand the seasonal develop-
ment of ice algae and their contribution to Southern Ocean primary production.

The contribution of sea‐ice algae to primary production depends on the reference used for the region. Literature‐
based values range over 10%–28% for the sea‐ice zone and <1% if ice‐free waters up to 50°S are included (1,300
to 1,949 Tg C yr− 1; Johnson et al., 2017; Arrigo et al., 2008). However, the ecological importance of ice algae
surpasses these numbers. Ice algal production serves as a key energy (dietary carbon) conduit to higher trophic
levels, contributing to the diets of Antarctic krill (larval and juvenile krill, ∼88%; Kohlbach et al., 2017), sym-
pagic amphipods (e.g., Eusirus laticarpus, 54%–67%), salps (e.g., Salpa thompsoni, 8%–40%), and copepods
(e.g., Calanus propinquus, <50%; Kohlbach et al., 2018). Their presence is especially crucial during a temporal
window when ice‐algal production increases while water column production remains low, highlighting their
importance notwithstanding their relatively low contribution to overall primary production (Arrigo et al., 2008;
Veytia et al., 2021).

Despite ice algae's biogeochemical significance, measurements of primary production within Antarctic sea ice
remain relatively scarce, which has limited knowledge on overall magnitude, spatial distribution, and temporal
variability of sea‐ice algal production. Intercomparison is complicated by varied approaches to estimate pro-
duction, and whether they account for algal respiration (Net primary production, NPP), as well as grazing (Net
Community Production, NCP), or rather focus on total carbon fixation independent of respiration (Gross Primary
Production, GPP). Previous observation‐based estimates using biomass accumulation, representing an estimate of
NCP, have been derived but from a very limited number of ice cores (e.g., the estimate of 63–70 Tg C yr− 1 from
Legendre et al., 1992). To compensate for the lack of observations, biogeochemical models have been used to
estimate sea‐ice productivity, retrieving more conservative estimates of sea‐ice algal production, primarily GPP,
within the range of 15.5–35.7 Tg C yr− 1 (Arrigo et al., 1997; Jeffery et al., 2020; Saenz & Arrigo, 2014).

In this study, we compiled a large data set of organic carbon measurements from sea‐ice cores to provide an
updated observation‐based estimate of NCP (i.e., photosynthesis minus respiration) using a biomass accumula-
tion approach adapted from Legendre et al. (1992). Here, production estimates are derived from in‐situ mea-
surements of particulate and dissolved organic carbon (POC, DOC), which are vertically integrated across the
entire ice thickness. Using this data set, we estimate a daily rate of biomass change/production based on a
Generalized Additive Model (GAM). The seasonal and vertical biogenic carbon distributions are described while
also examining potential drivers of seasonal trends in ice algal NCP.

2. Materials and Methods
2.1. Data Set Compilation

The calculation of NCP from organic carbon is based on a new compilation of Antarctic sea‐ice POC and DOC
data. This compilation comprises 2,340 ice‐core sections from 362 ice cores, which were collated from peer‐
reviewed publications, reports, and unpublished measurements from 20 voyages in Antarctic pack ice between
1989 and 2019. Pack ice refers to sea ice that drifts with ocean currents and winds. We focus on organic carbon
from pack ice, which accounts for >80% of the total sea‐ice coverage (Fraser et al., 2012), and upscale it to the
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entire sea‐ice zone of the Southern Ocean (including landfast sea ice which is attached to the coast or between
icebergs and remains stationary). Landfast sea ice (the remaining 4%–19% of the sea‐ice extent) organic carbon
production is typically higher than for pack ice, and our estimate is therefore conservative (Arrigo, 2017; Arrigo
et al., 1995; Fraser et al., 2023; Meiners et al., 2018). The locations of the compiled ice cores are shown in
Figure 1a, and a list of the campaigns and data sets can be found in Table S1 and Figure S1 in Supporting
Information S1.

There are inevitable spatial and temporal biases in the data set. The data predominantly come from the Ross (39%)
and Atlantic (35%) sectors, followed by the Bellingshausen/Amundsen sector (13%), and the Pacific sector (12%),
with none from the Indian sector. Ice cores were primarily collected in spring (n = 171; 47%), with 110 from
summer (30%), 65 from autumn (18%) and 16 from winter (4%, Figure 1b). Similar to sea‐ice and snow thickness
estimated from a compilation focusing on physical parameters by Worby et al. (2008; 0.87 ± 0.91 m and
0.16 ± 0.20 m, respectively; n = 23,373), the average ice thickness in our compilation was 0.82 ± 0.68 m
(n= 362) and average snow depth was 0.18± 0.19 m (n= 257). Despite fewer data in winter, the data set captures
the evolution and seasonal growth cycle of Antarctic sea ice (Figure S2 in Supporting Information S1). Envi-
ronmental data retrieval and processing are detailed in Text S1 in Supporting Information S1.

2.2. Net Community Production Estimates

Our NCP estimates use proxies for biomass (i.e., POC and DOC), relying on inherent assumptions that a majority
of carbon is sourced from primary production within the sea ice. A majority of the TOC in sea ice is often
generated through in situ algal photosynthesis, and remain trapped in the brine channel network (Legendre
et al., 1992). Several loss and gain factors in the system affect total carbon concentration (Meiners &
Michel, 2017; Swadling et al., 2023), and thus the final estimate of NCP. A portion of organic carbon in sea ice is
removed through grazing and export, in both POC and DOC forms; it is excluded from our NCP estimate. In
addition, some biomass is allochthonous (i.e., introduced into sea ice through physical entrapment of particles
during ice formation, sheltering animals and the exchange of brine with underlying seawater and its own organic
matter; Spindler, 1994), which could result in overestimation of sea ice NCP, especially in autumn and winter.
Contrary to the Arctic Ocean, we expect no riverine inputs that could contribute to the build up of organic carbon
in sea ice in the Southern Ocean. While these factors introduce uncertainty into the derived estimates of NCP, we
nonetheless take the following approach to use it as a proxy for productivity as in‐situ measurements of pro-
duction are limited to a very small number of studies (∼10 studies summarized in Arrigo (2017)), and impossible
to upscale at the scale of Antarctic sea ice.

For input for our NCP estimate, the integrated total organic carbon (TOCi) in sea ice was used, which is the sum of
depth‐integrated POC and DOC for each ice core. A GAM with a cyclic cubic regression spline was fitted to the
TOCi data to predict daily TOCi and rates of change in TOCi. The daily change in TOCi during the accumulation
period was then multiplied by the median sea‐ice area, calculated over a 30‐year period, for each corresponding
day of a median annual cycle (1989–2019; Figure 1). Carbon accumulation over the production period, defined as
the period between minimum and maximum TOCi as determined by the GAM, represents our conservative es-
timate of annual NCP in sea ice. Only positive daily changes in TOC were considered to focus on the productive
phase when biomass is accumulating (Equation 1). Negative daily changes in TOC observed after the productive
period likely indicate losses due to processes such as respiration, export and grazing.

NCP (Tg C yr− 1) = ∑

dmax

dmin

(∆TOCi(d) ×
Ai(d)

∆t
) for ∆TOCi > 0 (1)

where d represents day, Ai represents sea ice area and t is time.

For ice cores with missing (not collected) POC or DOC values, we assumed a ratio of POC to DOC to estimate the
missing quantity and generate TOC. This ratio was calculated by taking the overall median (or seasonal) value of
the ratios between POC and DOC from ice cores where both were available.

We used four approaches to estimate NCP from TOCi data: (a) TOC only (no addition of estimated values), (b)
TOC plus estimates of DOC where DOC was missing (n = 161 additional ice cores; TOCDR, DOC/POC
ratio = 0.79 ± 1.63), (c) TOC plus estimates of DOC and POC (n = 36 additional ice cores; TOCDPR, POC/

Geophysical Research Letters 10.1029/2024GL113717

DALMAN ET AL. 3 of 12

 19448007, 2025, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

L
113717 by T

est, W
iley O

nline L
ibrary on [03/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Figure 1. Map of sampling locations of collected ice cores colored by season (a) with median sea‐ice edge at the sea‐ice minimum (red) and maximum (blue) extent from
daily NSIDC Climate Data Record data over the sampling period (1989–2019) shown as contours. Number of ice cores by core length (b) from all campaigns in each
season. Pie graph summarizes the number of ice cores collected in each season (winter = June–August; spring = September–November; summer = December–
February; autumn = March–May). Historical seasonal sea‐ice area from 1989 to 2019 averaged (blue) and solar radiation at 68°S (orange; c). Boxplots of monthly
integrated total organic carbon (TOCi; raw data) over the year (“n.d.” represents no data; d). The daily change of TOCi predicted by the GAM over the year (e) from
TOCDPSR data, with purple shading indicating the associated error. Integrated TOC (TOCi) over the year with GAM (TOCDPSR data) overlayed (black line; f). The
purple shading is the error associated with the GAM estimate of production, the green shading illustrates the production period (i.e., positive growth/accumulation).
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DOC ratio = 1.26 ± 1.46), and (d) the seasonally varying DOC/POC ratio TOCDPSR (Table S3 in Supporting
Information S1). These scenarios were analyzed to check the variability of our estimates (Table S2 in Sup-
porting Information S1). Unrealistic TOC values <400 mg m− 2 between days 305–320 (n = 17) were excluded
from the analysis to provide a more conservative result (Table S2 in Supporting Information S1). This was
done because such TOC values are lower (median 240 mg m− 2, n = 17) than the expected values for spring
(median = 774.5 mg m− 2, spring interquartile range = 332.7–1686.8 mg m− 2) and were thus considered as
outliers within the seasonal cycle. These values were primarily associated with newly formed ice near the Ross
Sea polynya (Arrigo et al., 2003).

3. Results and Discussion
3.1. Circum‐Antarctic Estimate of Net Community Production

Our time‐integrated analysis reveals a median ice algal NCP of 26.8 Tg C yr− 1 based on the TOCDPSR data (95%
CI: 21.7–33.4 Tg C yr− 1; Table S2 in Supporting Information S1). The uncertainty range is supported by similar
results from all four scenarios (with or without accounting for missing POC or DOC data), with NCP ranging
between 26.8 and 32.9 Tg C yr− 1 (Table 1, Table S2 in Supporting Information S1). However, our current NCP
estimate inherently accounts for loss terms, specifically grazing and export, which remain insufficiently studied.
Previous reports suggest in‐ice grazing losses of ∼10% of available ice algal biomass in spring (Pakhomov &
Perissinotto, 1996; Stretch et al., 1988), and the majority of export from ice via zooplankton fecal pellets prior to
melt (Belcher et al., 2019; Schmidt et al., 2018), further highlighting that our estimates should be considered as
conservative. Our estimate is half the production estimated by Legendre et al. (1992), which used a limited
(unreported) number of ice cores and a biomass accumulation method similar to ours. The extrapolation of
standing stock from a limited number of ice cores, where surface biomass was high and bottom communities were
exclusively from fast ice, to the entire ice pack (Legendre et al., 1992), may have overestimated production. In
contrast, the number and coverage of ice‐core measurements is vastly increased in the current compilation, likely
providing a more representative estimate. Despite the difference from Legendre et al. (1992), our estimate is in
good agreement with previous model‐based rates of 35 Tg C yr− 1 (Arrigo et al., 1997) and 23.7 Tg C yr− 1 (Saenz
& Arrigo, 2014; Table 1). The former focused only on freeboard and infiltration communities and neglected algal
growth in the bottom‐ice, while the latter incorporated bottom (0.2 m from seawater interface) and interior
(>0.2 m to surface) communities. The average daily rate of change in NCP, 10.5 mg C m− 2 d− 1 (0.01–
30 mg C m− 2 d− 1), calculated from the production period (Figure 1e) is in line with, but on the lower end of, in‐
situ rate measurements for springtime sea ice (0.5–140 mg C m− 2 d− 1) collected primarily from productive
landfast ice (Arrigo, 2017). For this comparison we excluded highly productive platelet ice values, yielding rates
as high as 1250 mg C m− 2 d− 1 (Grossi et al., 1987).

Table 1
Antarctic Sea‐Ice Primary Production Estimates Based on the Range of All Net Community Production (NCP) Data in Table
S2 in Supporting Information S1

Study Method Type Production (Tg C yr− 1)

Bunt (1968) Extrap. Obs. (n = 4) NPP <0.1

Heywood and Whitaker (1984) Extrap. Obs. (n ≤ 5) NPP 50

Legendre et al. (1992) Extrap. Obs. (n = n.a.) NCP 63–70

Arrigo et al. (1997) Model (static) GPP 35.7

Saenz and Arrigo (2014) Model (dynamic, sea ice state 2005–2006) GPP 23.7

Jeffery et al. (2020) Model (E3SM‐BGC—historical) NPP 15.5

Pinkerton and Hayward (2021) Model (Satellite‐based light index) GPP 25

Wongpan et al. (2024) Model (LIM1D, *landfast ice only) GPP 2.8*

This study Extrap. Obs. (n = 362) NCP 26.8–32.9

Note. The abbreviations “n.a.” and “Extrap. Obs.” stand for not available (unreported) and extrapolated observations,
respectively. The type refers to GPP (Gross Primary Production), NPP (Net Primary Production; NPP = GPP minus auto-
trophic respiration) and NCP (NCP = GPP minus autotrophic and heterotrophic respiration). The bold values in the last row
emphasize the findings of this study in comparison to the previous studies.
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Recent modeling work using an observation‐based light index has provided an estimate of ice algal NPP for the
Southern Ocean of 25 Tg C yr− 1 over a 30‐year period (1987–2017; Pinkerton & Hayward, 2021), which is
similar to the one in this study despite using a different method (Table 1). Pinkerton and Hayward (2021) also
used sea‐ice algal production models (Jeffery et al., 2020; Saenz & Arrigo, 2014) to validate their light‐based
index against algal production. Jeffery et al. (2020) report NPP of 15.5 Tg C yr− 1 (11–20 Tg C yr− 1) from the
E3SMv1.1‐BGCmodel and note that their model may underestimate sea‐ice algal production in winter. Part of the
inter‐model NPP spread could be attributed to varying snow depth, as it affects light limitation; it could also be
due to inter‐model differences in ice volume, which provides an upper boundary to the domain over which ice
algae can develop.

Our compilation shows the temporal development of ice algal production for the Southern Ocean (Figure 1).
Under light‐limiting conditions, low and stable TOCi values occur during the winter months (May to July). With
increasing solar insolation and relief of light limitation, TOCi begins to increase notably from August to
September, with the most rapid accumulation occurring in early spring (Figure 1). The daily change in production
over time shows a seasonal pattern in the transition from net autotrophic production in early spring to net het-
erotrophy in late summer (Figure 1c). This shift reflects a seasonal depletion of biomass, possibly due to
decreasing light (and lower algal growth rates), grazing and/or other loss processes like nutrient limitation and sea
ice ablation which is not accounted for in the NCP estimate. It may also reflect the timing of a steep transition in
ice age (i.e., old FYI and newly forming ice) which would have varying concentrations of TOCi. Some
comparatively low TOCi values were recorded in November, mostly found in newly formed sea ice near the Ross
Sea polynya, in a period expected to show a continuous increase in production. Low TOCi in newly formed ice
probably reflects sampling bias given the high spatial and temporal heterogeneity of ice algal biomass, com-
munity composition, and production (Campbell et al., 2017; Cimoli et al., 2020; Lim et al., 2023; Meiners
et al., 2017), as well as in snow depth (Meiners et al., 2017), sea ice production and ice types (Arrigo et al., 2003).
Another possible explanation is a seasonally varying impact of grazers on sea‐ice algae (Kohlbach et al., 2017;
Moreau et al., 2020). The overall seasonal cycle in TOCi documented here is in agreement with previous
macronutrient observations in sea ice, which are typically abundant in autumn and winter but can become
depleted in spring/summer due to ice algal uptake (Fripiat et al., 2017; Henley et al., 2023), thus mirroring the
production trends evident in this study. Notably, our findings indicate that production of ice algae begins 1 month
earlier (in September) than under‐ice phytoplankton (i.e., Arrigo et al., 2008, Briggs et al., 2018; Moreau
et al., 2020; Hague & Vichi, 2021; McClish & Bushinsky, 2023), illustrating its significance in enhancing
productivity during periods when pelagic production is minimal (Lenss et al., 2024), and providing an early
season food source for grazers.

Our estimated NCP of 26.8 Tg C yr− 1 for sea ice is approximately 2% of the most recent estimate of annual
phytoplankton production in the Southern Ocean south of 50° S (1300 Tg C yr− 1; Johnson et al., 2017). When
compared to a pelagic seasonal sea‐ice zone production estimate of ∼180.1 Tg C yr− 1 (Arrigo et al., 2008), our
observation‐based NCP suggests that sea‐ice algal production contributes at least 15%–18% (based on 26.8 to
32.9 Tg C yr− 1) to the seasonal ice zone production. However, given that the biomass accumulation method likely
underestimates total ice algal production, this value represents a minimum contribution. Nevertheless, this study
offers a benchmark NCP for models and future studies of change over time.

3.2. Distribution of Biomass

Vertically resolved data of organic carbon can inform on where algal carbon is accumulating within Antarctic sea
ice. Both POC and DOC maintain consistent vertical distributions throughout winter and spring, with POC
concentrations peaking in the bottom ice during these periods (Figures 2e and 2f). TOC is nearly equal in the three
horizons, with the bottom section showing slightly higher values. Bottom‐ice sections (bottom 33%) show the
highest relative contribution to TOCi (35.0%) in comparison to the interior (30.6%; middle 33%) and surface
(33.3%; top 33%; Figure S3a and Table S4 in Supporting Information S1). While bottom‐ice communities have
been shown to be some of the most productive (Lim et al., 2023; Saenz & Arrigo, 2014), surface and interior
communities make important contributions to biomass (i.e., TOC) accumulation in the current study, similar to
results in Meiners et al. (2012). In contrast to Arctic sea ice, the consistent observation of biomass across the entire
sea ice profile in this and other studies (e.g., Meiners et al., 2012) suggests that Antarctic sea‐ice ecosystems are
more uniformly distributed across the thickness of the ice.
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Integrated Chl a was positively correlated with snow depth (p < 0.001, ⍴ = 0.55). The increase in Chl a may
represent a photophysiological response to low light conditions, where cells increase Chl a per unit of carbon to
maximize photosynthesis (e.g., Dalman et al., 2023). In addition, snow loading can induce surface flooding of ice
floes creating favorable nutrient‐replete habitat for surface and interior ice‐algal communities (Meiners
et al., 2017; Saenz & Arrigo, 2014).

The highest POC:Chl a ratios were within the surface, decreasing significantly toward the ice‐ocean interface in
both spring (p < 0.001, ⍴= − 0.35) and summer (p < 0.001, ⍴= − 0.37), with a slightly reversed trend for autumn
(p < 0.001, ⍴ = − 0.47). Autumn had consistently low ratios compared to spring and summer. The decrease in the
POC:Chl a ratio from the surface to the bottom may be attributed to several factors, (a) more detritus within the
surface and interior ice (van Leeuwe et al., 2022), (b) more prevalent photosynthetic communities in the bottom
sections of ice, and/or (c) greater investment in Chl a per cell toward the bottom in response to low light (Arrigo
et al., 2014; Dalman et al., 2023).

The POC:Chl a ratio for depth‐integrated data increased from winter (median = 112.9, range: 14.8 to 4,347) to a
peak in spring (median= 541.3, range: 8.9 to 137,554) followed by a decrease into summer (290.2, range: 23.3 to
13,747) and autumn (median = 140.1, range: 8.4 to 20,339). The strong increase from winter to spring may

Figure 2. Seasonal distribution of environmental and biological parameters throughout the sea ice profiles. Profiles of temperature (°C; a), salinity (b), porosity (%; c),
chlorophyll a (Chl a; d), particulate organic carbon (POC; e), dissolved organic carbon (DOC; f), POC:DOC ratio (g) and POC:Chl a ratio (h). Median concentrations
are shown as dashed and solid lines with shaded regions indicating the interquartile range for each season.
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indicate that organic matter produced by photosynthesis is gradually channeled toward heterotrophic grazers,
bacterial biomass and detritus over time. The continuous decrease toward summer and autumn may indicate light
acclimation following similar patterns described in the vertical ice profile (van Leeuwe et al., 2022). Alterna-
tively, bacterial remineralization of POC could be higher in summer, as warmer ice temperatures promote higher
metabolism and organic matter consumption (Moreau et al., 2015) further reducing POC pools toward autumn.

The period of greatest organic carbon accumulation in the sea ice is between September and late January
(Figures 1 and 2; Figure S5 in Supporting Information S1). The POC:DOC ratio increased over the growing
season from spring (median = 0.85, range: 0.03 to 7.8) to summer (median= 2.03, range: 0.02 to 153), to autumn
(median= 3.48, range: 0.63 to 8.76), suggesting a progressive accumulation of particulate over dissolved organic
matter. This could indicate conversion of DOC into exopolymeric polymeric particles and gels (Underwood
et al., 2013; Verdugo, 2012) or alternatively differential retention of POC over DOC during the melt season (Juhl
et al., 2011). The only association between POC:DOC and ice depth was observed in spring (p < 0.001,
⍴ = 0.197), where the ratio increased toward the bottom‐ice, emphasizing a favorable condition for ice algal
growth accompanied by preferential loss of DOC from highly permeable ice layers (Juhl et al., 2011).

Sea‐ice DOC in the Southern Ocean is thought to have an autochthonous origin (i.e., produced by in‐situ
photosynthesis; Smith et al., 1997; Norman et al., 2011; Stedmon et al., 2011). Indeed, this study observed a
correlation between Chl a and DOC (p < 0.001, ⍴ = 0.44) suggesting ice algae as an important source for DOC.
The correspondence between POC:PON and DOC:DON ratios (median = 9.9 and 8.7, respectively; Figure S5 in
Supporting Information S1) further supports that most DOC derives from ice algae production (Amon et al., 2001;
Norman et al., 2011; Smith et al., 1997; Stedmon et al., 2011; Thomas et al., 2001). However, a strong correlation
between POC and DOC (p < 0.001, ⍴ = 0.62, Figure S6c in Supporting Information S1) indicates strong activity
of breaking down ice algal POC into DOC through closely coupled microbial interactions. For nitrogen, PON
correlates with POC (p < 0.001, ⍴ = 0.88) and DON with DOC (p < 0.001, ⍴ = 0.72), both overall and in each
season (Figures S6a and S6b in Supporting Information S1).

The overall C:N ratio of particulate matter of 9.9 (Figure S5a in Supporting Information S1) is larger than the
Redfield value of 6.6 (Martiny et al., 2013), which illustrates the progressive accumulation of carbon‐rich organic
matter over time (Henley et al., 2012), such as exopolymeric substances, lipids and fatty acids (Krembs
et al., 2002; Meiners et al., 2004; Underwood et al., 2010) within the brine network (Figure S5 in Supporting
Information S1). Alternatively, it can indicate an undersupply of nitrogen to meet production demands, leading to
carbon‐rich organic matter being formed as nitrogen is scarce (Cota & Sullivan, 1990; Fransson et al., 2011;
Niemi et al., 2015). In addition, faster remineralization of N‐bearing compounds relative to C‐bearing organic
compounds (e.g., Letscher & Moore, 2015) will increase the residual TOC:TON ratio (Figure S6 in Supporting
Information S1 data). The observed trend of increasing C:N ratios with greater distance from the ice‐water
interface (Figures S5a and S5b in Supporting Information S1) further supports this accumulation over time of
carbon‐rich organic matter.

4. Conclusions
In this study, we present a comprehensive observation‐based assessment of NCP in Antarctic sea ice. We estimate
that it accounts for 26.8–32.9 Tg C yr− 1 of primary production in the Southern Ocean, which aligns remarkably
well with existing models that primarily report NPP rather than NCP itself and is consistent with in‐situ pro-
duction measurements. Our production estimate is conservative, as loss terms that would increase estimated
production are not explicitly constrained for. Nevertheless, based on the documented vertical distribution of
carbon within sea ice, this study highlights the interior and surface layers as important microhabitats for algal
communities, likely enriching sea‐ice algal production (contributing 29.3% and 31.8% to TOCi, respectively). Our
observed initiation of biomass accumulation also shows ice‐algal production early in the season, which un-
derscores its crucial role in providing a highly concentrated carbon source for the food web before pelagic
production dominates. Given the recent shift in the timing and extent of Antarctic sea ice (Himmich et al., 2024;
Purich & Doddridge, 2023), the ice‐algal phenology and its contribution to overall primary productivity of the
Southern Ocean ecosystems is likely undergoing significant changes, with potential severe ramifications for
Antarctic marine food webs.
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Data Availability Statement
All data used in this study are publicly available or were obtained from published work. The compiled organic
carbon concentration data set from Antarctic pack ice is available through Dalman et al. (2025) with CC‐BY 4.0.
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