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Abstract
Temporal changes in the concentration profiles of dimethylsulfide (DMS), dimethylsulfoniopropio-
nate (DMSP), and dimethylsulfoxide (DMSO) were measured in pack ice from the Bellingshausen 
Sea (Antarctica) during the winter-spring transition of 2007. Two sites with contrasting snow and ice 
thicknesses were sampled, with high concentrations of DMS, DMSP, and DMSO observed at both sites, 
especially in surface ice. These high concentrations were shown to correspond to the development of a 
surface ice microalgal community dominated by strong DMSP producers (flagellates and dinoflagel-
lates) following flooding of the ice cover. Several short-term synoptic events were observed and shown 
to influence strongly the dynamics of sea ice DMS, DMSP, and DMSO. In particular, a cold spell event was 
associated with drastic changes in the environmental conditions for the sea ice microbial communities 
and to a remarkable increase in the production of dimethylated sulfur compounds at both sites. A good 
correlation between all dimethylated sulfur compounds, sea ice temperature, and brine salinity suggested 
that the observed increase was triggered mainly by increased thermal and osmotic stresses on microalgal 
cells. Atmospheric forcing, by controlling sea ice temperature and hence the connectivity and instabil-
ity of the brine network, was also shown to constrain the transfer of dimethylated sulfur compounds in 
the ice towards the ocean via brine drainage. Analysis of the two contrasting sampling sites shed light 
on the key role played by the snow cover in the sea ice DMS cycle. Thicker snow cover, by insulating 
the underlying sea ice, reduced the amplitude of environmental changes associated with the cold spell, 
leading to a weaker physiological response and DMS, DMSP, and DMSO production. Thicker snow 
also hampered the development of steep gradients in sea ice temperature and brine salinity, thereby  
decreasing the potential for the release of dimethylated sulfur compounds to the ocean via brine drainage.

1. Introduction
The volatile organic compound dimethylsulfide (DMS) is the dominant biogenic sulfur compound in the 
ocean and the main contributor to the global biogenic sulfur flux to the atmosphere (Bates et al., 1992). 
Oceanic DMS is mainly produced by the enzymatic cleavage of the algal metabolite dimethylsulfoniopro-
pionate (DMSP); its synthesis depends strongly on algal abundance, taxonomy, and various environmental 
stressors (Stefels et al., 2007). The physiological functions of DMSP in algal cells are not fully constrained. 
DMSP may act, for example, as an osmoregulator, a cryoprotectant, an antioxidant, or an overflow mecha-
nism for excess energy dissipation (reviewed by Stefels et al., 2007). DMS is found supersaturated in all 
oceanic waters, leading to significant fluxes to the atmosphere where it is quickly oxidized in climate-
active sulfate aerosol particles. These particles can potentially cool the climate by scattering and absorbing  
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solar radiation and promoting the formation of cloud condensation nuclei (Charlson et al., 1987).  
Although recent model simulations have strongly challenged the existence of a significant effect of DMS-
derived aerosols at the global scale (Small et al., 2009; Quinn and Bates, 2011), DMS emissions are presum-
ably relevant for the regional climate. Such relevance would be the case particularly in the clean atmosphere 
of remote polar regions, as suggested for instance by simultaneous observations of strong nucleation events  
and oceanic DMS pulses in the Arctic (Chang et al., 2011; Rempillo et al., 2011).

In polar regions, DMS emissions are strongly influenced by the presence of the seasonal ice cover which 
regulates gas exchange between the ocean and the atmosphere and seeds large phytoplankton blooms dur-
ing seasonal melt. More than just a mechanical conduit, sea ice also represents a distinct biome favorable 
to substantial production of DMS (Tison et al., 2010; Nomura et al., 2011; Carnat et al., 2014; Damm  
et al., 2016). The significant biomass of sea ice microalgal assemblages (mean concentration of chloro-
phyll a [chl a] in Antarctic sea ice up to three orders of magnitude higher than the mean in the Southern 
Ocean; Arrigo et al., 2010) combined with the high levels of environmental stresses in their brine habitat 
support enhanced synthesis of metabolites such as DMSP (Kirst et al., 1991; Trevena et al., 2003). Hence, 
the contribution of sea ice assemblages to the polar sulfur cycle and regional climate must be considered.  
This need is particularly important in the recent context of a warming climate and changing sea ice cover.

Yet, this contribution remains very hard to assess. Direct measurements of sea ice–atmosphere DMS 
fluxes are technically challenging, and very few have been made so far (Zemmelink et al., 2008; Nomura  
et al., 2012). The poor spatio-temporal resolution of these measurements and the important heterogeneity 
of the sea ice environment further prevent regional extrapolations (Lana et al., 2011). Also, great gaps in 
our knowledge of DMS cycling in sea ice currently prevent accurate modeling of net DMS production by 
the sympagic biota. The net DMS production of a biome is a function of complex and rapid degradation 
and conversion processes between multiple methylated sulfur compounds (Stefels et al., 2007). For instance, 
DMS can be converted by bacterial and photochemical oxidation to a third dimethylated sulfur compound, 
dimethylsulfoxide (DMSO; Hatton et al., 2005). On the other hand, DMSO can also be reduced to DMS  
by bacteria or synthesized directly by algae, probably playing physiological functions similar to those of 
DMSP (Lee and de Mora, 1999). The dynamic of these processes and the relative importance of their dif-
ferent drivers (ecological and physico-chemical) in the specific environmental conditions of the brine habitat  
remain largely unknown. So far, only one study has provided estimates of the conversion rates of DMS, DMSP,  
and DMSO in natural brine samples (Asher et al., 2011).

Until now, sea ice DMS studies have essentially described the vertical and seasonal variability of DMS, 
DMSP, and DMSO concentrations (see Tison et al., 2010, and Carnat et al., 2014, for overviews). Several 
studies have also suggested links between this variability and sympagic algal abundance/taxonomy and  
environmental conditions (e.g., low temperature, high salinity, and oxidative stress) of the brine habitat 
(Kirst et al., 1991; Levasseur et al., 1994; Trevena and Jones, 2006; Damm et al., 2016). Regarding physical  
drivers, time-series studies have highlighted the influence of sea ice thermodynamics on the transport of 
dimethylated compounds towards the ocean. In summer, sea ice melting and the subsequent release of  
DMS and DMSP largely contribute to the DMS hot spots observed in the surface waters of marginal ice  
zones (Tison et al., 2010; Nomura et al., 2011). Significant amounts of dimethylated sulfur compounds  
could also be released to the under-ice water before melting through brine convection, provided the ice is 
permeable to fluid transport (Tison et al., 2010; Carnat et al., 2014; Galindo et al., 2014, 2015).

In this study, temporal changes in DMS, DMSP, and DMSO concentrations and a series of ancillary 
biogeochemical variables were obtained during the winter-spring transition of sea ice conditions in the  
Bellingshausen Sea, Antarctica. The observed changes are considered from the perspective of their con
nections with the thermal evolution of the sea ice cover. Sensitivity of the ice cover to atmospheric thermal  
forcing at short time intervals (days) in relation to its snow and ice thickness is also discussed.

2. Material and methods
2.1. Study area and sampling sites
The present study was conducted during the Sea Ice Mass Balance in Antarctica (SIMBA) experiment 
(Lewis et al., 2011) which took place onboard the RV/IB Nathaniel B. Palmer in the Bellingshausen Sea 
during September–October 2007. On arrival in the study area (Figure 1), the ship was moored to a large 
(∼ 5 km2) first-year drifting ice floe, named “Ice Station Belgica” (ISB; Figure 2), deemed large enough 
to survive the duration of the study. The floe was selected for its wide range of ice types and ice and snow 
cover thicknesses (Lewis et al., 2011) characteristic of the greater region. Two sites (named “Brussels” and 
“Liège”) were chosen on the floe for sampling (Figure 2) based on three criteria: 1) homogeneity of the 
surface properties within each site (i.e., level ice and uniform snow thickness) to reduce within-site spatial 
variability; 2) great contrast in ice and snow properties between the chosen sites (Figure 3); and 3) suf-
ficiently large area to conduct sampling in five independent but adjacent smaller zones at each site (Figure 2).  
The two sites were separated by ∼ 1 km and located at a reasonable distance (0.8 and 1.8 km) from the 
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ship to minimize sample contamination. At each sampling site (Brussels and Liège), an undisturbed  
area of about 100 m x 60 m was delimited with flags. The two sites were sampled alternately every five days 
to build a time series. These sampling events were named Brussels 1–5 and Liège 1–5, respectively (Figures 
2 and 3). Each time a site was sampled, a smaller square zone (10 m x 10 m) was delimited (Figure 2). 
These small zones were kept close to each other to minimize spatial variability and were kept undisturbed  
until their respective sampling day.
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Figure 2
Layout of the drifting ice floe "Ice 
Station Belgica" (ISB).

Location of the sampling sites 
Brussels and Liège on ISB (A). 
IMB: Ice Mass Balance buoy. The 
zoomed area (B) shows the layout 
of each sampling site with the 
location chosen for each sampling 
event of the time series.
doi: 10.12952/journal.elementa.000135.f002

Figure 1
Location of the study area.

Location of the study area in the 
Bellingshausen Sea during the  
Sea Ice Mass Balance in Antarctica  
(SIMBA) experiment in 2007 (A). 
Location of the sampling events 
of the time series in the study area 
(B). Sampling events occurred at  
two sampling sites (named 
Brussels and Liège) located on a  
large first-year drifting ice floe 
named Ice Station Belgica (ISB). 
The dotted line represents the drift  
track of ISB during the study, as 
monitored by the ship anchored 
to the floe.
doi: 10.12952/journal.elementa.000135.f001
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2.2. Atmospheric forcing and radiation data
Air temperature was recorded by an ice mass balance buoy (IMBB) deployed at the Brussels site (Figure 2; 
see Lewis et al., 2011, for details). Photosynthetically active radiation (PAR) and ultraviolet A (UV-A) and B 
(UV-B) data were acquired during the whole study by a GUV-2511 multi-channel radiometer (Biospherical 
Instruments Inc., San Diego, California) located on the ship deck (30.5 m above sea level; Vancoppenolle  
et al., 2011). The daily dose of PAR (400–700 nm) was computed as the time integral of instantaneous PAR 
readings. Spectral irradiance at selected wavelengths was used to reconstruct the spectral integral of UV-A 
and UV-B. Relationships to convert selected UV wavelengths to UV-A and UV-B irradiances were derived 
from a calibration radiometer deployed in the framework of the NSF UV monitoring Network operated  
by Biospherical Instruments Inc. at Palmer station (Figure 1) from April 2006 to July 2007. For UV-A 
(315–400 nm), a linear regression of the spectral irradiance at 380 nm was used (R2 = 0.997; p < 0.001; n = 
20,667) while for UV-B (290–315 nm), a multiple linear regression of spectral irradiance at 305 and 313 nm 
was used (R2 = 1; p < 0.001; n = 20,612; Dr. G. Bernhard, Biospherical Instruments Inc., pers. comm., 2010). 
This reconstruction was made using the reasonable assumption that the difference between the radiation 
regime at Palmer station in the spring of 2006 and the radiation regime at the study area in the spring of  
2007 was small. After conversion of instantaneous spectral irradiance readings into UV-A and UV-B irradi-
ances, time integrals were computed to estimate the daily doses of UV-A and UV-B.

2.3. Sampling
For each sampling event, ice cores were taken using a 14 cm diameter electropolished stainless-steel (SS) 
corer. Ice cores were immediately wrapped in polyethylene bags and stored horizontally in an insulated box 
with cold packs (–30°C) to prevent brine drainage and limit the physiological activity of ice algae (Cox and 
Weeks, 1986; Stefels et al., 2012). Under-ice water was sampled at three depths (ice-ocean interface, 1 m, 
and 30 m) using a Masterflex E/S portable sampler (Cole Palmer®). The water was transferred into 20 ml 
glass vials which were immediately crimp sealed (butyl/PTFE septum cap), leaving no headspace. Vials were 
stored in the dark at 4°C.

2.4. Sea ice physical properties
Ice temperature and bulk ice salinity profiles were measured on the same dedicated ice core. Ice temperature 
was measured immediately after ice core extraction using a calibrated digital thermometer (Testo® 110) 
equipped with a fast response temperature probe (precision ± 0.2°C; Miller et al., 2015). The probe was 
inserted in holes drilled at the diameter of the probe perpendicularly to the ice core wall. The ice core was 
then cut with a vertical resolution of 5 cm and the sections were stored in sealed plastic containers. Bulk ice 
salinity was determined onboard on melted ice core sections using a calibrated Orion (Thermo Finnigan®) 
conductivity meter (precision ± 0.1; Miller et al., 2015). To assess the changes in permeability of the ice 
cover during the study, profiles of the relative brine volume fraction were computed assuming thermody-
namic equilibrium of the brine with the surrounding ice (Cox and Weeks, 1983; Lepparänta and Manninen, 
1988) and an assumed air volume fraction of 1%. Above a critical brine volume fraction, the interconnection 
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Figure 3
Time series of sea ice and snow 
thickness at the ISB sampling 
sites.

Freeboard values (distance between  
the snow/ice interface and the 
sea level) are indicated for each 
sampling event of the time series.  
A negative freeboard corresponds 
to a snow/ice interface submerged  
below sea level (flooding).
doi: 10.12952/journal.elementa.000135.f003
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between brine inclusions becomes sufficient so that sea ice exhibits a sharp transition in its fluid properties 
(Golden et al., 1998; 2007). The critical value is highly dependent on the ice texture, being 5% for well-aligned  
columnar ice (Golden et al., 1998) and fluctuating between 7 and 10% for granular ice (Carnat et al., 2013; 
Zhou et al., 2013). Permeable ice is prone to brine convection provided the brine network is unstable; i.e., 
brine salinity (density) decreasing toward the ice-ocean interface and above the under-ice water salin-
ity (density). Brine salinity was calculated from ice temperature according to Cox and Weeks (1983) and  
Lepparänta and Manninen (1988). Ice texture was described onboard from 2 mm thick sections of ice cores 
placed on a light table between crossed polarizers. The thick sections taken on the ice core were used later for  
determination of DMS, DMSP, and DMSO concentrations.

2.5. Algal biomass, taxonomy, and nutrients
Algal biomass was estimated from discrete chl a measurements performed on a dedicated ice core taken  
in close vicinity (few tens of cm) of the temperature-salinity and DMS, DMSP, DMSO ice cores. The ice 
core was cut onboard the ship with 10 cm vertical resolution. The samples were melted in a known volume  
of seawater (1:4 volume ratio), pre-filtered through 0.2 µm polycarbonate filters, and then filtered successively 
onto 10 µm and then 0.8 µm Nucleopore filters. This protocol is recommended to limit large temperature 
changes and osmotic stresses on microalgae (Miller et al., 2015). All filters were stored in cryovials at –80°C 
until analysis. Filters were extracted in acetone (90% volume ratio) in the dark at 4°C for 24 h, and chl a was 
quantified fluorometrically according to Yentsch and Menzel (1963). The total chl a content of the samples 
treated with the sequential filtration method was calculated as the sum of concentrations measured on the  
10 µm and 0.8 µm filters. Under-ice water samples were filtered successively onto 10 µm and 0.8 µm  
Nucleopore filters before chl a measurement as described above.

The taxonomic composition of ice algal assemblages was determined in the home laboratory (Laboratoire 
de Glaciologie, Université Libre de Bruxelles, Belgium) on samples preserved in gluteraldehyde-Lugol 
solution (1% final concentration). Inverted light microscopy (100 and 320 x magnification) following 
Utermöhl (1958), and epifluorescence microscopy (400 x magnification) after DAPI staining (Porter and 
Feig, 1980), were used for this purpose. Autotrophic species were distinguished from heterotrophs by the 
red autofluorescence of chl a observed under blue light excitation. A minimum of 100 organisms was 
counted per taxonomic group. Microscopic size measurements were converted to cell volumes accord-
ing to a set of geometric correspondences (Hillebrand et al., 1999). Autotrophic biomass was calculated 
from the abundance and the specific carbon biomass (carbon per cell) estimated from the relationships  
described in Menden-Deuer and Lessard (2000).

The inorganic nutrients NO2
−, NO3

−, NH4
+, PO4

3–, and Si(OH)4 were determined at a 5 cm vertical 
resolution on a dedicated ice core. Ice core sections were melted in the dark at 4°C and then filtered 
through 0.4 µm polycarbonate filters. Nutrient concentrations were measured on filtrates following the 
protocol described by Papadimitriou et al. (2007). To avoid matrix effects, standards used for calibration 
were prepared in artificial seawater solutions with salinities similar to those of the analyzed samples. In 
order to better visualize the nutrient status of the ice cover, data were plotted as vertical profiles of the 
difference between the measured concentration of a nutrient and the concentration predicted by the 
theoretical dilution line (TDL).

2.6. DMS, DMSP, and DMSO concentrations
Sea ice cores and under-ice water samples were processed on the ship right after sampling to ensure the 
reliability of the DMS measurements. Analysis started systematically with the determination of DMS 
concentrations in under-ice water samples, which took less than 2 h. Then, DMS concentrations were deter-
mined on ice core sections stored at –30°C. This step typically took between 20 and 48 h, depending on the 
number of samples and replicates. This timing of analysis is considered as acceptable regarding the amount  
of DMS lost through diffusion during storage (Stefels et al., 2012; Carnat et al., 2014).

Sea ice cores were processed in a cold room (–30°C). Samples were cut from the central part of the ice 
core with 5 cm vertical resolution. DMS was extracted from samples using the method of dry crushing 
described in Stefels et al. (2012). In brief, the sample (∼ 20 g) was placed with two SS marbles into an SS 
vessel specifically designed for the analysis of DMS in sea ice. The hermetically closed vessel was then fixed 
onto a crushing device and mechanically shaken (several hundred cycles min−1) during four 45 s cycles in 
order to reduce the sample into a fine powder and ensure the release of all gas bubbles and brine inclu-
sions from the ice matrix. After crushing, the vessel was connected to an extraction line and maintained at 
about –30°C during the purge of the vessel by UHP grade (99.999%) helium (He, 15 min at 50 ml min−1). 
During this step, DMS is channeled out of the vessel and into a cryofocusing trap (PTFE loop immersed 
in liquid N2, –196°C). DMS was then thermally desorbed by plunging the PTFE loop into boiling water 
and injecting it into a gas chromatograph (GC) for quantification. The procedure was repeated twice for 
each sample to ensure the recovery of all the DMS contained in the sample, as suggested by Stefels et al. 
(2012). The total DMS content of the sample was calculated as the sum of the two successive injections.
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For the analysis of DMS in under-ice water samples, between 1 and 10 ml of liquid was subsampled 
from the 20 ml sampling vial and transferred through the septum into a clean pre-sealed 20 ml glass vial. 
The vial was then connected to a simple purge and trap system. The sampled was then purged with UHP 
grade He (30 min at 25 ml min−1) and the DMS was trapped in a PTFE loop immersed in liquid N2. 
DMS was then thermally desorbed by plunging the PTFE loop in boiling water and injected into a GC 
for quantification.

For the determination of total DMSP (particulate + dissolved fractions) in under-ice water samples, 
NaOH was added to the vial after the DMS analysis. This step brought the OH− concentration above 2N 
and induced the hydroxide decomposition of DMSP in DMS and acrylic acid (Dacey and Blough, 1987). 
Vials were immediately crimp sealed (butyl/PTFE septum cap) and stored at 4°C in the dark for at least  
24 h until analysis of DMSP as DMS following the procedure described above.

For DMSP and DMSO analysis in sea ice samples, the fine ice powder resulting from the crushing was 
recovered after the DMS quantification and divided into 20 ml glass vials. These were crimp sealed (butyl/
PTFE septum cap) and stored at –30°C in the dark. For total DMSP, NaOH was added to the vials containing 
the ice powder. The vials were crimp sealed and stored to melt at 4°C in the dark until analysis as DMS. 
Total DMSO (particulate + dissolved fractions) was measured in the home laboratory a few months after 
sampling using the enzyme-linked method (Hatton et al., 1994) adapted for the determination of DMSO 
in sea ice as fully described by Brabant et al. (2011), with overall precision < 5%.

The gas chromatograph used for all quantifications was an Agilent 6890N equipped with a six-port 
switching valve, a Restek Rt-XLSulfur packed column (1 m x 0.75 mm internal diameter) and a flame 
photometric detector (FPD). The FPD was run either with a wavelength (394 nm) sulfur filter or with 
a wavelength (526 nm) phosphorus filter depending on the amount of DMS expected in the samples 
(based on the location of the DMS maxima observed during the first sampling events). The GC oven was 
operated using a temperature program (60–180°C) and calibrated against dilutions of pure (> 99%) DMS 
(Merck®) in ultra-pure water. The dilutions were performed at < 4°C to limit evaporation. The analytical 
precision of the method is < 10% for the quantification of DMS and DMSP.

2.7. Statistical analysis and figure drawing
The influence of the physical (temperature, bulk salinity, brine salinity, and brine volume fraction) and 
biological (algal biomass and nutrients) properties of the ISB ice cover on DMS, DMSP, and DMSO 
dynamics was investigated by computing non-parametric Spearman’s rank-order correlation coefficients 
between variables (R, The project for Statistical Computing®). Spearman’s rank-order coefficients were 
chosen instead of the usual Pearson’s product-moment coefficients because of the heteroscedasticity of the 
data set. Pearson’s product-moment coefficients require normally-distributed variables and the existence of 
a linear relationship between variables, whereas Spearman’s rank-order coefficients only assess the strength 
of monotonic dependence between these variables. The relationship between variables was considered 
significant only when p < 0.05. Figures were drawn using SigmaPlot®11.0 and Adobe® Illustrator.

3. Results
3.1. Atmospheric forcing at ISB
Weather at ISB was typical of the Antarctic marine spring. Several recurring short-term synoptic events 
of variable intensity and length (4–8 days) were witnessed during the study. Cold and dry periods with 
generally clear-sky conditions associated with continental air masses from the South alternated with 
warm and wetter periods associated with oceanic air from the North (Vancoppenolle et al., 2011). As a 
result, important air temperature fluctuations were recorded during the study (Figure 4C). At least three 
alternating cycles of atmospheric cooling and warming were observed. Cooling cycles were typically the 
longest and most intense. Regarding radiation, PAR and UV-A daily doses (Figure 4A and 4B) increased 
with time at a mean rate of 62 µmol cm−2 d−1 (R2 = 0.734; p < 0.001; n = 24) and 20 kJ m−2 d−1 (R2 = 0.80; 
p < 0.001; n = 24), respectively. The UV-B doses showed more variability during the study period and  
no significant trend could be detected.
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3.2. Changes in sea ice and snow physical properties at ISB sampling sites
The Brussels and Liège sites displayed contrasting snow, ice thickness, and ice texture conditions (Fig-
ure 3). These conditions are presented in detail in Lewis et al. (2011). At the Brussels site, ice thickness 
ranged between 55 and 67 cm, while the snow cover ranged between 8 and 25 cm (Figure 3). The overall 
mean thickness of the ice was 60.9 cm ± 7.8 cm (n = 50). No decreasing trend (ANOVA) in ice thick-
ness (indicative of bottom melting) was observed with time. The freeboard remained positive during each 
sampling event (0.7–3 cm) indicating that surface ice was not flooded during the study. The ice texture 
showed limited variation between sampling events and consisted mainly of columnar ice (see Lewis et al., 
2011, for detailed ice stratigraphy of the ISB sampling sites). Snow ice was observed in surface ice layers.

At the Liège site, the ice and snow cover were significantly thicker (ANOVA, p < 0.001) than at the 
Brussels site, ranging between 99 and 106 cm and between 28 and 38 cm, respectively (Figure 3). The grand 
mean of the ice thickness was 104.3 cm ± 9.4 cm (n = 46). A linear decreasing trend with time (ANOVA,  
p < 0.05) was detected indicating bottom melting. The freeboard was negative at Liège 4 and 5, flooding  
the ice surface. The ice texture was more complex than at the Brussels site and was composed mainly of 
granular ice with inclusions of columnar ice and snow ice at different levels in the ice cover.

The Brussels and Liège sites also displayed contrasting thermohaline properties (Figure 5). At the  
Brussels site, the ice temperatures ranged between –1.5 and –6.1°C (Figure 5A). The main changes in tem-
perature over time were observed in the top 40 cm of the ice cover, generally oscillating between cooling 
and warming events within a small temperature window (∼ 1°C). A more dramatic shift in temperature 
was observed in the top 40 cm of Brussels 4 where the coldest temperature of the time series was recorded 
(–6.1°C). This minimum coincided with the most intense atmospheric cold spell recorded during the study  
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Figure 4
Time series of air temperature 
and solar radiation at ISB.

Time series of the photosynthetically 
active radiation (PAR) daily dose 
(A), UV-A (solid line) and UV-B 
(dashed line) daily doses (B), and 
air temperature in 1-day (solid 
line) and 5-day (dashed line) 
moving averages (C) recorded on 
the ship and by an ice mass balance 
buoy deployed at the Brussels 
site (Figure 2A). Also shown is  
the mean ice temperature (error 
bars indicate standard deviation; 
n = 11 – 22) recorded during 
the five sampling events at the 
Brussels (B1–B5, diamonds) and 
Liège (L1–L5, squares) sites.
doi: 10.12952/journal.elementa.000135.f004
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(Figure 4C). The bulk ice salinities ranged between 3.4 and 14.1. All profiles were C-shaped as usually observed  
in spring first-year sea ice (Eicken et al., 1991) but the C pattern was not symmetrically defined, as surface ice 
salinities were much higher than bottom ice salinities. The main changes were again observed in the top 
layers (30 cm). Interestingly, bulk ice salinities oscillated roughly in phase with the mean air temperature 
(higher values for Brussels 1, 3, and 5, and lower values for Brussels 2 and 4) suggesting cyclic net salt 
gain or loss in relation to the temperature regime. Brine volume fractions (Figure 5A) remained above 
5% (permeability threshold for columnar ice) at all times and all depths except in the top 20 cm of the ice 
cover at Brussels 4. Brine salinity profiles (Figure 5A) underwent an apparent destabilization from Brussels 
1 (values close to seawater salinity) to Brussels 4 where the highest values (up to 101) of the time series 
were observed in the top layers. Stability was restored at Brussels 5.

At the Liège site, changes in ice temperature, bulk ice salinity, and brine salinity observed between the 
different sampling events were smaller than those observed at the Brussels site under similar atmospheric 
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Figure 5
Time series of the thermohaline 
properties of the ice cover at the 
ISB sampling sites.

Comparative time series of ice 
temperature, bulk ice salinity, 
brine salinity, and relative brine 
volume fraction at the Brussels 
site (A) and Liège site (B). Note 
the difference in vertical scale 
between panel A and B. The 5 
and 10% permeability thresholds 
are represented by vertical dashed 
lines on the brine volume fraction 
plots.
doi: 10.12952/journal.elementa.000135.f005
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forcing (Figure 5B). The ice temperatures ranged between –1.3 and –3.7°C. The ice cover showed simi-
lar warm and isothermal temperature profiles at Liège 1, 2 and 5, with brine salinities close to seawater 
salinity. The ice cover cooled from Liège 3 to 4, when the coldest temperature and highest brine salinity 
of the time series were recorded, as also observed at the Brussels site. Substantial changes were strictly 
limited to the top 40 cm of the ice cover. The bulk ice salinities ranged between 2.3 and 13.8 (Figure 5B) 
and the mean salinity was systematically lower for the Liège cores than for the Brussels core. All profiles 
were C-shaped and showed little variation between sampling events. The oscillatory behavior of bulk ice  
salinity with mean air temperature was less obvious than at the Brussels site, with changes limited to the 
top 15 cm of less frequent occurrence. Brine volume fractions (Figure 5B) in the top 20 cm of the ice cover 
were at all times above 10% (the upper permeability threshold for granular ice). Values in the bottom two 
thirds of the cores were generally between 5 and 10%. Regarding temporal changes, the largest decrease 
was observed between Liège 2 and 4, similarly to the situation described for the Brussels site.

3.3. Changes in algal biomass, taxonomy, and nutrient concentrations at ISB sampling sites
The Brussels and Liège sites displayed contrasting biological properties (Figure 6, S1, S2). At the Brussels 
site, chl a ranged between 1.3 and 16 µg L−1 (mean = 5.9 µg L−1). Maximum values were generally found 
in bottom ice, with secondary peaks in surface ice and low values in interior ice (Figure 6A). In bottom ice, 
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Figure 6
Time series of sea ice autotrophic 
biomass distribution and 
composition at the ISB sampling 
sites.

Comparative time series of 
chlorophyll a (chl a) concentration 
in sea ice at the Brussels site (A) 
and Liège site (B) using the 
color scale as indicated. Black 
dots indicate the mean sampling 
depths. Pie charts indicate the 
autotrophic biomass composition 
of the ice cover at selected 
sampling depths. The exact 
contribution of each microalgal 
group (in % and µg C L−1) to 
the total biomass is provided in  
Table S1.
doi: 10.12952/journal.elementa.000135.f006
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chl a increased gradually from Brussels 1 to 3 (maximum value of the time series), then sharply decreased 
towards the end of the study. Surface ice communities were essentially observed at Brussels 2 and 4.  
Regarding taxonomy, the ice cover was generally clearly dominated (in terms of biomass) by dinoflagellates, 
followed by naked flagellates, except for the surface ice at Brussels 4 where diatoms dominated (Nitzschia 
longissimi and Plagiotropus sp.; Figure 6A). A significant amount of empty diatom frustules was observed 
at Brussels 3. Nutrient concentration profiles (Figure S1) showed a strong depletion in NO3

− during  
all sampling events, especially in the top layers. The Brussels ice cover was also generally slightly depleted 
in PO4

3–, except for the ice-ocean interface (and the top layers at Brussels 1). On the other hand, a small 
enrichment in both NH4

+ and NO2
− was observed throughout the study. Si(OH)4 showed the largest 

variations of all nutrients, with enriched values in the top half of the ice cover and depleted values in  
the bottom half (except at Brussels 1).

Chl a values measured at the Liège site (from 1.1 to 25.7 µg L−1; mean = 6.6 µg L−1) were comparable 
to those measured at the Brussels site, but the vertical distribution of the biomass and its temporal changes 
were drastically different (Figure 6B). Most of the biomass was observed at Liège 1, showing a vertical 
distribution characterized by an overall downward decrease with three local maxima. Ice layers below  
60 cm depth generally exhibited low chl a values and showed, contrary to the Brussels site, no prevalence 
of a bottom ice community. Chl a drastically decreased from Liège 1 to 4, then slightly increased at Liège 
5, especially in surface ice. Similarly to most samples of the Brussels site, Liège 1 communities were largely 
dominated by dinoflagellates. Subsequently, the contribution of dinoflagellates and naked flagellates became 
relatively equal (∼ 40%) until the end of the study. A significant amount of Phaeocystis sp. was observed 
among the naked flagellates during all sampling events, and empty diatom frustules in interior ice at Liège 
1, 3 and 5. Concentration profiles of NH4

+, NO3
−, and NO2

− at the Liège site were generally comparable 
to those at the Brussels site, with a strong depletion in NO3

− (especially in the top 20 cm layers) and a 
small enrichment in both NH4

+ and NO2
− (Figure S2). Concentrations of PO4

3– were slightly below the 
TDL in the top half of the ice cover (except in the surface layers of Liège 5), and very close to the TDL in 
the bottom half. Similarly to the Brussels site, Si(OH)4 is the nutrient that showed the largest variations 
in the ice, but this time with depleted values in surface (except at Liège 5) and interior ice, and enriched 
values near the ice-ocean interface.

Chl a concentrations in under-ice water (ice-ocean interface, 1 m, and 30 m depth) were low (data not 
shown) throughout the study period at the Brussels site (range = 0.01 to 0.19 µg L−1; mean = 0.07 µg L−1) 
as well as at the Liège site (range = 0.02 to 0.16 µg L−1; mean = 0.08 µg L−1).

3.4. Changes in DMS, DMSP, and DMSO concentrations at ISB sampling sites
As observed for the physical and biological properties of sea ice, the Brussels and Liège sites displayed 
contrasting profiles of DMS, DMSP, and DMSO concentrations (Figure 7). At the Brussels site, DMSP 
concentrations ranged from 75 to 5349 nM (mean = 899 nM; Figure 7A). DMS concentrations were 
generally lower, ranging from 6 to 2829 nM (mean = 300 nM; Figure 7B). DMSO was the dimethyl-
ated sulfur compound with the lowest concentrations in the ice, ranging from 5 to 775 nM (mean =  
47 nM; Figure 7C). The three compounds globally showed similar vertical distribution and their temporal 
changes were highly synchronous. Highest values were always observed in the top 20 cm of the ice cover. 
Concentration profiles remained relatively stable between Brussels 1 and 2. A moderate increase in DMS, 
DMSP, and to a lesser extent DMSO occurred in the top half of the ice cover from Brussels 2 to 3. Then, 
a strong increase in all compounds was seen across the whole ice column from Brussels 3 to 4, when the 
maximum concentrations of the time series were recorded. From Brussels 4 to 5, concentrations decreased 
at all depths. During this sampling event, a bimodal (top and bottom 5 cm of the ice cover) distribution 
was observed for both DMS and DMSP, while no DMSO peak was detected at the ice-ocean interface.

At the Liège site, DMS, DMSP, and DMSO concentrations were generally lower than in the ice 
cover of the Brussels site (Figure 7). Also, all compounds varied within a narrower range, between 1.5 and  
3352 nM for DMSP (mean = 253 nM; Figure 7D), between 0.6 and 1788 nM for DMS (mean = 121 nM;  
Figure 7E), and between 1.4 and 219 nM for DMSO (mean = 16 nM; Figure 7F). Similarly to the  
Brussels site, DMSO was the least abundant of the three compounds followed by DMS, and the highest 
DMS, DMSP, and DMSO values were always detected in the top 20 cm of the ice cover. Temporal changes 
in concentrations, on the other hand, differed slightly from those observed at the Brussels site. For instance,  
no major fluctuations between sampling events occurred below 30 cm depth for either of the compounds.  
Also, changes in the DMS, DMSP, and DMSO profiles were not as synchronous. In surface ice, concentra-
tions of the three compounds increased between Liège 1 and Liège 2, then decreased towards Liège 3. An 
increase in DMS, DMSP, and DMSO was measured at Liège 4. However, contrary to Brussels 4, only DMSP 
showed its maximum value of the time series at this sampling event. Finally, as observed at Brussels 5, Liège 
5 was characterized by a sharp decrease of DMS, DMSP, and DMSO.
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DMSP concentrations measured in under-ice water (ice-ocean interface, 1 m, and 30 m depth) at the 
Brussels site (ranging from 2 to 28 nM, mean = 14 ± 8 nM; Table 1) were significantly higher than typical 
spring open water values reported for the Southern Ocean (Lana et al., 2011). Highest levels were located 
in the uppermost meter of the water column. DMSP was found in the same order of magnitude at the 
Liège site (from 3 to 79 nM, mean = 18 ± 19 nM) but showed more variability close to the ice-ocean 
interface. At both sites, DMSP concentrations measured at 30 m depth were generally lower than at the 
interface and never exceeded 30 nM. DMS varied over a large range in the under-ice water at the Brussels 
site (from 1 to 126 nM, mean = 40 ± 33 nM) and was significantly higher than DMSP. The maximum 
value of the time series was measured at Brussels 2. Under-ice water DMS concentrations at the Liège 
site were in the range of those of DMSP (from 4 to 60 nM, mean = 23 ± 15 nM). The highest value was 
measured at Liège 3.
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Figure 7
Time series of sea ice DMS,  
DMSP, and DMSO concentrations 
at the ISB sampling sites.

Comparative time series of DMSP  
(A and D), DMS (B and E), and 
DMSO (C and F) concentrations 
in sea ice at the Brussels (A–C) 
and Liège (D–F) sites using the 
color scales as indicated. Black 
dots indicate the mean sampling 
depths. Note the differences in 
color scales for the different sulfur 
compounds.
doi: 10.12952/journal.elementa.000135.f007
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4. Discussion
4.1. Importance of DMS, DMSP, and DMSO production at ISB
The concentrations of DMS and DMSP reported here are generally in the same order of magnitude as 
those reported in previous Antarctic sea ice studies and confirm that sea ice is a biome sustaining substantial 
production of dimethylated sulfur compounds. Concentrations measured at ISB were compared with the 
synthesis of Antarctic sea ice DMS and DMSP data sets provided in Carnat et al. (2014) and the recent 
works of Nomura et al. (2011) and Damm et al. (2016). The mean and maximum DMSP concentrations 
measured at the Brussels site were clearly the highest ever measured in level Antarctic first-year ice, and 
those measured at the Liège site were in the upper range of published values. These results indicate that 
the conditions prevailing at the time of sampling at ISB were particularly favorable for DMSP pro
duction. DMS data from sea ice are very scarce in the literature. DMS values are reported unfortunately  
as DMSP+DMS most of the time (e.g., Nomura et al., 2011) for methodological reasons (artificial  
conversion of DMSP to DMS when melting is used for extracting DMS from the ice matrix; see Stefels 
et al., 2012). The mean and maximum DMS concentrations measured at both sites were significantly 
higher than the values reported by Trevena and Jones (2006), Tison et al. (2010), and Carnat et al. (2014). 
DMSO data from Antarctic sea ice are even scarcer, with only one set of values obtained in the Weddell 
Sea during summer by Brabant et al. (2011; from 6 to 215 nM). Concentrations at the Brussels site  
largely exceeded those observed by Brabant et al. (2011), while those at the Liège site were within the same 
range. Interestingly, DMSO was a minor contributor to the total dimethylated sulfur pool in the two studies  
(2 to 7% in this study, 10–17% in Brabant et al., 2011), suggesting that this feature could be widespread  
in Antarctic sea ice. Such claim is supported by Asher et al. (2011) who recently identified DMSO  
reduction as a major pathway for DMS production in Antarctic sea ice.

The DMSP and DMSO bulk ice values reported here have not been compared to values from brine 
samples collected with the sackhole method in other studies (e.g., Asher et al., 2011), because the sack-
hole brine collection method (Gleitz et al., 1995) may lead to an underestimate of DMSP and DMSO 
concentrations when converted to bulk ice values. Indeed, the sackhole method fails to recover particulate 
matter efficiently (Brierley and Thomas, 2002). As a result, a substantial fraction of the DMSP pool, as 
shown by Tison et al. (2010), and potentially of the DMSO pool may be missed by this sampling approach.

The elevated under-ice water DMS and DMSP concentrations measured at ISB were generally consistent 
with observations made in under-ice water during brine drainage events in the spring (Carnat et al., 2014) 
and during the summer melting season (Trevena and Jones, 2006; Tison et al., 2010; Nomura et al., 2011). 
Values measured during some sampling events (Brussels 2 and 4, Liège 2 and 3) were among the highest 
ever reported in under-ice water samples, especially at 30 m depth.

4.2. Drivers of DMS, DMSP, DMSO production at ISB
4.2.1. Flooding events
Maximum DMS, DMSP, and DMSO concentrations at ISB were almost exclusively located in surface and 
sub-surface ice (Figure 7). This distribution contrasts sharply with the L-shaped DMS and DMSP profiles 
typically reported in Arctic sea ice studies (Levasseur, 2013; Galindo et al., 2014) and in some Antarctic 
sea ice studies (Tison et al., 2010; Nomura et al., 2011; Carnat et al., 2014). However, this distribution is 
comparable to DMSP profiles reported for flooded Antarctic sea ice (Trevena et al., 2000; Damm et al., 
2016). The presence of snow ice in the Brussels 1 and Liège 1 ice cores indicates that flooding events certainly  
occurred at both sites prior to sampling. These events most likely set up the initial conditions of DMS, DMSP, 
and DMSO production observed in the ice cover at ISB. Seawater infiltration during flooding can bring 
microorganisms and nutrients in snow and surface ice, generally leading to the development of an important 
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Table 1. Concentrations (nM) of DMS and DMSP measured at the ice-ocean interface and at 1-m and 30-m depth  
in the under-ice water of the Brussels and Liège sites

Compound 
measured

Depth 
under 
ice (m)

Brussels site Liège site
Station  

1
Station  

2
Station  

3
Station  

4
Station  

5
Station  

1
Station  

2
Station  

3
Station  

4
Station  

5
DMS 
(nM)

0 NDa 49 43 54 38 15 4 41 36 8
1 NDa 126 11 37 37 39 60 17 23 18
30 NDa 1 NDa 36 9 18 20 21 15 6

DMSP 
(nM)

0 NDa 15 10 11 7 11 19 21 3 13
1 NDa 25 19 18 15 6 15 79 20 23
30 NDa 3 ND 28 2 4 4 38 10 3

aND = no data
doi:10.12952/journal.elementa.000135.t001
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surface microbial community (Tison et al., 2008; Saenz and Arrigo, 2012). These conditions can in turn lead 
to an increase in DMS, DMSP, and DMSO production in surface ice. As a result, the vertical distribution  
of concentrations differs radically from that of unflooded sea ice where bottom ice communities typi-
cally drive the dimethylated sulfur production (L-shaped profiles; e.g., Carnat et al., 2014). The similarity  
between the vertical distribution of chl a (Figure 6) and that of DMS, DMSP, and DMSO (Figure 7) 
at Brussels 1 and Liège 1, both showing surface maxima, supports the flooding scenario at ISB prior to  
sampling. The effect of flooding would have been more pronounced at the Liège site than at the Brussels 
site because of the thicker snowpack (Figure 3), which would explain the fact that chl a maxima were higher  
and extended deeper into the ice cover at Liège 1 than at Brussels 1 (Figure 7).

During the study itself, flooding events did not drastically modify DMS, DMSP, and DMSO pro-
duction at ISB. The snowpack at the Brussels site was never thick enough to depress the surface of the 
ice below the freeboard layer. At the Liège site, flooding most certainly occurred at Liège 4 and 5, as 
indicated by the negative freeboard observed during these sampling events (Figure 3). This flooding may 
have replenished nutrients in the surface ice at Liège 5, as suggested by the increase in the concentra-
tions of all nutrients in the top layers of the ice cover (Figure S2). It also likely affected the autotrophic 
biomass as shown by the general increase in chl a in the sub-surface layers (Figure 6B). However, these 
conditions were not associated with an increase in DMS, DMSP, and DMSO concentrations between 
Liège 4 and 5 (Figure 7D, E and F).

4.2.2. Algal biomass and taxonomy
The increase in surface ice algal biomass following flooding events likely determined the initial verti-
cal distribution of dimethylated sulfur compounds in sea ice at ISB. Yet, algal biomass alone could not 
explain the very high DMS and DMSP production observed at ISB. Indeed, mean and maximum chl a  
measured at both the Brussels and Liège sites were in the lower range of values published in previous  
Antarctic sea ice DMS and DMSP studies (see the synthesis of Carnat et al., 2014). In fact, this finding was  
not surprising as the ability to produce DMSP is strongly species-specific (Stefels et al., 2007).

The presence of high DMSP-producing microalgal groups in the Brussels and Liège ice cover is a  
plausible explanation for the low chl a, high DMSP conditions that characterized both sampling sites. Indeed, 
the biomass at ISB was clearly dominated by flagellates and dinoflagellates (Figure 6), two groups known 
for their high intracellular DMSP quota (Stefels et al., 2007). In particular, cells of the flagellate Phaeocystis 
sp., a very efficient DMSP producer, were observed during all sampling events at the Liège site. This situ-
ation contrasts strongly with other sea ice studies (Trevena and Jones, 2006; Tison et al., 2010; Carnat et 
al., 2014) where primary production was dominated by diatoms, known for their low intracellular DMSP  
quota (Stefels et al., 2007).

The predominance of flagellates and dinoflagellates at ISB was not surprising given the evidence for flood-
ing events. Flagellates and dinoflagellates usually grow well in surface communities, while diatoms typically 
dominate in bottom ice communities (Thomas et al., 2010). For instance, dinoflagellates, by synthesizing 
elevated concentrations of mycosporine-like amino acids, are better adapted to the high UV radiations 
generally observed in the top layers of the ice, as reported by Fritsen et al. (2011) at ISB. Also, diatom 
growth can quickly become restricted by the nutrient shortage that characterizes surface ice in the absence 
of periodic refueling by flooding or brine convection. This restriction can lead to a shift in the dominant 
microalgal group from diatoms to flagellates and dinoflagellates. This scenario likely occurred at ISB prior 
to sampling. Flooding supplied nutrients to surface ice, as explained in section 4.2.1., favoring the initial 
development of diatoms in the ice cover. Because the ice cover was not refueled after the initial flooding 
events, NO3 _ became depleted and presumably curtailed diatom growth. This hypothesis was supported 
by the numerous empty frustules found in the ice cover at both sites and by the nutrient profiles (Figures S1 
and S2) showing a strong depletion of NO3

− throughout the study (especially in the top 20 cm of the ice). 
By contrast, low NO3

− concentrations are expected to have a lesser effect on flagellates and dinoflagellates 
because these groups can more easily rely on other dissolved forms of N such as NH4

+, as described in 
temperate seas by Tungaraza et al. (2003). As shown by the nutrient profiles, NH4

+ was slightly enriched 
in surface ice at both sampling sites. The concept that differences in N-assimilation pathways within sea 
ice assemblages could play a role in determining the taxonomy of ice algal communities had already been 
proposed by Thomas et al. (2010).

Temporal changes in algal biomass and community composition over the duration of the study did not 
fully account for temporal changes in DMS, DMSP, and DMSO concentrations. Indeed, significant if weak 
correlations between chl a and DMS, DMSP, and DMSO were observed (Table 2), and the most important 
DMSP production event (Brussels 4) coincided with diatom-dominated assemblages (Figure 6A). Again, 
this finding was not surprising as DMSP synthesis is not only species-specific but also strongly dependent  
on the physiological conditions of the microalgal cells (Stefels et al., 2007). Strong positive correlations between  
chl a and DMSP have usually been reported during the spring-summer transition when primary 
production was largely dominated by bottom-ice diatom communities, such as in Trevena and Jones (2006), 
Tison et al. (2010), and Carnat et al. (2014). These communities typically develop in the relatively stable 
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environmental/physiological conditions (e.g., temperature, salinity, nutrient availability) of the skeletal layer 
at the ice-ocean interface. Weaker relationships, on the other hand, were observed for other microalgal 
groups developing in surface and interior ice layers (e.g., Trevena et al., 2003; Damm et al., 2016). At the 
ISB sampling sites, primary production was clearly dominated by flagellates and dinoflagellates (Figure 6) 
thriving in the unstable environmental conditions of surface ice.

4.2.3. Environmental conditions
Robust correlations between ice temperature (negative) or brine salinity (positive) and either DMS, DMSP, 
and DMSO were observed during this study. Also, the most important DMS, DMSP, and DMSO production 
events at both sites (Brussels 4 and Liège 4; see Figure 7) were closely associated with the coldest surface 
ice temperatures and highest brine salinities of the time series (Figure 5). This association might suggest 
that the temporal variability in dimethylated sulfur compounds at ISB was at least partially driven by a 
physiological acclimation mechanism of microalgal cells to changes in the temperature and salinity of their 
ice habitat, with DMSP produced as osmoregulator and cryoprotectant (Kirst et al., 1991). It is generally 
assumed that, following thermodynamic equilibrium, the salinity of brine inclusions is solely determined 
by the ice temperature, with decreasing temperatures inducing increasing brine salinities (Petrich and 
Eicken, 2010). Survival of ice algae in brine inclusions therefore requires simultaneous protection against 
freezing and increased osmotic pressure of the medium. This environmental control of DMSP production 
is in good agreement with the work of Tison et al. (2010) which also reported a good correlation between 
DMSP and brine salinity, and with a few experiments showing the dependency of the DMSP intracellular 
quota on temperature (see Stefels et al., 2007, for an overview). It is also in good agreement with recent 
laboratory experiments conducted by Lyon et al. (2011, 2016). These authors subjected cultures of the sea 
ice diatom Fragilariopsis cylindrus to a progressive salinity shift in the lower range of sea ice brine salinities 
(from 35 to 70) and observed that intracellular DMSP increased by 85%.

Changes in ice temperature and brine salinity at the ISB sampling sites were mainly driven by short-term 
synoptic events, with the minimum ice temperature corresponding to the most intense atmospheric cold spell 
observed during the study (Figure 4C; see Lewis et al., 2011, for more details). Hence, the results presented 
here highlight the importance of atmospheric forcing in the sea ice DMS, DMSP, and DMSO cycle. In the 
same line of thinking, the overall lower DMS, DMSP, and DMSO concentrations measured at the Liège site 
(Figure 7) were likely the result of the insulation effect of the snowpack. Snow has a low thermal conductiv-
ity, about an order of magnitude lower than that of sea ice, and therefore acts as a thermal insulator, partially 
mitigating the effect of atmospheric cold spells on the underlying ice cover. The thicker snow cover at the 
Liège site provided better thermal insulation than the thin snow cover at the Brussels site (Figure 3), which 
resulted in higher ice temperatures (lower brine salinities) (Figure 5). This insulation in turn would have 
resulted in lower thermal and osmotic stresses on the ice algal cells, and hence in lower DMSP production.

Surface ice microalgal communities can also be exposed to important nutrient and radiative stresses. 
Regarding nutrients, the ice cover at both sites seemed NO3

−-depleted at all times (Figures S1 and S2).  
This limitation could have contributed to the high DMS and DMSP concentrations observed in the 
diatom-dominated community of the ice surface of Brussels 4 (Figures 6A, 7A, and 7B). Indeed, some 
diatom species can respond to N-limitation by increasing their DMSP intracellular quota (Sunda et al., 
2007). DMSP would be produced to counteract the induced cellular oxidative stress on the one hand, 
and as an alternative to N-containing cellular osmolytes (saving N for other metabolic uses) on the other 
hand. Intracellular cleavage of DMSP into DMS and acrylate is very likely to ensue as those compounds 
are far more effective at scavenging hydroxyl radicals than DMSP (Sunda et al., 2002). Regarding radia-
tive stresses, the increase in DMS and DMSP concentrations in the surface ice from Brussels 3 to 4, and 
Liège 3 to 4 also coincided with clear sky conditions, and hence high UV-B doses. High UV-B values have  
been shown to trigger dimethylated sulfur compounds production by microalgae following an antioxidant 
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Table 2. Spearman’s rank-order correlation coefficientsa for dimethylated sulfur compounds and other physical and  
biogeochemical variables in vertical profiles of ice at the Brussels and Liège sites

Variable DMS DMSO DMSP

Brine salinity 0.43*** 0.51*** 0.54***

Temperature −0.43*** −0.51*** −0.54***

Chlorophyll a 0.24** 0.22** 0.27***

NO3
- −0.57*** −0.64*** −0.72***

DMSP 0.86*** 0.85*** −

DMSO 0.89*** − −

aN = 149; significance level of p < 0.01 denoted by **; p < 0.001, by ***
doi:10.12952/journal.elementa.000135.t002
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cascade (Sunda et al., 2002). Again, this physiological response would be expected to be less pronounced 
at the Liège site because of the thicker snow cover.

4.2.4. Brine overturning events
The short-term synoptic events witnessed at ISB during the study (Figure 4C) also induced significant 
changes in the brine dynamics. These changes potentially influenced the vertical distribution of the dimethyl-
ated sulfur pools considerably, as well as the exchange of compounds at the ice-ocean interface. Cooling 
episodes were strong enough to allow unstable brine salinity (density) gradients to develop within the ice 
cover at both sites (Figure 5), especially at Brussels 4 and Liège 4. The development of such gradients can 
initiate the overturning of brine and its mixing with underlying seawater moving upward (brine drainage), 
provided the ice is permeable to fluid transport (Notz and Worster, 2009). Several physical observations 
strongly suggest that brine gravity drainage was a general feature at ISB, particularly at the Brussels site. For 
instance, excursions in the ice temperature profiles (McGuiness et al., 1998; Trodahl et al., 2001; Pringle  
et al., 2007) were reported by Lewis et al. (2011) in the IMBB measurements of the ISB floe. Also, Lewis 
et al. (2011) reported a marked difference between cooling and warming rates of the sea ice cover (i.e., clear 
faster warming of the entire ice cover at the end of the coldest air episode between Brussels 4 and 5), as 
expected in the case of brine overturning which enhances the heat transfer from the ocean to the ice. The 
oscillatory behavior of the bulk salinity profiles in the upper part of the ice also supported brine overturning 
(Figure 5A). Brine sinking will export salts from the surface layers, reducing the bulk ice salinity of these 
layers (e.g., Brussels 4). However, ascending warmer ocean water fueling the convection within the brine 
network will import new salts, stored in an increasing brine volume due to the combined effect of warmer 
brines and increasing air temperatures, increasing surface ice salinity (e.g., Brussels 5). Finally, specific 
features in the ice texture conditions also supported brine overturning. Ice dissolution features were seen 
on freshly extracted ice cores and on thick sections. Large vertical brine tubes, typical of brine drainage, 
initiating at the upper snow/congelation ice interface were observed and strongly contrasted with the 
typical tree-like structure of brine channels forming during the growth period. The tubes sometimes ran 
throughout the whole ice thickness and connected to the ice-ocean interface as inverted funnels, suggesting 
turbulent microflow developing as outgoing brines encounter warmer inflowing seawater.

Brine overturning events might have triggered a vertical redistribution of the dimethylated sulfur pools in 
the ice cover at the Brussels site. This possibility is supported by the increase in DMS, DMSP, and DMSO 
concentrations at all depths between Brussels 3 and 4, and the decrease of all compounds at all depths 
between Brussels 4 and 5. Similar redistributions by brine convection had already been suggested for DIC 
at the Brussels site (Geilfus et al., 2015), and for DMS and DMSP in other Antarctic sea ice studies (Tison  
et al., 2010; Carnat et al., 2014). Brine drainage might also have released substantial amounts of dimethyl-
ated sulfur compounds to the under-ice water. High DMS and DMSP concentrations were measured 
in under-ice water at both sites, showing an important variability between sampling events (Table 1). 
This observation, combined with the fact that chl a values in under-ice water remained very low at all 
times, suggests that the vast majority of DMS and DMSP found in the water column originated directly 
from the ice. Since bottom ice melting was relatively limited at the Liège site, and non-existent at the 
Brussels site, brine drainage is the best candidate to explain the transfer of compounds from the ice  
to the ocean. Such a process has previously been proposed for both Antarctic (Tison et al., 2010; Carnat  
et al., 2014) and Arctic (Galindo et al., 2014) sea ice. Interestingly, high DMS and DMSP concentrations 
were observed throughout the water column at both sites during sampling event 4, when conditions were 
the most favorable for brine drainage to occur. Whether these high concentrations at depth (30 m) were  
the result of sinking brine mixing with seawater or the result of another process (i.e., sinking of ice algal 
cells or fecal pellets) warrants future investigation.

Even if both the Brussels and Liège sampling sites were subjected to the same atmospheric forcing,  
the difference in ice texture and the thickness of snow and ice (Figure 3) likely resulted in weaker brine 
overturning events at the Liège site. The thicker snowpack and ice cover at the Liège site would have acted 
together to hamper the development of sharp temperature and brine salinity (density) gradients as observed 
at the Brussels site (Figure 5A). Furthermore, the thick layers of granular texture present in the Liège ice 
cover would have raised the brine percolation threshold. Recent field studies (Saenz and Arrigo, 2012;  
Carnat et al., 2013; Zhou et al., 2013) indeed suggest that columnar and granular ice exhibit different 
fluid transport properties, with the latter requiring higher brine volume fractions (between 7 and 10%) 
to become permeable to fluid flow than the threshold of 5% reported for columnar ice (Golden et al., 
1998). Weaker brine overturning events at the Liège site would explain why the increase in DMS, DMSP, 
and DMSO concentrations from sampling event 3 to 4 remained restricted to the upper layer of the ice 
cover, while the increase at the Brussels site was observed at all depths (Figure 7). It would also explain 
the lower concentrations (and more moderate temporal variability) in under-ice water at the Liège  
site than at the Brussels site.

Brine overturning events could have also modified nutrient supply to sea ice microalgal communities, 
and hence their species composition and vertical distribution. Should brine overturning occur, a drastic 
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change in the concentration of nutrients in sea ice would be anticipated providing the draining brine and 
upward flowing seawater have different nutrient concentrations. Trends in the nutrient profiles (Figure S1, S2) 
support only one particular event of nutrient transport that could have been related to brine drainage: the 
disappearance of the local peak of PO4

3–, Si(OH)4, NH4
+, and NO2

− between Brussels 1 and 2. However, 
given the temporal sampling resolution adopted in this study, a rapid uptake rate of nutrients by sea ice 
algae or a rapid remineralization of organic matter by heterotrophs might have concealed or superseded 
the changes resulting from convective seawater exchange, as suggested in other studies (Riaux-Gobin  
et al., 2005; Fripiat et al., 2015).

4.3. Limitations and potential caveats of the study
The question might be asked whether the conditions and temporal changes observed at the Brussels and 
Liège sites were reliable and representative of the ISB floe. There is strong evidence in support of this case, at 
least for physical properties. The mean snow thickness measured at the ice core locations during the different 
sampling events are within the range of other snow thickness measurements performed elsewhere on the 
two sites (Lewis et al., 2011). Similarly, the mean ice thickness derived from the ice core length dataset at 
the Brussels site is consistent with the value of 0.591 ± 0.043 m reported by Lewis et al. (2011) from manual 
gauging and two IMBB time series measurements. The trend towards melting (−0.005 m d−1) observed at 
the Liège site is also consistent with the IMBB records (−0.004 m d−1) and with a computed mean value of 
ocean heat flux of 6 to 8 W m−2 during the study (Ackley et al., 2015).

The question might also be asked whether the results presented in this study were affected by spatial 
variability. Indeed, sea ice in the natural environment generally exhibits high spatial variability at different 
scales (Eicken et al., 1991). Both the sampling strategy followed during this study (see section 2.1) and the 
physical properties observed at the sampling sites suggest that spatial variability could be neglected with 
respect to the temporal variability in the interpretation of the differences between sampling events. Textural 
profiles revealed limited spatial variability between sampling square zones at the Brussels site, but a slightly 
higher heterogeneity at the Liège site (Lewis et al., 2011). Also, Lewis et al. (2011) showed a good similarity 
between comparative bulk salinity and δ18O profiles measured at both sampling sites.

The overall lack of relationship between physical and biologically-mediated variables observed in this 
study is not surprising. In fact, such a lack of correlation is rather frequent in sea ice field studies and may 
be seen as the result of temporally decoupled physical and biological processes. The record of physical 
variables is to be considered as a snapshot, and the measurement of dissolved constituents as time-integrated 
information resulting from a suite of physical and biogeochemical processes (Meiners et al., 2009). This 
decoupling between variables is expected to widen further when an active brine drainage regime has settled 
within the ice cover, as in the course of this study. Also, this study focused on the influence of physical 
drivers on sea ice DMS, DMSP, and DMSO dynamics. The DMS biogeochemical cycle is characterized 
by many biologically-mediated conversion processes between DMS, DMSP, and DMSO (e.g., bacterial 
oxidation of DMS, bacterial reduction of DMSO, bacterial consumption of DMS and DMSP; Stefels  
et al., 2007). Such processes have been shown to occur at high rates in both the brine (Asher et al., 2011) 
and under-ice water medium (Galindo et al., 2015), and certainly affected the concentration profiles  
reported here to some extent. Microbial data (e.g., bacterial counts, gross or net production rates, degradation 
rates) are unfortunately not available. However, the strongly significant correlations between DMS, DMSP,  
or DMSO and physical and biogeochemical variables (Table 2) suggest that physical processes did indeed 
drive important temporal changes in all three of the dimethylated sulfur compounds. Nonetheless, in order 
to get a full picture of the sea ice DMS cycle, it would be very useful in future Antarctic sea ice stud-
ies to couple observations of the physical and thermodynamic state of the ice cover with measurements  
of microbial transformation rates.

5. Conclusions
This study provides insights into the cycling of DMS, DMSP, and DMSO in spring Antarctic sea ice. It  
specifically shows how the combined effect of snow accumulation and atmospheric cooling cycles can be 
conducive to elevated production of dimethylated sulfur compounds in surface ice. The additional overburden 
of thick snow results in seawater flooding of the ice surface. In turn, this flooding favors the development 
of surface microbial communities by supplying nutrient-rich seawater to the ice. Although this nutrient 
input appears to favor diatom growth initially, in the absence of further flooding events NO3

− depletion 
returns and favors a shift in community composition towards groups (flagellates and dinoflagellates) known 
for their ability to synthesize high levels of intracellular DMSP. The DMSP production of these groups 
is potentially augmented by physiologically stressful environmental conditions (low temperatures, high 
salinities, high UV) in the surface ice habitat. Thermal, osmotic, and radiative stresses on surface communities  
can in turn be controlled by atmospheric forcing, with snow thickness modulating the amplitude of  
changes. Thickness of the snow pack and the cycling of atmospheric fronts also control the release of 
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dimethylated sulfur compounds to the under-ice water through brine drainage. Relatively thin ice cover 
(low insulation) and cold spell events favor low ice temperature (high brine salinity) in surface ice, and 
hence higher instabilities of the brine network.

Despite the episodic transfer of sulfur compounds to the ocean through brine drainage, DMS, DMSP, 
and DMSO dynamics in the ice cover at ISB resulted over the 20 day observation period in an overall 
net gain of 140 µmol of DMSP m−2, and 14 µmol of DMS m−2 at the Brussels site, and of 104 µmol of  
DMSP m−2, and 3 µmol of DMS m−2 at the Liège site (burdens calculated following Tison et al., 2010). The 
overall net gain of DMSO was substantially smaller, 5 µmol m−2 at the Brussels site, and close to 0 µmol m−2 
at the Liège site. This pattern suggests that periodic forcing of the system by atmospheric thermal cycling 
maintains a sustained production of dimethylated sulfur compounds.

With the increasing occurrence of atmospheric anomalies in the Bellingshausen Sea comes an increased 
probability of witnessing wind-driven compaction of sea ice and greater precipitation (Stammerjohn  
et al., 2008) affecting the distribution of snow on the ice surface. Such changes may strengthen the impact 
of the physical and biogeochemical processes emphasized here and strongly modify DMS production and  
emissions at the regional scale.
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•	 Table S1. Contribution of four major algal groups to the total biomass (in % and µgC L−1) of the ice cover at the 

Brussels and Liège sites. (Excel). 
sDIA: small diatoms; lDIA: large diatoms; nFLA: naked flagellates; dFLA: dinoflagellates.

•	 Figure S1. Time series of the nutrient status of the ice cover at the Brussels site. (TIFF). 
Vertical profiles of the difference in concentration from the theoretical dilution line (TDL) of PO4

3– (S1A), Si(OH)4 
(S1B), NH4

+ (S1C), NO2
− (S1D), and NO3

− (S1E) at the Liège site. The solid lines with symbols show the difference 
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between the measured concentration and the concentration predicted by the mean TDL. Error bars represent the 
range of the difference considering the minimum and maximum slopes for the computation of the TDL. Note the 
difference in horizontal scales.

•	 Figure S2. Time series of the nutrient status of the ice cover at the Liège site. (TIFF). 
Vertical profiles of the difference in concentration from the theoretical dilution line (TDL) of PO4

3− (S1A), 
Si(OH)4 (S1B), NH4

+ (S1C), NO2
− (S1D), and NO3

− (S1E) at the Liège site. The solid lines with symbols show 
the difference between the measured concentration and the concentration predicted by the mean TDL. Error 
bars represent the variation range of the difference considering the minimum and maximum slopes for the com-
putation of the TDL. Note the difference in horizontal scales.
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