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A paradox is commonly observed in productive sea ice in which an accumulation in the macro-nutrients nitrate
and phosphate coincides with an accumulation of autotrophic biomass. This paradox requires a new conceptual
understanding of the biogeochemical processes operating in sea ice. In this study, we investigate this paradox
using three time series in Antarctic landfast sea ice, in which massive algal blooms are reported (with
particulate organic carbon concentrations up to 2,600 pumol L™") and bulk nutrient concentrations exceed
seawater values up to 3 times for nitrate and up to 19 times for phosphate. High-resolution sampling of
the bottom 10 cm of the cores shows that high biomass concentrations coexist with high concentrations of
nutrients at the subcentimeter scale. Applying a nutrient-phytoplankton-zooplankton-detritus model
approach to this sea-ice system, we propose the presence of a microbial biofilm as a working hypothesis to
resolve this paradox. By creating microenvironments with distinct biogeochemical dynamics, as well as
favoring nutrient adsorption onto embedded decaying organic matter, a biofilm allows the accumulation of
remineralization products (nutrients) in proximity to the sympagic (ice-associated) community. In addition to
modifying the intrinsic physicochemical properties of the sea ice and providing a substrate for sympagic
community attachment, the biofilm is suggested to play a key role in the flux of matter and energy in this

environment,
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1. Introduction

Sea ice plays a significant role in biogeochemical cycles,
providing an active biogeochemical interface at the
ocean-atmosphere boundary (Vancoppenolle et al.,
2013). Permeated by a network of channels, pores, and
intracrystalline inclusions, sea ice and its brine-filled
spaces are colonized by a sympagic (ice-associated) com-
munity that is both taxonomically diverse and metaboli-
cally active (Thomas and Dieckmann, 2002). This sympagic
community is thought to play a significant role in structur-
ing the biogeochemical dynamics and food webs of polar
oceans (e.g., Lannuzel et al., 2020, and references therein).
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Sympagic microbial adaptations involve changes in intra-
cellular processes, but also in extracellular controls. In par-
ticular, microbially secreted extracellular polymeric
substances (EPS) have been shown to modify the function-
ing of the microbial community and the physicochemical
properties of the ice, including on the microscale (Krembs
et al., 2002; Krembs et al., 2011; Meiners et al., 2003;
Meiners et al., 2004; Meiners et al., 2008; Krembs and
Deming, 2008; Underwood et al., 2010; Ewert and Deming,
2013). Bacterial communities in sea ice also appear to be
much more productive than their pelagic counterparts and
taxonomically and functionally distinct from them (Kaarto-
kallio et al., 2013; Bowman, 2015). Traditionally, sea-ice
biogeochemical studies have been based on methods and
concepts inherited from planktonic research. However, in
terms of organism distribution, fluid (and nutrients) trans-
port, and predator—prey interactions, a seawater model is
perhaps less useful for conceptualizing the sympagic com-
munity than models developed for porous substrates such
as soils or sediments (Krembs et al., 2000).

Our present-day understanding of nutrient dynamics in
sea ice is suffering from this interpretation bias. Nutrients
are considered to behave like major dissolved sea salts:
homogeneously distributed across the brine network (con-
servative with salinity), transported with brine motion,
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Figure 1. Representation of nitrogen dynamics in sea ice under the current paradigm and biofilm-included nutrient-
phytoplankton-zooplankton-detritus (NPZD) model. The current paradigm (A) of nutrient dynamics in the brine
network, with inorganic nutrients (represented by inorganic nitrogen) located in the brine network where nitrate
can be assimilated (Assim.), particulate organic nitrogen (PON) can be remineralized (Rem.) and ammonium can be
assimilated or nitrified (Nitr.). The schematic NPZD model on the right has four different nitrogen pools: dissolved
inorganic nitrogen (DIN, where DIN = NO3~ + NO,~ + NH4*; nutrient pool in the model), PONp = phytoplankton,
PON; = zooplankton, and PONp = detritus. Arrows represent the fluxes between the different pools (e.g., growth,
grazing, mortality). The model includes DIN exchange with the underlying seawater through brine movement and/or
diffusion. The new paradigm (B) includes a biofilm that allows for gradients between autotroph-dominated
(assimilating) and heterotroph-dominated (remineralizing) communities, as well as nutrient adsorption (Ads.) on
EPS and decaying organic matter. Remineralization and nitrification can also take place in brine pockets that are
isolated due to clogging of the brine network by the biofilm. In the schematic biofilm-NPZD model, the nutrient pool
is split into DIN in brine (DINyne) and DIN in biofilm (DINy;ofim). Zigzag arrows are for diffusion between the biofilm
and the surrounding brines. Brine convection represents mixing between brines and the underlying seawater (e.g.,
brine convection, brine pumping, other interface processes). Color gradients in fillings suggest relative intensity/

concentration. DOI: https://doi.org/10.1525/elementa.2020.00134.f1

and exchanged with seawater in permeable sea ice (Figure
1A). In addition, their dynamic is thought to be driven by
microbially mediated consumption and assimilation into
biomass and by production sustained by nutrient supply
from remineralization (Fripiat et al., 2017). Most of the
sea-ice biogeochemical models are in line with this para-
digm (Vancoppenolle and Tedesco, 2017), with the simple
expression being represented by the NPZD model in
Figure 1A (with N for nutrients, P for phytoplankton,
Z for zooplankton, and D for detritus). However, this par-
adigm cannot satisfactorily explain many observations in
productive sea ice (Arrigo et al., 1995; Riaux-Gobin et al.,
2005; Cozzi, 2008; Becquevort et al., 2009; Riaux-Gobin et
al,, 2013; Lannuzel et al., 2014; Miller et al., 2015; Fripiat
et al., 2017), in which high biomass concentrations often
coexist with very high concentrations of inorganic

nutrients (hereafter referred to as the “sea-ice nutrient
paradox”).

In this study, we examine data obtained from three time
series in Antarctic landfast sea ice and discuss the presence
of a microbial biofilm in sea ice as a working hypothesis for
the sea-ice nutrient paradox (Figure 1B). We follow the
International Union of Pure & Applied Chemistry terminol-
ogy for biofilm (Vert et al,, 2012; Flemming et al., 2016),
defined as an aggregate of microorganisms in which cells
that are frequently embedded within a self-produced
matrix of EPS adhere to each other and/or to a surface. The
proposed sea-ice biofilm maintains decaying products in
proximity to the sympagic community and favors nutrient
adsorption onto decaying organic matter. As already sug-
gested by Krembs and Deming (2008), it also creates che-
mical gradients which in turn allow the formation of
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Figure 2. Location of the three sampling sites of Antarctic landfast sea ice. (A). YROSIAE station (2011-2012), Cape
Evans, McMurdo Sound, Ross Sea. (B) Davis Station (2015), Abatus Bay, Prydz Bay. (C) DDU station (2011) near Dumont
d'Urville, Terre Adélie. We acknowledge the use of imagery from the NASA Worldwide application (https://worldview.
earthdata.nasa.gov), part of the NASA Earth Observing System Data and Information System (EOSDIS): November 29,
2012, for YROSIAE, November 2, 2015, for DAVIS, and October 18, 2011, for DDU. DOL: https://doi.org/10.1525/

elementa.2020.00134.f2

contrasted biogeochemical environments at the microscale.
The biofilm is therefore suggested to play a key role in
nutrient mobility and availability in productive sea-ice
environments.

2. Material and methods

2.1. Location of the study sites

New data sets sampled during the Year Round survey of
Ocean-Sea Ice-Atmosphere Exchanges (YROSIAE) cam-
paign at Cape Evans and a field campaign at Davis Station
were combined with published data (Fripiat et al., 2015)
from a time series in the vicinity of Dumont d'Urville
(hereafter referred to as DDU; Figure 2). The YROSIAE
sampling was carried out nearby the New Zealand perma-
nent Antarctic research station Scott Base, located in
McMurdo Sound (Ross Sea). The field campaign consisted
of a first leg (November 28 to December 8, 2011, hereafter
referred to as YROSIAE-1) and continued during the next
spring for the second leg (September 19 to November 30,
2012, hereafter referred to as YROSIAE-2). Ice cores and
underlying seawater were collected on 12 occasions about
1 km off Cape Evans (77° 38’ S, 166° 23’ E). Sampling was
also carried out at Abatus Bay (68° 34’ 36" S, 77° 58’ 03"
E), approximately 2 km north of the Australian research
station Davis Station, located in Prydz Bay. Ice cores and
underlying seawater were sampled on six occasions in
spring between October 27 and December 11, 2015.

Sampling at Dumont d'Urville was carried out close to the
French research station at Terre Adélie, west of the Géo-
logie Archipelago (66° 39’ 55" S, 139° 59’ 32" E) from
June 30 to November 24, 2011. Ice cores and underlying
seawater were collected on nine occasions. Sampling at
DDU was done for particulate organic nitrogen (PON),
dissolved organic nitrogen (DON), and dissolved inorganic
nitrogen (i.e., the sum of nitrate, NO5~, nitrite, NO,~, and
ammonium, NH,4*). Full details on sampling and sample
processing at DDU can be found in Fripiat et al. (2015).

2.2. Field sampling procedure
Ice cores were collected at regular time intervals in
a selected area of approximately 10 x 10 m for each
sampling occasion, adjacent to the site of the preceding
sampling. These sampling zones were kept close to each
other to minimize the potential for spatial variability.
Although the ice was of uniform consolidation, we
acknowledge that a time series such as conducted here
may be affected by spatial variability, the impact of which
could not be fully assessed when discussing the temporal
evolution of the biogeochemical processes. Accordingly,
only large variations of biomass and nutrients are dis-
cussed, such as the one associated with the growth and
decay of the bottom sea-ice algal bloom.

Cores were collected using an electropolished stainless-
steel ice corer (14 cm internal diameter; hereafter referred
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as ID) for YROSIAE and DDU, and a KOVACS corer (14 cm
ID, Roseburg, OR, USA) for Davis. In situ ice temperature
was measured directly on one dedicated core at 5-cm
intervals along the core using a temperature probe (TES-
TO® 720, Lenzkirch, Germany). Ice textures were deter-
mined on thin sections (600-700 pm) installed on
a light table equipped with cross-polarized sheets. Textural
types were identified based on visual observation of the
size, shape, and orientation of the ice crystals according to
the literature (Eicken et al., 1991; Tison et al., 1998).

For YROSIAE, a core for salinity and biogeochemical
parameters (nutrients and biomass) was collected, stored
directly horizontally at —20 °C to avoid brine drainage,
and processed the same day in the shore-based laboratory.
The cores were cut lengthwise, with one half used for
determining NO3~, NO,~, NH, ", phosphate (PO,*"), partic-
ulate organic carbon (POC), and PON concentrations, and
the other half for silicic acid (Si(OH),4), biogenic silica
(bSi0,), and lithogenic silica (LSi) concentrations. For each
core, five ice slices (of 10-cm length at the ice-core bottom
but >10 cm higher up in the core, depending on the ice
thickness) were cut with a band saw and melted the same
day at room temperature in the dark. The samples were
filtered immediately through precombusted GF/F filters
(0.7 um porosity; Whatman, Little Chalfont, United King-
dom) or polycarbonate membranes (0.4 um porosity; Nu-
clepore Agar Scientific, Stansted, United Kingdom), with
the latter only for bSiO, and LSi analysis. The GF/F filters
were stored at —20 °C for POC and PON measurements.
The polycarbonate membranes were dried overnight at 50
°C and stored in the dark at ambient temperature. The
filtrate was stored either in 60-ml acid-washed, pre-
rinsed polyethylene bottles at —20 °C for nutrients or in
60- to 250-ml acid-washed, prerinsed polypropylene bot-
tles at ambient temperature in the dark for Si(OH),. For
each sample, a subsample was taken for salinity measure-
ments (Thermo Fisher Scientific Inc. WP-84TP, Waltham,
MA, USA). The bottom ice sections during YROSIAE were
melted sequentially at ambient temperature in the dark
(four sequential fractions per ice block; Fripiat et al.,
2007), which enabled us to separate the different phases
(brine vs. pure ice) by their melting point. This method
relies on the fact that the brine drains faster than the pure
ice crystal matrix melts. Therefore, the interconnected
brines drain first, while less saline fractions, as the pure ice
melts, are collected at the end. Bulk properties were com-
puted using the weighted averages of the four sequential
fractions. For clarity, the discussion is focused primarily on
these bulk properties rather than the sequential fractions.
The sequential fractions are used when addressing the
potential bias induced by osmotic shock during ice sample
melting (Text S1; Figure S1).

At Davis station, the ice core for salinity and biogeo-
chemical measurements was sectioned directly after cor-
ing and pieces were stored in the dark in acid-cleaned
plastic containers for transportation to the station-based
laboratory. The samples were left to melt in the dark at
room temperature, and salinity was measured after com-
plete melting (Thermo Fisher Scientific Inc. 125A Plus).
Subsamples for nutrients (NO3~, NO,~, NH4", PO,
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Si(OH),4) were filtered using prerinsed syringe filters (0.2
pm porosity; Pall Acrodisc, Port Washington, NY, USA) and
stored in acid-washed, prerinsed 60-ml polypropylene bot-
tles at —20 °C. The remaining volume was filtered imme-
diately through precombusted GF/F filters (0.7 pm
porosity, Whatman) for POC and PON analysis. Filters were
dried overnight at 50 °C and stored at room temperature.
The bottom 10-cm portion of the sea ice was sectioned at
high resolution for two cores from the YROSIAE campaign
(stations 9 and 10) and two cores sampled during the cam-
paign at Davis Station (stations 2 and 5). These cores were
stored at —30 °C in the dark at the home-based laboratory
(Université libre de Bruxelles) before further processing.
The bottom 10 cm were then cut in 1-cm sections and
processed and analyzed following the same methods and
protocols as described above for each sampling location.

2.3. Analytical methods

Measurements used as proxies for biomass (POC, PON, and
bSiO,) were completed at the home-based laboratory
(Vrije Universiteit Brussel, Belgium). For POC and PON
analysis, filters were placed overnight in acid (hydrochloric
acid) fumes to remove carbonates. Filters were packed
carefully in precombusted (24 h at 450 °C) silver cups
suited for the autosampler. Carbon and nitrogen content
were analyzed using an elemental analyzer (EA, Eurovec-
tor, Pavia, Italy) coupled to an isotope ratio mass spec-
trometer (IRMS, Delta V, Thermo Fisher Scientific Inc,;
Roukaerts et al., 2016). Analysis for bSiO, and LSi followed
Ragueneau et al. (2005), where polycarbonate membranes
were submitted to a series (n = 3) of wet-alkaline diges-
tions with 4 ml of 0.2 mol L' NaOH solution (pH 13.3) at
100 °C for 40 min. Following this step, another wet-acid
digestion was performed with 0.2 ml of 2.9 M HF, allowing
to react for 3 days. During the first digestion, most of the
bSiO, is dissolved together with a fraction of the LSi.
During the second digestion, the remaining bSiO, is dis-
solved still with a fraction of LSi. The third digestion is
dedicated to measuring the Si:Al ratio of LSi to correct for
the contribution of LSi in the two previous digestions. The
fourth digestion is to dissolve LSi completely. Both Si and
Al were measured using a sector-field ICP-MS (Element2,
Thermo Fisher Scientific Inc.) as described in Fripiat et al.
(2012).

Nutrient concentrations (NO5~, NO,~, PO4*", NH, ,
Si(OH)4) were measured via colorimetry at the home-
based laboratory (Vrije Universiteit Brussel, Belgium)
using a continuous segmented flow auto-analyzer QUAA-
tro39 (Seal Analytical, Southampton, United Kingdom).
The salinity of the standard solutions was adjusted to 6
for sea-ice samples. Regarding the YROSIAE samples,
Si(OH)4 measurements were performed on samples stored
both frozen and at ambient temperature. There have been
some concerns in the community that Si(OH), poly-
merizes in frozen samples, inducing a bias when working
with frozen samples (Zhang and Ortner, 1998); indeed, our
comparison between frozen and ambient storage supports
that 18 + 11% of Si(OH), was polymerized in the frozen
samples. For nutrient concentrations only, a salinity nor-
malization was applied, based on seawater and sea-ice
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Figure 3. Seasonal evolution of biomass and nitrate in Antarctic landfast sea ice at Cape Evans. Vertical distribution of (A)
bulk particulate organic carbon (umol L") and (B) bulk nitrate (NO5~, pumol L") versus time in day of year at Cape Evans
(YROSIAE). White dots are data points from field sampling. DOI: https://doi.org/10.1525/elementa.2020.00134.f3

bulk salinity, to allow an easy comparison of concentra-
tions between sea ice and underlying seawater (Fripiat et
al,, 2017).

3. Results

3.1. Physical parameters

The sea-ice thickness at Cape Evans (YROSIAE) was 151 cm
in late winter (September 19, YROSIAE-2) and gradually
increased during early spring. A maximal thickness of
173 cm was reached on November 7, with ice thickness
then remaining relatively constant until the end of the
YROSIAE-2 sampling period (November 30; Figure 3). The
three stations that were sampled during YROSIAE-1 had
a smaller ice thickness of 154 cm. Ice textures were a com-
bination of more granular/columnar ice at the top, a sec-
tion of columnar ice in the center, and consolidated
platelet/columnar ice in the lower parts (Carnat et al.,
2014). Snow cover was low for all stations (<4 cm). Ice
thickness at Davis Station was constant, around 158 cm,
during the sampling period and consisted of mostly gran-
ular ice at the top and columnar ice in the interior and
bottom of the ice (Lim et al., 2019). Snow cover was
variable (5-25 cm). Ice thickness at Dumont d'Urville was
around 70 cm in June and gradually increased to 154 cm
at the end of November. The ice texture consisted of
granular ice near the surface, a large section of columnar
ice in the center, and consolidated platelet ice at the
bottom (Fripiat et al., 2015). Snow cover was variable
(0—40 cm). For all three locations, a transition was

observed in the temperature profiles, with strong gradi-
ents from -2 °C at the ice-seawater interface to much
lower values at the surface (down to —20 °C) at the
beginning of the sampling period to nearly isothermal
profiles at the end. Coinciding with the change in tem-
perature was a decrease in sea-ice bulk salinities (Carnat
et al., 2014; Fripiat et al.,, 2015; Lim et al., 2019; Van der
Linden et al., 2020).

3.2. Biogeochemical parameters

The distribution of biomass in the sea ice is similar for the
three locations, as represented by POC at YROSIAE (Figure
3A). Biomass was low in the surface and interior of the ice,
and most of the biomass in spring was concentrated at the
ice bottom. Focusing on the bottom ice section (10 cm) at
the ice-seawater interface, the results for POC, PON, and
bSiO, (shown in Figure 4; data in Table S1) are similar
between the different time series. For YROSIAE-2 and
DDU, POC concentrations increased rapidly during the
growth season (September—November), reaching 2,600
and 1,000 umol L', respectively. A similar trend was re-
ported for PON concentrations (reaching 260 and 160
pmol L™, respectively). Although not completely propor-
tional to POC and PON, bSiO, concentrations in the bot-
tom section also increased to 920 pmol L™ during the
growth season (YROSIAE-2). A sharp decrease was
observed for the last two stations of YROSIAE-2, which
was not clear for POC and PON. Late spring samples for
YROSIAE collected in the preceding year (YROSIAE-1) had
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Figure 4. Seasonal evolution of biogeochemical parameters in Antarctic bottom landfast sea ice for three time series.
Parameter concentrations in the bottom 10-cm ice section, plotted against day of year on the x-axis for sampling sites
YROSIAE-1 (solid blue-green squares), YROSIAE-2 (open blue-green squares), DDU (solid purple circles), and DAVIS
(solid orange triangles). Bulk concentrations of (A) particulate organic carbon (umol L"), (B) particulate organic
nitrogen (umol L™'), (C) biogenic silica (umol L™"), (D) phosphate (PO4*", umol L"), (E) nitrate (NO5~, umol L)
with insert ammonium (umol L"), and (F) silicate (Si(OH)4, pmol L™"). Black dashed lines represent underlying
seawater values for the primary nutrients PO4*>", NO5~, and Si(OH),, referenced as the nutrients that are abundant
in seawater and end products of remineralization/dissolution. DOI: https://doi.org/10.1525/elementa.2020.00134.f4

lower and relatively constant biomass at the bottom. At
DDU, biomass decreased continuously toward the end of
the sampling period. Sampling at Davis started when bio-
mass was already elevated and large variations are re-
ported between sampling days (between 460 and 1,300
pumol L™ for POC, and 63 and 180 umol L' for PON),
possibly due to spatial variability.

At YROSIAE and DDU, nitrate and phosphate concen-
trations followed the accumulation of biomass (Figures 3
and 4; data in Table S1), with salinity-normalized concen-
trations early in the season close to seawater values (i.e.,
30 pmol L™ and 2 pmol L™' for nitrate and phosphate,
respectively; see Figure S2 for salinity-normalized nutrient
concentrations in the bottom ice sections). At the peak of
the bloom, bulk and salinity-normalized concentrations
largely exceeded seawater concentrations. After the peak
of the bloom, bulk NO5;~ and PO,*>" concentrations
decreased sharply. This sharp decrease coincides with the
opening of the brine network through the full thickness of
the ice, following the increase in surface temperature and
leading to episodic full-depth convection within the sea
ice. High and variable NO3~ concentrations were reported
at Davis, with lower and more stable PO,>~ concentrations.
However, bulk and salinity-normalized PO,* concentra-
tions at Davis (up to 4.3 pmol L™" and 21 umol L™, respec-
tively) were still exceeding seawater value. Nitrite
concentrations in bottom ice represented less than 5%
of the NO3~ + NO,™ concentrations (median contribution
= 0.8%) and, therefore, are not discussed further in this
article. Bulk NH," concentrations ranged between 0.8

pumol L™" and 27 pmol L', following the seasonal trend
that was observed for NO5~, PO,>", and biomass.

Si(OH), concentrations did not accumulate as strongly
as observed for NO;~ and PO,>", with a maximum bulk
concentration of 34 pmol L™" at the peak of the bloom
(YROSIAE-2; Figure 4), corresponding to a salinity-
normalized concentration of 130 pumol L™". Except for
some sporadic small accumulations, no seasonal increase
or decrease in Si(OH), concentrations was detected, unlike
the NO5~ and PO,>~ accumulations discussed above. There
is one outlier during YROSIAE-1, after the algal bloom,
with a bulk Si(OH), concentration of 57 umol L' and
salinity-normalized Si(OH), concentration of 480 umol
L™', up to 6-fold the seawater concentration (84 umol L™").

High-resolution profiles of nutrients and biomass for
the bottom 10 cm of sea ice are presented in Figure 5.
Intense vertical gradients are reported with most of the
biomass accumulation being observed in the lower 3 cm
of the ice, close to the ice-water interface, with POC con-
centrations reaching 25,000 pmol C L™". POC and PON
concentrations progressively decreased higher in the ice,
reaching a low of 67 umol C L', with a sharper decline
with increasing distance from the ice-seawater interface at
Davis compared to YROSIAE. One core at Davis presented
a maximum in biomass at 3 cm above the interface. This
maximum was also visible as a green/brown layer in the
core (Figure S3). As observed for the time series described
above, the accumulation of biomass coincided with the
accumulation of NO5~ and PO,*", with bulk concentra-
tions up to 190 and 120 pmol L' near the ice-water
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Figure 5. High resolution profiles of biogeochemical parameters in the bottom 10 cm of landfast sea ice. Two ice cores
sampled during the YROSIAE campaign and two ice cores from Davis Station were sectioned in 1-cm slices at the
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interface, respectively. Higher in the ice, NO;~ and PO4*
decreased rapidly to near exhaustion at approximately 5
cm above the interface. Ammonium (NH4") followed
a similar trend with concentrations ranging between 10
and 40 pmol L™" in the lower 3 cm and decreasing toward
5 umol L™" higher in the ice. These high-resolution profiles
are in line with those previously obtained in Arctic land-
fast sea ice (Smith et al., 1990), where bulk NO5;~ and
PO, concentrations reached 400 and 70 pmol L™,
respectively, near the ice-water interface. The results from
these high-resolution profiles further support the tight
coupling between nutrients and biomass.

4. Discussion

4.1. Biogeochemical dynamics in Antarctic bottom
landfast ice

During the growth season, high biomass was observed at
the three landfast ice sampling sites. Both YROSIAE and
DDU data sets show a large seasonal increase in biomass
in the bottom 10 cm of the cores, with the accumulation
at DDU starting roughly 1 month earlier than at YROSIAE
(Figures 3 and 4). The difference in latitude between the

two locations, and consequent difference in seasonal irra-
diance, allowed for an earlier start of autotrophic growth
at DDU. Another aspect is the much lower snow thick-
nesses at YROSIAE (<4 cm) compared to both DDU and
Davis (<40 cm). Thinner snow allows for more light to
penetrate through the ice cover (Mundy et al., 2005; Leu
et al,, 2015; Meiners et al., 2018) and, therefore, may also
help to explain the larger accumulation of biomass at
YROSIAE (Figure 4). The rapid decrease of biomass in late
spring may be linked to either a loss of habitat through
bottom ablation or a deterioration in environmental con-
ditions (e.g., light, nutrients, and mortality). The seasonal
increase in biomass at the bottom of sea ice agrees with
the evolution in dissolved inorganic carbon (DIC) and
molecular oxygen (O,) at YROSIAE (Figure S4). It is indic-
ative of a net autotrophic system with consumption of DIC
and production of O, during the growth season (Septem-
ber—November) and a net heterotrophic system with pro-
duction of DIC and consumption of O, in late spring (Van
der Linden et al., 2020).

Inorganic nutrients are essential to ice algal growth,
but the nutrient stock in early spring is insufficient to
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support the observed biomass accumulation later in the
season. Hence, additional nutrients must be supplied via
convection and/or diffusion from the underlying seawater
in order to support the biomass accumulation that is
observed (Cota et al., 1987; Fripiat et al., 2014a; Fripiat
et al., 2015). Coinciding with the seasonal peak in bio-
mass, a strong accumulation in NO;~ and PO,*" was
observed in the bottom ice layer (Figures 3 and 4). This
large accumulation is common in bottom landfast sea ice
(Smith et al., 1990; Arrigo et al., 1995; Gunther and Dieck-
mann, 1999; Thomas and Dieckmann, 2002; Cozzi, 2008;
van der Merwe et al., 2011; Riaux-Gobin et al., 2013; Lan-
nuzel et al., 2014; Fripiat et al., 2015) and in pack ice
(Fripiat et al.,, 2017, and references therein). High nutrient
concentrations in sea ice are considered to result from
heterotrophic bacterial activity or from excretion by meta-
zoan grazers (Gradinger and lkavalko, 1998; Fripiat et al.,
2015). The release of internal nutrient pools due to cell
lysis can also cause an increase in nutrient concentrations.
This release can be the result of sloppy feeding by zoo-
plankton, viral lysis, or osmotic shock during sampling.
Cell lysis due to an osmotic shock from sampling was
avoided in our study by applying a sequential melting
procedure for the YROSIAE bottom samples (Text S1).

In general, a combination of factors is assumed to be
responsible for the occurrence of these accumulations in
nutrients, but their mere occurrence requires that the
production of nutrients exceeds consumption. Conven-
tional explanations are insufficient to explain a continu-
ously increasing nutrient concentration while biomass is
still increasing. Intuitively, one would expect an inverse
coupling as ice algae consume nutrients to sustain their
growth. The absence of inverse coupling leads us to con-
clude that there is a “nutrient paradox” in the biogeo-
chemical observations of Antarctic bottom fast ice
reported here that cannot be explained adequately within
the current nutrient paradigm (Figure 1A).

4.2, Solving the nutrient paradox

To gain insight into the interactions at play, we implemen-
ted a conceptual NPZD model (see Supplemental Materi-
als for model description and sensitivity: Text S2, Table S2).
The aim of the model is not to create a digital twin of the
sea-ice environment but to explore which mechanisms
and processes are required to explain the observations.
The model is based on nitrogen, for which both organic
and inorganic concentrations were measured in the field.
We focused on the time series at Cape Evans (YROSIAE) as
this study had the most complete data set. As DON was
not measured at YROSIAE, total organic nitrogen content
(TON = DON + PON) could not be calculated. DON data
from DDU accounted on average for one half of the TON
(Fripiat et al., 2015), which suggests that the concentra-
tion of TON at YRSOSIAE was likely even higher than
observed solely based on PON concentrations. Field ob-
servations for PON correspond to the combination of all
organic nitrogen pools (P, Z, D) in the model, while dis-
solved inorganic nitrogen (DIN = NO3™ + NO,~ + NH,")
corresponds to the nutrient pool (N) in the model. Bulk
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Figure 6. Seasonal evolution of the observations compared
to two conceptual nutrient-phytoplankton-zooplankton-
detritus (NPZD) models, classical and biofilm-based.
Observations (A) and two conceptual models (B, C) for
biomass and nutrients in landfast sea ice. (A)
Observations from the YROSIAE campaign for particulate
organic nitrogen (PON) and dissolved inorganic nitrogen
(DIN = NO3~ + NO, + NH,4*) follow a similar seasonal
trend with increasing bulk concentrations as irradiance
increases. (B) NPZD model output for the current
(classical) paradigm (Figure 1A) cannot reproduce
observations because DIN-modeled concentrations
decrease from low to negligible values during the bloom
period. (C) By implementing the NPZD model with
a spatial decoupling for the N-pool at the microscale due
to the biofilm (Figure 1B), both PON and total DIN
concentrations in the bottom section can increase as
observed during the field sampling. In (B) and (C), the
sensitivity to exchange between brine and seawater
(blue) and to exchange between brine and water in the
biofilm (orange) is shown with the envelopes, that is, by
increasing and decreasing the mixing coefficients (i.e.,
Kmixing and Kgfr, respectively) by 50% as compared to
the control run (see Supplementary Materials for a more
complete sensitivity analysis). DOI: https://doi.org/
10.1525/elementa.2020.00134.f6
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concentrations of PON and DIN for YROSIAE, shown in
Figure 6A, are in line with observations at DDU and Davis.

In our current understanding of the sea-ice nitrogen
cycle (i.e., classical NPZD model), DIN is supplied from the
underlying seawater and consumed by autotrophs to sus-
tain biomass growth (Figure 1A). Hence, DIN and PON are
inversely proportional during the growth phase (Figure
6B). The continuous supply and assimilation of DIN into
the ice results in a biological “pumping” effect and ex-
plains the large accumulation of biomass in bottom land-
fast sea ice (Cota et al., 1987; Fripiat et al., 2014a; Fripiat et
al,, 2015). Autotrophs can be consumed, in turn, by small
and larger consumers. Subsequently, living cells become
detrital matter due to cell lysis, grazing, and/or viral in-
fections. This detrital matter is then remineralized by het-
erotrophic bacteria and released as nutrients. The released
nutrients can again be consumed by growing algae or lost
to the underlying seawater. Hence, early in the season,
there is a net assimilation of nutrients into biomass, lead-
ing to depleted nutrient conditions (Figure 6B). Later in
the bloom period, when mortality increases and growth
conditions are less optimal, biomass concentrations
decrease. When the production of inorganic nutrients by
remineralization is larger than the assimilation for growth,
nutrients can start to accumulate (Figure 6B). During this
transition period, a combination of high biomass and high
nutrient concentrations can be expected. This temporal
decoupling between net assimilation and remineralization
of nutrients could explain field observations for short time
series where sampling starts when the bloom is already
developed, such as at Davis Station. However, field obser-
vations at Cape Evans (YROSIAE campaign) and Dumont
d'Urville started before this transition and show no time
delay between dissolved nutrient buildup and biomass
accumulation (Figures 4 and 6a). Overall, the observa-
tions do not fit the classical conceptual model in Figure
1A. We suggest that this misfit results from the fact that
the bottom sea-ice environment is not a simple matrix in
which algae and nutrients are distributed homogeneously
within the brine network.

We consider that the possibility of spatial decoupling,
allowing a trophic gradient between autotroph-
dominated and heterotroph-dominated communities, of-
fers an alternative to a temporal decoupling. In this case,
autotroph-dominated communities accumulate biomass
with a net assimilation of nutrients, while decaying bio-
mass is remineralized in adjacent, spatially separated,
heterotroph-dominated communities. If nutrient con-
sumption is lower than remineralization in the
heterotroph-dominated communities, nutrients can accu-
mulate locally. The observations in bulk sea-ice samples
could thus consist of a mixture of these two spatially
separated, contrasting environments and lead to the
apparent accumulation of both biomass and nutrients in
a single 10-cm thick bottom ice sample. Such a trophic
gradient might take place in the vertical, with net assim-
ilation at the ice-seawater interface where most of the
biomass is observed. Here, nutrients are consumed by ice
algae and nutrient concentrations are below seawater
levels. Simultaneously, biomass could be remineralized
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in a layer a few centimeters above the ice-water interface
with net remineralization where nutrients would accumu-
late and exceed seawater levels. To test this hypothesis,
two ice cores from the YROSIAE campaign and two cores
sampled at Davis Station were sectioned at higher resolu-
tion (1 cm) over the bottom 10 cm. In disagreement with
the above hypothesis, results show a strong positive rela-
tionship at the centimeter scale between nutrients and
biomass. The largest accumulations for both biomass and
nutrients are observed near the ice-water interface. In
contrast, low nutrient concentrations, associated with low
biomass, are observed a few centimeters above the inter-
face (Figure 5), as also described in Arctic landfast sea ice
(Smith et al., 1990).

The spatial segregation should therefore occur on
a smaller scale with spatial trophic gradients at the sub-
centimeter scale. Hence, environments with a net assimi-
lation of nutrients would coexist in close proximity with
environments where remineralization exceeds assimila-
tion. In sea ice, high concentrations of gel-like EPS are
commonly reported, and the microbial community has
been observed to be embedded preferentially in a biofilm
(Krembs et al., 2002; Krembs et al., 2011; Meiners et al.,
2003, 2004, 2008; Krembs and Deming, 2008; Under-
wood et al., 2010; Ewert and Deming, 2013). Here, we
have defined a biofilm as an aggregate of microorganisms
in which cells that are frequently embedded within a self-
produced matrix of EPS adhere to each other and/or to
a surface (Vert et al., 2012; Flemming et al., 2016). A
biofilm can induce a spatial gradient at subcentimeter
scale by clogging the brine network or by inducing bio-
geochemical and physiological heterogeneity within the
biofilm. By clogging the brine network (Krembs and Dem-
ing, 2008; Krembs et al., 2011), isolated liquid brine pock-
ets may form where decaying organic matter is
remineralized. If remineralization exceeds nutrient assim-
ilation in these isolated subsystems, it will lead to a local
accumulation of nutrients. Assimilation and remineraliza-
tion gradients may also occur within the biofilm, in which
case the biogeochemical and physiological heterogeneity
arises as the biofilm develops. Such gradients are a result
of reaction—diffusion interactions for metabolic substrates
by distinct microbial communities inhabiting different
layers in the biofilm (Stewart and Franklin, 2008). In the
early stage, the biofilm is thin and metabolic substrates
and products are readily transported through it by diffu-
sion. As the biofilm thickens, diffusion can no longer sup-
ply substrates deeper in the biofilm. In these deeper
layers, algal growth will cease and cells may be expected
to die. When the generation of metabolic products from
respiration exceeds the loss by diffusion through the bio-
film, nutrients can accumulate deep inside the biofilm.

To test this hypothesis, the small-scale spatial decou-
pling between assimilation and remineralization of nutri-
ents was implemented in the conceptual NPZD model by
splitting the nutrient pool into Npjofiim and Npines (Figure
1B). The Npiofiim pool is “supplied” by DIN from a hetero-
trophic community located in microenvironments, either
deep inside the biofilm (Stewart and Franklin, 2008) or
physically isolated by the clogging of a fraction of the
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brine network (Krembs et al., 2011). Here, nutrients can
accumulate if production by remineralization exceeds the
loss by diffusion because the nutrients are not readily
accessible for assimilation. The Npnes pool represents nu-
trients in the liquid brines in contact with the biofilm and
with the brine network directly in contact with the under-
lying seawater supplying DIN into the ice. In this case,
bulk nutrient concentrations measured in bottom ice sam-
ples are a mixture of these two pools. The field observa-
tions of DIN accumulation, coinciding with increasing
biomass, can be reproduced easily by introducing
a small-scale spatial decoupling in the NPZD model (Fig-
ure 6C). We, therefore, suggest that the nutrient paradox
commonly reported in productive sea ice is generated by
coexisting contrasting microenvironments at the subcen-
timeter scale, owing to the presence of a biofilm (Figure
1B).

4.3. Mechanisms and implications

A complete decoupling between DIN assimilation and DIN
production in the model is likely an oversimplification.
Moreover, the model uses DIN as a nutrient, although DIN
is the sum of NO3~, NO, ", and NH4* which are produced
and consumed in distinct microbial processes. Organic
matter in sea ice is remineralized to NH4* (Reidel et al,,
2007), which in turn can be adsorbed onto EPS or decay-
ing organic matter embedded in the ice (Fripiat et al,
2017). This NH4" can be assimilated into biomass or con-
verted to NO5™ by nitrifiers, known to be active in sea ice
(Fripiat et al., 2014a; Fripiat et al., 2015; Baer et al., 2015;
Firth et al., 2016) and to thrive in biofilms by forming
cooperative communities involved in the different nitrifi-
cation steps (Hagopian and Riley, 1998). The NO5~ and
NH4* produced, either in the deeper layers of the pro-
posed biofilm or in isolated liquid brine pockets, can then
diffuse toward microenvironments where there is a net
assimilation of nutrients, either at the biofilm-brine inter-
face or in the brine network directly in contact with the
underlying seawater. A nutrient gradient is likely to be
established, with autotrophic growth supported by NO5~
from brines (i.e., underlying seawater for which NOs™ is
the main dissolved inorganic N constituent) and from
heterotroph-dominated microenvironments (i.e.,, NH,"
and NOs~ being generated by remineralization and nitri-
fication, respectively). If the consumption of O, by hetero-
trophic respiration is large enough, O, can become
depleted in some of these microenvironments. If diffusion
of O, from the seawater and brines is insufficient, anoxic
zones might develop. Anoxic microenvironments in the
bottom 3 cm of sea ice have been reported in the Arctic
with the occurrence of anoxic processes such as denitrifi-
cation and anammox (Rysgaard et al., 2008).

Like NO5~, the concentrations of PO, showed an
increase during the bloom. However, the relative increase
in PO4*" is even larger than for NO5~. The N/P ratio in the
dissolved phase (DIN/PO,*") decreases to 3 at the peak of
the bloom and continues to decrease to 1 after the bloom.
Although a low N/P-uptake ratio by sea-ice algae might
play a role, an uptake ratio below 5 has not been reported
in the literature (Arrigo, 2005; Martiny et al., 2013). An
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increased retention of PO,> in the biofilm due to the
formation of weak metal-organic complexes with EPS can
decrease the diffusion rate of PO,*" and result in a larger
accumulation compared to NO3~ (Maranger and Pullin,
2003; Fripiat et al., 2017). Additionally, if anoxic zones
are present in a sea-ice biofilm (Rysgaard et al., 2008),
denitrification could take place and consume part of the
produced NO5~ with a resulting small production of PO4*
(Gruber and Sarmiento, 1997).

In contrast with NO5~ and PO,* and despite a large
concentration variability, there is no clear trend in Si(OH),4
concentrations over the bloom period, hence no obvious
accumulation of Si(OH)4. At the same time, a large
increase in bSiO,, up to three times larger than the PON
accumulation, is observed. The absence of clear Si(OH),
trends, with salinity-normalized values oscillating around
seawater concentrations (Figure S2f), in the presence of
a large accumulation of bSiO, already indicates that the
recycling of silicon in sea ice is occurring but is rather
limited. Dead diatoms are likely embedded in the sea-ice
biofilm where their silicon frustules would be prone to
dissolution (Bidle and Azam, 1999; Fripiat et al., 2014b).
However, the physical dissolution of silicon frustules may
be slow, given the prevailing low temperature conditions,
implying a lesser impact of this recycling process on
Si(OH)4 concentrations. In addition, no absorption of
Si(OH), is expected onto decaying organic matter (Fripiat
et al., 2017).

To conclude, the observations of simultaneous accumu-
lations for nutrients and biomass in biologically produc-
tive sea ice can be explained by a spatial decoupling
between net assimilation and net remineralization of nu-
trients at the subcentimeter scale. By creating chemical
gradients, biofilms could create and host microenviron-
ments with contrasting microbial communities within the
brine network. Both EPS and embedded decaying organic
matter may also favor nutrient (PO4>~ and NH4 ") adsorp-
tion, thereby maintaining remineralization products close
to the sympagic community. By retaining water and slow-
ing diffusion, biofilms ensure that nutrients can accumu-
late without being lost, either deeper in the biofilm or in
isolated liquid brine pockets being formed by the clogging
of the brine network. Meanwhile, exchanges between the
brines and the underlying seawater can supply more nu-
trients into the ice by convection and diffusion. Although
not directly observed in this study, biofilms help to explain
other peculiar observations in high biomass sea-ice envir-
onments, such as iron accumulation, alkalinity excess, the
precipitation of calcium carbonate, and the occurrence of
denitrification and anammox (Rysgaard et al., 2008; Lan-
nuzel et al., 2016; Van der Linden et al., 2020). The central
role of biofilms in sea-ice biogeochemistry requires fur-
ther study, but the enabling of contrasting processes to
take place on a small spatial scale has far-reaching impli-
cations for our understanding of this complex ecosystem.
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