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Abstract
High-latitude oceans experience strong seasonality where low light limits photosynthetic activity most of the

year. This limitation is pronounced for algae within and underlying sea ice, and these algae are uniquely accli-
mated to low light levels. During spring melt, however, light intensity and daylength increase drastically, trig-
gering blooms of ice algae that play important roles in carbon cycling and ecosystem productivity. How the
algae acclimate to this dynamic and heterogeneous environment is poorly understood. Here, we measured 14C-
carbon fixation rates, photophysiology, and ribulose 1,5-bisphosphate carboxylase oxygenase (Rubisco) content
of sea-ice algae in coastal waters near the western Antarctic Peninsula during spring, ranging from a low-light-
acclimated, bottom community to a light-saturated bloom. Carbon fixation rates by sea-ice algae were similar to
other Antarctic sea-ice measurements (2–49 mg C m!2 d!1), and there was little phytoplankton biomass in the
underlying water at the time of sampling. Net-to-gross ratios of carbon fixation were generally high and showed
no relationship with ice type. We found algal photophysiology and Rubisco concentrations varied in relation to
the different types of ice, altering the balance between the photochemical and biochemical processes that con-
strain carbon fixation rates. For algae inhabiting the bottom layers of sea ice, rates of carbon fixation were
largely constrained by light availability whereas in surface seawater, interior and rotten/brash ice, carbon fixa-
tion rates could be calculated with reasonable accuracy from measurements of Rubisco concentrations. This
work provides additional insight and means to evaluate carbon fixation rates as sea ice continues to change in
future.

Coastal waters along the western Antarctic Peninsula are
highly productive polar ecosystems that are vulnerable to
anthropogenic change. Rising temperatures have shortened
the duration, extent, and thickness of sea ice, affecting pri-
mary productivity (Schofield et al. 2018) primarily through
the availability of light (Joy-Warren et al. 2019). Both sea-ice
algae and phytoplankton contribute to primary production in

this region, filling different ecological and temporal niches
over the seasonal cycle (Kvernvik et al. 2021; Jacquemot
et al. 2022). Sea-ice algae have their highest rates of produc-
tion in early spring, often forming visible bands in the bottom
layers or within interior gap layers of the ice (Kattner
et al. 2004). Over winter, they are thought to be an important
food source for zooplankton, particularly juvenile krill
(Bernard et al. 2019). Once the ice melts, sea-ice algal biomass
is released from the ice and sinks, exporting carbon (Selz
et al. 2018). Sea-ice algae can also seed phytoplankton blooms,
which become the dominant primary producers during the
ice-free summer (van Leeuwe et al. 2022).

How changes in the timing, duration, and structure of sea
ice will impact the seasonal bloom dynamics of sea-ice algae,
and their contributions to polar ecosystems is uncertain. Data
quantifying the current contribution of sea-ice algae to west-
ern Antarctic Peninsula primary production are scarce. There
are only a few measurements of sea-ice algal primary produc-
tion along the western Antarctic Peninsula (Selz et al. 2018;
van Leeuwe et al. 2022) even though there is an extensive
(" 30 yr) record of phytoplankton primary production
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collected as part of the Palmer Long-Term Ecological Research
(LTER) program (Palmer Station Antarctica LTER and
Waite 2022).

In the polar environment, temperature, light, and nutrients
are major environmental factors driving rates of primary pro-
duction (carbon fixation). Rates of gross carbon fixation depend
on the balancing of light-dependent, temperature-independent
photochemical reactions with light-independent, temperature-
dependent biochemical reactions (Huner et al. 1998). In addi-
tion, net primary production and net community production
also include rates of respiration of the photosynthetic and
whole community, respectively. Studies have shown that respi-
ration rates have greater temperature sensitivity than photosyn-
thesis (Bozzato et al. 2019). High ratios of net-to-gross ratios of
photosynthesis observed in polar phytoplankton have been
attributed to lower respiration rates at cold temperatures
(Goldman et al. 2015). While photosynthesis may be less tem-
perature sensitive than respiration, cold temperatures neverthe-
less slow the enzymes involved in biochemical rates of
photosynthesis, notably the carboxylation enzyme, ribulose
1,5-bisphosphate carboxylase oxygenase (Rubisco), which is
already notoriously slow (Tcherkez et al. 2006). There is little
evidence for cold adaptation of the Rubisco enzyme, which led
Young et al. (2015) to hypothesize that the maximum growth
rates of western Antarctic Peninsula phytoplankton were ulti-
mately constrained by the limited concentration of Rubisco
that cells could accumulate. Under replete light and nutrients,
we hypothesized that gross carbon fixation rates by sea-ice
algae are also likely rate-restricted by carboxylation speed and
cellular abundance of Rubisco at cold temperatures.

Compared to temperature adaptations, comparatively more
is known about the adaptations of algal photosystems to light
availability in polar oceans. Polar algae are well acclimated to
low-light conditions, requiring less light for maximum growth
and saturating photosynthesis, but overall, generally have
slower growth rates than their mesophilic counterparts (Lacour
et al. 2017). This low-light adaptation is even more pronounced
in sea-ice algae, which can easily become high light-stressed
(Kvernvik et al. 2020; Lund-Hansen et al. 2020). There is evi-
dence that polar algae maintain a functional photosynthetic
apparatus during the polar winter that enables them to quickly
take advantage of early increases in light (Strzepek et al. 2019;
Hoppe 2022). As light levels increase, polar algae can rapidly
increase metabolic rates and acclimate their photophysiology
(Sloughter et al. 2019). During high light and long-day lengths
during late spring and summer, polar algae have a high capac-
ity for non-photochemical quenching (NPQ) to dissipate excess
excitation energy that can damage photosystems (Lacour
et al. 2018). Low temperatures have been suggested to be
advantageous for high-latitude algae transitioning from light-
limited to light-stressed environments, as the cold mitigates
NPQ-dissipated heat (Strzepek et al. 2019).

Here we measured rates of primary production (both gross
and net photosynthesis) via 14C tracer incubations of sea-ice

algae along a transect in the western Antarctic Peninsula dur-
ing the austral spring in 2019. These rates were compared to
primary productivity measurements of phytoplankton from
Palmer LTER and to other Antarctic sea-ice algae to better
quantify the contribution of sea-ice algae to western Antarctic
Peninsula productivity. The mechanism by which sea-ice algae
balance temperature-sensitive and light-sensitive mechanisms
of photosynthesis during the spring melt was examined. Pho-
tophysiology was characterized using active chlorophyll fluo-
rescence as measured by Fast Induction Relaxation (FIRe), and
potential carbon fixation rates were estimated from measured
Rubisco concentrations and literature-derived kinetics. Photo-
chemically and biochemically derived rates of carbon fixation
were compared with our measured primary production via 14C
tracer incubations. This comparison revealed underlying
mechanisms that limit production during ice melt and
highlighted new approaches to calculate rates of primary pro-
duction. Understanding the complex interactions between
photochemical and biochemical processes in sea-ice algal pho-
tosynthesis will help to better model primary production
within ice-covered regions, particularly as the timing, thick-
ness and duration of the sea-ice cover continue to diminish
(Stammerjohn et al. 2008).

Methods
Field sampling

In 2019, ice samples were collected from six stations (Stas.
2–7) along a north–south transect (64.8#S to 67.8#S) of coastal
waters near the western Antarctic Peninsula in November and
December on board the R/V Nathaniel B. Palmer (Fig. 1;
Table 1). At Stas. 3, 5, and 7, seawater was also sampled under
the ice for chlorophyll a (Chl a), particulate organic carbon
(POC), and major nutrient concentrations. In addition, surface
seawater (< 5 m) was collected in 2018 from open-water off
Bonaparte Point (Sta. B of the LTER sampling grid, 64.8#S
64.1#W) over 5 d between 08 November and 19 November,
for Rubisco quantification (sample collection described in
Dawson et al. 2023).

Sample collection
At Stas. 2 and 3, the ice was rotten/brash (water movement

and advanced melt had disintegrated the ice structurally) and
was collected as small ice pieces from the surface of an ice-
seawater slurry via a crane-suspended “personnel basket.” At
Stas. 4–7, sea ice was cored with a 7.25-cm diameter Mark III
Kovacs corer with each core separated by at least 1 m horizon-
tally. Stas. 4 and 7 were rafted ice floes with flooded interior
layers and algal samples were collected from interior ice-core
layers. Stas. 5 and 6 were on landfast sea ice, where the algae
were collected from the bottom of the ice. Seawater samples
were collected into acid-cleaned polycarbonate containers.

Samples were shaded from direct sunlight. Either 5 cm or
10 cm of bottom ice or interior ice that were visibly colored
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with algae were sectioned with an ethanol-cleaned saw and
placed into acid-washed (10% HCl) containers. Each sample
consisted of either a single core (for 10-cm sections) or two
pooled cores (for 5-cm sections). At each station, duplicate or
triplicate samples were collected for each melt treatment (see
the next section), with the exception of Sta. 4, where samples
were pooled and subsampled.

Temperature, salinity, and photosynthetically active radia-
tion (PAR, 400–700 nm) were measured from additional
“physical” cores or seawater samples. Temperature was mea-
sured with a Therma Waterproof Type T thermometer
(ThermoWorks) and conductivity measurements made with
both a refractometer and conductivity/TDS meter (EC400S,
Apera Instruments). For ice samples, brine volumes and

Fig. 1. Sea-ice sampling locations in November 2019 to December 2019 and the seawater sampling location in November 2018 along the western Ant-
arctic Peninsula. (a) Map made by QGIS (QGIS.org 2024). Bottom-ice Stas. 5 and 6 (black diamonds), interior-ice Stas. 4 and 7 (black squares) and rot-
ten/brash-ice Stas. 2 and 3 (black triangles). Under-ice seawater sampling location (circle) is hidden behind Sta. 2 triangle. Images taken during sampling
at: (b) landfast ice at Sta. 5, (c) under ice with visible algae and krill at Sta. 4, and (d) rotten/brash ice at Sta. 3.
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salinity were calculated from bulk salinity and temperature
(Frankenstein and Garner 1967; Cox and Weeks 1986) from
direct melts of 5-cm sections within whirlpak bags. PAR was
measured using an Walz US-SQS/L spherical quantum sensor
with ULM-500 light meter. For Stas. 2 and 3, multiple PAR
measurements were made at the surface, a few centimeters
within the slurry and underneath larger ice sections with
heavy snow. The irradiances were highly variable and thus we
approximated the shading of around 50% of the surface. For
Stas. 4–7, a hole was augured at 45# and PAR was measured
every 5 cm through snow and ice until reaching seawater and
then corrected for vertical depth.

All samples were stored in dark, insulated containers for a
maximum of 4 h. Ice samples were melted in either a 3 : 1 or
1 : 1 volumetric ratio of melting solution to ice to minimize
the effect of the melt on sea-ice communities (Campbell
et al. 2019). The melting solution was 0.2-μm-filtered artificial
salt mixture containing four main sea salts plus bicarbonate
according to enriched seawater artifical water, artificial seawa-
ter (3.63 $ 10!1 M NaCl, 4.71 $ 10!2 M MgCl2%6H2O,
2.5 $ 10!2 M Na2SO4, 8.03 $ 10!3 M KCl, and 2 $ 10!3 M
NaHCO3, salinity 35; Harrison et al. 1980). Melts were con-
ducted in the dark at approximately 20#C. To speed the melt-
ing process, ice samples were further broken into pieces with
acid-washed pickaxes or acid-washed stainless steel meat forks.
Most ice completely melted within 5 h. Volume and salinity
were measured as soon as the ice was completely melted, with
temperatures remaining below 3#C. Final salinities ranged
from 27 to 32 for the 3 : 1 melts and 20 to 30 for the 1 : 1
melts (Supplementary Table S1). All reported volumes were
corrected to the original ice volume.

POC, particulate nitrogen, and major nutrients
Samples for POC and particulate nitrogen were measured

in 1 : 1 melts. Samples for major nutrients (NO!
3 , PO3!

4 , Si
[OH4]) were taken from direct melts (no addition of melting
solution) of the physical cores. All samples were collected and
processed according to protocols of the Marine Chemistry
Laboratory at the University of Washington and UNESCO
(1994; see Supplementary Text for more details). Unless other-
wise stated, all values were reported as concentrations within
bulk ice (ice plus brine).

Pigments
A subsample (50–250 mL) of 1 : 1 melt volume was gently fil-

tered onto a 25-mm, 0.7-μm GF/F filter in the dark for pigment
analysis by high-performance liquid chromatography (HPLC). Fil-
ters were flash-frozen in liquid nitrogen and stored at!80#C until
analysis. Reverse-phase HPLC was conducted at the University of
South Carolina after the method detailed by Pinckney et al.
(1998). To estimate relative abundance of diatoms, Phaeocystis,
and cryptophytes (as contribution to Chl a in μg L!1), the
respective diagnostic pigments of fucoxanthin, 190

hexanoyloxyfucoxanthin, and alloxanthin were used as in Everitt

et al. (1990) and Arrigo et al. (2000). Taxa abundances based on
pigmentswere confirmed qualitatively via lightmicroscopy.

Pigment concentrations by HPLC were used to calculate
Chl a–specific absorption coefficient by microalgal pigments
(a&PHY), which could be further split into absorption coeffi-
cients for photosynthetic pigments (a&PP) and photoprotective
pigments (a&PPC) following the methods described in Schuback
and Tortell (2019; see Supplementary Text for more details).

14C incubations
Rates of primary production were measured using 14C incu-

bations (Knap et al. 1996) with short (2 h) and long (e.g., dawn
to dusk) incubations to estimate gross bottle production (GBP)
and net bottle production in the light (NBPL), respectively (see
full details in Supplementary Text). Bottles were incubated in
deckboard aquarium tanks, which were cooled with flow-
through surface seawater and shaded to our best ability to
mimic under-ice light conditions. Shading ranged from 50% to
6.75% transmission of surface irradiance with neutral density
screens. For interior and bottom-ice stations, incubations
received higher levels of irradiance than in situ (Supplementary
Table S1). PAR during the incubations was logged by the ship
mast PAR 2pi sensor (QSR-2100) and measured using our ULM
4-pi light meter inside the incubators to verify shading. Tem-
perature within the tanks ranged between !1.8#C and !1.1#C
for all incubations, which was close to the in situ temperatures
(!2.2 to !1.8#C). Temperature was measured using a flow-
through temperature sensor (HOBO) and confirmed with the
thermometer used in our physical ice-core measurements.

Northern station (Stas. 1–4) samples were incubated
approximately 18 h; southern station (Stas. 5–7) incubations
were left for 24 h. Rates were normalized to Chl a and sea-ice
volume. Temperature was measured using a flow-through tem-
perature sensor (HOBO) and confirmed with the thermometer
used in our physical ice-core measurements.

For comparison with our 2018 Rubisco-derived potential rates,
we also included 2018 publicly available surface (" 1 m) seawater
measurements of 14C fixation over 24 h taken by the Palmer-
LTER team from their sampling Sta. B (Palmer Station Antarctica
LTER and Waite 2022), the same location and time that our
2018 surface water samples were collected. Briefly, their bottle
incubations are conducted in flow-through tanks without shad-
ing for 24 h using the above-described 14C methods. As these
incubations included 20 h of light plus 4 h of dark, we have den-
oted these measurements as net bottle production (NBP).

Active chlorophyll fluorescence
Fluorescence measurements were performed using a FIRe

instrument (formerly SAtlantic, now Seabird). Samples of
15 mL were placed under low light (5 μmol photons m!2 s!1)
for 30 min at 3#C before measuring. Active fluorescent mea-
surements consisted of a single turnover protocol from blue-
emitting diodes (450 nm with 30 nm half bandwidth) with a
saturation sequence of 120 μs flashlet and a relaxation
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sequence of 60 pulses with 60 μs as the initial interval
between relaxation pulses. A sequence interval of 1 s was
repeated 10 times resulting in a total acquisition time of 10 s.
Rapid fluorescent light curves (FLCs) were determined by sam-
ple measurements at 20 actinic irradiances from 0 to 200 μmol
photons m!2 s!1.

Parameters of photophysiology, including maximum quan-
tum yield of photochemistry in Photosystem II (PSII) (Fv/Fm)
and functional absorption cross section of PSII (σPSII), were calcu-
lated from the FIRe output after fitting the dark-acclimated data
using phytoplankton photophysiology utilities (Ryan-Keogh and
Robinson 2021) with blank and spectral corrections (see below
for methods). The first flashlet was excluded, and a fixed con-
nectivity parameter (⍴) of 0.3 was used (Babin 2008). From FLCs,
we calculated electron transport rate at the reaction center of
PSII (ETRRCII, mol e! mol RCII!1 s!1), initial slope (ɑETR), maxi-
mum ETRRCII, and the light-saturation parameter (Ek_RCII, μmol
photons m!2 s!1; see full details in Supplementary Text).

Comparing ETR with 14C fixation
The electron requirement for carbon fixation (ɸe,C, mol e!

mol C!1) is the ratio of ETRRCII to CO2 fixed. In a perfectly
balanced system, four electrons are required to fix one CO2 mol-
ecule. FIRe-derived rapid FLCs were used to calculate ETRRCII for
every minute during the 2 h midday 14C incubation period
using irradiances recorded by shipmast PAR sensors adjusted for
shading. Total ETRRCII was compared to total 14C fixed over the
same period. To enable direct comparisons of FIRe data with 14C
deckboard incubations, we first corrected for the different light
spectra in the FIRe and in situ, and then converted the number
of electrons per RCII to chlorophyll, using the approach of
Schuback and Tortell (2019; see Supplementary Text for details).

Rubisco-derived, potential carbon fixation rates
Measured 14C fixation rates were compared to potential car-

bon fixation rates calculated from Rubisco concentrations and
an assumed Rubisco carboxylation rate (kccat; Young
et al. 2015; Roberts et al. 2024). To quantify Rubisco concen-
trations, subsamples ("0.5 liter) of 1 : 1 melt volume were fil-
tered onto 0.2-μm Sterivex™ filters for proteomic analysis,
except for samples from Sta. 3 which were collected onto
0.2-μm Nuclepore filters from a much lower sample volume
(0.05 liter). Filters were promptly flash-frozen in liquid
nitrogen and stored at !80#C pending analysis. Protein extrac-
tion and preparation for mass spectrometry was performed
as in Wu et al. (2019). Measurements for the peptide of the
large subunit of Rubisco (RbcL) were made via liquid chroma-
tography–mass spectrometry using a Dionex Ultimate 3000
UPLC system interfaced with a TSQ Quantiva mass spectrome-
ter run in selected reaction monitoring mode, as described (for
different peptides) in Roberts et al. (2024; see Supplementary
Text for more details).

Concentrations of RbcL (fmol L!1) were converted to
Rubisco content by normalizing to total protein (w/w; i.e., mg

Rubisco mg TP!1). Rubisco is a hexadecameric structure com-
prised of 8 RbcL and 8 small subunits (RbcS) with a molecular
weight of Rubisco is 550 kDa (see Eq. 1).

Rubisco½ ( ¼ RbcL½ ($1
8
$550,000$1012

TP½ (
ð1Þ

Concentrations of RbcL (fmol L!1) were also converted to
maximum potential carbon fixation rates (μmol C L!1 h!1).
Two active sites are formed within each of the four RbcL
dimers within the enzyme. Thus, 1 mol RbcL = 1 mol active
site. We assumed that all sites were active (to estimate poten-
tial C fixation rates) and temperature dependent with a car-
boxylation rate (kccat) of 0.5mol C mol!1 RbcL s!1 at
approximately 0#C (Young et al. 2015; Eq. 2). The conversion
factor of 1.8$10!6 converted fmol to μmol, seconds to hours
and incorporated kccat. These rates were compared to 14C
measurements.

PotentialC fixation rate¼ RbcL½ ($1:8$10!6 ð2Þ

Results
Description of stations

Salinities and temperatures in our ice samples ranged from
32 to 38, and !1.7#C to !2.2#C, respectively, with tempera-
tures lower, brine salinity higher and brine volume smaller in
the slightly colder samples from Stas. 5 to 7 compared to Stas.
2 to 4 (Table 1). Light varied considerably between stations,
with light transmission ranging from 0.1% in bottom-ice com-
munities (Sta. 6) to an estimated 50% in rotten/brash ice (Stas.
2 and 3; Table 1; Supplementary Table S1). Full ice-core pro-
files of temperature, salinity, light, and calculated brine vol-
ume for Stas. 5–7 are publicly available (Young 2023a).

Dissolved major nutrient concentrations were higher in the
underlying seawater than in bulk sea ice (Supplementary
Table S5). NO!

3 and Si(OH)4 were up to an order of magnitude
higher in the underlying seawater at the interior and rotten/
brash ice stations. NO!

3 concentrations were > 1 μM across all
ratios and dissolved N : P ratios were always lower than Red-
field (16 : 1), suggesting that PO3!

4 was in excess, with the
exception of bottom ice at Sta. 6. Si(OH)4 concentrations var-
ied but remained higher than nitrate. Nutrient concentrations
within the brines would be 3–5 times higher, based on brine
fractions.

Algal biomass in sea ice
All six sea-ice stations had ice that was visibly colored with

algae. Values for POC, Chl a, and contributions of diatoms
and Phaeocystis are shown in Supplementary Table S5. The full
set of concentrations of pigments measured is publicly avail-
able (Young 2023b). POC concentrations in rotten/brash ice
(Stas. 2 and 3) were more than double those measured in
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bottom ice (Stas. 5 and 6). However, the opposite trend was
found for Chl a, with concentrations in bottom ice more than
double those measured in rotten/brash ice. At all stations,
POC and Chl a were significantly higher in sea ice than in the
underlying seawater. C : N ratios ranged from 7 to 9 within
sea ice but were " 3 within the underlying seawater. Bottom
ice (Stas. 5 and 6) had C : N values closer to Redfield than the
other ice samples.

Diatoms were the dominant taxa at all stations, comprising
40–50% of Chl a biomass and up to 65% at Sta. 7. The next
dominant taxa according to pigment abundance were
haptophytes, which consisted primarily of colonial Phaeocystis
(as determined by microscopy) and ranged from 0.5% to 40%
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Fig. 2. Primary production (PP) by sea-ice algae, measured as NBPL and
GBP. (a) NBPL (dark blue) and GBP (light blue), mean with standard devi-
ation, normalized to area (n = 2 or 3) for each station (see Supplementary
Table S6). Production per area was calculated from volume measure-
ments, assuming production occurred in the visible algal bands which
were 5–10 cm thick (average of 7.5 cm), with little production in underly-
ing water. The same depth was applied to Stas. 2 and 3. Station labels are
shaded for bottom (dark), interior (light), and rotten/brash (no shading).
(b) NBPL and GBP normalized to Chl a for each replicate (circles, color-
coded by station). Solid line represents NBPL = GBP; dashed lined,
NBPL = 0.5 * GBP.
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of the Chl a biomass, equaling diatom abundance only
at Sta. 4.

NBPL and GBP production in sea ice
Sea-ice volume-normalized NBPL rates ranged from approxi-

mately 2 to 49 mg C m!2 d!1 (Fig. 2a) or 3 to 42 mg C mg Chl
a!1 d!1 (Fig. 2b; Supplementary Table S6). There was a high
degree of variability between replicates at each station likely
due to the heterogeneous sea-ice environment. NBPL consti-
tuted a high proportion of GBP, with most ratios falling
between 0.5 and 1.0 (Fig. 2b). There was no consistent differ-
ence in NBPL : GBP between 18 h (Stas. 2–4) and 24 h (Stas. 5–
7) incubations. For example, the two interior ice stations, Stas.
4 and 7, had the lowest and highest NBPL : GBP, respectively.
Bottom and interior ice stations, Stas. 4–7, received higher
light intensities in the incubation than in situ (Supplementary
Table S1) and thus the measured rates may not accurately rep-
resent rates in situ. No significant correlation was found
between Chl a concentration and primary production rates
(Supplementary Fig. S2).

Photophysiology
Dark-acclimated photochemical efficiency (Fv/Fm) was low,

ranging between 0.15 and 0.25. While Fv/Fm was statistically
different between stations (one-way ANOVA, F-value 6.32, p-
value 0.02), there was no trend with ice type (Supplementary
Table S7). The dark-acclimated functional cross section of PSII
(σPSII) remained relatively constant across all stations with
values of 1–1.5 nm2, with no statistically significant differ-
ences between stations (Supplementary Table S7).

Rapid FLCs from 0 to 400 μmol photons m!2 s!1

highlighted differences in algal photophysiology across ice
types (Fig. 3a–c; Supplementary Fig. S3 for curve fits; Supple-
mentary Table S7). The light saturation parameter (Ek_RCII) var-
ied between stations (one-way ANOVA, F-value 4.58, p-value
< 0.046), with bottom-ice stations becoming saturated at low-
light intensities (55 and 15 μmol photons m!2 s!1 for Stas.
5 and 6, respectively). Interior and rotten/brash-ice stations
were saturated at much higher light intensities (Ek_RCII of 150–
270 μmol photons m!2 s!1). The initial slope of the FLC (ɑETR)
ranged between 0.3 and 0.8 but with a high degree of variabil-
ity, particularly within the bottom-ice stations (Stas. 5 and 6).

Fig. 3. Photophysiology from FLCs. (a) Light-saturation parameter (Ek_RCII, μmol photons m!2 s!1; dark blue) and initial slope (α; light blue); (b) maxi-
mum rate of electron transport (max_ETRRCII, mol e! mol RCII!1 s!1); (c) non-photosynthetic quenching (normalized Stern–Volmer quenching, NPQNSV)
during spectrally corrected, averaged midday irradiances in situ (dark blue) and at 200 μmol photons m!2 s!1 (light blue); and (d) de-epoxidation state
(DES, w/w, dark blue) and Chl a-normalized concentrations (Conc, μg Chl a!1, light blue) of the xanthophyll pigments, Dd and Dt, based on HPLC pig-
ment analysis. Error bars show standard deviation of mean with n = 2–4 (see Supplementary Table S7). Station labels are shaded for bottom (dark), inte-
rior (light), and rotten/brash (no shading) ice.
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Maximum electron transport rates (max_ETRRCII) differed sig-
nificantly between stations (one-way ANOVA, F-value 23.1, p-
value < 0.001). Bottom-ice stations had the lowest rates of
max_ETRRCII, whereas interior-ice stations (particularly Sta. 4)
had the highest max_ETRRCII.

Non-photochemical quenching (NPQNSV), calculated for
the average midday irradiance during 14C incubations, varied
significantly between stations (one-way ANOVA, F-value
5.63, p-value 0.029). Rotten/brash-ice stations had higher
NPQNSV compared to the other stations (Fig. 3c). To partially
account for differences in irradiance between stations,
NPQNSV was also calculated at an arbitrary irradiance level of
200 μmol photons m!2 s!1. The pattern of NPQNSV200

remained similar to NPQNSV but significance was lost. Abun-
dances and de-epoxidation states of xanthophyll cycle pig-
ments, diadinoxanthin (Dd) and diatoxanthin (Dt) (Fig. 3d),
varied significantly between stations (one-way ANOVA, F-
value 5.2, p-value 0.017; F-value 11.7, p-value 0.001, respec-
tively). Rotten/brash-ice stations had higher abundances and
de-epoxidation states compared to bottom-ice stations.
Interior-ice stations had abundances and de-epoxidation
states of xanthophyll cycle pigments similar to the rotten/
brash-ice stations.

The electron requirement for carbon fixation
The electron requirement for carbon fixation within the

incubations (ɸe,C, mol e! mol C!1) was calculated by compar-
ing estimated ETRRCII with the amount of carbon fixed at mid-
day (Chl a-normalized GBP; see Methods). Values of ɸe,C were
highest at Stas. 2 and 3 with values of 13 , 4 and 19 , 10
(n = 2), respectively (Table 2). In contrast, Stas. 4–6 all had
values closer to 4 mol e! mol C!1, whereas Sta. 7 was roughly
double that value (7 , 1 mol e! mol C!1).

Potential carbon fixation rates based on Rubisco content
Rubisco content (normalized to total protein, w/w) in our

sea-ice samples and surface seawater (collected in 2018) are
shown in Fig. 4a. The range of Rubisco content in the sea-ice
samples varied significantly from 2% to 5% (w/w) of total

protein across all stations (one-way ANOVA, F-statistic 23.2, p-
value < 10!6), with interior-ice algae at Sta. 4 having the low-
est concentrations and bottom-ice algae having the highest
content. Rubisco content from underlying seawater was not
measured but surface seawater samples from 2018 had Rubisco
content around 6–8%.

Rubisco concentrations were converted to potential carbox-
ylation rates (assuming a kccat of 0.5 C s!1; see Methods) and
compared to NBPL from sea ice (Fig. 4b) and the NBP from sur-
face seawater in 2018. Potential carbon fixation rates esti-
mated from Rubisco concentrations displayed close agreement
with measured NBP from seawater and NBPL from interior sea-
ice (Stas. 4 and 7) and one rotten/brash ice stations (Sta. 2). In
contrast, bottom-ice algae (Stas. 5 and 6) had approximately
fivefold higher Rubisco-derived carbon fixation rates than the
measured NBPL or GBP (Fig. 4b). Sta. 3 was unusual as poten-
tial carbon fixation rates from Rubisco concentrations were
10-fold higher than NBPL.

Discussion
The contribution of sea-ice algae to coastal marine primary
production

Our rates add to the few published measurements of sea-ice
algal primary production along the western Antarctic Peninsula
(Selz et al. 2018; van Leeuwe et al. 2022). The NBPL rates of 2–
49 mg C m!2 d!1 are comparable to other Antarctic sea-ice
measurements (Table 3, updated from Arrigo 2017). Our mea-
surements likely underestimated sea-ice primary production, as
we only accounted for production within the 5–10 cm of ice
where a visible algal band was present, yet primary production
likely extended farther through the core. Additionally, our mea-
surements approximate potential rates rather than true in situ
rates due to higher light intensities during incubations at Stas.
4–7 (> 100 μmol photon m!2 s!1 for Stas. 4–6) and the addition
of dissolved inorganic carbon (2 mM). The ice environment
sampled likely had a high degree of exchange with seawater
and we thus assumed our artificial addition of HCO!

3 to be rea-
sonable for rate measurements. Although conditions within
brines can be dynamic, studies have shown that sea-ice algae

Table 2. Parameters to calculate the electron requirement for carbon fixation (ɸe,C, mol e! mol C!1).

Sta. Sample type n

1/nPSII a&
PHY Midday ETR ɸe,C

(mol Chl a mol RCII!1) (mg Chl a!1) (mol e! mol Chl a!1 2 h!1) (mol e! : mol C)

6 Bottom 2 323 , 34 0.007 , 0.00 142 , 17 5 , 1
5 Bottom 2 375 , 27 0.005 , 0.00 381 , 101 3 , 1
7 Interior 2 232 , 37 0.005 , 0.00 784 , 135 7 , 1
4 Interior 2 223 , 6 0.007 , 0.00 1889 , 52 4 , 1

3 Rotten/brash 2 269 , 37 0.007 , 0.00 1464 , 448 19 , 10
2 Rotten/brash 2 264 , 9 0.006 , 0.00 1356 , 366 13 , 4

n denotes number of replicates. Error denotes standard deviation of the mean. Station labels are shaded for bottom (dark), interior (light), and
rotten/brash (no shading).
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are largely insensitive to ocean acidification (Hoppe
et al. 2018) and have little effect on the carbonate chemistry
of underlying seawater during spring (Else et al. 2019).

At the time of sampling there was little phytoplankton bio-
mass in the underlying water column. However, under-ice
phytoplankton blooms have been observed along the western
Antarctic Peninsula in other years (e.g., Arrigo et al. 2017).
The timing of sea-ice algal blooms and their potential carbon
export (Koch et al. 2023) could play an important quantitative
role in coastal marine ecosystems along the western Antarctic
Peninsula. The magnitude of sea-ice algal production mea-
sured here (2–49 mg C m!2 d!1) is comparable to rates
measured for surface phytoplankton in this region, though at
the lower end of the range when compared to depth-

integrated pelagic primary production. For comparison, the
30-yr record of depth-integrated NBP near Palmer Station
(Sta. B, PAL-LTER sampling grid), which is often ice free in
November, ranges from 40 to 8 g C m!2 d!1 (Schofield
et al. 2018; Palmer Station Antarctica LTER and Waite 2022).

The high ratios of NBPL : GBP (" 0.5–1.0) were similar to
ratios of 0.6–0.9 observed during a coastal seawater spring
bloom of diatoms in the western Antarctic Peninsula
(Goldman et al. 2015) and in cultured polar phytoplankton
(Lacour et al. 2022). High ratios suggest high assimilation effi-
ciency of fixed carbon in polar waters. The rates are given in
mg C mg Chl a!1 d!1 but only pertain to the 2-h period of
incubation and so these ratios could vary over the course
of the day.

Factors controlling photosynthesis during the spring melt
of sea ice

Our approach combined multiple methods that measured
different components of photosynthesis, each with caveats,
different timescales and experimental conditions. Despite
these caveats, there were consistencies between methods giv-
ing confidence to cross-comparisons: FLC-derived parameters
of max_ETRRCII correlated positively with incubation-derived
rates of chlorophyll-normalized NBPL and GBP; FLC-derived
calculation of NPQNSV agreed well with xanthophyll pigments
for rotten/brash-ice and bottom-ice stations; and potential car-
boxylation rates based on Rubisco concentrations were never
below measured rates of GBP.

We found that the physical environment was an important
factor in determining photosynthesis in our samples, as trends
in photophysiology and productivity related largely to ice type
(bottom, interior, rotten/brash). All samples were otherwise
similar in being diatom-dominated (approximately 50%),
coastal, and macronutrient-replete. It is possible that our algal
communities were Fe-limited, as suggested by high C : N and
C : Chl a ratios and low Fv/Fm values across all our samples
(Supplementary Tables S5, S6). Fe limitation in the Southern
Ocean is known to have a significant impact on
phytoplankton physiology (Schallenberg et al. 2020). How-
ever, Joy-Warren et al. (2022) found that Fe did not limit
spring phytoplankton growth despite low concentrations in
this region. In Fig. 5, we provide a conceptual visualization
summarizing the different photosynthetic strategies of algae
observed across bottom, interior, and rotten/brash ice.

Bottom-ice algae
Less than 1% of surface light reached the algae in bottom

ice (Supplementary Table S1). Bottom-ice algae have large
antennae (as indicated by large 1/nPSII, Table 2) to optimize
light harvesting but electron transport around PSII was likely
light-limited as Ek_RCII was below in situ light levels (< 50 μmol
photons m!2 s!1 compared to < 15 μmol photons m!2 s!1,
respectively), with values similar to other bottom-ice samples
(van Leeuwe et al. 2022). The bottom-ice stations also had

Fig. 4. (a) Rubisco content: total protein (%w/w) for 2018 seawater and
2019 sea-ice samples. X-axis labels identify dates of sampling for seawater
(left) and station number for sea-ice samples (right). Station labels are
shaded for bottom (dark), interior (light), and rotten/brash (no shading)
ice. (b) NBPL (sea ice) and NBP (seawater) vs. potential carbon fixation
rates based on Rubisco concentrations. Solid line represents 1 : 1
line , 50% shown by shading. Error bars are standard deviation of mean
(n = 2). Color coding is the same as Fig. 2b.
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Table 3. Net production measurements from Antarctic sea ice, including this study along the western Antarctic Peninsula (table
updated from Arrigo 2017).

Ice type Region Season Daily (mg C m!2 d!1) References

Bottom McMurdo Sound Spring 0.5–85 (Grossi et al. 1987)
Bottom Prydz Bay Spring 4.6 (Archer et al. 1996)
Bottom (fast) Western Antarctic Peninsula (Stas. 5 and 6) Spring 4–15 This study*
Bottom Casey Station Spring 103 (McMinn et al. 2012)
Platelet McMurdo Sound Spring 2–1250 (Grossi et al. 1987)
Platelet McMurdo Sound Spring 200–1200 (Arrigo et al. 1995)
Interior McMurdo Sound Summer 0.5–12 (Stoecker et al. 2000)
Interior (pack) Western Antarctic peninsula (Stas. 4 and 7) Spring 9–49 This study*
New Weddell Sea Autumn 0.02–0.25 (Mock 2002)
Pack Bransfield Straight Winter 42–60 (Kottmeier et al. 1987)
Rotten/brash Western Antarctic peninsula (Stas. 2 and 3) Spring 2–49 This study*

*Range accounting for each individual sample measured in our study.

a a a

Fig. 5. Conceptual visualization of photosynthesis strategies, converting CO2 to organic carbon (Corg), for different sea-ice environments during spring melt.
Left: bottom sea-ice algae (e.g., Stas. 5 and 6) have large pools of Chl a and PSII reaction centers (RCII) to capture low light; Rubisco is highly abundant but
not operating at full capacity. Middle: interior sea-ice algae (e.g., Stas. 4 and 7) have increased RCII pools to adapt to higher light levels; Rubisco is fully active.
Right: rotten/brash-ice algae (e.g., Stas. 2 and 3) have reduced Chl a and RCII pools and increased NPQ to adapt to high light; Rubisco is fully active.
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lower max_ETRRCII and Chl a-normalized GBP compared to
other stations, which may have been a result of pigment pack-
aging due to low-light conditions (Ferreira et al. 2017). It is
possible that the warmer temperature (3#C) during FLC mea-
surements could have increased saturation of PSII (Balfag!on
et al. 2022), which could explain the low Fv/Fm values but not
the low NPQNSV that was observed in our interior and bottom-
ice samples.

The ratio ɸe,C based on incubations was approximately
4, indicating that most electrons were being utilized for car-
bon fixation. As this ratio depends on comparing different
methods (FLC vs. 14C incubations), ɸe,C should be considered
as approximate. In situ, lower light levels would make it
unlikely that ɸe,C could be higher (Supplementary Fig. S4). In
contrast, potential rates of carbon fixation based on Rubisco
exceeded NBPL and GBP. As samples for Rubisco were frozen
immediately on melting, we presumed they are representative
of in situ concentrations. Thus, either bottom-ice algae main-
tain excess Rubisco in situ in preparation for increasing light
levels (as has been observed during the onset of winter; Lacour
et al. 2019), or photoinhibition occurred within the incuba-
tions. We surmised that photoinhibition was unlikely as FLC-
derived NPQNSV and ETRRCII calculated for the light intensities
at midday during the incubations were low, though compari-
sons of different methods need to be treated with caution.
Overall, our results indicated that the light reaction, not the
rate of Rubisco carboxylation, was limiting primary produc-
tion in bottom-ice algae.

Interior-ice algae
As sea ice begins to melt, rafted floes can create flooded

interior layers. Both Stas. 4 and 7 had middle layers with large
gaps, dense algal growth, and even juvenile krill, though ice
thickness at Stas. 7 was more than double that of Sta. 4. Sta.
4 had the highest max_ETRRCII correlating with the highest
rates of GBP. Sta. 4 also had a high concentration of colonial
Phaeocystis (40% of the algal composition), perhaps making
this response taxon-specific (Supplementary Table S5). Colo-
nial Phaeocystis exude high amounts of dissolved organic car-
bon, which may account for the lower ratio of NBPL : GBP
at Sta. 4.

Interior algae at Stas. 4 and 7 received slightly higher light
intensities in situ but also had approximately fourfold higher
Ek_RCII than bottom-ice algae. Maximum light intensities
received during the incubations also remained below the
Ek_RCII (Supplementary Fig. S4), suggesting that their PSII was
also light-limited. Low values for NPQNSV and a relatively low
ɸe,C (4 and 7, mol e! mol C!1 for Stas. 4 and 7, respectively)
both suggest that the majority of ETRRCII was channeled
toward carbon fixation. However, HPLC-derived pigment data
showed abundances and de-epoxidation states of xanthophyll
cycle pigments that closely matched the rotten/brash-ice sta-
tions and indicated acclimation for high-light conditions in
situ. Differences between NPQNSV and pigment data may have

arisen during sample collection or conditions during FLC cur-
ves, or signal a real physiological difference. Potential rates of
carbon fixation based on Rubisco closely matched NBPL; thus
even under saturating light intensities, carbon fixation rates
could not increase unless Rubisco concentrations were also
increased.

Rotten/brash-ice algae
Algae at Stas. 2 and 3 were inhabiting ice that was heavily

disintegrated in structure due to advanced melt and water
movement. Incident irradiation at midday of " 600–800 μmol
photons m!2 s!1 (Supplementary Fig. S4) greatly exceeded an
Ek_RCII of 150–200 μmol photons m!2 s!1 (Fig. 3a) and also
likely saturated CO2 fixation, which could be saturated at
much higher light levels than Ek_RCII (Schuback et al. 2015).
Rotten/brash-ice stations had higher NPQNSV compared to
other stations (Fig. 3c) and high abundances and de-
epoxidation state of the xanthophyll cycle pigments, Dd and
Dt, an indication of responding to high light conditions
(Fig. 3d). The ratio ɸe,C was > 10, indicating that most elec-
trons were not directed to carbon fixation and instead dissi-
pated through either NPQ or fluorescence. Potential carbon
fixation rates based on Rubisco matched measured NBPL for
Sta. 2 and NBP for our surface seawater phytoplankton. How-
ever, Sta. 3 had 10-fold higher potential carbon fixation rates
than NBPL. High NBPL : GBP indicated that difference could
not be due to respiration lowering NBPL. Instead, it was likely
an artifact due to anonymously high total protein concentra-
tions at Sta. 3 (0.7 μg protein μg POC!1) compared to other
stations (Supplementary Tables S5, S8) which also did not
agree with high C : N ratios at Sta. 3 of > 8. Protein samples
for Sta. 3 were collected on a different filter (0.2 μm Nuclepore
instead of 0.2 μm sterivex) from a much lower sample volume
(0.05 liter vs. " 0.5 liter). We suspect that in our rotten/brash
ice stations and surface seawater samples, light was saturating
PSII both in situ and in the incubations, driving an excess in
ETRRCII needed for carbon fixation. Instead, carbon fixation
rates were related to Rubisco concentrations.

Approaches to measuring primary production in sea ice
Measuring primary production in sea ice is challenging.

There is a need for new approaches. Absorption spectra have
already been shown to be a better predictor of Southern Ocean
phytoplankton primary production than chlorophyll alone
(Kerkar et al. 2021). Previous studies have also proposed the
use of active fluorescence to estimate carbon fixation rates
(Zhu et al. 2017), though most phytoplankton studies to date
have found ɸe,C to be much higher than 4 and to correlate
with NPQ rather than primary production (Schuback
et al. 2015; Schuback and Tortell 2019). Selz et al. (2018)
found that prior light history was a major driver of photo-
physiology of Phaeocystis-dominated communities associated
in slush layers along the western Antarctic Peninsula. While
they did not measure ɸe,C, they reported maximum carbon
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fixation rates similar in magnitude to our interior and rotten/
brash ice samples while Ek_RCII and Fv/Fm were similar to our
bottom-ice samples. While our data hint that bottom and
interior sea ice may provide environmental conditions suitable
for using ɸe,C to estimate GBP, more work is needed to under-
stand the environmental mechanisms driving ɸe,C in ice algal
communities.

Rubisco concentrations provided a reasonable estimate of
measured NBPL in surface seawater, a sample of rotten/brash
ice and interior layers of sea ice, but overestimated rates for
bottom-ice algae. Previous studies have suggested that Rubisco
concentrations could be used to estimate potential maximum
carbon fixation rates in phytoplankton (Losh et al. 2013;
Young et al. 2015; Roberts et al. 2024). This approach would
require that all Rubisco be fully active and not substrate-
limited and that accurate estimates of its carboxylation rate be
available. To reflect actual carbon fixation rates, cellular
Rubisco content would also need to be regulated with growth
rate. We suggest that there is evidence that these requirements
are often met in polar oceans. Losh et al. (2013) and Young
et al. (2015) found Rubisco to be fully active and CO2-
saturated in phytoplankton. While carboxylation rates of
Rubisco vary between taxa, diatoms and haptophytes have
similar Rubisco carboxylation rates (Young et al. 2016) and
any differences are reduced at cold temperatures (Galmés
et al. 2016; Roberts et al. 2024). There is still debate on
whether cellular Rubisco content is regulated with growth
rate. Neither light nor temperature affect Rubisco content in
diatoms (Mock and Hoch 2005; Lacour et al. 2019); however,
Rubisco content is reduced during stationary phase and under
N and/or P limitation (Losh et al. 2013). Although nitrogen
concentrations are high in the Southern Ocean, energy for
intracellular nitrogen cycling requires photosynthetically
derived NADP and ATP, such that Fe or other trace metal limi-
tations could indirectly impact energy-intensive cellular pro-
cesses (Schoffman et al. 2016).

Although more work is needed, we suggest that Rubisco
concentrations could be used to calculate NBPL in polar
oceans when light is saturating, such as in surface seawater
and possibly sea ice in an advanced stage of melt. In addition,
mass spectrometry-based proteomics, which enables quantifi-
cation of RbcL peptides belonging to different photosynthetic
groups, could lead to taxon-specific measurements of primary
production in polar oceans (Roberts et al. 2024).

Conclusions
This work quantified primary production by sea-ice algae

within coastal waters near the western Antarctic Peninsula in
Spring 2019 and demonstrated the importance of sea-ice algal
productivity to total primary production within this region,
especially when under-ice phytoplankton productivity is low.
The physiological strategies that underpin rates of carbon fixa-
tion in sea-ice were uncovered, including how sea-ice algae

acclimate photophysiology to highly variable light levels dur-
ing Spring melt but other factors, such as Rubisco concentra-
tions, are also important to consider.

Data availability statement
Source data are provided with this paper and deposited at

the US Antarctic Program Data Center (USAP-DC) under award
number 1744645.
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