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INTRODUCTION

Sea ice harbors a rich microbial community com-
posed of bacteria, algae, and zooplankton that is crit-
ical in fueling upper trophic levels in early spring
(Ackley & Sullivan 1994), yet there is a paucity of
field data on ice algal blooms in Antarctic sea ice
(Meiners et al. 2012). Even less is understood about
the fate of ice algae following ice melt, and their

potential role in seeding the water column and im -
pacting phytoplankton bloom development. Ice algal
blooms contribute approximately 10 to 28% of an -
nual primary production in ice-covered regions
across the Southern Ocean (Arrigo & Thomas 2004),
and sea ice often contains bloom-forming phyto-
plankton taxa such as diatoms and Phaeocystis ant -
arctica (Garrison et al. 1987, Mangoni et. al 2009,
Lannuzel et al. 2013). Beyond the role ice algae play
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ABSTRACT: The western Antarctic Peninsula has experienced extreme changes in the timing of
sea ice melt and freeze up, shortening the duration of the seasonal sea ice cycle. While previous
research demonstrated connections between multiple pelagic trophic levels and the physics of the
sea ice, few studies have assessed the sea ice ecosystem or its linkage to the ocean ecosystem in
this region. Through a field survey and shipboard experiments, our study focused on characteriz-
ing the spring ice algal bloom and elucidating its role in seeding phytoplankton communities post-
ice melt in high and low light conditions. Field data revealed that algal communities in slush lay-
ers, often formed from the flooding of seawater (infiltration layers), dominated biomass
distributions in the sea ice throughout the region, and showed distinct photophysiological charac-
teristics from interior or bottom ice communities. Sea ice algal biomass reached 120 mg chl a m−2

and was often dominated by Phaeocystis antarctica. Shipboard growth experiments showed that
prior light history (ice or water column), rather than community composition (phytoplankton and
ice algae were composed of similar taxa), primarily drove physiological responses to high and low
light. P. antarctica generally dominated the community in growth experiments at the end of the 6 d
incubation period. Settling column experiments suggested that P. antarctica’s higher sinking rates
relative to other taxa may explain its minor contributions to the summer phytoplankton commu-
nity in single-cell form and its absence in colonial form, observed in the long-term ecological
record of this region.
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in initiating spring production in the ice and poten-
tially in the water column (Ackley & Sullivan 1994),
they also contribute to biogeochemical cycling of car-
bon and sulfur through their production of organic
carbon and dimethylsulfoniopropionate, respectively
(Tison et al. 2010, Vancoppenolle et al. 2013). Under-
standing the coupling between the ice and ocean
ecosystem is thus critical, especially in regions with
rapidly changing ice conditions, such as the western
Antarctic Peninsula (WAP).

The WAP and surrounding seas have experienced
rapid and intense warming over the last 50 yr (Mar-
shall et al. 2002, Vaughan et al. 2003, Meredith &
King 2005, Turner et al. 2005). Increasing spring and
winter surface temperatures have been accompanied
by declines in sea ice concentration and duration
(Stammerjohn et al. 2008). The changing properties
of sea ice, including thinning and greater lead frac-
tions (Liu et al. 2004, Stammerjohn et al. 2008), and
increasingly warm northerly winds (Massom et al.
2006) promote earlier spring melt. Warm northerly
winds also contribute to delayed freeze up and limit
the northward advance of sea ice (Stammerjohn et al.
2008). These ice−atmosphere interactions modify ice
dynamics along the WAP and are sensitive to large-
scale atmospheric variability, including the Southern
Annular Mode and the El Niño−Southern Oscillation
(Massom et al. 2006, Stammerjohn et al. 2008).

Changes in WAP sea ice dynamics have affected
primary producers on regional scales. Across the
WAP, both satellite records spanning 3 decades
(Montes-Hugo et al. 2009) and long-term field stud-
ies suggest that phytoplankton bloom magnitude
(Vernet et al. 2008, Annett et al. 2010, Venables et al.
2013, Rozema et al. 2017), size structure, and com-
munity composition (Montes-Hugo et al. 2008) are
driven by ice-influenced resource availability (light
and nutrients). Large-scale atmosphere−ice−ocean
interactions affect the stratification of the water col-
umn (Massom & Stammerjohn 2010) and the intru-
sion and upwelling of nutrient-rich upper Circumpo-
lar Deep Water to the surface ocean (Martinson et al.
2008). These atmosphere−ice−ocean dynamics affect
the availability of light and nutrients to phytoplank-
ton and have been linked to large-scale changes in
primary productivity along a north−south gradient
(Montes-Hugo et al. 2009, Venables et al. 2013).
Between 1979 and 2004, the northern section of the
WAP (as defined by Montes-Hugo et al. 2009) transi-
tioned from a seasonally ice-covered to a nearly ice-
free region. This decreased ice cover led to en hanced
wind-driven mixing and reduced light availability
(Montes-Hugo et al. 2009, Ducklow et al. 2013, Stein-

berg et al. 2015). These physical changes corre-
sponded to an 89% reduction in surface summer
phytoplankton chlorophyll a (chl a) over a 30 yr
period (Montes-Hugo et al. 2009) and a predomi-
nance of small phytoplankton, such as cryptophytes
(Montes-Hugo et al. 2008). In contrast, in the south-
ern WAP, shifts from perennial to seasonal ice have
maintained ice-melt-induced stratification in spring,
increasing light availability in recent years (Montes-
Hugo et al. 2009). These favorable growth conditions
in the southern WAP were linked to a 66% increase
in surface chl a over a 30 yr period (Montes-Hugo et
al. 2009) and a predominance of large dia toms
(Montes-Hugo et al. 2008).

In addition to the phytoplankton community, deca -
dal surveys have linked the abundance of secondary
producers to ice conditions, with the 2 dominant
grazers — krill and salps — following opposing trends
(Ross et al. 2008, 2014, Steinberg et al. 2015). While
the abundance of some krill species corresponded to
high ice conditions, increased salp abundance coin-
cided with low ice conditions (Ross et al. 2008, 2014,
Steinberg et al. 2015). Other studies have observed
shifts from krill to salp dominance with decreasing
sea ice on shorter timescales (Loeb et al. 1997, Duck-
low et al. 2007), particularly in the northern WAP
(Bernard et al. 2012). The strong linkage of krill pop-
ulations to sea ice dynamics is likely driven by the
necessary role that sea ice plays as a refuge (Daly &
Macaulay 1988) and food source for juvenile krill
(Kottmeier et al. 1987, Marschall 1988, Daly 1990).

The Antarctic ice pack acts as a habitat for multiple
trophic levels that are supported by ice algal commu-
nities found at the surface, interior, or bottom of the
ice (Arrigo & Thomas 2004), depending on its physi-
cal structure. During late winter and early spring,
snow loading often depresses the surface of the ice
below sea level, resulting in surface flooding, melt-
ing snow, and seawater percolating through the ice
(Perovich et al. 2004). Variations in salinity and tem-
perature lead to freezing point differentials through-
out the vertical profile of the sea ice, creating a ‘hon-
eycomb-like ice matrix filled with sea water below a
surface layer of snow and ice’ (Ackley & Sullivan
1994, p. 1, Ackley et al. 2008), or slush layers. These
slush layers — also known as gap (Ackley & Sullivan
1994, Jeffries et al. 1997) or infiltration layers — can
support high concentrations of algal biomass (172 to
370 mg chl a m−3; Fritsen et al. 1998, 2001, Kattner et
al. 2004), potentially due to their porous nature and
en hanced seawater exchange (Massom et al. 2006).
Flooding occurs over approximately 15 to 30% of the
ice pack in Antarctica (Wadhams et al. 1987) and up
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to 50% of the ice area along the WAP (Saenz &
Arrigo 2014), especially in late winter and early
spring (Perovich et al. 2004). Because of this en -
hanced flooding, Perovich et al. (2004) suggested
that sea ice in the WAP experiences an extended
spring from August to December and further indi-
cated that these widespread porous layers may be
more accessible to juvenile krill along the WAP than
elsewhere in the Antarctic sea ice.

Along the WAP, physical mechanisms, such as
flushing of melt water through brine channels or
infiltration of surface waves (Thomas et al. 1998), and
the mechanical break up of ice expel the slush and
ice algae into the water column and create an ice
slurry at the surface (Massom et al. 2006). During this
early spring period, ice-derived phytoplankton can
potentially serve as a seed population in the water
column (Massom et al. 2006). However, despite the
potential ecological significance of ice algae in early
spring (Ackley & Sullivan 1994) to both upper trophic
levels (Perovich et al. 2004) and primary production
(Massom et al. 2006), to date few field studies have
investigated ice biology and its potential linkages to
the water column along the WAP. Using field survey
data, our study characterized the spring sea ice algal
bloom along the WAP, significantly advancing our
knowledge of the biomass, physiology, and species
composition of sea ice communities in mid to late
spring. In addition, we used controlled experiments
to focus on the potential for ice algal communities to
seed phytoplankton communities under different
light conditions in the water column. Together our
results show the extent to which sea ice algal com-
munities contribute to pelagic primary production
after melting out of the sea ice along the WAP. To our

knowledge, this is the first dataset of these measure-
ments taken along the Palmer Long Term Ecological
Research grid (PAL-LTER) in spring (November).

MATERIALS AND METHODS

Field data collection

Samples were collected from the RVIB ‘Nathaniel
B. Palmer’ along the extended PAL-LTER grid of the
WAP (Fig. 1, Table 1) during the Phaeocystis antarc-
tica Adaptive Responses in the Antarctic Ecosystem
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Fig. 1. Sea ice algal community composition in slush layers at
ice stations in the western Antarctic Peninsula. Ice stations
are noted by station numbers. Colors represent bathymetry, 

with the color contrast denoting the shelf break

Stn        Date          Lat         Long       Mean core      Mean snow      Ice temp    Mean salinity    Mean salinity    Freeboard 
            (mo.d)        (° S)         (° W)            depth               depth               (°C)               (± SD;                (± SD;                (m)
                                                               (m, ± SD)         (m, ± SD)                          non-slush layer)    slush layer)
                                                                                                                                                                                                   
24          11.3        64.027     63.584       0.45 ± 0.07       0.11 ± 0.02            nd                 10 ± 1                 15 ± 4                  0.01
50          11.9        66.129     73.570       0.50 ± 0.14       0.06 ± 0.05          −1.30                5 ± 1                   9 ± 1                  0.03
54          11.10      66.798     72.240       0.69 ± 0.26       0.13 ± 0.04            nd                   5 ± 1                 11 ± 2                  0.02
58          11.11      66.976     71.914       1.06 ± 0.10       0.08 ± 0.06          −1.00                5 ± 1                 10 ± (nd)             0.08
62          11.12      66.429     71.438       0.60 ± 0.02       0.19 ± 0.07          −0.10                9 ± 3                 14 ± 2                −0.01
66          11.13      66.086     70.831       0.88 ± 0.42       0.11 ± 0.05          −0.80                7 ± 2                 12 ± 1                  0.05
68          11.14      66.334     70.231       0.66 ± 0.01       0.13 ± 0.09          −2.70              10 ± 3                 14 ± 1                  0.02
71          11.15      66.838     69.088       1.18 ± 0.05       0.25 ± 0.13          −6.60                8 ± 2                 13 ± 2                  0.03
75          11.16      65.995     68.068       1.15 ± 0.57       0.35 ± 0.09          −1.80                9 ± 3                 11 ± 6                −0.01
78          11.17      65.403     69.394       0.39 ± 0.01       0.09 ± 0.06          −1.10                7 ± 3                 10 ± 0                  0.01
94          11.20      65.517     72.049       0.42 ± 0.03       0.24 ± 0.06          −0.50                7 ± 2                    nd                   −0.05
98          11.21      66.051     70.899       0.80 ± 0.02       0.14 ± 0.04          −1.30                6 ± 2               10 ± (nd)                0.03

Table 1. Geographic location and physical description of ice stations (see Fig. 1) sampled in the western Antarctic Peninsula; nd: 
no data. Freeboard: height of sea ice above sea level
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(Phantastic II) cruise (NBP14-09). Sea ice stations
were established at or near main water column sta-
tions when the following were present: (1) sea ice
and (2) suitable weather conditions. Sea ice and
water column samples were collected between 3 and
21 November 2014.

On ice floes, snow thickness was measured using a
meter stick at 15 randomly selected locations around
the core site. Sea ice surface temperature was meas-
ured using a temperature probe at the snow−ice sur-
face. Once ice cores were drilled, ice thickness was
measured using a meter stick. Cores were cut into
0.1 m sections using a stainless steel ice saw, and the
sections were placed in separate plastic containers to
melt. Slush layers were sampled by scooping ice
slush directly from the floe into plastic containers. All
ice samples were stored in coolers until onboard pro-
cessing for nutrients, biomass, and physiology. Im-
mediately after returning to the ship, 0.2 µm filtered
seawater (FSW) was added to ice samples (except ice
cores analyzed for nutrients and salinity) to minimize
osmotic shock to the ice algae during melt by main-
taining salinity >28. Freeboard (fb), the height of the
sea ice above sea level, was calculated as ρshs + ρihi =
ρw (hi − fb) (Timco & Frederking 1996) using the den-
sity of seawater (ρw: 1029 kg m−3), snow (ρs: 390 kg
m−3; Massom et al. 2001), and sea ice (ρi: 920 kg m−3:
Ackley et al. 2008) as well as the mean ice (hi) and
snow thicknesses (hs) measured at ice stations.

Water column samples for growth and settling col-
umn experiments were collected from the CTD ro -
sette at a depth of approximately 10 m at ice station
locations. Both water column and ice samples under-
went the same analyses: particulate organic carbon
(POC), particulate organic nitrogen (PON), chl a and
other algal pigments, taxonomic composition (using
CHEMTAX-HPLC and FlowCam), photophysiologi-
cal parameters (quantified using photosynthesis vs.
irradiance curves (PvE) and fast rate repetition fluo-
rometry (FRRF)), and salinity and nutrients (silicate
(Si(OH)4), nitrate (NO3

−), and phosphate (PO4
3−)).

Growth experiments (shipboard incubations)

To determine the viability of ice algae that melted
out of the slush layer relative to water column phyto-
plankton under sustained high and low light levels,
we conducted 6 d shipboard incubation experiments
in a temperature- (0°C) and light-controlled incu -
bator. Experiments were conducted on 3, 10, and 17
November 2014 using ice algae (from the slush layer)
and seawater (from 10 to 20 m) collected at Stations

(Stns) 24, 54, and 78 (Fig. 1). Slush samples collected
at ice stations for experiments were melted in 4 l of
FSW to maintain salinities >32. Samples from the ice
and water column were incubated in 4 l Whirl-Pak
bags (Nasco). Because of the large biomass concen-
tration differences between ice and seawater, we fur-
ther diluted slush ice samples with ~3.7 l of 0.2 µm
FSW (~34 salinity) collected near ice stations to
match biomass concentrations in seawater samples.
Dilutions were calculated from in vivo fluorescence
of ice and seawater to achieve the same biomass con-
centrations in ice and seawater samples. Triplicate
samples (mean ± SD) were incubated under either
high (200 ± 31 µmol photon m−2 s−1) or low (91 ±
25 µmol photon m−2 s−1) light. The high light level
was similar to the mean light in a shallow mixed layer
(ML) (250 µmol photon m−2 s−1, Mills et al. 2010) and
summer MLs in the Ross Sea (180 ± 110 µmol photon
m−2 s−1, Smith & van Hilst 2003). The low light level
was similar to the mean light in a deep ML (65 µmol
photon m−2 s−1, Mills et al. 2010) and mid to late
spring MLs in the Ross Sea (96 ± 58 µmol photon m−2

s−1). Experiment 1 (Expt 1) was conducted under a
12 h light:12 h dark cycle. Maintaining a 12:12 h light
cycle was not possible after Expt 1. Expts 2 and 3
were conducted under 24 h light. Treatments were
subsampled on Days 0 (T0), 4 (T4), and 6 (T6) for
Si(OH)4, NO3

−, PO4
3−, POC, PON, chl a, other algal

pigments, taxo no mic composition, and photophysio-
logical para meters. To ensure that treatments re -
mained in nutrient-replete conditions over the 6 d
experiment, we re placed the water removed for sam-
pling at T4 with 2 l of FSW. Growth rates (r) were cal-
culated, assuming exponential growth (BF = B0 × e (rt))
over 2 d (t), where B0 and BF are the initial and final
biomass, respectively

Statistical differences among treatments in the
growth experiment were analyzed using a 2-way
analysis of variance (ANOVA; R). Main effects
included light level (high versus low) and community
type (ice algae versus phytoplankton). When the 2-
way ANOVA interaction term (light × community
type) was significant (p < 0.05), differences among
treatments were analyzed using the Tukey honestly
significant difference (HSD) test. Statistical differ-
ences between T0 and T6 measurements were ana-
lyzed using a paired t-test.

Settling column experiments

To determine the export potential of ice algae and
phytoplankton, we conducted settling column exper-
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iments in duplicate or triplicate (n = 2, 3) using sam-
ples collected from the sea ice slush layer (Stns 50,
58, 62, 66, 68, 71, 78) and near surface waters (Stns 2,
15, 38, 40, 44, 48). Conducting simultaneous ice algal
and phytoplankton settling experiments was not pos-
sible due to the limited number of settling columns.
Settling columns were constructed out of capped
poly carbonate tubes (diameter = 0.07 m, length =
0.46 m) with 3 sampling ports positioned to collect
buoyant, neutral, and settled particles, following
Johnson & Smith (1986) and Bienfang (1981). Experi-
ments were conducted in a temperature (0°C) and
light (~60 µmol photon m−2 s−1) controlled incubator.
Samples from the water column and sea ice were
added to the settling columns in duplicate or tri -
plicate and then sampled for chl a at each port after
~24 h. For a limited number of stations, settling col-
umn experiments were sampled after 2 h (Stns 2 and
40), 4 h (Stns 15, 38, 40, and 58), 8 h (Stn 15), and 15 h
(Stns 44 and 50) to assess how well sinking rates
were estimated after 24 h. A subset of samples was
also analyzed for taxonomic composition. Sinking
rate (ψ, m d−1) was calculated from the equation of Bi-
enfang (1981), modified by Johnson & Smith (1986):

ψ = fs × l/t (1)

where fs is the fraction of chl a that sank over the
length of the column (l, m) during the settling period
(t, d).

Sample analyses

Nutrients

Inorganic nutrient samples were filtered with a
0.2 µm syringe filter and stored at −20°C (NO3, PO4

3−)
or 4°C (Si(OH)4) for later analysis upon return. NO3

−

and Si(OH)4 concentrations were analyzed at the
Royal Netherlands Institute for Sea Research (NIOZ)
on a WestCo SmartChem 200 discrete autoanalyzer.

Pigments, POC, and PON

Samples were collected by filtering seawater or
melted sea ice through 25 mm Whatman glass-fiber
filters (GF/F, nominal pore size 0.7 µm). Chl a was
measured in triplicate using a Turner 10-AU fluorom-
eter (Turner Designs) after extraction in 5 ml of 90%
acetone in the dark at 3°C for 24 h (Holm-Hansen et
al. 1965). The fluorometer was calibrated using a
pure chl a standard (Sigma).

Samples were analyzed for phytoplankton pig -
ments by HPLC, as described below. Filters were
freeze-dried for 48 h and pigments were extracted
using 90% acetone (v/v) for 48 h (4°C, in the dark).
Pigments were separated by HPLC (Waters 2695)
with a Zorbax Eclipse XDB-C8 column (3.5 µm par-
ticle size), using the method of Van Heukelem &
Thomas (2001). Detection was based on retention
time and diode array spectroscopy (Waters 996) at
436 nm. Pigments were manually quantified using
standards (DHI lab products). Analyzed pigments
in clude chlorophylls: a, b, c2, c3, photoprotective
index pigments (PPC: diadinoxanthin [DD], diato-
xanthin [DT], violaxanthin [Viola], zeaxanthin [Zea],
lutein, and beta-carotene), and taxonomic marker
pigments (peridinin [Per], 19-butanoyloxyfucoxan-
thin [19-But], 19-hexanoyloxyfucoxanthin [19-Hex],
fucoxanthin [Fuco], and alloxanthin [Allo]). Commu-
nity composition was estimated from pigments
(HPLC) using the CHEMTAX analysis package
(version 1.95) (Mackey et al. 1996) (Table A1 in the
Appendix). Taxonomic composition of CHEMTAX-
HPLC is compared to the FlowCam analyses in the
‘Results’ and is presented in the ‘Results’ and ‘Dis-
cussion’ from the FlowCam analyses.

POC and PON samples were filtered onto pre-com-
busted (450°C for 4 h) GF/Fs. Filters were dried at
60°C for approximately 24 h and then stored for later
elemental analysis on a Elementar Vario El Cube or
Micro Cube elemental analyzer (Elementar Analy-
sensysteme) interfaced to a PDZ Europa 20-20 iso-
tope ratio mass spectrometer (Sercon). The concen-
tration of POC and PON in the sea ice was then
calculated from the known volumes of melted sea ice
and the FSW diluent water additions.

Photosynthesis versus irradiance curves

PvE measurements were made using a short-term
(2 h) 14C-bicarbonate uptake technique (following
Lewis & Smith 1983, modified by Arrigo et al. 2010)
on samples collected from the sea ice and the water
column. PvE measurements were made (n = 1; 1 mea -
surement per sample due to time constraints and
space limitations) on high biomass layers of the sea
ice and growth experiment treatments.

Samples spiked with 14C-bicarbonate were incu-
bated under 14 light intensities ranging from 0 to
700 µmol photon m−2 s−1. Carbon uptake rates were
calculated using a nonlinear least-squares regression
fit to the relationship of Platt et al. (1980), as modified
by Arrigo et al. (2010):
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(2)

where P* is the chl a-specific (as denoted by *) pho-
tosynthetic rate (mg C mg−1 chl a h−1) at a given irra-
diance E (µmol photon m−2 s−1), Ps* is the light satu-
rated photosynthetic rate (mg C mg−1 chl a h−1) in the
absence of photoinhibition, α* is the initial slope of
the PvE curve (mg C mg−1 chl a h−1 (µmol photon m−2

s−1)−1), P0* is the rate of dissolved inorganic carbon
uptake in the dark, and β* is the photoinhibition term
at high light (mg C mg−1 chl a h −1 (µmol photon m−2

s−1)−1). The maximum photosynthetic rate in the
absence of photoinhibition (P*m) was then calculated
from:

(3)

PvE parameters were only used when fits were sig-
nificant (r2 > 0.7 and p < 0.05). The photoacclimation
parameter (Ek; µmol photon m−2 s−1), was calculated
as P*m/α*.

FRRF measurements

Melted and diluted ice samples (as described
above) from 0.1 m core sections, water column sam-
ples, and growth experiment treatment samples were
dark acclimated for 30 min at 0°C before measuring
fluorescence. Blanks were prepared by filtering the
sample through a 0.2 µm polycarbonate syringe filter.
Variable fluorescence parameters of blanks and sam-
ples were measured using a bench top fast repetition
rate fluorometer (LIFT-FRR, Soli ense; Kolber et al.
1998) at an excitation wavelength of 470 nm. Blank-
corrected values (Cullen & Davis 2003) for initial fluo-
rescence (Fo), maximum fluorescence (Fm), and the
effective absorption cross section (σ, Å2 quanta−1) give
information on the photophysiology of Photosystem II
(PSII). Fluorescence measurements were used to cal-
culate the maximum quantum efficiency of PSII
(Fv/Fm; Maxwell & Johnson 2000).

FlowCam analyses

Samples were collected and analyzed from slush
and non-slush ice core sections, settling column
experiments, and growth experiment treatments
(T0 and T6). Nano- and micro-size phytoplankton
and ice algae were imaged with a FlowCam (VS
IVc, Fluid Imaging Technologies) under 40× mag-
nification. To prevent large cells from clogging the

flow cell chamber, samples were pre-filtered with
300 µm Nitex mesh. Particles in seawater or
melted ice core (1 to 5 ml sample) flowed through
a flow cell, and each fluorescent chain, colony, or
cell triggered the digital camera. The combination
of the size of the Nitex mesh, the size of the flow
cell chamber, and the fluorescence trigger sensitiv-
ity limited the FlowCam detection range to particle
sizes of 5 to 300 µm. Digital images were classified
manually into pennate and centric diatom taxa, P.
antarctica, dinoflagellates, ciliates, small unidenti-
fied cells, and other.

Biovolume calculations are prone to error, as 2-
dimensional images are used to estimate the volume
of a 3-dimensional shape (Álvarez et al. 2012), and
plankton cells captured by the camera can be singu-
lar or part of a chain or colony and in a variety of
orientations (Jakobsen & Carstensen 2011). For all
taxonomic categories other than P. antarctica, bio-
volume calculations were made using geometric
shape equations following Menden-Deuer & Lessard
(2000) and Jakobsen & Carstensen (2011). P. antarc-
tica cells per image within a P. antarctica colony
were estimated using a multiple linear regression
model (R2 = 0.95, p < 0.001, parameter coefficients
specified below) based on the following FlowCam
image parameters: area-based diameter (β = 8.402 ×
10−3, p < 0.001) and convex perimeter (β = 8.235 ×
10−2, p < 0.001), which were selected using results
from a best subsets model analysis (Bayesian Infor-
mation Criteria) of 1000 images. To evaluate model
skill, a separate set of images (1000) was tested
against the predicted values (Fig. A1 in the Appen-
dix). Colony volume calculations were made from
cell number estimations following Mathot et al.
(2000). We did not assess single-celled P. antarctica
because we could not distinguish small P. antarctica
cells and other unidentifiable small cells. Taxonomic
composition is presented in the results and discus-
sion from FlowCam analysis as relative abundance,
estimated from biovolume.

RESULTS

Physical and chemical ice environment

The ice stations were characterized by many small
pancake ice floes (diameter ≈ 3−6 m) ranging in
thickness from 0.42 to 1.18 m (mean 0.73 ± 0.28 m)
that were sometimes rafted and covered by thick
snow (Table 1). Freeboard, the height of the ice floe
above sea level, ranged from −0.05 to 0.08 m, sug-
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gesting that 95% or greater of the ice floe was sub-
merged at all ice stations (Table 1). Mean snow depth
at each station ranged from 0.06 to 0.35 m, with 75%
of stations exceeding 0.10 m of snow cover. Ice floe
surfaces consisted of snow, slush, and/or ice, with
surface temperatures ranging from −6°C to the melt-
ing point. Mean bulk salinities ranged from 5 to 10 in
non-slush layers and from 9 to 15 in slush layers
within ice cores (Table 1).

The vertical distributions of bulk nutrient concen-
trations were highly variable throughout the sea ice
across the WAP, ranging from 0.09 to 13.42 µM NO3

−,
0.17 to 3.14 µM PO4

3−, and 0 to 28.28 uM Si(OH)4

(Fig. 2A−C). The ratios of observed nutrient concen-
trations to those expected by conservative mixing
with seawater show where nutrients may be biologi-
cally elevated or depleted throughout the core profile
(Fig. 2D−F). Conservative mixing ratios for bulk
NO3

− and Si(OH)4 were often <1, indicating net
drawdown (Fig. 2D,F), while PO4

3− ratios were often
>1, indicating enhanced remineralization or the
presence of large algal intracellular phosphate pools
within the sea ice (Fig. 2E).

Ice algal bloom

Biomass

Depth-integrated chl a for all sea ice stations
ranged from 5 to 120 mg m−2, averaging 38 ± 34 mg
m−2 (Table 2). Depth-integrated POC and PON
ranged from 2.8 to 15.6 g C m−2 and 0.3 to 1.9 g C m−2,
respectively (Table 2). POC and PON were positively
correlated (y = 6.87x + 1182, R2 = 0.90, p < 0.05;
Fig. A2 in the Appendix) with an average POC:PON
ratio of 9.1 ± 1.8 (Table 2). In contrast, POC and chl a
were not correlated, with POC:chl a ratios ranging
from 59.0 to 843.3, with a median of 168.4 (Table 2).
Depth-integrated biomass proxies (chl a, POC, PON)
were not significantly correlated with snow depth,
ice thickness, or ice temperature.

Biomass was vertically divided into surface (top
0.1 m at ice−snow interface), interior (non-slush lay-
ers between the surface and bottom of the ice core),
bottom (0.1 m at ice−ocean interface) or slush layers
(identified from visual inspection). Often biomass
was concentrated in thick slush layers (>0.1 m) that

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

0 5 10 15 

N
or

m
al

iz
ed

 d
ep

th
 

0 2 4 0 10 20 30 

NO3
– (µM) PO4

3– (µM)

B 

Si(OH)4 (µM)

A C 

1 2 

Observed: estimated nutrient concentration ratios 
2 0 

0 

0.2 

0.4 

0.6 

0.8 

0 1 

N
or

m
al

iz
ed

 d
ep

th
 E D F 

Dissolved bulk nutrient concentrations 

1 

2 0 1 

Fig. 2. (A−C) Ice core bulk nutrient profiles distributed through the normalized ice core depth (1.0 is the ice−ocean interface).
(D−F) Profiles of observed to estimated (assuming conservative mixing with seawater) nutrient concentration ratios distributed 

through the normalized ice core depth



Mar Ecol Prog Ser 586: 91–112, 2018

were brown in color and sometimes divided into mul-
tiple slush layers within an ice core (Fig. 3). Our bio-
mass measurements of the slush layer are conserva-
tive because sample collection resulted in some
unquantified dilution with ambient seawater. Here,
we present the volumetric concentration of biomass
(mg m–3) and the biomass concentration over the ver-
tical extent of the slush layer (mg m–2). Mean slush
layer chl a (8.8 ± 1.9 mg m−2 [72 ± 11 mg m−3]) and
PON (136 ± 75 mg m−2 [1368 ± 641 mg m−3]) concen-
trations were 2 to 3 times higher than those in the
nonslush layers of the core, which included the mean
of surface, interior, and bottom communities (3.2 ±
0.9 mg chl a m−2 [34 ± 7 mg m−3] and 56 ± 3 mg PON
m−2 [651 ± 63 mg m−3]; Fig. 3). In contrast, differences
between slush and non-slush mean POC were small.

Slush layers were characterized by lower POC:chl a
ratios (136 ± 45) and POC:PON (7 ± 0.5) ratios rela-
tive to the rest of the core (300 ± 24 POC:chl a, 10 ±
0.4 POC:PON; Table 3).

Photophysiological state

Algae living within slush communities exhibited
different photophysiological parameters than those in
non-slush layers (surface, interior, and bottom) of the
core (Table 3). The P*m of ice algal communities
ranged from 0.03 (interior layer, data not shown) to
3.14 mg C mg−1 chl a h−1 (high biomass slush layer,
Table 2). Within that range, mean P*m of slush commu-
nities (1.19 ± 0.34 mg C mg−1 chl a h−1) was 8 times
greater than the rest of the core (0.15 ± 0.04 mg C
mg−1 chl a h−1; Table 3). The photosynthetic efficiency
(α*) of ice algal communities ranged from <0.001 (in-
terior layer, data not shown) to 0.043 mg C mg–1 chl a
(µmol photon m−2 s−1)−1 (slush layer, Table 2). The
slush community mean α* (0.021 ± 0.004 mg C mg–1

chl a (µmol photon m−2 s−1)−1) was an order of magni-
tude greater than that of the rest of the core (0.002 ±
0.001 mg C mg–1 chl a (µmol photon m−2 s−1)−1) (Table
3). Despite the differences in P*m and α* between the
slush and non-slush communities, the mean photoac-
climation levels (Ek) for the non-slush (89 ± 24 µmol
photon m−2 s−1) and slush (55 ± 9 µmol photon m−2

s−1) communities were not significantly different
(Table 3). Overall, Ek ranged from 16 to 274 µmol
photon m−2 s−1 between the ice communities.

There were no significant differences between
slush and non-slush layer PSII parameters. Overall,
Fv/Fm was low for slush layers and non-slush layers
(0.344 ± 0.027 and 0.306 ± 0.013, respectively) and the
mean absorption cross-sections (σPSII) were similar
(830 ± 37 and 897 ± 18 Å2 quanta−1, respectively;
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Station              Biomass                           PvE parameters
               Chl a    POC      PON              P*m          α*        Ek

24              18        nd         nd                nd         nd        nd
50              20       6898       665              0.60      0.006      95
54               5        2850       260              0.21      0.005      45
58              27       4467       446              0.05      0.001      36
62              14       3433       279               nd         nd        nd
66             120     15561     1726             2.90      0.043      68
68              67       6102       600              1.51      0.020      74
71              23       2791       331              1.18      0.034      34
75              87       5121       692              0.16      0.009      16
78              36       3117       433              3.14      0.033      95
94              14      12019     1920             0.28      0.001     274
98              26       4820       538              0.78      0.026      30

Table 2. Depth-integrated biomass of ice algae (mg m−2) and
photosynthesis-irradiance parameters (PvE) of a single high
biomass layer in the ice core (slush or non slush) at each ice
station. POC (PON): particulate organic carbon (nitrogen);
P*m (mg C mg−1 chl a h−1): maximum photosynthetic rate; α*
(mg C mg−1 chl a h−1 (µmol photon m2 s−1)−1): initial slope of
the PvE curve; Ek (µmol photon m2 s−1): photoacclimation 

parameter; nd: no data
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Table 3). Photoprotective carotenoid pigment (PPC) to
chl a ratios were also similar (Table 3). Diadinoxanthin
+ diatoxanthin comprised 95% of the PPC pigments in
both slush and non-slush ice algal communities.

Ice algal community composition

Estimates of the relative proportions of dominant
taxa (>50%) from FlowCam and CHEMTAX-HPLC
analyses were in general agreement (Fig. A1). Over-
all, CHEMTAX-HPLC analysis estimated lower rela-
tive abundance of Phaeocystis antarctica than Flow-
Cam analysis. FlowCam imaging indicated that P.
antarctica populations were largely colonial, rather
than single-celled, and comparison of the 2 methods
suggests that P. antarctica was adequately counted.
Both methods showed that diatoms and haptophytes
(P. antarctica) dominated all samples, and CHEM-
TAX HPLC showed that prasinophytes, dinoflagel-
lates, and cryptophytes comprised <1% of the algal
community.

The community composition of high-biomass lay-
ers in the slush and non-slush layers (bottom, interior,
or surface) of the sea ice was consistently dominated
by P. antarctica (estimated by biovolume, µm3; Fig. 1,
Table 3). Mean relative abundances of P. antarctica
and diatoms in slush and non-slush layers were not
significantly different (Table 3). In contrast to the
majority of stations, ice algal communities at Stns 24

and 75 were dominated by diatoms rather
than P. antarctica (Fig. 1). Diatoms were pri-
marily centrics (Thalassiosira), followed by
large pennate diatoms (Fragilariopsis) and
small unidentified pennate diatoms. Other
diatoms, including Chaetoceros, Nitzschia,
Pseudo-nitzschia, Proboscia, Rhizosolenia, and
Ske le to nema, composed a minor fraction of
the total biovolume.

Growth experiments

To understand how ice algae (post-ice melt)
and phytoplankton respond to changes in their
light environment, we exposed both commu-
nities to high and low light levels over 6 d
 incubations (Expts 1−3). Expt 1 differed in ini-
tial community composition (mixed dia tom−
P. antarctica) and light condition (12:12 h) from
Expts 2 and 3 (P. antarctica dominant, 24 h
continuous light) and is treated separately.

Community composition

12:12 h light cycle (Expt 1). Initial (T0) communities
were mostly composed of centric diatoms. P. antarc-
tica was also present and made up a higher percent-
age of the ice algal community than the phytoplank-
ton community (Fig. 4A). Ice and phytoplankton
centric diatom communities were predominantly
made up of Thalassiosira (>75%). Corethron also
contributed 20% to the centric phytoplankton bio-
mass. At T6, relative abundance (estimated by bio-
volume) of P. antarctica had increased and diatoms
decreased in all treatments (Fig. 4A).

24 h light cycle (Expts 2 and 3). While diatoms dom-
inated the T0 communities of Expt 1, the T0 commu-
nities of Expt 2 (24 h light conditions) consisted of a
mix of diatoms and P. antarctica (Fig. 4B). Similar to
Expt 1, P. antarctica made up a larger percentage of
the ice algae (67%) than the phytoplankton commu-
nity (40%) in Expt 2. There were greater differences
between the diatom communities of the ice algae and
phytoplankton in Expt 2 than in Expt 1. Ice algae
diatoms were composed of Fragilariopsis (12%) and
Thalassiosira (17%), while phytoplankton diatoms
were predominantly made up of Thalassiosira (45%),
Chaetoceros (9%), and Corethron (19%). In contrast
to Expts 1 and 2, in Expt 3 P. antarctica dominated
the initial ice algae (94%) and phytoplankton (92%)
communities. Within both communities, Thalassio -

Parameter                  Unit                          Slush             Non-slush

Biomass and physiology 
POC:chl aa                      g:g                      136 ± 45            300 ± 24
POC:PONa                      g:g                          7 ± 0.5             10 ± 0.4
P*ma                    mg C mg−1 chl a h−1       1.19 ± 0.34        0.15 ± 0.04
α*a                     mg C mg−1 chl a h−1      0.021± 0.004    0.002 ± 0.001
                        (µmol photon m2 s−1)−1

Ek                       µmol photon m2 s−1           55 ± 9                89 ± 24
Fv/Fm                                                       0.344 ± 0.027    0.306 ± 0.013
σ                                                                      Å2 quanta−1               830 ± 37            897 ± 18
PPC:chl a                        g:g                     0.18 ± 0.02        0.20 ± 0.01

Taxonomic composition (relative abundance)
Colonial Phaeocystis antarctica              0.69 ± 0.10        0.60 ± 0.11
Diatoms                                                     0.22 ± 0.09        0.15 ± 0.06
Other                                                         0.09 ± 0.03        0.25 ± 0.11

at-test, p < 0.05

Table 3. Mean (± SE) ice algal community parameters for non-slush (n =
9) and slush layers (n = 11). Non-slush layers include those sampled
from bottom, interior, and surface communities. POC (PON): particulate
organic carbon (nitrogen); P*m: maximum photosynthetic rate; α*: initial
slope of the photosynthesis-irradiance parameter (PvE) curve; Ek: pho-
toacclimation parameter; Fv/Fm: Photosystem II efficiency; σ: functional 

absorption cross-section; PPC: photoprotective index pigments
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sira represented the majority of diatoms in Expt 3
(Fig. 4C). At T6, in both Expts 2 and 3, relative abun-
dance of P. antarctica had increased and diatoms
decreased in all treatments (Fig. 4B,C)

Growth and physiology parameters

12:12 h light cycle (Expt 1). Phytoplankton tended
to grow faster than ice algae under 12:12 h light, indi-
cated by chl a-based (2-way ANOVA, p < 0.001) and
POC-based growth estimates (Table 4). Furthermore,
phytoplankton were more sensitive to light treat-
ments than ice algae, growing faster in high light
(1.18 d−1) than in all other treatments (Tukey HSD,

p < 0.05). At T0, ice algae were acclimated to higher
light levels (Ek: 84 µmol photon m−2 s−1) than phyto-
plankton (Ek: 47 µmol photon m−2 s−1). At T6, Ek in
these communities was similar, within 10 µmol pho-
ton m−2 s−1 for both light treatments (Fig. 5A). Despite
similarities in Ek, ice algae and phytoplankton exhib-
ited differences in α* and P*m, depending on light
level (Fig. 5B,C). At T6 in high light, ice algae had
higher α* (0.03 mg C mg−1 chl a h−1 (µmol photon m−2

s−1)−1) and P*m (1.95 mg C mg−1 chl a h−1) than phyto-
plankton (0.016 mg C mg−1 chl a h−1(mol photon m−2

s−1)−1, 1.03 mg C mg−1 chl a h−1). In low light at T6,
trends were opposite those of high light conditions:
ice algae had lower α* (0.04 mg C mg−1 chl a h−1

(µmol photon m−2 s−1)−1) and P*m (1.92 mg C mg−1 chl a
h−1) than phytoplankton (0.05 mg C mg−1 chl a h−1

(µmol photon m−2 s−1)−1 and 2.33 mg C mg−1 chl a h−1,
respectively).

Initially, ice algae had lower Fv/Fm and σPSII than
phytoplankton (Fig. 5D,E). From T0 to T6, phyto-
plankton maintained higher Fv/Fm than ice algae, but
under both light levels, Fv/Fm of ice algae increased
(2-way ANOVA, p < 0.001; t-test, p < 0.05). Both com-
munities decreased σPSII (t-test, p < 0.05) to similar
values at T6. Ice algae and phytoplankton also had
similar PPC:chl a ratios at T6 (Fig. 5F). T0 compar-
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Experi-      Light      Type        Chl a (d−1)           POC (d−1)
ment           level

Expt 1        High         W        1.18 ± 0.08A       0.62 ± 0.10
(12:12 h)                       I         0.47 ± 0.01B        0.53 ± 0.06

                   Low          W        0.80 ± 0.06C       0.74 ± 0.07
                                     I         0.46 ± 0.11B              nd

Expt 2        High         W          0.62 ± 0.03         0.75 ± 0.01
(24 h)                            I           0.76 ± 0.09         0.88 ± 0.06

                   Low          W          0.73 ± 0.20         0.61 ± 0.10
                                     I           0.81 ± 0.09         0.89 ± 0.18

Expt 3        High         W        0.54 ± 0.03*       0.64 ± 0.07
(24 h)                            I         1.26 ± 0.50*       0.89 ± 0.03

                   Low          W        0.63 ± 0.07*       0.76 ± 0.14
                                     I         0.94 ± 0.09*       1.14 ± 0.25

Table 4. 2-way ANOVA on the influence of 2 independent
variables (light level and community type) on community
growth rates calculated from changes in chl a and POC as-
suming exponential growth, as defined in ‘Materials and
methods’ (mean ± SD) for water column phytoplankton (W)
and sea ice algae (I) communities. Significant main effects
are marked with * (for Type). When the interaction term
(Light × Type) was significant, a Tukey HSD was performed
on all combinations. Differences from the Tukey HSD are
represented by superscripts A, B, and C; nd: no data; POC: 

particulate organic carbon
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Fig. 4. Taxonomic composition of ice algal (I) and phyto-
plankton (W) communities incubated in high (H) and low (L)
light on Day 6 of growth experiments (0 indicates Day 0).
Relative abundance of Phaeocystis antarctica and diatoms
(pennates and centrics) is estimated from biovolume meas-
urements from FlowCam for growth experiments: (A) 

Expt 1, (B) Expt 2, and (C) Expt 3
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isons of photoprotective pigment to chl a (PPC:chl a)
ratios were not available.

24 h light cycle (Expts 2 and 3). Ice algal communi-
ties grown under 24 h continuous light tended to have
higher chl a-based (Expt 3: 2-way ANOVA, p < 0.05)
and POC-based growth rates than phytoplankton
(Table 4). At T0, ice algae exhibited higher Ek (Expt 2:
90 µmol photon m−2 s−1) than phytoplankton (27 and
17 µmol photon m−2 s−1 for Expts 2 and 3, respectively;
Fig. 6A,B). At T6, ice algae maintained a higher Ek

than phytoplankton in both the high and low light
treatments. Initially, ice algae α* (Expt 2: 0.02 mg C
mg−1 chl a h−1 (µmol photon m−2 s−1)−1) was lower than
that of phytoplankton (Expt 2: 0.13 mg C mg−1 chl a
h−1 (µmol photon m−2 s−1)−1; Fig. 6C). At T6, ice algae
and phytoplankton α* were similar (Fig. 6C,D). Initial
P*m tended to be lower for ice algae (Expt 2: 2.11 mg C
mg−1 chl a h−1) than for phytoplankton (3.65 and
2.79 mg C mg−1 chl a h−1 for Expts 2 and 3, respec-
tively; Fig. 6E,F). At T6, ice algae had higher P*m than
phytoplankton in all light treatments (Expts 2 and 3).

Initially, for Expts 2 and 3, respectively, ice algae
tended to have lower Fv/Fm (0.410 and 0.358) and
σPSII (507 and 661 Å2 quanta−1) and higher PPC:chl a
ratios (0.25 and 0.26) than phytoplankton (Fv/Fm:
0.480 and 0.471; σPSII: 717 and 617 Å2 quanta−1;
PPC:chl a ratios: 0.08 and 0.10) (Fig. 6G−L). By T6,
ice algae and phytoplankton had similar Fv/Fm and
σPSII. While ice algae and phytoplankton PSII param-
eters were similar, ice algae PPC:chl a ratios were
significantly lower than those of phytoplankton (2-
way ANOVA, p < 0.001, p < 0.001 for Expts 2 and 3,
respectively).

Settling column experiments

We also explored the role differential sinking may
have on the contribution of ice algae to phytoplankton
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community composition through set-
tling column experiments. Overall, ice
algal communities had consistently
higher sinking rates (0.22 ± 0.08 m d−1)
than phytoplankton (0.00 ± 0.09 m d−1).
Very low sinking rates for phytoplank-
ton persisted over a wide range of set-
tling times (Table 5). For ice algae, the
highest sinking rate was observed
after 4 h (Stn 58; 1.11 m d−1), compared
to those after 24 h (Stn 58; 0.28 m d−1).

The taxonomic composition of the
buoyant and sinking communities
showed that when P. antarctica was
present, it made up a disproportion-
ately higher fraction of the settled bio-
mass (estimated from biovolume) than
would have been expected from an
even distribution of communities
throughout the settling column (Fig. 7,
Stns 40, 58, 66, and 71). Conversely,
pennate diatoms were often buoyant,
demonstrated by their low abundance
in the settled biomass relative to their
expected abundance based on an even
distribution. The fate of centric and
small, unidentified phytoplankton cells
was less clear. These groups were
more often found at the top and middle
sections of the settling column than the
bottom, indicating relatively slow sink-
ing speeds over the length of the ex-
periments (4 to 24 h).

DISCUSSION

Magnitude of spring ice algal blooms

An earlier study of WAP ice ecosys-
tems qualitatively de scribed the slush
layer as dark brow-colored ice with
slush-filled gaps (Miller & Grobe
1996). Studies on WAP ice ecosystems
have either been limited to Mar-
guerite Bay (Massom et al. 2006) or
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conducted outside of our study area, farther south in
the Bellingshausen Sea (Boyd et al. 1995, Miller &
Grobe 1996, Fritsen et al. 2011). Slush layer ice algal
concentrations measured during our study were up
to 3 times greater than observed earlier in spring in
Marguerite Bay (71 mg m−3; Massom et al. 2006), but
integrated values from our study were 3 times lower
than those of Massom et al. (2006; 309 mg m−2). Dif-
ferences were likely due to our thinner (0.39−1.18 m)
dispersed ice pack compared to the rafted ice floes
up to 10−15 m thick in Massom et al. (2006). Depth-
integrated biomass at most stations in our study was
between 10 and 100 mg chl a m−2, and the majority
were in close agreement with estimates from the
spring Bellingshausen Sea ASPeCt dataset (25−
35 mg chl a m−2 in Saenz & Arrigo 2014). Our ice bio-
mass estimates are likely conservative because, sim-
ilar to the challeng ing sample collection noted by
Miller & Grobe (1996) during the ANT-XI/3 expedi-
tion, the slush was easily lost or diluted with seawater
during collection. In other Antarctic regions, obser-
vations of chl a within slush layers range from 80−
244 mg m−2 (reviewed by Arrigo & Thomas 2004),
and concentrations as high as 439 mg m−3 (Kattner et
al. 2004) have been reported. In a metadata analysis
of ice communities across the Amundsen and Bellings -
hausen Seas, Meiners et al. (2012) reported that ice
algal biomass was evenly distributed throughout the
ice core, with surface (37.1%), interior (29.8%), and
bottom habitats (33.2%) contributing almost evenly
to depth-integrated chl a. These observations agree
with our first-ever mid to late spring measurements

of sea ice algae along the LTER grid showing that
elevated chl a concentrations were contained in slush
layers throughout the sea ice.

Ice algal community physiology and composition

Elevated irradiance and frequent seawater ex -
change through porous ice are associated with hori-
zontal slush layers (Thomas et al. 1998) and support
bloom formation, as indicated by the lower POC:chl a
(Geider et al. 1997) and POC:PON ratios observed
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                            Station                  Mean sinking rate
                                                               (m d−1, ± SD)

Phytoplankton
                                 2                             0.06 ± 0.00
                                15                            0.13 ± 0.03
                                38                            −0.11 ± 0.02
                                40                            −0.10 ± 0.06
                                44                            0.00 ± 0.01
                                48                            0.03 ± 0.00

Ice algae
                                50                            0.17 ± 0.02
                                58                            0.38 ± 0.69
                                62                            0.18 ± 0.04
                                66                            0.24 ± 0.07
                                68                            0.18 ± 0.04
                                71                            0.22 ± 0.01
                                78                            0.17 ± 0.01

Table 5. Sinking rates of ice algae from the slush layer and
phytoplankton communities from near surface waters 
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Fig. 7. (A) Taxonomic composition of communities in settling
column experiments. (B) Change in relative abundance of
taxa in bottom of settling columns from even distribution (ex-
pected even distribution − observed distribution of settled
biomass): 0 would indicate there was no change from an ex-
pected even distribution. >0 indicates taxa were positively
buoyant and ascended from the bottom to the middle and top
portions of the settling column. <0 indicates taxa were nega-
tively buoyant and sank to the bottom of the settling column. 

Stn: station (see Fig. 1)
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here and by Kattner et al. (2004). In our sea ice sam-
ples, nutrient concentrations were often high, and
sometimes equal to or above expected values based
on seawater exchange throughout the sea ice. High
ice algal productivity has been observed within these
slush layers, comparable to that of phytoplankton in
other regions (Lizotte & Sullivan 1991), prompting
the terms ‘biological soup’ and ‘chemostat in ice’
(Thomas et al. 1998). We also observed the highest
values for P*m and α* in the slush layer, indicating
high maximal growth rates. Ice algae in the slush
layer must maintain large numbers of PSII reaction
centers to sustain the observed high P*m and α* with
low PSII reaction center efficiencies (Fv/Fm; Murchie
& Lawson 2013). These results suggest that slush lay-
ers provide a very favorable combination of light and
nutrients for growth relative to other ice habitats.

Despite significant differences in photosynthetic
parameters (P*m and α*) between communities living
in the slush layer and other habitats of the sea ice,
there were no consistent differences in community
composition, as Phaeocystis antarctica dominated
communities throughout the sea ice. High connectiv-
ity of porous sea ice and the motility of some phyto-
plankton, such as the flagellate stage of P. antarctica,
may explain the absence of algal zonation with re -
spect to community composition throughout sea ice
(Syvertsen & Kristiansen 1993). In previous studies, P.
antarctica has been observed in both single-cell and
colonial forms in sea ice, but it has rarely been domi-
nant (Garrison & Buck 1989, Syvertsen & Kristiansen
1993, Arrigo et al. 2003), although Arrigo et al. (2003)
observed high P. antarctica biomass in newly formed
sea ice. Haptophytes, such as P. antarctica, have
been observed at low relative abundances in infiltra-
tion and surface sea ice communities in the Weddell
Sea (Syvertsen & Kristiansen 1993) and Eastern
Antarctic region (Trevena et al. 2000) and in bottom
ice communities in the Bellingshausen Sea (Fritsen et
al. 2011). More often, pennate diatoms such as Nitz -
schia (Garrison & Buck 1989, Syvertsen & Kristiansen
1993, Thomas et al. 1998), Amphiprora (Thomas et al.
1998, Guglielmo et al. 2000), and Fragilariopsis
(Thomas et al. 1998) dominated slush layers and
other habitats in the sea ice.

The dominance of colonial P. antarctica blooms we
observed in slush layers has the potential to influence
upper trophic levels, particularly along the WAP. In
other regions of the Antarctic, swarms of juvenile
krill removed 3 to 4 cm of ice algal layers from the
slush community within 30 min (Syvertsen & Kris-
tiansen 1993), suggesting that these layers can be a
rich food source for krill. However, other field and

laboratory studies have shown that krill (Euphausia
superba) do not readily graze P. antarctica (Haber-
man et al. 2002), especially in colonial form (Haber-
man et al. 1993). Krill prefer to feed on diatoms, such
as the common ice genus Nitzschia, as suggested by
selective grazing experiments that showed higher
grazing rates on diatoms (Haberman et al. 2003). The
mucus matrix of P. antarctica may clog the feeding
apparatus of zooplankton (Schnack 1985) or prevent
ingestion (Hansen et al. 1994). Interestingly, we only
observed swarms of krill feeding in the slush layer at
the northern-most ice station (Stn 24, Expt 1), which
was one of the few ice stations dominated by dia -
toms. Massom et al. (2006) found that despite heavy
ice conditions and high ice algal biomass in slush
 layers, krill recruitment was low along the WAP,
although no phytoplankton taxonomic information
was available in that study. These findings, paired
with our anecdotal field observations, hint at the
potential roles that the physical structure of the sea
ice may play in shaping lower and upper trophic
level dynamics of the ocean ecosystem.

Ice algal and phytoplankton community responses
to simulated ice melt

Prior to simulated melt out, ice algal communities
within the sea ice were acclimated (Ek) to light levels
representative of mid to late spring MLs in the South-
ern Ocean (Smith & van Hilst 2003) and those
defined as low light conditions in our growth experi-
ments (90 µmol photon m−2 s−1). These levels of light
acclimation are similar to those measured previously
in ice algal communities near Palmer Station during
late spring (>80 µmol photon m−2 s−1; Prezelin et al.
1998). Therefore, our low light treatments simulated
the transition of ice algal communities from the sea
ice to the water column under mid to late spring ML
conditions. High light treatments simulated the tran-
sition of ice algal communities from the sea ice to the
water column under higher light conditions repre-
sentative of stratified summer ML conditions (Smith
& van Hilst 2003, Mills et al. 2010).

In contrast to ice algae, phytoplankton beneath
sea ice in our study were acclimated to much
lower light levels (17 to 47 µmol photon m−2 s−1)
prior to growth experiment incubations. Therefore,
growth experiments simulate phytoplankton transi-
tioning from a deeply mixed low light environment
beneath the sea ice to ice-free waters with a
spring ML (low light treatment) and a summer ML
(high light treatment).
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Photoacclimation of P. antarctica and diatoms

The initial phytoplankton and ice algal communi-
ties in our experiments were dominated by chain-
forming diatoms, a well-documented bloom-forming
group across the WAP (Prezelin et al. 2000, Garibotti
et al. 2003a,b) and colonial P. antarctica. These taxa
are thought to employ different adaptive strategies to
variable (Van Leeuwe & Stefels 2007, Mills et al.
2010) and stable (Moisan et al. 1998, Van Leeuwe &
Stefels 1998, Moisan & Mitchell 1999, Arrigo et al.
2010) light conditions that persist during the spring
transition period. Cullen & MacIntyre (1998) pro-
posed the terms ‘mixers’ and ‘layer-formers’ to
describe phytoplankton adapted to a variable light
field under mixing conditions and a stable light field
under stratified conditions, respectively. Field and
laboratory studies have identified P. antarctica as a
mixer based on its ability to utilize the maximum,
rather than the average, irradiance experienced in
the water column (Mills et al. 2010) and its observed
dominance in blooms that form in deeply mixed con-
ditions of the Ross Sea (Arrigo et al. 1999, 2010). Con-
versely, the diatom Fragilaropsis cylindrus was sug-
gested to be more of a layer-former, adapted to
higher and less variable light (Arrigo et al. 2010,
Mills et al. 2010).

In the 12:12 h growth experiment (Expt 1), phyto-
plankton chl a and POC-based growth rates were
higher than those of ice algae, suggesting that under
these light conditions, phytoplankton growth would
outpace ice algal growth when released from the ice
into the water column. Despite the dominance of
diatoms at T6 in the Expt 1 phytoplankton communi-
ties, P. antarctica increased and diatoms decreased in
relative abundance over the 6 d experiment, suggest-
ing that P. antarctica has a competitive advantage
over diatoms in both high and low light conditions.
Similarly, in the high and low light ice algal commu-
nities, P. antarctica increased in abundance relative
to diatoms, and in this instance, was the dominant
taxon by T6. Arrigo et al. (2010) and Mills et al. (2010)
showed that P. antarctica growth rates exceeded
those of the diatom species F. cylindrus at irradiances
<250 µmol photon m−2 s−1. These light levels are
within the range of our study, which simulates spring
(low light) and summer (high light) mixed layer
depth (MLD) scenarios. Comparison of mixed com-
munity (P. antarctica−diatoms) photoacclimation at
T6 from our study (Expt 1, 12:12 h) showed that com-
munities with higher proportions of P. antarctica had
higher maximum photosynthesis rates in high light.
This result is in agreement with others (Arrigo et al.

2010, Mills et al. 2010) showing that under high light,
P. antarctica maximizes its growth potential rather
than optimizing energy capture and utilization.

If cells capture energy faster than they can process
it, the excess energy can damage reaction centers
within the photosystem, which slows growth (Long et
al. 1994). Taxonomically mixed communities (Expt 1,
12:12 h) with a greater proportion of P. antarctica had
lower values for Fv/Fm, potentially indicative of dam-
aged photosystems. Alternatively, community differ-
ences in Fv/Fm may be a result of the different photo-
protective strategies employed by diatoms and P.
antarctica. Laboratory studies show that both P.
antarctica and diatoms employ rapid xanthophyll
cycling to dissipate excess energy as heat and protect
the reaction center from photodamage (Moisan et al.
1998, Van Leeuwe & Stefels 2007, Kropuenske et al.
2009); however, comparative studies have suggested
this is a dominant photophysiology strategy in dia -
toms, but not P. antarctica (Kropuenske et al. 2009,
Arrigo et al. 2010, Van de Poll et al. 2011). Rather, P.
antarctica invests in the slower photoacclimation
mechanism of D1 protein repair following photodam-
age (Kropuenske et al. 2009). While P. antarctica may
be more susceptible to photodamage, as suggested
by Kropuenske et al. (2009) and Mills et al. (2010), P.
antarctica increased in relative abundance in all
experiments. These results suggest that both ice-
derived and non-ice-derived P. antarctica were able
to compensate for any photodamage incurred and
have the potential to outcompete other taxa under
high and low light conditions.

Variability within P. antarctica-dominated
 communities

Our growth experiments suggest that light history
can also affect the response of ice algal or phyto-
plankton communities dominated by P. antarctica to
changes in the light environment. In Expts 2 and 3,
ice algal growth rates were higher than those of
phytoplankton, suggesting that ice algal seeding and
subsequent growth would outpace that of phyto-
plankton growth. PvE parameters indicate that
phytoplankton were initially acclimated to lower
light levels than ice algae. Our results from the
growth experiments suggested that deeply mixed
under-ice phytoplankton communities (Ek: 17 to
24 µmol photon m2 s−1) experience a 5-fold increase
in light when transitioning to a mid to late spring ML
(low light condition; 91 ± 25 µmol photon m−2 s−1). In
contrast, the light environment experienced by ice
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algal communities transitioning from sea ice to a
deeply mixed open-water environment (low light)
remains unchanged. At T6, ice algae remained accli-
mated to higher light levels, driven by their higher P*m
and growth rates than phytoplankton. Phytoplankton
employed higher photoprotective pigment to chl a
ratios (PPC:chl a) than ice algae in order to adjust to
the order of magnitude increase in their light en -
vironment. While light history affected carbon fixa-
tion and photoprotective pigment composition, it
appeared to have no effect on Fv/Fm or σPSII in either
sea ice or phytoplankton communities. Others have
noted that species composition, rather than environ-
ment, often controls the variability observed in PSII
parameters (Moore et al. 2005, 2006). Our results
suggest that light history has a lasting effect on pho-
toacclimation parameters, including carbon fixation
and pigment composition, but not on the potentially
community composition-driven PSII para meters in P.
antarctica-dominant communities.

The contrasting light environments of the ice and
water column may support the variety of P. antarc-
tica populations we observed along the coastal
WAP in spring. Gäbler-Schwarz et al. (2015) found
that within Antarctic regions, bloom-forming P.
antarctica were genetically diverse and distinctly
different across regions (e.g. Ross Sea, Antarctic
Circumpolar Current, Antarctic Peninsula). They
also found that geographically close, rather than
genetically close, isolates responded similarly to
environmental changes, further suggesting that en -
vironmental conditions of the ice or the water col-
umn in spring may influence population re sponses
post-ice melt.

P. antarctica along the WAP

Our experimental results suggest that, while colo-
nial P. antarctica communities from the sea ice and
the water column vary in their immediate responses
to changes in their light environment, they have the
potential to increase in abundance relative to other
taxa and dominate the community within a week of
acclimation. However, their success in utilizing
resources may be balanced by their rate of sinking
relative to other taxa, especially in stratified condi-
tions. We observed that, when present, P. antarctica
made up a larger fraction of the sinking community
than diatoms (neutral or positively buoyant), suggest-
ing that P. antarctica colonies have higher sinking
rates than other taxa. Others have also reported rapid
export of P. antarctica blooms (DiTullio et al. 2000)

and P. antarctica−Nitzschia ice algal aggregates
(Riebe sell et al. 1991). However, Riebesell et al.
(1991) noted that ice algae from the slush layer, rela-
tive to other ice habitats, did not form aggregates and
had lower sinking rates. Additionally, Becquevort &
Smith (2001) observed that diatoms and dinoflagel-
lates had higher sinking rates than P. antarctica. The
sinking and export rates of P. antarctica relative to
other taxa remain unclear, and may be related to
their respective metabolic activity (Waite et al. 1997)
or cell density (Peperzak et al. 2003), both of which
are beyond the scope of this study. Our data suggest
that ice algal communities have faster sinking rates
than phytoplankton communities, and that P. antarc-
tica from both the ice and the water column sink dis-
proportionately more than other taxa along the WAP.
The absolute magnitudes of sinking rates measured
in this study are likely underestimates, as indicated
by the error associated with sinking rates calculated
after <24 h (higher sinking rates) and 24 h (lower
sinking rates), as discussed by Bienfang (1981).

Studies suggest that colonial P. antarctica can be
prevalent in sea ice and is sometimes dominant, co-
occurring in late spring with diatoms in coastal sur-
face waters of the Bellingshausen Sea (Savidge et al.
1995), Gerlache Strait (Rodriguez et al. 2002, Varela
et al. 2002), and the WAP (Arrigo et al. 2017, this
study). However, dominance of P. antarctica may be
a spring phenomenon, because this dominance does
not persist into summer phytoplankton blooms re -
corded in long-term data sets along the WAP. Gari-
botti et al. (2003b) suggested that the seasonal suc-
cession of phytoplankton is tied to the timing of ice
retreat where near-shore phytoplankton blooms
associated with the ice edge are diatom-dominated.
P. antarctica is often present, but not dominant, in
these early summer communities (Rodriguez et al.
2002, Varela et al. 2002, Garibotti et al. 2003b, Annett
et al. 2010). Observations of higher P. antarctica
 concentrations are generally limited to near-shore
regions such as Marguerite Bay (Garibotti et al.
2003b, Kozlowski et al. 2011) or Bransfield Strait
(Trimborn et al. 2015). Following the diatom bloom,
Garibotti et al. (2003b, 2005) suggested that commu-
nities shift to dominance by small unidentified flagel-
lates and then by cryptophytes.

Elevated irradiance along the WAP in summer
could explain the shift from either mixed or P. antarc-
tica-dominated communities in spring to observed
diatom dominance in summer (Garibotti et al. 2003b,
2005). Culture studies show that the diatom F. cylin-
drus has a competitive advantage when grown under
irradiances corresponding to a 7 m MLD (Mills et al.
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2010), irradiances generally greater than those in our
study. In spring, deep MLDs (60 m) at Palmer Station
(Ducklow et al. 2012) and across the WAP create low
light conditions and are potentially conducive to
higher P. antarctica abundance, as observed in
northern Marguerite Bay (Rozema et al. 2017) and
the WAP (Arrigo et al. 2017), but not further north at
Palmer Station (Schofield et al. 2017). Typically in
coastal waters (<50 km from shore) in mid-Decem-
ber, the water column abruptly shifts from unstable
to stratified (MLD of 10 to 15 m) conditions, creating
a high and stable light environment, which poten-
tially favors the diatom-dominated blooms seen by
Ro zema et al. (2017) and observed in summer strati-
fied conditions (Garibotti et al. 2003b, Garibotti et al.
2005, Annett et al. 2010, Ducklow et al. 2012). The
onset of stratification and, consequently, the poten-
tial for nutrient limitation and photoinhibition, make
sinking losses a more important component of total
loss processes for phytoplankton populations (Cullen
& MacIntyre 1998). The combination of the lower
growth rate of P. antarctica at high irradiance (Mills
et al. 2010) and higher sinking rates than diatoms
(this study) may explain the nearly ubiquitous
absence of P. antarctica dominance along the coastal
WAP in summer phytoplankton blooms. In contrast to
highly stratified coastal waters, mid and outer conti-
nental shelf and offshore waters have deeper MLs
(Prezelin et al. 2000, Martinson et al. 2008, Vernet et
al. 2008) Recent studies have observed that P. antarc-
tica can comprise ≥50% of the phytoplankton com-
munity in offshore waters in spring (Arrigo et al.
2017) and that these high relative abundances can
persist into summer (Kozlowksi et al. 2011, Trimborn
et al. 2015).

The combination of field survey and experimental
results suggest that sea ice is a potential source of
P. antarctica to the water column, and that these
 ice-derived P. antarctica are viable under light con-
ditions phytoplankton would experience from late
spring through summer. A complementary study
(Arrigo et al. 2017) found that P. antarctica distribu-
tions in the phytoplankton were positively corre-
lated with ice cover, further suggesting that the P.
antarctica blooms in sea ice may seed the water
column. The ability of P. antarctica to grow faster at
low light levels (Kropuenske et al. 2009) and
increase in abundance relative to other taxa (this
study), may allow it to maintain its dominance
through the ice-covered spring season, contributing
to moderate spring phytoplankton blooms in vari-
able sea ice cover (Arrigo et al. 2017). Potential
coupling be tween the sea ice and ocean communi-

ties along the WAP has been suggested by similar
qualitative observations by Massom et al. (2006),
who described large-scale intra-ice pack spring
phytoplankton blooms associated with high biomass
slush layers in the sea ice.

CONCLUSIONS

The WAP sea ice experiences enhanced and
widespread surface flooding during late spring,
leading to pronounced slush ice algal communities
that are dominated by the bloom-forming colonial
haptophyte P. antarctica. During spring, the ice
algal and phytoplankton communities are highly
interconnected, as suggested by their taxonomic
composition. Our ship-board experiments suggest
that ice algae, especially P. antarctica, from slush
layers can contribute to phytoplankton communities
during sea ice melt. This ice−ocean coupling along
the WAP is likely driven by high rates of flooding
and seawater exchange in spring. Sea ice and
water column populations of P. antarctica may give
this taxon a unique advantage for dominance by
having multiple seed populations adapted to differ-
ent light regimes. However, this contribution may
be limited due to P. antarctica’s enhanced sinking
potential relative to other taxa. Ice algal biomass
location (slush, surface, interior, or bottom layer),
taxonomic composition, and its role in seeding
phytoplankton blooms may have broader conse-
quences for upper trophic levels. Furthermore, as
the WAP experiences continued warming, the role
sea ice plays in controlling light availability and
stratification may alter the structure of phytoplank-
ton blooms, particularly for P. antarctica.
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Fig. A1. Evaluation of methods to calculate relative abundance of Phaeocystis antarctica in ice algal communities. (A) Predicted
versus observed P. antarctica cells in FlowCam test data set (y = 1.07x +1.41, R2 = 0.91, p < 0.001). (B) Agreement between rela-
tive abundance estimates from FlowCam analysis and CHEMTAX analysis for P. antarctica (black circles, outliers in gray; 

y =1.16x − 0.02, R2 = 0.69)

Fig. A2. Relationship between different proxies for biomass in sea ice (mg m−2): (A) particulate organic carbon (POC) versus 
particulate organic nitrogen (PON) and (B) POC versus chl a

Appendix. Additional data for the evaluation of HPLC and FlowCam methods in assessing community composition of ice
algal communities
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                                                                                            Algal pigments
                                        Per             19-But             Fuco           19-Hex           Chl c3             Allo              Viola             Chl b

Initial                                                                                                                                                                                           
Prasinophytes                 0.00               0.00               0.00               0.00               0.00               0.00               0.03               0.72
Dinoflagellates               0.69               0.00               0.00               0.00               0.00               0.00               0.00               0.00
Cryptophytes                 0.00               0.00               0.00               0.00               0.00               0.31               0.00               0.00
Haptophytes 1               0.00               0.05               0.23               0.65               0.10               0.00               0.00               0.00
Pelagophytes                 0.00               0.20               0.15               0.25               0.10               0.00               0.00               0.00
Diatoms                          0.00               0.00               0.56               0.00               0.00               0.00               0.00               0.00

Final (non-slush)a                                                                                                                                                 
Prasinophytes                 0.00               0.00               0.00               0.00               0.00               0.00               0.03               0.72
Dinoflagellates               0.69               0.00               0.00               0.00               0.00               0.00               0.00               0.00
Cryptophytes                 0.00               0.00               0.00               0.00               0.00               0.31               0.00               0.00
Haptophytes 1               0.00               0.01               0.24               0.53               0.18               0.00               0.00               0.00
Pelagophytes                 0.00               0.20               0.15               0.25               0.03               0.00               0.00               0.00
Diatoms                          0.00               0.00               0.68               0.00               0.00               0.00               0.00               0.00

Final (slush)b                                                                                                                                                         
Prasinophytes                 0.00               0.00               0.00               0.00               0.00               0.00               0.03               0.72
Dinoflagellates               0.69               0.00               0.00               0.00               0.00               0.00               0.00               0.00
Cryptophytes                 0.00               0.00               0.00               0.00               0.00               0.31               0.00               0.00
Haptophytes 1               0.00               0.01               0.23               0.52               0.18               0.00               0.00               0.00
Pelagophytes                 0.00               0.20               0.15               0.25               0.14               0.00               0.00               0.00
Diatoms                          0.00               0.00               0.65               0.00               0.00               0.00               0.00               0.00

aRMS error = 0.051
bRMS error = 0.103

Table A1. Initial and final pigment ratios for CHEMTAX-HPLC analysis of ice algal communities in slush and non-slush layers.
Per: peridinin, 19-But: 19-butanoyloxyfucoxanthin, 19-Hex: 19-hexanoyloxyfucoxanthin, Fuco: fucoxanthin, Allo: alloxanthin, 

Viola: violaxanthin
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