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Phytoplankton bloom distribution and succession
driven by sea-ice melt in the Kong H kon VII Hav

Megan Lenss1,2,*, Sebastien Moreau2,3, Tore Hattermann2,3, Jozef Wiktor4,
Magdalena Ró _zańska4, Philippe Claeys5, Natacha Brion5, Melissa Chierici6,
Agneta Fransson2, and Karley Campbell1

The existence of ice-edge phytoplankton blooms in the Southern Ocean is well described, yet direct
observations of the mechanisms of phytoplankton bloom development following seasonal sea-ice melt
remain scarce. This study constrains such responses using biological and biogeochemical datasets collected
along a coastal-to-offshore transect that bisects the receding sea-ice zone in the Kong Håkon VII Hav (off the
coast of Dronning Maud Land). We documented that the biogeochemical growing conditions for phytoplankton
vary on a latitudinal gradient of sea-ice concentration, where increased sea-ice melting creates optimal
conditions for growth with increased light availability and potentially increased iron supply. The zones of
the study area with the least ice cover were associated with diatom dominance, the greatest chlorophyll
a concentrations, net community production, and dissolved inorganic carbon drawdown, as well as lower sea
surface fugacity of CO2. Together, these associations imply higher potential for an oceanic CO2 sink due, at
least in part, to more advanced bloom phase and/or larger bloom magnitude stemming from a relatively longer
period of light exposure, as compared to the more ice-covered zones in the study area. From stable oxygen
isotope fractions, sea-ice meltwater fractions were highest in the open ocean zone and meteoric meltwater
fractions were highest in the coastal and polynya zones, suggesting that potential iron sources may also
change on a latitudinal gradient across the study area. Variable phytoplankton community compositions were
related to changing sea-ice concentrations, with a typical species succession from sympagic flagellate species
(Pyramimonas sp. and Phaeocystis antarctica) to pelagic diatoms (e.g., Dactyliosolen tenuijunctus) observed
across the study area.These results fill a spatiotemporal gap in the Southern Ocean, as sea-ice melting plays
a larger role in governing phytoplankton bloom dynamics in the future Southern Ocean due to changing sea-ice
conditions caused by anthropogenic global warming.
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1. Introduction
The Southern Ocean accounts for 50% of the oceanic
uptake of atmospheric carbon dioxide (CO2), and 75% of
the excess heat generated by anthropogenic CO2, despite
representing only 20% of total ocean surface area (Fröli-
cher et al., 2015; Gregor et al., 2019; Gruber et al., 2019).

The disproportionate influx of atmospheric CO2 into the
Southern Ocean is facilitated in part by the biological
pump, which is driven by phytoplankton photosynthetic
production (e.g., Chierici et al., 2004; Fransson et al.,
2004b; Arrigo et al., 2008). Phytoplankton bloom devel-
opment in the Southern Ocean sea-ice zone (SIZ) is espe-
cially enhanced relative to the permanently open-ocean
zone due to the influence of sea ice on light availability,
via enhanced water column stability, and iron supply in
the water column (Smith and Nelson, 1985; Arrigo et al.,
2008; Deppeler and Davidson, 2017; Steiner et al., 2021).
Strongly seasonal fluctuations in light availability drive
the Southern Ocean growing season (Boyd et al., 2000).
In early spring and summer when solar radiance is avail-
able but sea ice still covers the water column, the pene-
tration of photosynthetically available radiation is largely
a function of top-of-sea-ice snow depth and, to a lesser
extent, sea-ice thickness (Lancelot et al., 1991; Massom
et al., 2001; Joy-Warren et al., 2019). Snow melt and the
thinning and breakup of sea ice during the melt season
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facilitate light penetration into the water column and thus
trigger pelagic primary production (Schandelmeier and
Alexander, 1981; Hague and Vichi, 2021; Horvat et al.,
2022). Primary production in the Southern Ocean is
regulated secondarily by iron availability, an essential
micronutrient for photosynthesis, due to low rates of
atmospheric dust input (Martin et al., 1990). In shelf seas
around Antarctica, dissolved iron availability is related to
melting glaciers, the meltwater pump, sediment entrain-
ment, and warm deep water intrusions onto the continen-
tal shelf (St-Laurent et al., 2017; Dinniman et al., 2020).
Throughout the Southern Ocean SIZ, sea ice with its asso-
ciated brines represents a reservoir of iron as it concen-
trates an elevated amount of both dissolved and
particulate iron during its formation that is released into
the upper water column during its seasonal melt (Lannu-
zel et al., 2016). Consequently, the co-occurrence of
increased sunlight and relief from iron limitation related
to sea-ice melt makes early spring a highly productive
season in the Southern Ocean SIZ, as suggested by the
well-known occurrence of ice-edge blooms (e.g., Smith
and Nelson, 1986; Douglas et al., 2023). However, ice-
edge blooms have variable occurrence throughout the
Southern Ocean, and their driving processes, hence the
role of melting sea ice, are not fully understood (Fitch and
Moore, 2007).

Environmental factors associated with sea-ice melt also
impact phytoplankton community composition in the SIZ
(Kang et al., 2001). Generally, Southern Ocean phytoplank-
ton community composition follows a succession defined
by diatom and Phaeocystis sp. dominance in the early
spring with a shift toward comparatively smaller (3–10 mm)
flagellated species in the summer after winter nutrient
stocks have been depleted (Davidson et al., 2010). This
succession may be impacted by the release of sympagic
(ice-associated) algal cells from melting sea ice, which
have the potential to fuel phytoplankton bloom develop-
ment (Smith and Nelson, 1986; Wright et al., 2010). The
seeding potential of sea-ice algal communities is hypoth-
esized to be species-specific (van Leeuwe et al., 2022);
however, the role of sea ice as a seed inoculum to the
water column remains highly debated (e.g., Krell et al.,
2005; Selz et al., 2018; van Leeuwe et al., 2020).

Although hypothesized mechanisms for ice-edge
blooms are well described in the literature (e.g., Smith and
Nelson, 1986; Arrigo et al., 2008; Deppeler and Davidson,
2017; Kauko et al., 2021), direct observations of bloom
development during the period of sea-ice retreat remain
scarce (von Berg et al., 2020). In this study, we present
biogeochemical and oceanographic datasets collected
along a coastal-to-offshore transect during the period of
sea-ice retreat in the Kong Håkon VII Hav, an understu-
died region in the Atlantic sector of the Southern Ocean
(Vernet et al., 2019). Sampling occurred in early spring
(late December to mid-January) during the period of sea-
ice breakup and melt. With the resulting data, we studied
the relationship between sea-ice melt processes and phy-
toplankton bloom development and considered the
potential growth-limiting factors of light and iron and the
seeding potential of sympagic protists. Through this work

we sought to fill a spatiotemporal data gap in the South-
ern Ocean in support of several previously published mod-
eling studies on this topic (e.g., Taylor et al., 2013; Hague
and Vichi, 2021; Thomalla et al., 2023).

2. Materials and methods
2.1. Cruise area, water sampling, and laboratory

methods

Samples were collected during an oceanographic cruise
aboard M/V Malik Arctica from December 31, 2020, to
January 14, 2021, along two transects: a meridional tran-
sect at 6�E and a coastal transect in the region of the
Fimbul ice shelf (Figure 1; Table S1). The study area was
subdivided into four zones based on ship-board observa-
tions of sea-ice concentration on each sampling date, fol-
lowing the ASPeCt protocol, as defined in Table 1 (Beitsch
et al., 2015). The threshold of 15% sea-ice concentration
was used to define sea-ice presence (Stammerjohn et al.,
2008). In this way, this transect represents the various
stages of sea-ice retreat that may affect the development
of pelagic phytoplankton blooms.

Hydrography of the water column was measured using
a conductivity-temperature-depth (CTD) SBE91þ system
mounted on an SBE32 carousel water sampler of 12
Niskin bottles. Salinity data were converted to absolute
salinity with TEOS-10 (IOC SaI, 2010). Seawater tempera-
ture data were used to determine the mixed layer depth
(MLD), defined as the depth at which temperature
increased by 0.04�C compared to the temperature at
10 m depth, which was determined to be a good indicator
of the bottom of the mixed layer based on visual inspec-
tion of CTD density profiles measured during sampling
(Moreau et al., 2023). Hattermann (2018) was referenced
for water mass definitions in the study area, with refer-
enced salinities converted from practical to absolute salin-
ity. Winter water (WW) was defined as water masses with
salinities of approximately 34.6 g kg�1 and temperatures
between �0.5�C and �1.5�C, and warm deep water
(WDW) was defined as water masses with salinities of
approximately 34.7 g kg�1 and temperatures >0�C.

Water samples were collected from a multitude of
depths for analyses of chlorophyll a (Chl a), particulate
organic carbon (POC), particulate nitrogen (PN), macronu-
trient concentrations, the ratio of stable oxygen isotopes
in seawater (d18O), phytoplankton taxonomy, and dis-
solved inorganic carbon (DIC), and total alkalinity (TA).
Samples for Chl a were filtered through 0.7 mm GF/F
filters (GE Healthcare, Little Chalfont, UK) under low vac-
uum pressure (approximately �30 kPa), extracted with
100% methanol for approximately 24 hours, and stored
at 4�C in the dark (Holm-Hansen and Riemann, 1978). The
pigment concentration, including phaeopigments, was
measured with a Turner Trilogy Fluorometer, which had
been calibrated with Chl a standards from Turner Designs
(Sunnyvale, California) prior to the cruise. The fluores-
cence of Chl a in the water column (estimated Chl a)
was also measured in situ with a WETLabs ECO fluorom-
eter in connection with CTD casts and water sampling.
Samples for POC and PN analyses were filtered through
pre-combusted 25 mm Whatman 0.7 mm GF/F filters
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(GE Healthcare, Little Chalfont, UK) under low vacuum
pressure (approximately �30 kPa; Moran et al., 1999).
Samples for POC and PN were stored at �20�C during
shipment, then prepared for analysis by drying at 60�C
and acidifying in fuming hydrochloric acid. POC and PN
concentrations were measured with a coupled element
analyzer mass spectrometer (Europa Scientific, ANCA-MS
20-20 15N/13C) at the Tvärminne Zoological Station, Fin-
land. All readings were blank-corrected. Samples for the
analysis of macronutrients (nitrate, nitrite, ammonium,
phosphate, and silicic acid) were fixed with 200 mL of

chloroform and refrigerated at 4�C until standard analysis
at the Vrije Universiteit, Brussels, Belgium, using an QuAA-
tro Autoanalyzer and the spectrophotometric method
described by Grasshof et al. (1983). Samples for d18O were
stored at 4�C in the dark until measurement with a Per-
spective (Nu Instrument, Ametek) isotope ratio mass spec-
trometer coupled to a Gas Bench system in the AMGC
laboratory at the Vrije Universiteit, Brussels, Belgium
(Epstein and Mayeda, 1953; Harmon, 1961). All samples
for d18O were standardized against V-SMOW, and the stan-
dard deviation of the d18O analyses was 0.1‰.

Figure 1. Map of the cruise area in the Kong Håkon VII Hav. The cruise area was focused east of the prime meridian
in the Kong Håkon VII Hav. Conductivity-Temperature-Depth (CTD) sampling locations are numbered by station and
marked in color based on the subdivision of the study area into four zones according to ship-based observations of sea-
ice concentration on each sampling day following the ASPeCt protocol. Sampling efforts were concentrated along a 6�E
meridional transect and along the coast of Dronning Maud Land near the Fimbul ice shelf. Sea-ice concentrations are
from National Snow and Ice Data Center SIGRID-3 format ice charts. Ice concentrations from January 7, 2021, during the
middle of the campaign, are shown in panel a. Ice concentrations from January 28, 2021, one week after the campaign,
are shown in panel b to illustrate the observed active sea-ice retreat. On the bottom right is an insert of a MODIS-Terra
visible image of Antarctica taken on January 7, 2021 (http://wvs.earthdata.nasa.gov).
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Samples for taxonomic analyses by microscopy were
collected at selected CTD sampling locations, targeting
three samples per station (1–6 stations per zone) from the
surface, Chl amaximum, and below Chl amaximum. Sam-
ples were fixed with glutaraldehyde and formaldehyde
and thereafter stored at 4�C in the dark. Following the
Utermöhl method (Utermöhl, 1958; Edler and Elbrächter,
2010), 50 mL of subsample were poured into Utermöhl
sedimentation chambers (HYDRO-BIOS©, Kiel, Germany)
and sedimented for 24–40 hours before analysis under
a Niko Ti inverted light microscope equipped with phase
and Nomarski contrasts and image analysis system (NIS
Elements). Identification and counting were performed
along transects across the bottom glass of the Utermöhl
chamber under 100� magnification for cells bigger than
20 mm and under 400–600� magnification for cells
<20 mm. The identification of taxa was carried out based
on morphological characteristics following Johansen and
Fryxell (1985), Thomas (1997), Scott and Marchant (2005),
Cefarelli et al. (2010), and WoRMS Editorial Board (2024).
Cells that were damaged, either due to fixation or envi-
ronmental processes, were classified into higher system-
atic units or arbitrarily established groups based on size
classes.

Water samples for DIC and TA were preserved with
50 mL saturated mercury chloride immediately after sam-
pling and analyzed post-cruise at the Institute of Marine
Research, Tromsø, Norway, using potentiometric titration
with hydrochloric acid (0.1N) on a Versatile INstrument for
the Determination of Titration Alkalinity (VINDTA 3S, Mar-
ianda, Germany; Dickson et al., 2007). The DIC was deter-
mined using coulometric titration and photometric
detection (Johnson et al., 1987) on a Versatile INstrument
for the determination of DIC in seawater (VINDTA 3D,

Marianda, Germany). The measured values for DIC and
TA were corrected against Certified Reference Materials
provided by A. G. Dickson, Scripps Institution of Oceanog-
raphy, USA (Dickson, 2001). The analytical precision for
both DIC and TA, as determined from the average stan-
dard deviation of four replicate analyses on the Certified
Reference Materials, was within ±2 mmol kg�1. The sea
surface fugacity of CO2 (fCO2) was calculated from TA, DIC,
salinity, temperature, and depth as input parameters in
the CO2SYS program (Pierrot et al., 2006). The calculations
used the carbonate system dissociation constants (K*1 and
K*2) estimated by Mehrbach et al. (1973) and modified by
Dickson and Millero (1987). The hydrogen sulfate (HSO4

�)
dissociation constant was taken from Dickson (1990). The
mean atmospheric fCO2 value was estimated at approxi-
mately 404 matm using the atmospheric fCO2 measured in
the study region in 2019 and adding a 2 matm year�1

increase rate to calculate for the year 2021 (Ogundare
et al., 2021).

2.2. Satellite data

Data from the National Oceanic and Atmospheric Admin-
istration’s Special Sensor Microwave Imager/Sounder
scanning imagers onboard the Defense Meteorological
Satellite Program satellites F-16, F-17, and F-18 were
obtained from EUMETSAT Ocean and Sea Ice Satellite
Application Facilities (OSI SAF, 2017). Downloaded data
had a spatial resolution of 25 km and were used to esti-
mate daily sea-ice concentration from 2020 to 2021 using
the SICCI2LF algorithm (Lavergne et al., 2019). Ice charts
(Figure 1) were made using the U.S. National Ice Center
Arctic and Antarctic Regional Sea Ice Charts in SIGRID-3
dataset G10013, obtained from the National Snow and Ice
Data Center (U.S. National Ice Center, 2022).

Table 1. Overview table of variables by zone defined by sea-ice concentrationa

Variable Open Ocean Ice Edge Pack Ice Coast and Polynyas

Percent sea ice (%) 0–15 15–50 >50 Open area in >
50% pack ice

Number of stations 1 4 8 9

Chl a* (mg m–3)b 0.473 ± 0.14, n ¼ 6 0.238 ± 0.03, n ¼ 12 0.538 ± 0.19, n ¼ 18 0.391 ± 0.15, n ¼ 18

POC* (mg L–1)b 151 ± 36, n ¼ 6 78.2 ±7.3, n ¼ 19 91.3 ± 13, n ¼ 24 121 ± 26, n ¼ 26

POC:Chl a 509 ± 140, n ¼ 6 412 ± 110, n ¼ 12 666 ± 190, n ¼ 18 1360 ± 410, n ¼ 18

d18O (‰) 0.518 ± 0.03, n ¼ 6 0.316 ± 0.02, n ¼ 19 0.294 ± 0.07, n ¼ 25 0.233 ± 0.01, n ¼ 30

Meteoric water fraction (‰) N/A N/A 0.427 ± 0.62, n ¼ 29 3.70 ± 0.81, n ¼ 21

Sea-ice meltwater fraction (‰)c 4.76 ± 2.3, n ¼ 6 –2.04 ± 0.85, n ¼ 12 –5.97 ± 0.64, n ¼ 29 –4.28 ± 0.85, n ¼ 21

NCP* (mmol C m–2)b 2747, n ¼ 1 561.4 ± 130, n ¼ 2 627.8 ± 150, n ¼ 4 961.2 ± 64, n ¼ 4

DIC drawdown (mmol C m–2) 3770, n ¼ 1 1620 ± 640, n ¼ 2 904 ± 190, n ¼ 4 882 ± 290, n ¼ 4

fCO2* (matm)b 351.7, n ¼ 1 387.7 ± 8.0, n ¼ 2 388.3 ± 13, n ¼ 4 364.0 ± 7.0, n ¼ 4

aData are presented as average ± standard error taken over the upper 100 m per zone; where n ¼ 1, no standard error is presented.
bAn asterisk (*) indicates significant differences between the open ocean and coastal and polynya zones and the ice edge and pack ice
zones, with significance considered at the 90% confidence level (i.e., p < 0.1) due to low sample sizes.
cNegative values of sea-ice meltwater fraction indicate sea-ice growth (Moreau et al., 2019).
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2.3. Data analysis

Data analyses were conducted with Matlab R2019b. Maps
were built on QGIS (v. 3.20.0) using Quantarctica (Mat-
suoka et al., 2021) and on Matlab using the m_map pack-
age as downloaded online from the University of British
Columbia Department of Earth, Ocean and Atmospheric
Sciences in November 2021.

The in situ fluorescence data were calibrated with the
concurrent Chl a samples extracted from discrete water
samples. A linear fit was calculated using the dark value at
depth (100–500 m depths) and the median of upcast
values in a 2 m window at the discrete sample depth to
obtain a calibration equation (y ¼ 0.0895x, R2 ¼ 0.56).
The equation was used to calibrate the downcast values,
which was assumed to be most representative of the
undisturbed water column, and was used for further anal-
ysis. At high light intensities the surface fluorescence sig-
nal can be affected by algal non-photochemical
quenching, which can damage or down-regulate photosys-
tem II and lower the proportion of absorbed light that is
emitted as fluorescence (Öquist et al., 1992; Szmytkowski
et al., 2011). Due to the absence of coinciding light back-
scattering profiles, Chl a fluorescence profiles were not
corrected for non-photochemical quenching in daytime
profiles, meaning that surface florescence values may be
underestimates and should be considered with caution
(Xing et al., 2018). However, all fluorescence profiles were
collected during daytime sunlight conditions and are
hence comparable with each other.

Temperature, salinity (absolute salinity, TEOS-10), and
macronutrient data were used to calculate net community
production (NCP). NCP since the beginning of the produc-
tion season was estimated from nitrate drawdown inte-
grated from 100 m depth to the surface. Drawdown was
calculated by subtracting measured nitrate concentrations
in the upper water column (<100 m) from nitrate concen-
tration at 100 m depth, taken as a proxy for WW layer
(Fransson et al., 2004b; Moreau et al., 2013). Integrated
nitrate drawdown results were further transformed to car-
bon using Redfield ratios (C:N ¼ 106:16) to give a final
estimate of NCP (Redfield et al., 1963). Integrated DIC
drawdown from the beginning of the production season
was calculated similarly, by subtracting from WW DIC
values (using DIC concentrations measured at 100 m
depth as proxy) and integrating from 100 m to the surface
(Fransson et al., 2004a; Keppler et al., 2020). These values
were compared with NCP values to evaluate other poten-
tial sources or sinks of DIC, such as air-sea exchange. The
beginning of the production season was assumed as
December 1 for estimates of both NCP and DIC drawdown
rate based on the timing of known bloom initiation in the
Kong Håkon VII Hav and surrounding areas as gathered
from both observational and long-term (1997–2020)
remote sensing data (e.g., Kauko et al., 2021).

The fractions of sea-ice melt and meteoric water (orig-
inating from direct precipitation into the ocean or the
melting of glacial ice) were estimated following the pro-
tocols of Meredith et al. (2013) and Silvano et al. (2018)
using salinity and d18O as conservative tracers. The frac-
tions of sea-ice melt and meteoric water were interpreted

as proxies for sea-ice and glacial iron sources, respectively
(Moreau et al., 2019). Salinity and d18O values for WW
were chosen to be 34.4 and �0.28‰, respectively, based
on observations during the campaign. Salinity (6.2 g kg�1)
and d18O (2.1‰) values for sea ice were taken from values
published in Silvano et al. (2018). Salinity of meteoric
water was set to zero, and �30‰ was chosen for d18O
of meteoric water, an intermediate value for meteoric
water based on the range presented by Silvano et al.
(2018).

Statistical testing to determine the significance of dif-
ference between zones was tested for measured Chl a,
POC, NCP, and fCO2 using the Statistics and Machine
Learning Toolbox in Matlab. Subgroups within the data
for statistical testing were defined as zones with elevated
Chl a concentrations (open ocean and coastal and polynya
zones) and zones with low Chl a concentrations (ice edge
and pack ice zones). Significance was tested using the non-
parametric Mann Whitney U test after non-normality was
determined via Kolmogorov-Spearman test. Significance
was considered at the 90% confidence level (i.e., p <
0.1) due to small sample sizes. A canonical correlation
analysis was also performed using R Studio (version
2021.09) to evaluate the relationships between species
distribution and environmental parameters (i.e., tempera-
ture, salinity, MLD, nitrate, d18O, etc.).

3. Results
3.1. Oceanography across the study area

Prior to the cruise, the ice edge was located immediately
south of Station 1 (Figure 1a) on the 6�E transect. Rapid
southward sea-ice retreat occurred throughout the study
period. On January 7, 2021, the sea-ice cover over most
station sites was >80% (Figure 1a), and by January 28,
2021, the sea-ice cover over the study area was <60% at
most station sites (Figure 1b). The study area was not
completely ice-free until the end of February, roughly 4
weeks after the campaign was completed (not shown). Ice
charts in SIGRID-3 format (WMO-IOC, 2004) indicate
weekly ice concentration on a 10 km � 10 km gridded
format (Figure 1a and b) and provide relatively coarse
concentration data compared to ship-board observations
used to define zones across the study area (Table 1).

Surface waters (taken at 10 m depth) across the entire
study area were generally cold (<0�C) and fresh (34.11–
34.40 g kg�1; Figure 2a and b). The maximum surface
temperature (�0.49�C) was observed in the open ocean
zone (Station 1), and slightly higher sea surface tempera-
tures, as compared to the other zones, were also observed
in the coast and polynyas zone (�1.60�C to �1.24�C). The
coldest sea surface temperatures were observed in the
pack ice zone (�1.72�C to �1.57�C). The maximum sea
surface salinity (34.40 g kg�1) was observed in the open
ocean zone (Station 1), which is slightly fresher than WW
in this region. The lowest sea surface salinities (34.11–
34.34 g kg�1) were fresher than WW and were observed
in the pack ice zone. Generally, the ice-covered zones (ice
edge and pack ice zones) displayed colder and fresher sea
surface properties than the zones with more open water
(open ocean and coastal and polynya zones).
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Water column properties over the upper 100 m across
the 6�E transect are detailed in Figure 3. Here, water
column temperatures were higher in the northern end
of the transect than in the south. There was a deep
(>70 m), warm, and saline water mass at the north end
of the transect, consistent with WDW in this region. A cold
(<�1.5�C) water mass was observed below the mixed layer
in the middle of the transect between 68�S and 69.5�S.
The water in the mixed layer was generally warmer and
fresher than water at depth across the transect, and the
freshest water (<34.1 g kg�1) was observed in the mixed
layer in the ice edge zone.

3.2. Phytoplankton biomass and primary production

The Chl a concentrations ranged from undetectable to
2.78 mg m�3 across the entire study area. Significantly
higher concentrations of Chl a were observed in the open
ocean and coastal and polynya zones as compared to the
ice edge and pack ice zones (p ¼ 0.03; Figures 2c and 3c;
Table 1). In the open ocean zone, elevated Chl a was
observed below the MLD until about 40 m, with a maxi-
mum of 0.91 mg m�3. In the ice edge zone, Chl

a concentrations were low (<0.50 mg m�3). Station 12
had elevated levels of Chl a (2.78 mg m�3) and could be
considered an outlier, as all other stations in the pack ice
zone had low levels of measured Chl a (<0.4 mg m�3). In
the coastal and polynya zones, high concentrations of
estimated Chl a were recorded below the MLD between
25 m and 60 m, and a local maximum of 2.04 mg m�3 was
measured at Station 10.

The POC trends followed the general Chl a trends, with
significantly higher concentrations in the open ocean and
coastal and polynya zones as compared to the pack ice and
ice edge zones (p ¼ 0.08; Figure 2d). Average POC
concentrations ± standard error in the upper 100 m of
the water column were 151 ± 36 mg L�1 (n ¼ 6), 78.2 ±
7.3 mg L�1 (n ¼ 19), 91.3 ± 13 mg L�1 (n ¼ 24), and 121 ±
26 mg L�1 (n ¼ 26) for the open ocean, ice edge, pack ice,
and coastal and polynya zones, respectively (Table 1).
Maximum POC concentrations in the open ocean and ice
edge zones were 250 mg mL�1 and 156 mg mL�1, respec-
tively. The average POC in the pack ice zone was the lowest
of all the zones, despite an outlying local maximum
of 250 mg mL�1 at Station 2. The maximum POC

Figure 2. Maps showing sea surface properties throughout the study area. Sea surface properties shown here are
taken at 10 m depth, and blue contours represent the receding ice edge, calculated as 15% ice concentration using
data downloaded from EUMETSAT DMSP satellites F-16, F-17, F-18. The small circle from the December 15 ice contour
in the upper left of the maps shows a drifting patch of sea ice. The Antarctic continent is shaded in gray, and
overlapping ice contours along the continent demarcate the southern termination of the sea ice along the coast.
(a) Sea surface temperature and (b) salinity were measured using a SBE911þ CTD; measured concentrations of sea
surface (c) chlorophyll a (Chl a) and (d) POC were derived from filtered seawater samples.
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concentration in the upper water column was 753 mg mL�1

in the coastal and polynya zone.
Trends in NCP and DIC drawdown were also largely

consistent with the distribution of Chl a and POC. The
NCP rate estimates ranged from 70.0 mmol C m�2 to
2750 mmol C m�2 from the beginning of the production
season (about 6 weeks), with the highest value calculated
for the open ocean zone and the lowest for the pack ice
zone (Figure 4a). Average NCP for each zone was 2750
(n ¼ 1), 561 ± 130 (n ¼ 2), 627 ± 150 (n ¼ 4), and 961 ±
64 mmol C m�2 (n ¼ 4) for the open ocean, ice edge, pack
ice, and coastal and polynya zone, respectively (Table 1).
The NCP in the open ocean and coastal and polynya zones
was significantly higher than the NCP in the ice edge and
pack ice zones (p¼ 0.01). Integrated DIC drawdown values
were also calculated from the beginning of the production
season (about 6 weeks) and ranged from 99 mmol C m�2

in the coast and polynyas to 3766 mmol C m�2 in the
open ocean (Figure 4b). Average DIC drawdown for each
zone was 3770 (n ¼ 1), 1620 ± 640 (n ¼ 2), 904 ± 190
(n ¼ 4), and 882 ± 290 mmol C m�2 (n ¼ 4), respectively,
for the open ocean, ice edge, pack ice, and coastal and
polynya zones (Table 1).

There were no significant differences in DIC drawdown
in the open ocean and coastal and polynya zones com-
pared to the ice edge and pack ice zones (p > 0.1).

However, the rates of NCP and DIC drawdown correlated
significantly to each other (R2 ¼ 0.629 and p < 0.01;
Figure S1), despite representing slightly different pro-
cesses. The potential for air-sea CO2 gas exchanges was
explored using fCO2 (Figure 4c). In general, the calculated
values of ocean fCO2 indicated undersaturation relative to
atmospheric CO2 levels across the entire study area, with
fCO2 between 347 matm and 410 matm and a mean value
of 376 ± 110 matm (n ¼ 11). The highest calculated fCO2

values were just above atmospheric values (taken at
404 matm; Ogundare et al., 2021) and located in the pack
ice zone, while the lowest (largest undersaturation) were
in the coastal and polynya zone. Trends in fCO2 across the
study area were counter to trends in primary production,
with zones of elevated Chl a and NCP associated with fCO2

minima (Table 1). Indeed, significantly larger amounts of
NCP in the open ocean and coastal and polynya zones
(p ¼ 0.01) were correlated to significantly lower fCO2 and
more intense CO2 undersaturation in the sea surface in
these zones (p ¼ 0.07).

3.3. Potential meltwater sources

The largest fraction of meteoric water (0.007) was
observed in the coastal and polynya zone with a positive
signal measured to 300 m depth (Figure 5a; Table 1). A
smaller fraction of 0.005 meteoric water was observed in

Figure 3. Water column properties in the upper 100 m along the 6�E meridian. In north-south conductivity-
temperature-depth (CTD) transects along the 6�E meridian (Figure 1), CTDs are labeled with red diamonds across the
top and numbered by station. (a) Temperature, (b) salinity, and (c) chlorophyll a (Chl a) concentrations from calibrated
in situ fluorescence profiles are shown for the upper 100 m of the water column, with a white contour representing
the depth of the mixed layer based on a temperature increase of 0.04�C relative to the temperature at 10 m depth.
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the pack ice zone until approximately 50 m depth. There
was no evidence for meteoric water influence in the ice
edge and open ocean zones. In comparison, there was
a positive fraction of sea-ice meltwater in all zones except
in the coastal and polynya (Figure 5b; Table 1). The
largest fraction of sea-ice meltwater was observed in the
ice edge zone (0.023), which also correlated with low
(<34.4 g kg�1) sea surface salinities (Figure 2b).

3.4. Phytoplankton community composition

The results of the phytoplankton community composition
in each zone at the functional group level are summarized
in Figure 6. The phytoplankton community of the open
ocean zone was dominated by diatoms (75%), with Fragi-
lariopsis nana (pennate diatom, 28%) and Dactyliosolen
tenuijunctus (centric diatom, 9%) representing the most
dominant species. In the ice-covered zones south of the
open ocean zone, diatom abundance decreased while flag-
ellated cells dominated communities, with the total relative
abundance amounting to 62%–79% of the community in

the ice edge, pack ice, and coastal and polynya zones. At the
ice-edge, 39% of the flagellate community was composed
of heterotrophic Choanoflagellatea indet. In the pack ice
and coastal and polynya zones, the flagellate community
was dominated by the typical Southern Ocean combination
of Pyramimonas sp. and Phaeocystis antarctica, which
together make up 21% and 32% of the communities in
those zones, respectively. The pennate diatom species
F. nana was present in varying abundance throughout the
entire study area. A canonical correlation analysis to explore
the environmental drivers of species distribution was not
able to explain more than 40% of the variance in the
dataset and is therefore not presented here.

4. Discussion
4.1. Light limitation of phytoplankton growth

The open ocean and coastal and polynya zones were
the zones with the least sea-ice cover and the highest
Chl a, POC, and NCP (Figures 1a, 3c, and 4a; Table 1).
Sea-ice cover is a primary driver of light limitation of

Figure 4. Net community production integrated dissolved inorganic carbon drawdown, and fCO2 throughout
the study area. In maps showing (a) net community production (NCP), (b) integrated dissolved inorganic carbon
(DIC) drawdown, and (c) the sea surface fugacity of CO2, blue contours represent the receding ice edge, calculated as
15% ice concentration using data downloaded from EUMETSAT DMSP satellites F-16, F-17, F-18. The small circle from
the December 15 ice contour in the upper left of the maps shows a drifting patch of sea ice. The Antarctic continent is
shaded in gray, and overlapping ice contours along the continent demarcate the southern termination of the sea ice
along the coast. NCP estimated from nitrate drawdown and both nitrate and DIC drawdown were integrated through
the upper 100 m of the water column and transformed into carbon units using the Redfield ratio (Redfield et al.,
1963; Moreau et al., 2013). Sea surface fugacity of CO2 was calculated from DIC and total alkalinity measurements at
each CTD location following the method of Zeebe and Wolf-Gladrow (2001).
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phytoplankton in the Kong Håkon VII Hav (Hague and
Vichi, 2021; Kauko et al., 2021), implying that the zones
with the least ice cover were the least light-limited during
the campaign. The thinning and breakup of sea ice that
occurred prior to the campaign in these zones would have
enabled greater light penetration into the water column,
potentially facilitating earlier photosynthesis than in

those zones that remained ice-covered throughout the
austral spring. These findings are consistent with previous
studies in the Southern Ocean where light has been docu-
mented as a primary control on the timing and magnitude
of spring phytoplankton bloom development with longer
light exposure being correlated with greater NCP (Frans-
son et al., 2004b; Joy-Warren et al., 2019).

Figure 5. Calculated meteoric and sea-ice meltwater fractions based on salinity and d18O. Average (± standard
deviation) fractions of (a) meteoric water and (b) sea-ice meltwater, determined from salinity and d18O observations
and published values from Silvano et al. (2018). The open ocean zone does not show a standard error because only one
CTD was taken in this zone.
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Sea-ice melt also works to concentrate phytoplankton
cells in the euphotic zone through the formation of
a strong, shallow pycnocline created by a superficial melt-
water lens (Moreau et al., 2019). This stabilization of the
water column results in an MLD shallower than the
euphotic depth and is the proximal cause of phytoplank-
ton bloom development when light penetration is high
and nutrient levels are non-limiting and of at least equal
importance in creating the conditions for bloom develop-
ment (Vernet et al., 2019). Indeed, the large provinces of
the Southern Ocean that remain ice-free year-round and
thus do not experience this stabilization generally show
low rates of production per unit area (Arrigo et al., 2008).
To estimate the euphotic depth for comparison with the
MLD in this study area, a post-factum relationship
between sea surface Chl a and euphotic depth was used
due to the absence of a PAR sensor on the CTD-rosette
during this campaign. This relationship was derived from
a relatively large historical dataset of Chl a in the sea-ice
influenced waters off the West Antarctic Peninsula and,
because this method was developed using satellite ocean
color data, the relationship is only applicable in waters
that are not covered by sea ice (Dierssen et al., 2000).
Estimated to the 2% light level, the euphotic depth was
calculated as 62 ± 18 m (n ¼ 2) in the open ocean and
95 ± 11 m (n ¼ 6) in the coast and polynyas zone. There-
fore, the euphotic depth was >40 m deeper than the MLD
in the open ocean and coastal and polynya zones during
the campaign, suggesting that phytoplankton would be
concentrated within the euphotic layer with sufficient
light availability.

The DIC drawdown was higher than NCP at every sta-
tion except for Stations 3 and 10 (in the coastal and
polynya zone; Figure S1), indicating that carbon was in
excess and nitrogen was more limiting for primary pro-
duction. Although this relationship is potentially

weakened by the singularity of Station 1 and Figure S1
and should thus be considered with caution, we contend
that similar stations in the open ocean zone where light
limitation was relieved earliest (due to earlier sea-ice
retreat) would render similar results and possibly
strengthen the relationship. Our contention is supported
by satellite observations during the sampling period sug-
gesting that there was an active bloom in the region with
Chl a concentrations around 2 mg L�1 (data not shown).
The NCP was consistent with Chl a and POC concentra-
tions throughout the study area, despite estimation by
a method that considers only nitrate as a potential nitro-
gen source. Other nitrogen sources such as ammonium or
nitrogen from recycled organic matter were also likely
present in the study area, and thus these NCP calculations
may be underestimates (Mdutyana et al., 2020; Alkire and
Riser, 2023). Additionally, DIC dynamics are highly influ-
enced by CO2 gas exchanges and other physical processes
such as mixing and advection, indicating that DIC cannot
be considered representative of biological uptake alone
(Chierici et al., 2004). This potential underestimate in NCP
together with physical DIC exchanges may explain why
DIC drawdown was greater than NCP at most stations. The
greatest potential for sea surface CO2 uptake was observed
in the open ocean and coastal and polynya zone and was
consistent with evidence of high biological activity (e.g.,
Chl a concentrations and NCP values; Figure 4c) and also
in alignment with previous findings along the coast in this
region (Ogundare et al., 2021). Furthermore, Takahashi
et al. (1993) calculated that fCO2 increases by 4.23% per
degree Celsius increase in temperature. This relationship
suggests that an increase in fCO2 of approximately
15 matm, related to localized surface warming due to sea-
sonal increases in incoming solar radiation in the open
ocean zone, was compensated by biological CO2 draw-
down (Figures 2a and 4c). Rates of DIC drawdown greater

Figure 6. Relative abundance of different protist groups in each zone defined by sea-ice concentration. Protist
groups were determined by morphological characteristics during analysis by microscopy. Relative abundance was
calculated by summing the number of organisms in a protist group from all locations sampled within a given zone
(see Section 2.1) and dividing by the total number of protists summed from the same samples within that zone.
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than rates of NCP combined with sea surface undersatura-
tion of fCO2 provide further evidence for bloom develop-
ment in the open ocean and coastal and polynya zones.

While primary production was greater in zones of lowest
sea-ice concentration, POC:Chl a ratios suggest that phyto-
plankton growth began beneath the ice prior to complete
ice retreat. Photosynthetic activity underneath compact sea
ice in spring and summer has been observed throughout
the Southern Ocean, and bloom initiation is suggested to
begin 4–5 weeks before complete sea-ice retreat due to
extreme low light adaptation strategies by Southern Ocean
phytoplankton (Hague and Vichi, 2021; Horvat et al., 2022).
Blooms following the ice edge due to relief of light limita-
tion may therefore be in a more intermediate to advanced
bloom stage. The ratio POC:Chl a can be used to describe
the phase of the bloom via the relative proportion of
organic material to autotrophic pigmentation, where
POC:Chl a < 100 indicates living phytoplankton, 100 <
POC:Chl a < 200 indicates phytoplankton-dominated par-
ticulate organic matter, and POC:Chl a > 200 indicates
detrital or degraded organic matter (Liénart et al., 2016;
Thomalla et al., 2017; Ratnarajah et al., 2022). In the pack
ice zone, the majority of stations (except Stations 2 and 19)
had POC:Chl a ratios < 100, indicating an active bloom.We
note that Station 2 had high POC (250 mg mL�1) and
exceptionally high POC:Chl a (1850) values compared to
the other stations in the pack ice zone (Figures 2 and
S1; Table 1). Such high values are not frequently
observed above 100 m depth in the water column and
were likely caused by the outlying POC concentration in
combination with relatively low Chl a (0.161 mg m�3).
High POC:Chl a ratios may also be indicative of an ice
algal export event (Ratnarajah et al., 2022), as evidenced
by relatively high phaeopigment to total Chl a concentra-
tions at Station 2 (average 39.3 ± 4.2%; Tison et al.,
2017; Corkill et al., 2023) and large pieces of ice algae
found in deep Niskin bottles and stuck to the CTD-
Rosette during sampling. Only one station (Station 10)
in the remaining study area (i.e., open ocean, ice edge,
and coastal and polynya zones) had POC:Chl a ratios <
100 to suggest living phytoplankton, and average ratios
in the open ocean and coastal and polynya zone were
high, 509 ± 140 (n ¼ 6) and 660 ± 190 (n ¼ 18), respec-
tively (Figure S2; Table 1). Average POC:Chl a in the ice
edge zone was 412 ± 110 (n ¼ 12), although POC:Chl a <
200 was observed from samples between 50 m and 55 m
depth, potentially indicting a small depth-restricted com-
munity of phytoplankton (Figure S2; Table 1).

From this understanding, the zones with highest Chl a
and NCP (open ocean and coastal and polynya zones) had
the highest amounts of non-phytoplankton POC in the
upper 100 m of the water column, thus suggesting a more
advanced bloom phase. In contrast, the zone with the
highest amount of Chl a relative to other organic material
was the pack ice zone, where sea-ice concentration was
highest, suggesting that photosynthetic activity was
indeed occurring below the ice. Results from taxonomic
analyses support a more advanced bloom phase in the
open ocean zone and early bloom development in the
pack ice zone. The phytoplankton community in the pack

ice zone was mostly autotrophic flagellates, especially
Phaeocystis antarctica and Pyramimonas spp., which are
typical species for an early spring phytoplankton assem-
blage in the Southern Ocean, while the open ocean zone
community was dominated by diatoms, which are known
to more dominant in the later phase of blooms (Figure 6;
van Leeuwe et al., 2020).

4.2. Potential sources of iron across study zones

Although other micronutrients, such as manganese or
vitamin B12, can be limiting for phytoplankton growth
(e.g., Moore et al., 2013), iron has long been established
as the primary limiting nutrient for phytoplankton growth
in the Southern Ocean (e.g., Martin et al., 1990; de Baar
et al., 1995; Boyd et al., 2000). High concentrations of iron
have been documented in Southern Ocean sea ice, with
wide acceptance that sea-ice meltwater contributes bio-
available iron to surface waters (Lannuzel et al., 2016;
Vernet et al., 2019; Singh et al., 2023). Also documented
is that iron provided from glacial meltwater sources fuels
phytoplankton blooms around coastal Antarctica, suggest-
ing that meltwater runoff from the Antarctic ice sheet is
another important iron reservoir for phytoplankton
growth (e.g., Gerringa et al., 2012; Death et al., 2014).
Thus, we discuss potential sources of iron to the study
area using calculated meltwater fractions from both sea-
ice and meteorologic (glacial) iron sources using d18O,
temperature, and salinity data. As samples for iron mea-
surements were not taken during this study, no direct data
on iron concentrations in the water column can be pro-
vided, limiting this discussion to potential supply dynam-
ics. However, observed bloom conditions and Chl a
concentrations indicate that iron concentrations were suf-
ficient to facilitate phytoplankton growth at the time of
sampling.

We expect that iron provision from sea ice was a factor
during the time of the campaign given the high fractions
of sea-ice meltwater present in the open ocean and ice
edge zones (Figure 5b; Table 1). The fractions of sea-ice
meltwater that we calculated are high compared to sea-ice
meltwater fractions observed on the Sabrina Coast in East
Antarctica by Silvano et al. (2018) and in alignment with
values presented by Moreau et al. (2019) from East Ant-
arctic polynyas. Here, the maximum sea-ice meltwater
fraction calculated was 0.023 (Station 10), while maxi-
mum values were approximately 0.003 and approximately
0.030 from Silvano et al. (2018) and Moreau et al. (2019),
respectively. Relatively high sea-ice meltwater fractions are
a consistent feature of the study area and are well
explained by persistent easterly winds resulting in south-
ward Ekman transport and consequential accumulation of
sea-ice meltwater (Thompson et al., 2018). We note that
the signatures for sea-ice meltwater in salinity persist as
conservative tracers over longer time scales than iron is
typically present in the water column, which may cause
a discrepancy between when the iron was provided and
consumed and when we observed the meltwater content
(Sherrell et al., 2015). Nevertheless, the evidence for
bloom conditions in the open ocean zone indicates more
growth than loss, suggesting that phytoplankton cells
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were not limited by iron at the time of sampling (Behren-
feld et al., 2017).

The largest source of meteoric water in the study area is
expected to originate from basal melting of the ice shelves
that fringe the coast of Dronning Maud Land (Ice Shelf
Water), in addition to meltwater from drifting icebergs
(e.g., Duprat et al., 2016; Herraiz-Borreguero et al.,
2016). High meteoric water fractions, especially in the
coastal and polynya zone, indicate that glacially derived
iron may be an important iron source in the study area
(Figure 5a; Table 1). Compared to the coastal and
polynya, the other zones in the study area do not show
strong positive signals for meteoric water, indicating that
sea-ice meltwater may have played a more dominant role
in iron supply than meteoric water in these areas. In addi-
tion, atmospheric deposition of iron from precipitation is
known to play only a minor role at these latitudes (Jickells
and Moore, 2015), rendering sea-ice meltwater and glacial
sources as relatively more important in providing iron to
phytoplankton in the study area.

Elevated temperatures (1�C) at relatively shallow
(approximately 120 m) depth north of the ice pack high-
light the presence of WDW (Figure 1b), which is known to
be upwelled in this region due to wind-driven divergence
(Marinov et al., 2006). This presence may represent an
additional mechanism of iron supply to phytoplankton
in the open ocean zone. The elevated levels of dissolved
iron contained in WDW can be introduced into the mixed
layer via turbulent diapycnal mixing (Tagliabue et al.,
2014). Diapycnal mixing may be occurring in this region
via the action of the Antarctic Slope Front (Moreau et al.,
2023), which is evidenced in these results by deepening
isopycnals across the 6�E transect (Figure 3a and b).
Indeed, a dense, annually recurring bloom associated with
this front is attributed to hydrothermally derived iron
from upwelled WDW, as indicated by anomalously high
helium isotopic ratios (Moreau et al., 2023).

Altogether, the open ocean and coastal and polynya
zones with the highest Chl a and NCP and lowest fCO2

also had high meltwater fractions in the upper 100 m of
the water column. The open ocean and coastal and
polynya zones were presumably the zones with the high-
est potential photosynthetically available radiation in the
water column. Based on literature estimates from similar
latitudes and times of the productive season, light levels
in these zones were expected to be above minimum light
threshold for primary production (Moreau et al., 2010;
Moreau et al., 2015). Light availability was thus more likely
to be sufficient for bloom development in these zones as
compared to the ice edge and pack ice zones. Bloom
development in these zones also suggests sufficient iron
provision, and meltwater fractions indicate that iron was
more likely to be sea-ice derived in the open ocean and
glacially derived in the coastal and polynya zone. The spa-
tiotemporal coupling of increased light and iron availabil-
ity related to sea-ice melting indicates the critical role of
sea ice in fostering bloom conditions in the Southern
Ocean, though disentangling the specific contribution of
each growth-limiting factor is beyond the scope of this
study. The inability of multivariate statistical analysis to

accurately account for more than 40% of the variance in
the data points to the simultaneous influence of several
environmental drivers, further underlining the inherent
limitations of this study. Additional research focused on
light and iron concentrations in relationship to phyto-
plankton biomass during sea-ice melt is warranted to gain
a better understanding of these complex dynamics.

4.3. Seasonal succession of phytoplankton

communities

To elucidate the impacts of sea-ice melt on species succes-
sion, the results of this transect study may be considered
as a timelapse of the sea-ice melt season, with the south-
ern pack ice zone (Stations 12–17, 19) representing early
spring conditions and the northern open ocean zone (Sta-
tion 1) representing more summer-like conditions. Within
this framework, we observed a phytoplankton bloom with
greater abundance of flagellate species in the early spring
(pack ice) zone and a dominance of diatoms in the sum-
mer (open ocean) zone (Figure 6). Following the assump-
tion that similar ice algae and phytoplankton community
successions take place throughout this space-limited area,
this observed species succession thus adheres to an
excepted phenology where sea ice is seeding the phyto-
plankton bloom (van Leeuwe et al., 2020; Kauko et al.,
2022). van Leeuwe et al. (2022) describe that the link
between sea-ice algal and pelagic blooms begins with an
initial increase in ice-associated flagellate species, espe-
cially Phaeocystis antarctica and Pyramimonas spp., both
of which were the dominating species observed in the
pack ice zone of this study. Additionally, Lannuzel et al.
(2013) documented P. antarctica as a species of ice algae
likely to have seeded phytoplankton growth in their ship-
based microcosm experiments. In these instances, the
prevalence of flagellates during initial seeding phases is
thought to be a result of their high plasticity for sea-ice
and pelagic environments, whereas obligate shade-
adapted pennate diatoms that dominate bottom-ice com-
munities are less capable of such acclimation (Kropuenske
et al., 2010; van Leeuwe et al., 2020).

In transition toward typical summer phytoplankton
communities, algal blooms in the Southern Ocean are
increasingly characterized by diatoms that respond quickly
to increases in light and sea surface temperatures (van
Leeuwe et al., 2020). The open ocean zone is then most
representative of summertime environmental conditions,
as light would have been most readily available and sea
surface temperatures highest in this zone, compared to
others in the study area (Figure 2a). This more advanced
bloom phase is reflected in the community composition
by a high abundance of diatoms, especially of the pennate
diatom genus Fragilariopsis. Although species of Fragilar-
iopsis are known to inhabit both sea ice and seawater (e.g.,
Lizotte, 2001), they are not typically regarded as the spe-
cies that seed pelagic blooms. Rather, large blooms in the
Southern Ocean are more commonly formed by centric
diatom genera, such as Thalassiosira and Chaetoceros
(Rozema et al., 2017; van Leeuwe et al., 2020; Kauko
et al., 2022).
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An intermediate step in the transition from spring to
summer communities is observed in the ice edge zone in
this dataset, where the community is 36.1% diatoms and
62.3% flagellates. The high contribution of heterotrophic
choanoflagellates at the ice edge is consistent with previ-
ous findings of summer surface communities in Antarctic
pack ice (Figure 6; Archer et al., 1996), which could be
interpreted as a mixed community of released sympagic
cells and emerging phytoplankton. Despite the evident
impact of sea ice on phytoplankton growing conditions,
the link between sympagic and pelagic algal communities
remains unproven here and in the literature (e.g., Selz
et al., 2018) and, as frequently found, sea-ice algae are
no longer viable once released into the water column
(Arrigo, 2014; van Leeuwe et al., 2018).

5. Conclusion
The biogeochemical growth conditions for phytoplankton in
the Southern Ocean SIZ are impacted by the seasonal pro-
cess of sea-ice melting, which results in high production and
disproportionately low fCO2. Our data suggest that the dis-
tribution of the phytoplankton bloom within the Kong
Håkon VII Hav SIZ is most likely constrained primarily by
the expected increases in light and iron availability associ-
ated with sea-ice melting. The most concentrated phyto-
plankton blooms were observed in the open ocean and
coastal and polynya zones where sea-ice concentration was
the lowest and not a probable cause of light limitation.
Comparatively, in the most ice-covered zones (ice edge and
pack ice zones) productivity was relatively low and light was
more likely limited during the campaign. Potential sources
of iron to support phytoplankton growth in the area were
distinct between study zones. In the open ocean zone, high
sea-ice meltwater fractions support that earlier iron provi-
sion by sea ice was important, while high meteoric meltwa-
ter fractions indicate that glacial sources were more relevant
in the coastal and polynya zone. Hydrothermally derived
iron from upwelled WDW may possibly have contributed
to iron supply in the open ocean zone. The distribution of
phytoplankton species across the entire study area showed
a community succession consistent with a bloom progres-
sion linked to sea-ice melt. An early bloom phase possibly
related to sea-ice seeding was observed in the pack ice zone,
where the flagellate species Pyramimonas sp. and Phaeocys-
tis antarctica were most dominant. A later season (early
summer) bloom phase was observed in the open ocean zone
where diatom cells were most dominant. Taxonomic com-
position data supported the POC:Chl a ratios, which were
lowest in the pack ice and highest in the open ocean zone,
also suggesting an early phase bloom in the pack ice zone
and an advanced stage bloom in the open ocean zone.With
Southern Ocean sea ice already in rapid decline and sum-
mertime extents expected to decrease between 29% and
90% by the end of the century (Roach et al., 2020; Purich
and Doddridge, 2023), we suggest that processes associated
with sea-ice melting will play a larger role in governing
future phytoplankton bloom dynamics. In tandem, the
dynamics of the Southern Ocean biological carbon pump
are changing faster than current models are able to predict
(Thomalla et al., 2023), rendering direct observations of this

process highly relevant to predicting the fate of the South-
ern Ocean in the global climate system.
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A, Campbell, K. 2024. Phytoplankton bloom distribution and succession driven by sea-ice melt in the Kong Håkon VII Hav.
Elementa: Science of the Anthropocene 12(1). DOI: https://doi.org/10.1525/elementa.2023.00122

Domain Editor-in-Chief: Jody W. Deming, University of Washington, Seattle, WA, USA

Associate Editor: Mathieu Ardyna, Stanford University, Stanford, CA, USA

Knowledge Domain: Ocean Science

Part of an Elementa Special Feature: Insights into Biogeochemical Exchange Processes at Sea Ice Interfaces (BEPSII-2)

Published: August 02, 2024 Accepted: June 12, 2024 Submitted: October 12, 2023

Copyright: © 2024 The Author(s). This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International License (CC-BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original author and source are credited. See http://creativecommons.org/licenses/by/4.0/.

Elem Sci Anth is a peer-reviewed open access
journal published by University of California Press.

Art. 12(1) page 20 of 20 Lenss et al: Phytoplankton blooms driven by sea-ice melt in the Kong Håkon VII Hav
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/12/1/00122/830635/elem

enta.2023.00122.pdf by U
iT The Arctic U

niversity of N
orw

ay user on 16 August 2024



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA1B:2005
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


