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ABSTRACT: Antarctic fast ice provides a habitat for diverse microbial communities, the biomass
of which is mostly dominated by diatoms capable of growing to high standing stocks, particularly
at the ice—water interface. While it is known that ice algae exude organic carbon in ecologically
significant quantities, the mechanisms behind its distribution and composition are not well under-
stood. This study investigated extracellular organic carbon dynamics, microbial characteristics,
and ice algal photophysiology during a bottom-ice algal bloom at McMurdo Sound, Antarctica.
Over a 2 wk period (November to December 2011), ice within 15 cm from the ice—water interface
was collected and sliced into 9 discrete sections. Over the observational period, the total concen-
trations of extracellular organic carbon components (dissolved organic carbon [DOC] and total
carbohydrates [TCHO] —the sum of monosaccharides [CHOyqn,] and polysaccharides [CHOp,,])
increased, and were positively correlated with algal biomass. However, when normalised to
chlorophyll a, the proportion of extracellular organic carbon components substantially decreased
from initial measurements. Concentrations of DOC generally consisted of <20 % TCHO, typically
dominated by CHOyjon,, which decreased from initial measurements. This change was coincident
with improved algal photophysiology (maximum quantum yield) and an increase in sea-ice brine
volume fraction, indicating an increased capacity for fluid transport between the brine channel
matrix and the underlying sea water. Our study supports the suggestion that microbial exudation
of organic carbon within the sea-ice habitat is associated with vertical and temporal changes in
brine physicochemistry.
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INTRODUCTION

Antarctic sea ice, permeated by a system of brine-
filled pockets and channels, provides an extensive
habitat for diverse microbial assemblages that play a
significant role in the ecology and biogeochemistry
of the Southern Ocean (Palmisano & Garrison 1993,
Thomas & Dieckmann 2010, Vancoppenolle et al.
2013). The most conspicuous fast-ice-bound organ-
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isms are microalgae (hereafter referred to as ‘algae’;
Arrigo et al. 2010) that form communities that are
usually densest near the ice—water interface. These
are referred to as bottom-ice communities (Thomas &
Dieckmann 2010), and are able to achieve high bio-
mass due to their proximity to inorganic nutrients in
the underlying water column (McMinn et al. 1999,
Kattner et al. 2004). Consequently, chlorophyll a
(chl a) concentrations in the bottom ice can exceed
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300 mg m~2 (Palmisano & Sullivan 1983, Trenerry et
al. 2002, Arrigo et al. 2010).

High concentrations of chl a in sea ice are often
correlated with copious extracellular organic carbon,
which is exuded by sea-ice algae and other microbes
(e.g. Krembs et al. 2002, Meiners et al. 2004, Under-
wood et al. 2010, 2013). The ecological functions of
the high extracellular organic carbon in sea ice
remain unclear. It might aid in cell motility and
attachment (Hoagland et al. 1993, Underwood &
Paterson 2003), or provide a protective coating,
which may be a mechanism to cope with variable
physicochemical conditions including low tempera-
ture, salinity, pH, or nutrient concentrations (Krembs
et al. 2002, Krembs & Deming 2008, Krembs et al.
2011, Ugalde et al. 2013). Alternatively, the high
degree of metabolic activity in ice-associated bacte-
ria (Martin et al. 2008, 2009, Meiners et al. 2008) and
tight seasonal coupling between the relative abun-
dance of bacteria and algae is suggestive of an active
microbial loop, similar to that of temperate oceanic
systems (Sullivan & Palmisano 1984, Azam et al.
1991, Smith et al. 1995, Christaki et al. 1998). This
relationship may develop when bacteria assimilate
extracellular organic carbon exuded by algae, and in
return, provide vitamins and/or recycled nutrients
that are required for algal growth (Kottmeier et al.
1987, Archer et al. 1996, Taylor & Sullivan 2008).
Finally, exuded organic carbon may also be an end
product of overflow metabolism, whereby cells
release the carbon derived from primary production
that is excessive to their growth requirements (Fogg
1983), as has been previously reported for planktonic
and benthic diatoms (e.g. Myklestad et al. 1989,
Staats et al. 2000, Bucciarelli & Sunda 2003).

The identification of specific mechanisms behind
exudation of organic carbon by ice algae has been
impeded by the complexity and confinement of the
sea-ice habitat. Laboratory-based studies of ice-asso-
ciated diatoms have shown that both exudation rates
and the molecular composition of organic carbon
vary in response to physicochemical conditions, algal
growth phase, and photosynthetic activity (Aslam et
al. 2012, Ugalde et al. 2013). A significant component
of sea-ice dissolved organic carbon (DOC) contains
carbohydrates (total carbohydrates, TCHO) compris-
ing mono- (CHOyen,) and polysaccharides (CHOpy;
Herborg et al. 2001), which vary in complexity from
short-chain (<10 monomers) and long-chain (from 40
up to many 1000s of monomers) molecules to high
molecular weight compounds (Decho 2000, Bellinger
et al. 2005, Underwood et al. 2010). The adhesive
properties of exuded carbohydrates have the poten-

tial to coagulate into gels and to bind microbial
aggregates, which, under natural conditions, can be
modified through biotic (e.g. microbial modification)
and abiotic (e.g. hydrolysis, photolysis) catalysts
(Underwood et al. 2010). The non-carbohydrate com-
ponent of DOC may include an array of proteins,
lipids, and free DNA (Hoagland et al. 1993, Under-
wood & Paterson 2003, Abdullahi et al. 2006).
Substantial concentrations of particulate organic
carbon (POC) and DOC have been measured in most
types of sea ice. Several studies have reported large
variability in the distribution and composition of
DOC, possibly due in part to strong spatial (vertical
and horizontal) and temporal gradients in sea ice and
brine physicochemistry (Underwood et al. 2010, Juhl
et al. 2011, Krembs et al. 2011, Aslam et al. 2012).
Contrary to earlier laboratory-based studies (e.g.
Krembs et al. 2011, Aslam et al. 2012), the high spa-
tial heterogeneity of extracellular organic carbon
composition and distribution in Antarctic sea ice
showed no correlation with temperature or salinity
gradients (Underwood et al. 2010). However, from
data collated from both poles, heterogenic extracel-
lular organic carbon concentrations showed robust
relationships with algal biomass gradients (Under-
wood et al. 2013). The development of these gradi-
ents is dependent on the physical properties of the
ice, which can restrict the exchange of liquid
between brine channels and underlying sea water
(Gleitz et al. 1995, Papadimitriou et al. 2007, Meiners
et al. 2009). A theoretical threshold of 5% brine vol-
ume fraction (V},/V; i.e. the relative contribution of
brine volume to total ice volume) may inhibit brine
percolation in columnar ice (Golden et al. 1998, 2007,
Vancoppenolle et al. 2010). Early spring sea ice is
generally characterised by strong vertical gradients
in temperature, brine salinity, and overall lower brine
volumes when compared with later in the season
(Eicken 1992), and this affects sea-ice permeability,
biological activity and biogeochemistry (Gleitz et al.
1995, Papadimitriou et al. 2007, Meiners et al. 2009).
This study assesses the dynamics of extracellular
organic carbon and algal photophysiology of an
Antarctic fast-ice bottom algal community. The con-
centration of DOC and the relative contribution of
total carbohydrates (TCHO —the sum of CHOygp,
and CHOp,y) was documented for discrete sections
of sea ice over a period of 2 wk during the spring—
summer transition. This study also provides a
description of the microbial community (algal bio-
mass and species composition, maximum quantum
photosynthetic yield [F,/F,], bacterial abundance,
POC and particulate organic nitrogen [PON], partic-
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ulate carbon isotopic composition [§'*C]) and brine
physicochemistry (V4,/V, ice temperature, bulk ice
and brine salinity). It was hypothesised that DOC
concentrations and the relative contribution of
TCHO would increase with a substantial rise in sea-
sonal algal biomass and photosynthetic activity,
influenced by changes in sea-ice physical and chem-
ical parameters.

MATERIALS AND METHODS
Site description and sampling regime

Samples were collected in the vicinity of Turtle
Rock (77°44'S, 166°46'E) in McMurdo Sound,
Antarctica, between 16 November and 2 December
2011. A 30 m? area was sampled 3 times over a period
of 2 wk. On each sampling day, 3 replicate parallel
transects each constituting 4 bottom-ice cores (12
cores total) were extracted using a Kovacs ice corer
(13 cm internal diameter). To avoid light shock, cores
were stored in clean black plastic tubing for transport
to the field camp. Two additional cores were col-
lected for a temperature and salinity profile and
qualitative Alcian Blue imagery following a modified
protocol of Juhl et al. (2011) (Fig. 1).

The transect ice cores were subsequently sliced
into discrete sections in a dark room using a purpose-
built support frame to allow for accurate and repeat-
able sectioning. Nine sections were taken from the
base of each core: 5 x 1 cm thick sections from 1 to
5 cm; 3 x 2 cm thick sections from 5to 11 cm; and 1 x

Fig. 1. The bottom of a melting sea-ice core on Day 14 shows

ice-associated algae (brown) and extracellular organic car-

bon (blue; stained with Alcian Blue dye). Image: Sarah C.
Ugalde

5 cm thick section from 11 to 16 cm. Corresponding
sections from the 4 ice cores of each replicate tran-
sect were combined and then melted over a 12 h
period at 4°C with the addition of 0.22 pm filtered sea
water (200 ml of filtered sea water added per cm of
ice-core section) in polypropylene containers that
had been rinsed thoroughly with Milli-Q water and
autoclaved. The addition of filtered sea water was
used to minimise changes in organic carbon exuda-
tion as a response to osmotic and temperature stress
(Garrison & Buck 1986, Ryan et al. 2004). All particu-
late analyses were corrected for dilution factors. The
dissolved carbon analyses were corrected for the
added 0.22 pm filtered sea water, which was col-
lected, filtered, and cooled prior to sampling each
day (Riedel et al. 2006). Filtered sea water contained
DOC (100 + 10.14 [SE], 100.83 + 9.51, and 102.50 +
14.13 pmol C 17! for initial, 7 d, and 14 d, respec-
tively), CHOpjono (1.63 £ 0.23, 1.82 + 0.47, and 2.75 +
0.94 pmol C 17! for initial, 7 d, and 14 d, respectively),
and CHOpy (56.73 + 0.83, 5.21 + 1.05, and 6.54 +
0.94 pmol C 1! for initial, 7 d ,and 14 d, respectively).

Physicochemical profiles and ice-core imagery

Two additional ice cores were extracted on each
sampling day: a full-length core for ice temperature
and salinity profiles, and a 30 cm bottom-ice section
for visualising extracellular organic carbon. Ice tem-
perature was recorded immediately following core
extraction. Holes to the centre of the core were pro-
duced with a battery-operated hand drill, and a ther-
mometer probe (Hanna HI93510) was inserted into
each hole and the temperature was recorded once
stabilised. The temperature cores were then trans-
ported back to the field camp and sectioned for direct
melting in polypropylene containers that had been
rinsed thoroughly with Milli-Q water. Once melted,
bulk ice salinity was measured with a digital sea
water refractometer (Hanna HI96822). Brine salinity
(Sp) was estimated from the in situ ice-temperature
measurements (t) as S, = 1000 x (1 — 54.11/t)™" (Pet-
rich & FEicken 2010). The brine-volume fraction,
expressed as relative fraction of brine to ice volume
(Vu/ V), was calculated from the measured ice tem-
peratures and bulk salinities using the equations in
Cox & Weeks (1983) and Leppéaranta & Manninen
(1988).

For visualising extracellular organic carbon, the
bottom 30 cm of the core was kept cool to prevent ice
melt and placed in a light-protected container with
Alcian Blue solution diluted with 0.22 pm filtered sea
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water for 12 h, following the protocol of Juhl et al.
(2011). The stained core was then suspended from a
horizontal beam and left to slowly melt at approxi-
mately 4°C (Fig. 1).

Maximum quantum yield (F,/Fy)

Maximum quantum yield (F,/F,) was measured
using a pulse amplitude modulated fluorometer
(WaterPAM, Waltz). Ice shavings from the 4 cores
of each replicate transect were collected during
sectioning, and immediately measured with the addi-
tion of filtered sea water according to McMinn et
al. (2010). Instrument gain settings were between 4
and 17.

Algal biomass and bacterial abundance

For each core section, algal species composition,
abundance, and biovolume were determined from
subsamples of 30 ml, preserved with glutaraldehyde
(0.2 % final concentration). For species counts, a sub-
sample of 2 to 20 ml was allowed to settle for >6 h in
a 37 mm diameter Utermohl chamber, and counted
at a magnification of 400x using a Zeiss Axiovert
inverted microscope at the Australian Antarctic Divi-
sion (Tasmania). Both live and dead cells were
counted (e.g. Oppenheim & Ellis-Evans 1989). Dead
cells were those with no observable cell contents.
Counts were conducted over random fields of view,
until at least 400 (mean + SE: 742 + 55) cells had been
counted.

Subsamples of 10 ml, used for measuring total
brine biovolume, were pre-filtered through 50 pm
mesh disks in a 47 mm filter holder, fixed to a sterile
syringe. From each sample, the biovolume of parti-
cles measuring 3.74 to 60.00 pm in diameter was cal-
culated from 3 x 2 ml subsamples using a Beckman
Coulter Counter (Multisizer 3). Biovolume is ex-
pressed as total brine biovolume, by correcting for
the ice dilution factor.

Samples for chl a analysis (30 to 50 ml) were fil-
tered onto 47 mm GF/F (Whatman) filters and stored
at —20°C. Chl a was extracted from each filter within
48 h of the initial freezing using high-performance
liquid chromatography-grade methanol (20 h in the
dark at 4°C). Chl a concentrations were determined
fluorometrically using a Turner Design Model 10-AU
digital fluorometer, calibrated against chl a stan-
dards (Sigma Chemicals; Holm-Hansen & Riemann
1978).

Bacterial abundance samples (10 ml) were pre-
served with glutaraldehyde (2 % final concentration)
and stored at —-20°C for later analysis at the Aus-
tralian Antarctic Division (Tasmania). Thawed sam-
ples of 500 pl were stained with Xul SYBR Green I
nucleic acid gel (Molecular Probes) and incubated in
the dark at room temperate for 20 min (Thomson et
al. 2010). Cells were then counted using a Becton
Dickinson FACScan flow cytometer, according to the
protocol of Thomson et al. (2010). Green reference
beads (Molecular Probes) were added to each sample
prior to staining. Manual gating was used to discrim-
inate between bacterial cells of high (HNA) and low
(LNA) nucleic acid content according to Bouvier et al.
(2007).

Particulate organic carbon and nitrogen
and carbon isotopes

Particulate organic carbon (POC) and nitrogen
(PON) samples (15 to 400 ml) were filtered onto pre-
combusted (12 h at 450°C) 25 mm diameter quartz fil-
ters (Sartorius) and stored at —80°C. Thawed samples
and blank filters were acidified with fuming 37 %
HCl in a bell apparatus for 24 h and dried in a clean
oven (15 h at 60°C). Filters were pressed into 5 x
9 mm pre-combusted silver capsules (SerCon) and
analysed at the Central Science Laboratory (Univer-
sity of Tasmania) by combustion in an oxygen-
enriched helium atmosphere using a Haereus CHN-
O-Rapid analyser.

Carbon isotopic composition of 3C relative to '2C
(8*3C) samples (15 to 500 ml) were filtered onto
25 mm diameter pre-combusted quartz filters (Sarto-
rius) and prepared as above. Analysis was performed
by continuous flow mass spectrometry with a Fisons
1500 elemental analyser coupled to a Finigan MAT
Delta S mass spectrometer. Calibration was made by
comparison with 15 pg aliquots of NBS22 oil (313C =
—29.7; NIST), which was run before and after the sea-
ice samples.

Extracellular organic carbon

DOC and CHO samples (100 to 600 ml) were fil-
tered through pre-combusted 45 mm GF/F filters
(Whatman) under gentle vacuum pressure (<200 mm
Hg) and stored at -20°C for later analysis at the
University of Tasmania and the Australian Antarctic
Division (Tasmania). Samples were thawed, and
DOC subsamples (20 to 30 ml) were decanted into



Ugalde et al.: Carbon dynamics of Antarctic bottom ice 199

clean 40 ml glass vials (Shimadzu; acid washed
overnight and rinsed 3 times with Milli-Q water, fol-
lowed by overnight pre-combustion at 500°C). The
concentration of DOC in each sample was measured
using a total organic carbon analyser (Shimadzu,
L-Series), as described by Qian & Mopper (1996).
DOC concentrations are expressed as mmol C It
and have been normalised to chl a concentrations
(mg C [mg chl a]™).

Carbohydrate composition (CHOyon, and CHOpqy)
was determined using the 2,4, 6-tri pyridyl-s-triazine
(TPTZ) spectroscopic method developed by Myk-
lestad (1977) and modified by Hung & Santschi
(2001). Prior to use, all glassware was acid washed
overnight and rinsed 3 times with Milli-Q water, fol-
lowed by pre-combustion (12 h at 500°C). The carbo-
hydrate concentration was measured against Milli-Q
water using a Beckman spectrophotometer (DU640)
and fitted to a D-glucose calibration curve. Due to the
high light sensitivity of the analytical reagents, reac-
tions were carried out either in the dark or with
minimal red light (van Oijen et al. 2004). Carbo-
hydrate concentrations are expressed as pmol C 17,
and have been normalised to chl a concentrations
(mg C [mg chl a]™).

Statistical analysis

All statistical analyses were performed using SAS
(v.9.2). Only non-parametric statistics (Mann-Whitney
U-test, p) were used to determine the statistical sig-
nificance of vertical and temporal variations in extra-
cellular organic and microbial physiological parame-

ters, given the high variability and non-normal distri-
bution of the data. Correlations were examined by
Pearson's correlation analyses.

RESULTS
Physicochemical profiles

Fast-ice thickness was 1.90, 1.89, and 1.87 m for the
initial, 7 d, and 14 d sampling dates, respectively.
The temperature at the ice—water interface was -1.7,
-1.1, and -1.3°C, for initial, 7 d, and 14 d, respec-
tively (Fig. 2A). Sea-ice brine salinities ranged from
20 to 77 (mean: 37 + 2 [SE]) and showed profiles with
the minima towards the interior of the ice. Ice bulk
salinities showed a reduction from the ice—water
interface, with 14 d measurements beyond 4 cm from
the ice—water interface not determined due to a sen-
sor failure (Fig. 2B). Calculated brine volume fraction
(mean: 22 %; range: 9 to 52 %) decreased exponen-
tially from the ice—water interface for all sampling
dates; 38, 52, and 43 % for initial, 7 d, and 14 d,
respectively (Fig. 2C).

Algal biomass and photophysiology

Profiles of chl a concentrations (mean: 97.99 ug 1%
range: 0.26 to 635.16 ng 1°!) and F,/F,, (mean: 0.16;
range: 0.05 to 0.45) varied vertically and temporally
(p < 0.001; Fig. 3A,B). The vertical profiles of chl a
concentrations showed an exponential decrease from
the ice-water interface, although they did not sig-
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nificantly vary between 7 and 14 d. Initial chl a con-
centration at the ice—water interface was 211.80 +
65.73 pg 1!, reducing by 97 % within the first vertical
2 cm. At 7 d, chl a concentrations at the ice—water
interface (635.16 + 136.51 pg 1) reduced by 91%
within the first vertical 4 cm, thereafter remaining
<20 g 1"'. At 14 d, chl a concentrations also reduced,
declining by 92% within 7 cm from the ice—water
interface (Fig. 3A). For each sampling date, F,/F,
values showed an exponential decrease from the
ice—water interface; with maximum values of 0.24 +
0.01, 0.35 = 0.05, and 0.45 + 0.01, for initial, 7 d, and
14 d, respectively (Fig. 3B).

Molar POC to PON (C:N) ratios of melted ice cores
are shown in Fig. 3C. Means for the combined data-
set were 8.40, 8.75, and 9.08 for initial, 7 d, and 14 d,
respectively (range: 6.89 to 12.08). The high standard
errors between replicate cores resulted in no signifi-
cant vertical or temporal variation.

The vertical profiles of initial §'°C were relatively
constant (range: —-23.3 to —-25.95), with one excep-

tion at 9 to 11 cm above the ice—water interface
(Table 1). 8'3C values of 7 and 14 d increased from
the ice—water interface towards the interior of the
sea ice. 8'°C values at 7 d then declined from 2 to
3 cm above the ice—water interface to —21.0 at 11 to
16 cm above (Table 1). Similarly, 14 d §'*C values
declined between 2 to 7 cm above the ice—water
interface, followed by a steady increase between 7
and 16 cm (Table 1). §!3C values were positively
correlated with C:N ratios (Pearson correlation coef-
ficient (r,) = 0.559, significance level (p) = 0.002,
sample size (n) = 81), and CHOyjop, (1, = 0.522, p =
0.002, n = 81).

Microalgal taxa and bacterial abundance

Microscopic analysis showed that the bottom-ice
algal community was dominated by Entomoneis
kjellmanni, Nitzschia stellata, Berkeleya adeliense,
Mangulinea spp., and Fragilariopsis spp. (Table 1),

Table 1. Temporal changes in particulate carbon isotopic composition (3!3C), algal cell abundance, ratio of live:dead algal cells
(live algal abundance %), total brine biovolume (3.74 to 60.00 pm diameter), and relative contribution of dominant algal
groups to cell abundance

Time Distance from ice—water interface (cm)

0-1 1-2 2-3 3-4 4-5 5-7 7-9 9-11 11-16
stc Initial -23.4 -247 =247 -251 -256 -246 -26.0 -21.3 -24.4
7d -20.6 -16.1 -145 -159 -176 -179 -193 -20.4 -21.0
14 d -24.7 -19.8 -159 -16.6 -17.4 -19.6 -244 -23.4 -19.0
Algal cell abundance Initial 33.8 3.4 2.2 1.2 1.6 1.3 0.7 0.7 0.3
(x10® cells m1™!) 7d 91.9 19.9 15.9 9.6 3.9 3.3 2.2 1.6 1.0
14d 72.2 65.7 12.8 14.4 4.1 8.0 3.8 1.9 1.2
Live algal abundance (%) Initial 98.0 97.1 76.2 90.0 94.2 89.0 93.0 69.3 83.4
7d 98.0 97.4 95.3 94.6 94.4 94.8 90.9 85.3 91.1
14d 94.1 95.1 98.3 98.1 97.8 87.7 94.3 94.9 90.4
Total brine biovolume Initial 41.6 4.4 1.3 0.9 0.9 0.8 0.6 0.5 0.4
(x10* pm® m1) 7d 113.3 334 26.5 18.0 3.6 4.6 3.1 2.9 9.2
14d 39.1 38.9 44.5 17.7 4.7 4.3 4.0 2.5 2.2

Relative contribution (%) of:
Entomoneis kjellmanni Initial 18.6 0.4 6.7 7.2 3.3 5.2 3.2 0.0 0.0
7d 46.4 4.3 4.0 3.5 1.4 0.6 0.7 1.2 1.4
14d 27.8 40.3 3.3 1.7 2.1 11.2 3.6 1.7 1.9
Nitzschia stellata Initial 37.8 6.5 7.2 10.2 1.9 10.7 4.8 4.2 0.6
7d 8.4 50.8 32.5 22.9 17.5 8.3 8.5 3.0 4.1
14d 2.2 54 45.3 47.8 22.4 24.0 6.5 17.6 17.4
Berkeleya adeliense Initial 6.1 0.7 54 2.2 1.3 1.4 12.3 2.8 1.1
7d 10.3 15.6 20.6 25.2 22.4 7.0 12.0 20.0 7.1
14 d 1.7 3.4 25.5 21.9 14.5 24.3 7.2 56.4 12.1
Mangulinea spp. Initial 7.9 6.2 10.9 11.9 5.6 2.8 7.6 0.7 1.6
7d 2.8 8.0 7.4 6.1 10.7 11.2 8.4 6.6 2.4
14 d 1.0 5.6 12.3 10.7 8.7 13.5 4.1 1.7 1.1
Fragilariopsis spp. Initial 11.5 7.6 5.9 54 4.1 6.8 2.5 0.0 0.8
7d 11.1 4.7 3.5 1.9 2.0 0.6 2.8 1.3 0.5
14d 9.8 0.4 0.7 0.8 3.7 2.0 0.6 2.0 1.7
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with other notable taxa including Chaetoceros spp.,
Pleurosigma spp., Pinnularia quadreata, and Poro-
sira glacialis. Vertical and temporal cell abundance
measurements varied significantly (p < 0.001) and
decreased exponentially from the ice—water inter-
face. Algal cell abundance decreased by approxi-
mately 99% at 11 to 16 cm above the ice—water
interface for all sampling dates (Table 1). The pro-
portion of live algal cells relative to the total abun-
dance (i.e. % live cells) ranged from 69.3 to 93.3%
(p < 0.0001; mean: 91.8%; Table 1). For initial and
7 d, the % live cells were highest at the ice—water
interface (98.0%; Table 1), strongly declining with
distance above this level. For 14 d, the % live cells
showed a similar pattern to chl a concentrations,
and was highest at 2 to 3 cm above the ice—water
interface (98.3 %; Table 1).

Brine biovolumes are shown in Table 1, and ranged
from 0.4 x 10* to 113.3 x 10* pm® ml™* (p < 0.0001;
mean: 15.7 x 10* pym?® ml™!). Total brine biovolume
measurements at the ice—water interface for initial
(41.6 x 10* um® m1™!) and 7 d (113.3 x 10* pm® ml™)
declined by 98 and 76 % at 11 to 16 cm above, respec-
tively. 14 d total brine biovolume measurements
were highest at 2 to 3 cm above the ice-water inter-
face (44.5 x 10* pm® ml™), thereafter reducing by
91% at 11 to 16 cm (Table 1). Total brine biovolume
was significantly positively correlated with chl a,
POC, and maximum quantum yield (chl a: r, = 0.721,
p < 0.001, n = 27; POC: r, = 0.834, p < 0.001, n = 27,
F,/F;: r, = 0.750, p < 0.001, n = 27) and extracellular
organic carbon concentrations (DOC: r, = 0.811, p <
0.001, n = 27; CHOpopo: I = 0.745, p < 0.001, n = 27;
CHOpyy: 1, = 0.627, p < 0.001, n = 27).

Total bacterial abundance fractionated into HNA
and LNA content varied between sections and
ranged from 0.54 x 10° to 28.90 x 10° cells ml™!
(mean: 6.05 x 10° cells ml~!) and 0.49 x 10° to 48.47 x
10° cells ml™! (mean: 16.22 x 10° cells ml™'), respec-
tively. Initial HNA and LNA bacterial abundance was
highest at the ice-water interface (mean: 28.90 x
10° + 28.73 x 10° [SE] and 20.56 x 10° + 19.51 x 10°
cells ml™!, respectively) reducing by 94 and 91%
within 4 cm from the ice—water interface. HNA bac-
terial abundance for 7 d (mean: 6.20 x 10° + 1.39 x 10°
cells ml™!) and 14 d (mean: 6.69 x 10° + 0.96 x 10°
cells ml™!) were reduced by 81 and 36% at 4 to 5 cm
and 6 to 7 cm above the ice—water interface, respec-
tively (Fig. 4A). LNA bacterial abundance for 7 d
(mean: 19.65 x 10° + 16.01 x 10° cells ml™!) and 14 d
(25.19 x 10° £ 17.63 x 10° cells ml!) showed high
standard errors, increasing by 72 and 52% at 3 to 4
cm above the ice—water interface, respectively (Fig.

4B). HNA bacterial abundance was correlated with
ice temperature (r, = 0.503, p = 0.010, n = 27) and chl
a concentration (r, = 0.363, p = 0.001, n = 81). LNA
bacterial abundance was positively correlated with
C:N ratio (r, = 0.293, p = 0.012, n = 81).

Extracellular organic carbon components

Vertical and temporal measurements of DOC con-
centrations showed significant variation (p < 0.005;
mean: 0.71 + 0.08 mmol C 17!), with each sampling
date showing dissimilar vertical profiles (Fig. 3D).
Initial DOC concentrations ranged between 0.16 and
1.06 mmol C 17! (mean: 0.51 + 0.09 [SE] mmol C 1Y),
and showed no significant vertical variation. 7d DOC
concentrations showed a significant decline, reduc-
ing by 89% at 4 to 5 cm above the ice—water interface
(p < 0.005; mean: 0.67 = 0.17 mmol C I range: 0.21
to 1.88 mmol C17Y). 14 d DOC concentrations reached
1.35 + 0.14 mmol C 17! at 2 to 3 cm above the ice—
water interface (p < 0.005; mean: 0.94 + 0.11 mmol C
171, thereafter declining by 79 % at 11 to 16 cm above
(Fig. 3D). DOC concentrations were correlated with
chl a concentrations (r, = 0.649, p < 0.001, n = 81),
F,/F; (r,=0.574, p < 0.001, n = 81), and dissolved car-
bohydrates (CHOpjono: I, = 0.766, p < 0.001, n = 81;
CHOpgy: 1, = 0.738, p < 0.001, n = 81).

Values of CHOyopno ranged between 7 and 278 pmol
C 1! (mean: 52 + 11 [SE] pmol C I™'), and CHOpygy
ranged between 30 and 341 pmol C 17! (mean: 86 +
13 pmol C 17%; Fig. 3E,F). Initial CHO\op, values were
low (range: 7 to 26 pmol C 17}; mean: 16 + 2 umol C
1"!) and were highest at 1 to 2 cm above the ice—water
interface (Fig. 3E). CHOp,, initial values ranged
between 31 and 120 pmol C 1! (mean: 67 + 10 pmol
C I'Y, and were highest at 2 to 3 cm above the
ice—water interface (Fig. 3F). 7 d dissolved carbo-
hydrates were highest at the ice-water interface;
CHOpjono (range: 20 to 278 pmol C 17} mean: 84 +
29 pmol C 1) and CHOpyy (range: 30 to 341 pmol C
1"%; mean: 110 + 34 pmol C 17!) reduced by 92 and
91% at 11 to 16 cm above, respectively. 14 d
CHO\on, values were highest at 2 to 3 cm above the
ice-water interface (range: 20 to 127 pmol C 17}
mean: 57 = 12 umol C 17!), reducing by 91% at 11 to
16 cm above (CHOp,y range: 34 to 150 pmol C 1
mean: 83 + 16 pmol C 17!). Concentrations of
CHOwiono @and CHOp,, both showed a correlation
with ice temperature (r, = 0.408, p = 0.043, n = 27),
chl a concentrations (r, = 0.74 and 0.471, respectively,
p < 0.001, n = 81) and F/F, (r, = 0.449 and 0.516,
respectively, p < 0.001, n = 81).
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Biomass-normalised extracellular
organic carbon components

Chl a-normalised DOC concentrations showed sig-
nificant vertical and temporal variation (p < 0.005;
mean: 4019 + 1772 [SE] mg C [mg chl a]™}; range: 23
to 39401 mg C [mg chl a]™}; Fig. 3G). Chl a-nor-
malised DOC was lowest at the ice—water interface:
33 +27,39+9, and 23 + 3 mg C (mg chl a)‘l, for ini-
tial, 7 d, and 14 d, respectively (Fig. 3G). Initial chl a-
normalised DOC concentrations vertically increased
to reach a maxima of 39401 + 7736 mg C (mg chl a)™
at 9 to 11 cm above the ice-water interface. 7 d and
14 d chl a-normalised DOC also strongly increased
from the ice-water interface (p < 0.005), to reach
2809 + 251 and 2539 + 1796 mg C [mg chl a] ™! at 11 to
16 cm above, respectively (Fig. 3G).

Chl a-normalised CHOys,, concentrations were
low at the ice—water interface: 1.6 + 1.0, 5.2 + 0.2, and
2.0 £ 0.8 mg C (mg chl a)™" for initial, 7 d, and 14 d,
respectively (Fig. 3H). Initial chl a-normalised
CHO\jono concentrations (range: 1.6 to 525.5 mg C
[mg chl a]™}; mean: 202.1 + 67.7 [SE] mg C [mg chl
a]™!) were highest at 7 to 9 cm above the ice-water
interface, and CHOp,, concentrations (range: 3.7 to
1849.0 mg C [mg chl a]™}; mean: 287.9 + 99.3 mg C
[mg chl a]™!) were highest at 5 to 7 cm above the
ice—water interface (Fig. 3H,I). In comparison, chl a-
normalised dissolved carbohydrates for both 7 d
(CHO\ono range: 5.2 to 128.0 mg C [mg chl a]™};
mean: 46.2 + 15.0 mg C [mg chl a]"; CHOp,, range:
7.7 t0 208.3 mg C [mg chl a]™!; mean: 80.7 + 28.7 mg
C [mg chl a]™!) and 14 d (CHO,o, range: 2.0 to
47.7 mg C [mg chl a]™}; mean: 16.1 + 4.7 mg C [mg
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chl a]™!; CHOpyy range: 3.7 to 71.2 mg C [mg chl a] 4
mean: 24.4 * 75 mg C [mg chl a]™!) were low
(Fig. 3H,I).

DOC composition

The relative contribution of TCHO to DOC showed
significant spatial and temporal variation (p < 0.005;
mean: 24.9 + 3.4 [SE] %; range: 5.6 to 76.3 %; Fig. 5A).
This portion of TCHO had high CHOyp,, contribu-
tions for initial measurements (mean: 78.8 + 2.2 %;
range: 66.9 to 89.06 %; Fig. 5B). At 7 d, the relative
proportion of CHOp,;, to TCHO reached a maxima at

9 to 11 cm above the ice-water interface, ranging
between 49.3 and 70.4% (mean: 59.22 + 2.62%;
Fig. 5B). At 14 d, the relative proportion of CHOp, to
TCHO increased from the ice—water interface to
reach 67.3 + 8.2% at 2 to 3 cm above, ranging be-
tween 46.01 and 67.3 % (mean: 59.6 + 3.0 %; Fig. 5B).

DISCUSSION

Seasonal changes in sea-ice physical parameters
create strong physicochemical gradients that affect
biological activity and biogeochemistry (Gleitz et al.
1995, Papadimitriou et al. 2007, Vancoppenolle et al.
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2010, 2013). At McMurdo Sound in November to
December 2011, the calculated V,/V fraction was
well above the theoretical threshold of 5% (Golden
et al. 1998, 2007; mean range: 28 to 32% at 0 to 4 cm
above the ice-water interface for sampling dates)
and is interpreted as an open brine channel network
(i.e. ice melting), allowing for increased capacity for
fluid transport across the ice—water interface by mix-
ing nutrient-poor brine with comparatively fresh,
nutrient-rich sea water (Vancoppenolle et al. 2010).
This fluid transport potential can be impeded by the
development of brine salinity stratification caused by
melting sea ice during warmer temperatures. None-
theless, the observed increase in algal biomass (as
indicated by chl a concentration and algal cell abun-
dance) increased to within expected ranges for a bot-
tom-ice community at the ice—water interface (e.g.
McMinn et al. 1999, Ryan et al. 2006). The taxonomic
composition was comparable to previous studies in
this area, although the relative abundance of the
major taxa varied considerably over the 2 wk period.
At Cape Evans over the spring—summer transition,
McMinn et al. (2000) reported that Nitzschia stellata
dominated the algal community (up to 94 % of cells),
with Berkeleya adeliensis, Pleurosigma antarctica,
Entomoneis kjellmannii, and N. lecoitei also present.
Fiala et al. (2006) reported Fragilariopsis, Nitzschia,
Navicular, and Pseudonitzschia were dominant at
Adelie Land during April to December, and were
influenced by large spatial variability. In the present
study, the bottom-ice community was dominated by
colony-forming diatoms: N. stellata (51 % maximum),
E. kjellmannii (46% maximun), and B. adeliensis
(56 % maximum). These particular species may exude
organic carbon for the purpose of cell attachment
(Hoagland et al. 1993), and formation of colonies may
partly account for the spatial heterogeneity within
measured particulate (e.g. C:N, 8!°C, chl a) and dis-
solved (e.g. DOC, CHOpjgnos CHOpqy) parameters.
The photosynthetic parameter, F,/F,, was lower
than expected (mean at the ice—-water interface =
0.35), which for unstressed marine microalgae is typ-
ically 0.65 (Schreiber 2004). McMinn et al. (2003)
reported F,/F,, values of 0.45 + 0.15 in over 100 dark-
adapted samples from Antarctic fast ice. In the Arc-
tic, McMinn & Hegseth (2004) have also reported
similar values from apparently healthy sea-ice com-
munities. Therefore, the results herein are consistent
with the suggestions that in situ ice algal communi-
ties have naturally low F,/F,, values, possibly due to
a temperature influence on photosynthetic perform-
ance (McMinn et al. 2010). In the present study, the
vertical reduction in F,/F, values demonstrated a

clear coupling with algal biomass, and is interpreted
as a consequence of increasing restrictive brine
dynamics above the ice—water interface (i.e. V;,/V).

Fast-ice algal communities exhibit a seasonal trend
with respect to nutrient stress (Lizotte & Sullivan
1992). Typically, nitrogen limitation is evident when
C:N ratios are >7.7 (Redfield et al. 1963). For conge-
lation ice, high ratios have been reported (e.g. Cota &
Sullivan (1990): range = 8.8 to 16; Lizotte & Sullivan
(1992): range = 7.8 to 14.6). In the present study,
although slightly elevated C:N ratios were measured
(mean: 8.4, 8.7, and 9.1 for initial, 7 d, and 14 d,
respectively), the high spatial heterogeneity suggests
skewed abundances of colony-forming cells and/or
that cell-associated or colloidal extracellular organic
carbon was captured on the filters during sampling.
This may have resulted in an overestimation of C:N
ratios, and as such, the bottom-ice community is con-
sidered to have experienced reduced nutrient avail-
ability, but was not necessarily nutrient limited.

Along with nutrient drawdown, bottom-ice assem-
blages may also be limited by the supply of CO,
(Riebesell et al. 1993). Any reduction in aqueous CO,
will be reflected in more positive §'*C values of the
algae (Popp et al. 1999). In the present study, the §'°C
profiles showed an increase within 3 cm above the
ice—water interface for 7 d and 14 d. This trend
implies that demand for CO, exceeded supply (i.e.
drawdown, Kennedy et al. 2002); either the demand
for CO, is increased due to high algal growth, or
alternatively, the supply of CO, across the ice—water
interface is limited due to restrictive brine dynamics.
In the present study, although a combination of both
factors is likely, the latter maybe more important as
algal growth rates need to be high to influence car-
bon isotopic composition (McMinn et al. 1999). For
example, culture experiments with Phaeodactylum
tricornutum revealed that growth rates in excess of
0.5 d~! were needed to affect §'3C values (Laws et al.
1997). This rate was not exceeded in the present
study, with average ice algal in situ net cell growth
rate estimates (calculated from changes in algal cell
abundance) of 0.19 + 0.02 (range: 0.12 to 0.30) and
0.05 + 0.02 (range: —0.03 to 0.17) for initial to 7 d, and
7 to 14 d, respectively. These growth rates are com-
parable to typical values of 0.1 to 0.2 d™! previously
observed in Antarctic fast ice (Palmisano & Sullivan
1983, Sullivan et al. 1985).

The ecological functions of bacterial communities
are influenced by their phylogenetic composition,
representing a wide range of DNA contents and cell
sizes (Bouvier et al. 2007). HNA bacteria are gener-
ally larger, more metabolically active, and have
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higher growth rates than their LNA counterparts
(Lebaron et al. 2002, Servais et al. 2003, Bouvier et al.
2007). In the present study, the HNA bacterial abun-
dance was correlated with chl a concentrations (r, =
0.363, p = 0.001, n = 81) and ice temperature (r, =
0.503, p = 0.010, n = 27); LNA bacterial abundance
had no such correlation. This may infer a direct asso-
ciation between the HNA bacteria and algal fractions
of the community by means of a microbial loop,
although this relationship is dependent on microbial
composition (Taylor & Sullivan 2008, Martin et al.
2012), or, alternatively, this association may be a
consequence of warmer temperatures promoting
general microbial growth. The lack of correlation
between the bacterial community and exuded orga-
nic material is inconsistent with findings from other
sea-ice studies (e.g. Meiners et al. 2004), although a
complete understanding of microbial and extracellu-
lar organic carbon dynamics within the sea-ice eco-
systems clearly requires information beyond the use
of proxy measurements (Garrison et al. 2005).

The DOC concentrations in the present study are
comparable to other sea-ice studies from Antarctic
and Arctic regions (Carlson et al. 2000, Herborg et al.
2001, Krembs et al. 2002, Underwood et al. 2010).
Compared with marine environments, DOC concen-
trations were more than 10-fold higher than those
measured in surface oceanic water in the circumpolar
Southern Ocean (Pakulski & Benner 1994, Kéahler et
al. 1997, Wedborg et al. 1998, Carlson et al. 2000,
Doval et al. 2002, Papadimitriou et al. 2007). Given
that the high DOC concentrations were present in the
samples that had a high algal biomass (r, = 0.649, p <
0.001, n = 81), there is clearly a strong link between
algal activity and DOC accumulation in Antarctic sea
ice, although this is not always the case in other stud-
ies (e.g. Herborg et al. 2001). Similarly, carbohydrate
accumulation, specifically high-molecular weight car-
bohydrates expressed as exopolymeric substances, in
both sea ice (Krembs & Engel 2001, Riedel et al. 2006,
2008) and sediments (Underwood & Smith 1998) gen-
erally show a close correlation with algal biomass.
Carbohydrate enrichment has been observed as sea
ice ages, and this may be explained by changes in the
brine environment, such as nutrient limitation, CO,
drawdown, and elevated pH (Riedel et al. 2007,
Collins et al. 2008, van der Merwe et al. 2009). In con-
trast, the high DOC concentration towards the ice in-
terior at 14 d may be a due to the high V{,/V values at
the ice—water interface, allowing for DOC to be re-
leased into the under-ice water prior to, or during, ice-
core extraction. Production studies have reported an
increase in extracellular organic carbon exudation ac-

companying changes in physiology and growth phase
in Antarctic sea-ice algae (Aslam et al. 2012, Ugalde
et al. 2013), as also observed in marine diatoms (e.g.
Goto et al. 1999, Granum et al. 2002, Underwood et al.
2004). In the present study, chl a-normalised extra-
cellular organic carbon concentrations showed a de-
crease over the sampling period, which coincided
with increases in both F,/F,, values and V,,/V, indica-
ting an enhanced capacity for nutrient transport from
the under-ice realm into the bottom layers of the sea
ice. This finding supports the notion that extracellular
organic carbon plays an important role in the micro-
bial response to physicochemical conditions (e.g. low
temperature, nutrient availability), or possibly repre-
sents overflow metabolism.

Overflow metabolism is a well-established mecha-
nism, although it has rarely been applied to polar
environments (Myklestad et al. 1989, Waite et al.
1995). Fogg (1983) proposed that the exudation of
organic carbon was an end-product of a process
whereby photosynthesis takes place more rapidly
than is necessary to supply the requirements for
growth. Overflow metabolism has since been ob-
served in planktonic and benthic diatoms, and can be
stimulated by both nutrient-limiting conditions (e.g.
Myklestad et al. 1989, Staats et al. 2000, Bucciarelli &
Sunda 2003) and low temperature (e.g. Wolfstein &
Stal 2002). For ice-dwelling microbes, an increase in
the exudation of organic carbon has been reported at
reduced temperatures and nutrient limitation, possi-
bly as a cellular survival mechanism (e.g. Gleitz &
Kirst 1991, Krembs & Deming 2008, Krembs et al.
2011, Underwood et al. 2013). However, as low tem-
peratures are usually associated with reduced growth
rates, metabolic overflow may better explain this
coupling (Mock & Valentin 2004, Krell et al. 2007,
Aslam et al. 2012). In the present study, the microbial
community was exposed to both reduced, but not
limiting, nutrient availability (based on C:N ratios of
>7.7) and low temperatures. Therefore, overflow
metabolism cannot be excluded as a possible expla-
nation for the observed spatial and temporal trends
of chl a-normalised extracellular organic carbon.

The proportion of DOC as TCHO was generally
<20%, and this is comparable to previous reported
values in Arctic and Antarctic sea water (Pakulski &
Benner 1994, Herborg et al. 2001, Engbrodt & Kat-
tner 2005, Myklestad & Borsheim 2007). In Antarctic
sea ice, the mean proportion of TCHO to DOC is
<35%; however, it ranges from 1 to 99 % (Herborg et
al. 2001, Thomas et al. 2001). In contrast, Underwood
et al. (2010) reported values from melted ice cores of
between 30 and 50 %, and they considered that this
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variation may be due, in part, to differing methods
used to isolate and measure carbohydrate concentra-
tions between sea water and ice. For example, the
methods used by Underwood et al. (2010) require
dialysis to exclude salts from the samples. This
resulted in low-molecular weight materials, includ-
ing carbohydrates <8 KDa, being lost prior to TCHO
analysis. In the present study, the methods applied
did not require dialysis, but this alone does not
explain the difference in TCHO values reported.
Rather, the present study suggests that either the car-
bohydrate fraction of DOC may have been rapidly
modified through abiotic (e.g. hydrolysis, photolysis)
or biotic (e.g. microbial loop) processes. Alterna-
tively, the bottom-ice microbial assemblages may
have invested heavily into non-carbohydrate DOC,
consisting of proteins, lipids, and free DNA, possibly
also including organic nitrogen-containing carbo-
hydrates (e.g. proteoglycans and amino-sugars;
Underwood et al. 2010). The present study supports
the need for further research and comparison of
methods for the isolation and quantification of extra-
cellular organic carbon components, particularly in
the sea-ice habitat.

The present study demonstrates that CHOp,, sub-
stantially contributes to TCHO in late spring (mean =
79%), and this contribution rapidly decreases over
time (mean = 59%). If extracellular organic carbon
provides protection against challenging abiotic con-
ditions (Krembs et al. 2011), then a shift towards
molecules with greater structural potential (i.e. poly-
saccharides) might be expected in addition to any
increase in abundance (Krembs & Engel 2001,
Krembs & Deming 2008, Underwood et al. 2010).
Gleitz & Kirst (1991) reported that interior pack-ice
algal assemblages produce approximately 5 times
more polysaccharides when compared with infiltra-
tion assemblages, possibly due to nutrient limitation
in the sea-ice interior. In the present study, the high
relative contribution of CHOp,, to TCHO in early
season ice indicates that the cells were experiencing
adverse abiotic conditions, as was reflected by rela-
tively low F,/F,, values. This, coupled with lower cal-
culated brine volume in early season ice, suggests a
limited capacity for fluid exchange between brine
channels and the underlying seawater.

CONCLUSION

The present study provides a detailed description
of microalgal physiology and exuded organic carbon
dynamics in an Antarctic bottom-ice community, and

is the first attempt to describe their successive
changes during the spring—summer transition. It was
hypothesised that sea-ice algae would increase car-
bon allocation to extracellular organic components
with an increase in algal biomass. This hypothesis
was supported with total concentrations of extracel-
lular organic carbon components (DOC and TCHO
[sum of CHOpjon, and CHOpgy]) increasing during
the sampling period. However, extracellular organic
carbon concentrations normalised to chl a showed a
substantial decrease during the sampling period.
This change was associated with improved algal
physiology and brine conditions, initiated by an
increase in brine volume allowing transport across
the ice—water interface. These findings support the
theory that exudation of organic carbon by sea-ice
algae is associated with adverse brine conditions,
either as a direct (in response to reduced tempera-
tures or nutrient availability) or indirect (overflow
metabolism or microbial loop) mechanism.
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