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Résumé

L’océan Antarctique (± 20% de la surface totale des océans) est un endroit essentiel pour la régulation du 
climat de notre planète grâce à sa capacité d’absorber le dioxyde de carbone (COJ atmosphérique par des 
mécanismes physico-chimique et biologique. La pompe biologique à carbone est un processus majeur de fixation 
de COj par les organismes autotrophes à la surface de l’océan et de transfert de carbone organique vers le fond 
de l’océan. Ce processus est influencé par l’importance de la production primaire ainsi que par l’intensité de la 
reminéralisation de la matière organique dans la colonne d’eau. Ainsi, le cycle annuel de la glace via sa 
production/reminéralisation in situ mais aussi via l’ensemencement de l’océan avec des microorganismes et des 
nutriments organiques et inorganiques (en particulier le fer) a un impact sur le cycle du carbone dans l’Océan 
Antarctique, notamment en favorisant l’initiation d’efflorescences phytoplanctoniques dans la zone marginale de 
glace.

Plus précisément, nous avons étudié les interactions entre le réseau microbien (algues, bactéries et 
protozoaires) et la matière organique dans le but d’évaluer leurs impacts potentiels sur la pompe biologique de 
carbone dans l’Océan Austral. Deux écosystèmes différents ont été étudiés : la glace de mer et le milieu 
océanique grâce à des échantillons prélevés lors des campagnes de glace ARISE, ISPOL et SIMBA et lors de la 
campagne océanographique SAZ-Sense, couvrant une période allant de la fin de l’hiver à l’été.

La glace de mer est un environnement très particulier dans lequel les microorganismes planctoniques se 
trouvent piégés lors de la formation de la banquise et dans lesquels ils subissent des conditions extrêmes de 
température et de salinité, notamment. Les banquises en océan ouvert étudiées (0,3 à 1,2 m d’épaisseur, 
températures de -8.9°C à -0.4°C, volumes relatifs de saumure de 2.9 à 28.2% et salinités de saumures entre 10 et 
jusque >100) étaient composées de glace colunmaire et granulaire. Les algues de glace étaient principalement 
des diatomées mais des flagellés autotrophes (tels que des dinoflagellés ou Phaeocystis sp.) ont été typiquement 
observés dans les couches de glace de surface. Les biomasses algales maximales se trouvaient généralement dans 
la couche de glace de fond sauf à SIMBA où les maxima se trouvaient en surface, probablement en raison de 
l’épaisseur des couches de neige et de glace, limitant la lumière disponible dans la colorme de glace. Au début du 
printemps, la croissance algale était contrôlée par l’espace disponible (càd le volume des saumures) tandis qu’au 
printemps/été, la disponibilité en nutriments majeurs a pu la contrôler. A toutes les saisons, des concentrations 
élevées en matière organique (MO) dissoute et particulaire on été mesurées dans la glace de mer par rapport à 
l’océan. Des monomères dissous (sucres et acides aminés) étaient accumulés dans la glace, surtout en hiver. Au 
printemps et été, les polysaccharides dissous dominaient le réservoir de sucres. La MO était présente sous forme 
de TEP qui par leurs propriétés de gel modifie l’habitat interne de la glace. Ce biofilm retient les nutriments et 
gêne le mouvement des microorganismes. La composition et la distribution de la MO dans la glace étaient en 
partie reliées aux algues de glace. De plus, la thermodynamique de la couverture de glace peut contrôler la 
distribution des microorganismes et de la MO, comme observé lors de la fonte de la glace à ISPOL et lors du 
refroidissement de la banquise à SIMBA. La distribution des bactéries n’est pas corrélée avec celle des algues et 
de la MO dans la glace. En effet, la consommation de la MO par les bactéries semble être limitée non pas par la 
nature chimique des substrats mais par un facteur extérieur affectant le métabolisme bactérien tel que la 
température, la salinité ou une toxine. Le dysfonctionnement de la boucle microbienne menant à l’accumulation 
de la MO dans la glace a donc été mis en évidence dans nos échantillons.

De plus, le biofilm formé par les TEP est aussi impliquée dans l’attachement des cellules et autres composés 
aux parois des canaux de saumure et donc dans la séquence de largage lors de la fonte. Cette séquence semble 
propice au développement d’efflorescences phytoplanctoniques dans la zone marginale de glace. Les 
microorganismes originaires de la glace (surtout ceux de taille < 10 pm) semblent capables de croître dans la 
colonne d’eau et l’apport en nutriments organiques et inorganiques apparaît favorable à la croissance des 
microorganismes pélagiques.

Enfin, l’influence des activités hétérotrophes sur l’export de carbone et l’efficacité de la pompe biologique à 
carbone a été évaluée dans la couche de surface (0-100 m) et mésopélagique (100-700 m) de l’océan. Au 
contraire de la glace, les biomasses et activités bactériennes suivaient les distributions de la chlorophyll a et de la 
MO. Elles diminuent fortement en dessous de 100-200 m, néanmoins les valeurs intégrées sur la hauteur de la 
colonne d’eau indiquent que la reminéralisation de la MO par les bactéries dans la zone mésopélagique est loin 
d’être négligeable, spécialement dans une région dominée par les diatomées.
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Abstract

The Southern Océan (ca. 20% of the world océan surface) is a key place for the régulation of Earth climate 
thanks to its capacity to absorb atmospheric carbon dioxide (CO^) by physico-chemical and biological 
mechanisms. The biological carbon pump is a major pathway of absorption of COj through which the CO^ 
incorporated into autotrophic microorganisms in surface waters is transferred to deep waters. This process is 
influenced by the extent of the primary production and by the intensity of the remineralization of organic matter 
along the water column. So, the annual cycle of sea ice, through its Jn situ production and remineralization 
processes but also, through the release of microorganisms, organic and inorganic nutrients (in particular iron) 
into the océan has an impact on the carbon cycle of the Southern Océan, notably by promoting the initiation of 
phytoplanktonic blooms at time of ice melting.

The présent work focussed on the distribution of organic matter (OM) and its interactions with the microbial 
network (algae, bacteria and protozoa) in sea ice and océan, with a spécial attention to the factors which regulate 
the biological carbon pump of the Southern Océan. This thesis gathers data collected from a) late winter to 
summer in the Western Pacific sector, Western Weddell Sea and Bellingshausen Sea during three sea ice cruises 
ARISE, ISPOL-drifting station and SIMBA-drifting station and b) summer in the Sub-Antarctic and Polar Front 
Zone during the océanographie cruise SAZ-Sense.

The sea ice covers were typical of first-year pack ice with thickness ranging between 0.3 and 1.2 m, and 
composed of granular and columnar ice. Sea ice température ranging between -8.9°C and -0.4°C, brines volume 
ranging between 2.9 to 28.2% and brines salinity from 10 to >100 were observed. These extreme physico- 
chemical factors experienced by the microorganisms trapped into the semi-solid sea ice matrix therefore 
constitute an extreme change as compared to the open océan. Sea ice algae were mainly composed of diatoms 
but autotrophic flagellâtes (such as dinoflagellates or Phaeocystis sp.) were also typically found in surface ice 
layers. Maximal algal biomass was usually observed in the bottom ice layers except during SIMBA where the 
maxima was localised in the top ice layers likely because of the snow and ice thickness which limit the light 
available in the ice cover. During early spring, the algal growth was controlled by the space availability (i.e. 
brine volume) while in spring/summer (ISPOL, SIMBA) the major nutrients availability inside sea ice may hâve 
controlled algal growth. At ail seasons, high concentrations of dissolved and particulate organic matter were 
measured in sea ice as compared to the water column. Dissolved monomers (saccharides and amino acids) were 
accumulated in sea ice, in particular in winter. During spring and summer, polysaccharides constitute the main 
fraction of the dissolved saccharides pool. High concentrations of transparent exopolymeric particles (TEP), 
mainly constituted with saccharides, were présent and their gel properties greatly influence the internai habitat of 
sea ice, by retaining the nutrients and by preventing the protozoa grazing pressure, inducing therefore an algal 
accumulation. The composition as well as the vertical distribution of OM in sea ice was linked to sea ice algae. 
Besides, the distribution of microorganisms and organic compounds in the sea ice was also greatly influenced by 
the thermodynamics of the sea ice cover, as evidenced during a melting period for ISPOL and during a flood- 
freeze cycle for SIMBA. The bacteria distribution in the sea ice was not correlated with those of algae and 
organic matter. Indeed, the utilization of the accumulated organic matter by bacteria seemed to be limited by an 
extemal factor such as température, salinity or toxins rather than by the nature of the organic substrates, which 
are partly composed of labile monomeric saccharides. Thus the disconnection of the microbial loop leading th 
OM accumulation was highlighted in sea ice.

In addition the biofilm formed by TEP was also involved in the rétention of cells and other compounds 
(DOM, POM, and inorganic nutrients such as phosphate and iron) to the brine channels walls and thus in the 
timing of release of ice constituents when ice melts. The sequence of release in marginal ice zone, as studied in a 
microcosm experiments realized in controlled and trace-metal clean conditions, was likely favourable to the 
development of blooms in the marginal ice zone. Moreover microorganisms derived from sea ice (mainly <10 
pm) seems able to thrive and grow in the water column as also the supply of organic nutrients and Fe seems to 
benefit to the pelagic microbial community.

Finally, the influence of the remineralization of organic matter by heterotrophic bacterioplankton on carbon 
export and biological carbon pump efficiency was investigated in the epipelagic (0-100 m) and mesopelagic 
(100-700 m) zones during the summer in the sub-Antarctic and Polar Front zones (SAZ and PFZ) of the 
Australian sector (Southern Océan). Opposite to sea ice, bacterial biomass and activities followed Chl a and 
organic matter distributions. Bacterial abondance, biomass and activities drastically decreased below depths of 
100-200 m. Nevertheless, depth-integrated rates through the thickness of the different water masses showed that 
the mesopelagic contribution of bacteria represents a non-negligible fraction, in particular in a diatom-dominated 
System.
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General Introduction

1. Global warming and Southern Océan

Since last décades, more and more efforts to explain 
and broadcast global warming issues to a large audience 
bave been made by scientists and policy makers. This 
approach bas been rewarded by tbe Nobel Peace Prize 
given to tbe Intergovemmental Panel on Climate Change 
(IPCC) and Al Gore in 2007. In an extreme view, 
climate change could even be felt as a sort of “fashion” 
or marketing tool (a process known as “greenwashing”, 
with e.g. publicity for low pollution vehicles). However 
nowadays tbe global warming is incontestable; Earth’s 
global température bas increased by 0.74°C over tbe last 
100 years (1906-2005) (Figure I.l, IPCC report 2007). 
Since tbe industrial révolution (late 18"’-early lO"*), tbe 
atmospheric concentration of greenhouse gases bas 
significantly increased: atmospheric concentration of tbe 
most important greenhouse gas, carbon dioxide (CO^) 
reaching 379 ppm in 2005 is now far higher than tbe 
natural range over tbe last 650 000 years (180 to 300 
ppm) (Figure I.l, IPCC report 2007). The consomption 
of fossil energies, tbe modification of land use or tbe 
cernent industries are some examples of tbe modem 
sources of anthropogenic CO^ émission. It is very likely 
(> 90% certainty) that tbe global warming of Earth is 
caused by tbe human activities (IPCC report 2007).

EOI-

Year AO

Figure I.l: Global average température and carbon dioxide 
concentration, 1880-2004. (Source: www.whrc.org/resources/online 
_pubIications/warming_earth/scientiflc_evidence.htm)

When addressing climate issues, discussing tbe rôle 
of tbe océan is straightforward. The océans, which cover 
ca. 70% of tbe surface of our planet, influence tbe 
Earth’s climate by absorbing and storing beat and gases. 
At a millennium scale, océans control and regulate tbe 
atmospheric concentration of CO^ (Falkowski 2002). The 
océan constitutes a major réservoir of carbon of 38,000 
Gt C (Figure 1.2), mainly in tbe dissolved inorganic 
form. About 680-700 Gt C is under tbe dissolved organic 
form and represents tbe second largest pool of oceanic 
carbon (Hansell 2003). Thus dissolved organic matter in 
tbe océan contains roughly tbe same amount of carbon as 
is présent in tbe atmosphère in tbe form of CO^ (Figure
1.2, Hansell and Carlson 2001, Nagata 2008).

Figure 1.2: Carbon cycle (Source: IPCC report 2007)

The Southern Océan (SO) representing ca. 20% of 
tbe World Océan surface is suggested to be a key place 
for tbe régulation of Earth’s climate (Bopp et al. 2001, 
Takahashi et al. 2002) The SO extent is defined by tbe 
water masses around tbe Antarctic continent and is 
limited in tbe north by a quasi-stationary front called 
Polar Front or Antarctic Convergence (Figure 1.3). The 
Polar Front limits tbe boundary between cold and warm 
surface sub-Antarctic waters and its position varies 
between latitudes of 48°S and 61°S.

13
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Figure 1.3: Southern Océan extent deflned by the Antarctic 
Convergence. (Crédits and source: Ÿ\ù\rçix>^ Rekacewicz. 
http://maps.grida.no/go/graphic/the_antarctic_convergence)

The SO is also characterized by a highly fluctuating 
seasonal sea ice cover (Figure 1.4). Depending on its 
thermodynamical stage, the sea ice cover may or not 
constitute a physical barrier to air-ocean gas exchanges 
(Delille et al. 2007). The surface of the sea ice which 
covers the Antarctic Océan varies between 3.8 x 10'' km^ 
(in February) and 19 x 10'' km^ (in September) (Zwally et 
al. 1983). During winter, the surface of the SO covered 
by sea ice reaches up to 55% of its superficies. This also 
means that the major fraction (90%) of the sea ice is 
annual and melts each year. Two types of ice hâve been 
defined, depending on their localisation. “Fast ice” is the 
ice formed near the coast and which extents up to 35 km 
seawards (Lange et al. 1989, Jeffries et al. 1993). In 
opposition, “Pack ice” refers to floating Consolidated sea 
ice that is either freely floating or has been blocked by 
land-attached ice while drifting. Pack ice is commonly 
associated to sea ice formed in the open océan.

d)F*(>narr

I
Figure 1.4: Sea ice extent around Antarctica in early autumn 
(September) and early spring (February) (Comiso 2003)

influence on the Earth's climate. Then, the SO is an 
important actor of the global thermohaline circulation. 
The thermohaline circulation is an ‘overtuming’ 
circulation in which warm water flows poleward near the 
surface and is subsequently converted into cold water 
that sinks and flows equatorward in the interior 
(Toggweiler 1994). The cooling of surface waters, the 
sea ice formation during winter and subséquent rejection 
of sea salts constitute a major drive for the world’s océan 
circulation.

Figure 1.5: water currents around Antarctica. Rintoul et al.
(2001).

The significant rôle of the SO in the air-ocean 
exchanges of CO^, and Earth’s climate, happens on the 
one hand by physical mechanisms and on the other hand 
by biological mechanisms. Indeed where deep water 
formation occurs, the cooling of surface waters increases 
their capacity to dissolve COj (the dissolution of COj in 
seawater indeed increases when température decreases). 
These cold and thus denser water masses sink and bring 
COj with them, separating it from contact with the 
atmosphère. Because of the time scales of the overall 
oceanic circulation, these waters will be separated from 
contact from the atmosphère for laps of time of thousand 
of years (Chisholm 2000). This mechanism is refereed to 
as the pbysico-cbemicalpumpÇPxguK 1.6 right).

The second CO^ absorption mechanism involves 
autotrophic organisms. In presence of light and inorganic 
nutrients, the CO^ dissolved in surface waters, in 
equilibrium with atmospheric CO^, is transformed into 
organic molécules by the photosynthesis process (Figure 
1.6 left).

The SO hosts the largest of the world's océan 
currents: the Antarctic Circumpolar Current (ACC). The 
ACC connecta together the Indian, Atlantic and Pacific 
Océan basins (Figure 1.5) and has thus a powerful

CO, + 2 H,0 + photons ^ (CH,0)„ + H,O + O,
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2. Biological carbon pump in the Southern Océan

Figure 1.6: Physico-chemical (right) and biological (left) 
carbon pumps (Chisholm 2000).

A part of this organic carbon is transferred to 
herbivorous and camivorous organisms forming the food 
web. Another fraction leaves the surface océan and sinks 
to the deep océan as particulate or dissolved organic 
carbon. This export of particulate organic carbon occurs 
via sédimentation of aggregates (marine snow) or faecal 
pellets. Dissolved organic carbon, when accumulated in 
the surface layer, can be exported by deep convection. 
This downward transport of particulate and dissolved 
organic carbon is called the biological carbon pump. 
This mechanism is further developed in the second 
section of the introduction part.

The présent rapid warming of the Earth’s atmosphère 
might hâve several conséquences such as increase of the 
sea level, melting of ice, slowdown or shutdown of the 
oceanic circulation, précipitation changes, océan 
acidification or changes in ecosystems structure (IPCC 
report 2007). While the decrease of the ice extent in 
Arctic is already observed (Comiso 2003), the situation 
in Antarctic is less clear (Goosse et al. 2009). Firstly the 
expected réduction of sea ice extent will hâve a positive 
feedback effect on climate change through the greater 
absorption of beat by newly exposed seawater. Secondly, 
it would also affect the oceanic circulation through the 
modification of the formation of dense water masses 
from sea ice formation and conséquent brine rejection. 
Thirdly, as sea ice is a habitat for microorganisms 
especially algae, the modification of the primary 
productivity in sea ice may influence the carbon cycle 
through a) its seeding rôle for phytoplankton bloom in 
the marginal ice zone and b) its importance as food 
source for under-ice zooplankton and krill during winter. 
The shortage of krill, a key species of the Antarctic, 
would in tum in account for the décliné in the numbers 
of higher trophic levels (penguins, whales, seals or 
seabirds).

The biological carbon pump is the transfer of 
photosynthetically fixed organic carbon from surface to 
tbe deep océan (see section 1 and Figure 1.6). Its 
efficiency is determined by the fraction of carbon finally 
buried in the seafloor. It dépends on the magnitude of 
primary production, the structure of the algal community 
and the related food web but also on the importance and 
location in the water column of the bacterial organic 
matter dégradation (Ducklow et al. 2001a). At the 
différence of the dégradation of organic matter occurring 
throughout the water column, primary production is 
restricted to the upper océan where there is light enough 
to support photosynthesis. The biological carbon pump 
of the SO is also likely influenced by sea ice as 
developed here after.

2.1. Primary production in the Southern Océan

2.1.1. An HNLC open océan

As menti oned above, primary production (PP) is the 
basis of the biological C pump. The PP and algal growth 
is determined by physical factors such as light 
availability and température but also by nutrients 
availability. The Southern Océan has been defined as a 
“high nutrient low chlorophyll” (HNLC) région, which 
means a région where phytoplanktonic biomass remain 
low despite the presence of high levels of major nutrients 
in surface waters year-round (Chisholm and Morel 1991, 
Banse and English 1997). At first glance, this situation 
seemed abnormal because in most of the ecosystems the 
major inorganic nutrients are totally consumed by the 
algal uptake at the end of the growth period. Then minor 
nutrients mainly iron hâve been reported as limiting 
element of PP in this remote océan (Martin and 
Fitzwater 1988, de Baar et al. 1995). In the SO however 
light and iron hâve been shown as co-limiting factors of 
PP (Lancelot et al. 1993, de Baar et al. 2005).

2.1.2. Structure of the microbial community:
Microbial network vs. linear trophic chain

Nutrients supply (in particular iron) and light levels 
hâve an effect on phytoplanktonic growth and species 
composition. In low iron (and light) conditions (Figure 
1.7, upper panel), the phytoplanktonic community is 
dominated by small cells (<10 pm, nanophytoplankton). 
These small phytoplanktonic cells can be rapidly grazed 
by microprotozooplankton. In such a trophic network, no 
bloom occurs even if the nanophytoplankton is not really 
limited itself because prey and grazer are ubiquist and 
hâve the same turnover rate. This microbial trophic
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network leads to the rétention of C and nutrients in the 
surface waters thanks to a constant and rapid recycling, 
and thus limits the carbon export.

By contrast, in high iron and sufficient light 
conditions (Figure 1.7, lower panel), large phyto- 
planktonic cells (such as diatoms) can develop. The large 
diatoms are grazed by meso- and meta-zooplankton. 
Because of their respective génération times, bloom 
events are possible. Such a high algal concentration may 
favour on the one hand, sinking and aggregates 
formation by collision and on the other hand, viral lysis 
releasing particulate (POC) and dissolved (DOC) organic 
carbon. Ail these may be exported to the deep océan. 
Faecal pellets also contribute to the downward flux. Still 
this linear trophic chain is spatially and temporally 
ephemeral in Antarctic (Boyd 2002).

0,2-2 pm 2-20 pm 20-200 pm > 200 pm

Consom
mateurs
supérieurs

Metazooplancton

Exportation de carbone]

Export.
COD 0,2-2 pim 2-20 pm 20-200 ym • 200 (Jin

Figure 7: Microbial network and linear trophic chain

2.2. Ro/e of remineralization of organic matter

As organic matter (OM) sinks into the deep océan, its 
carbon content is remineralized back to CO^ by 
heterotrophic microorganisms (see also 4.4.). The deeper 
the remineralization will take place, the longer the 
regenerated COj will be stored away from the 
atmosphère. Heterotrophic bacteria, as the primary 
consumers of organic matter, control its remineralization 
(Azam et al. 1983, Kirchman 1990). The full 
understanding of the bacterial remineralization of the 
OM during its downward transfer is thus essential to 
evaluate its impact on the biological carbon pump. 
Especially the microbial processes taking place in the 
mesopelagic or twilight zone of the océan (~ 100-1000 
m) need to be better documented (Dehairs et al. 2008).

Indeed it is estimated that more than 90% of the 
organic carbon annually exported from global surface 
waters (~10 Gt C/yr) is remineralized in mesopelagic 
waters (Boyd and Trull 2007). The mesopelagic zone is 
considered as the depth layer where most of the changes 
in sinking organic matter occur (Aristegui et al 2005). A 
steep decrease of POC content with depth has been 
observed (see e.g. Martin et al. 1987, Buesseler et al.
2007), but also a depth-depending change in the 
biochemical composition of the sinking organic material 
(Sheridan et al. 2002, Lee et al. 2004). Delivery of OM 
to the twilight zone occurs via sinking particles (dead 
organisms), marine snow, faecal pellets, migrant 
zooplankton or vertical diffusion or mixing (Turner
2002). In the mesopelagic zone, even if heterotrophic 
activities are generally lower than in surface, the 
integrated activities over the much thicker layer covered 
by mesopelagic waters might represent a non-negligible 
fraction of the whole water column (del Giorgio and 
Duarte 2002). Still the bacterial processes occurring at 
depth may differ from surface ones with e.g. différence 
in bacterial communities (Hemdl et al. 2005, Tamburini 
et al. 2009).

2.3. Rôle of sea ice

Sea ice influences nutrients and carbon cycles by 
providing a habitat for a high diversity of micro
organisms which develop intense activities.

Sea ice primary production is highly variable but in 
average annual PP ranges between 0.3 and 34 g C m'^ yr ' 
(Arrigo 2003). Total annual primary production of 
Antarctic sea ice assemblages has been estimated to 
range between 63 and 70 Tg C yf' which corresponds to 
about 5% of the estimated total PP of the seasonal ice 
zone (Lizotte 2001). According to Arrigo et al. (2008), 
sea ice PP contributes largely (10 to 28%) to total ice- 
covered région production. Still the sea ice PP only 
represents a small fraction (1%) of the total of ail open 
océan régions even if the PP in the marginal ice zone
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Table I.l: Surface, Primary Production (PP), daily PP and annual PP are given for each of these provinces, along with their contribution to the 
PP of ail Southern Océan. The four ecological provinces of the Southern Océan were defined by Arrigo et al. (2008) on basis of sea ice coverage and 
bathymetry, which include the pelagic, the marginal ice zone (MIZ), the continental shelf and the part of the MIZ on the continental shelf (MlZ-shelf).

From Arrigo et al. (2008) Surface 
I(f krr)

PP
Tg Cyr

% Daily PP
mg Cni^ d'

Annual PP
gCrri' yr

Ail Southern Océan 34.14 ±0.23 1949 ±70 156 57.0
• Pelagic 32.0 ±0.19 1729 ±61 ~90 148 54.0
• MIZ 1.51 ±0.07 86.7 ± 12.6 4.5 158 57.5
• Continental shelf 0.39 ± 0.04 66.1 ± 12.2 ~3.5 460 109
• MlZ-shelf 0.25 ± 0.01 27.3 ±4.67 1.4 303 67.8

Sea ice 63-70* 0.3-34**
* Lizotte (2001), ** Arrigo (2003)

(MIZ) is the second most important contributor to the 
annual PP in the Southern Océan (Table 1.1, Arrigo et al.
2008). Indeed phytoplankton blooms in the MIZ hâve 
been recognized as a major site of primary production in 
the Southern Océan (Lizotte 2001), likely because of the 
formation of a shallow (favorable light) and stable 
surface mixed layer due to freshening after ice melt (e.g. 
Smith and Nelson 1986) and the seeding of populations 
of algae released from sea ice (e.g. Garrison et al. 1987). 
In addition release of iron from melting ice may be a 
factor responsible for the occurrence of algal blooms in 
the MIZ (Sedwick and DiTullio 1997, Lancelot et al. 
submitted).

In fact, the relative importance of sea ice PP as 
compared to the total Southern Océan PP is not the only 
important factor but rather, the timing and the 
geographical location of the ice-based contribution are 
critical in determining the contribution of sea ice for 
primary production of the Southern Océan (Lizotte 
2001).

3. Sea ice

3.1. incorporation of OM, nutrients and micro- 
organisms during sea ice formation

The microorganisms (algae, bacteria and protozoa), 
nutrients and organic matter présent in the water column 
at the time of ice formation can be incorporated into the 
ice matrix in formation (e.g. Krell et al. 2005). They can 
be physically concentrated by the mechanisms of sea ice 
consolidation (Garrison et al. 1983, 1989, Giannelli et al.
2001), involving harvesting or scavenging of cells by 
frazil ice crystals rising through the water column 
(Weeks and Ackley 1982) or by the increase of available 
crystal substrate in the skeletal layer of the columnar ice 
or in the platelet ice layer (Dieckmann et al. 1986). 
Wave induced pumping also contributes to enrichment

(Weissenberger et al. 1992, Weissenberger and 
Grossmann 1998).

The formation of sea ice results of the cooling of the 
seawater in contact with the atmosphère. The processes 
by which the ice forms will détermine its texture 
(granular vs columnar). When seawater cools down the 
freezing point (-1.8°C for a salinity ca. 34 %o), crystals 
of ice (of 2-4 mm) start to appear (Figure 1.8). This stage 
is called “frazil ice”. These crystals, less dense than 
seawater, rise in the water column and accumulate at the 
surface of the océan. They form then “grease ice”. The 
ice continues to grow and under still meteorological 
conditions, a matrix of 1 to 10 cm of granular ice called 
“nilas” will form. Under turbulent conditions, winds and 
waves compressed frazil crystals into larger units (from 
30 cm to some meters of diameter), of granular texture, 
called “pancake ice”. After this stage (nilas or pancake), 
ice continues to grow but the process is completely 
different. Some water molécules, not in contact with air 
anymore, freeze at the bottom of the existing ice bloc. 
The crystals formed by this process are long and 
orientated and constitute the columnar ice.

Figure 1.8: Schematic représentation of pack ice development 
where sea ice formation and growth are coupled to the 
colonization by microbial communities. Source: Belem
(2002), modified from Ackley and Sullivan (1994).

When snow falls occur, a relatively important layer 
of snow may accumulate above the ice sheet some days 
after its formation. Because of the weight of the snow.
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the ice sheet can move down and allow seawater to 
infiltrate into the snow. “Snow ice” can be formed when 
this snow full of water refreeze and create a solid ice 
layer at the top of the ice unit.

During the ice growth, salts and “impurities” (i.e. 
nutrients, microorganisms and organic matter) are 
rejected out of the ice crystal matrix into an interstitial 
liquid phase called brine. Depending on the ice sheet 
température and salinity, isolated pockets, tubes or 
intercotmected chaimels of brine can be observed 
(Golden et al. 1998). The brine liquid phase is the place 
where sea ice microorganisms really live, being attached 
to the surface of the brine channels or pockets.

3.2. Life inside sea ice

3.2.1. Physico-chemical environment

Sea ice is a particularly variable environment, 
extreme and ephemeral for microorganisms (Brierley 
and Thomas 2002). During their incorporation into the 
ice, the microbial communities undergo major changes 
in their Chemical and physical environment (température, 
salinity, light, pH, nutrients...) as compared to the water 
column. These conditions further continuously change 
during the consolidation and ultimately during the 
melting of sea ice. Due to the confinement of 
microorganisms into isolated microenvironments, 
Chemical conditions such as nutrient concentrations, 
toxic compounds accumulation or limitation of gas 
exchanges may strongly influence microbial activities. 
Also, significantly higher concentrations of organic 
matter in sea ice as compared to seawater which are 
likely présent as transparent exopolymeric particles 
modify the viscosity of the ecosystem (Thomas and 
Papadimitriou 2003, Krembs and Deming 2008, further 
details in section 5).

3.2.2. Locations of microbial communities

Throughout the ice cover, high gradients of 
température, salinity, brine volume and light are 
typically observed (Figure 1.9).

Figure 1.9: Profiles of irradiance, température, salinity 
and brine volume in an ice sheet. Thomas and Dieckmann 
(2002).

The growth of microorganisms in sea ice is 
controlled by ice formation processes (Eicken 1992) and 
physical and Chemical environmental factors such as 
light conditions, salinity, température, ice texture, 
nutrient availability and trophic interactions (Garrison 
1991, Palmisano and Garrison 1993, Ackley and 
Sullivan 1994, Lizotte 2001). Structure of the brine 
channels and surfaces are also key parameters (Krembs 
et al. 2000, 2001).

The vertical distribution of microbial communities is 
highly variable (Homer 1985, Homer et al. 1988, 1992). 
Different assemblages are typical of fast and pack ice 
(Arrigo 2003). In pack ice, the main communities are 
found in surface, interior and bottom communities 
(Figure I.IO). Each of those meets different 
environmental conditions, as detailed in Ackley and 
Sullivan (1994).

Pad< Ice

Figure I.IO: Schematic illustration of pack ice showing 
the major physical features and locations of microbial 
habitats (ffom Arrigo and Thomas 2004)

The surface community, originating from seawater 
infiltration, benefit from optimal light conditions while 
nutrient déplétion can occur. Yet some flooding and 
infiltration events could bring nutrients and allow high 
algal growth (Arrigo et al. 1995, Thomas et al. 1998).

The interior community results from the 
incorporation of microorganisms by frazil ice or from 
autumn bloom. Their habitat (brine channels and 
pockets) has extreme conditions of température and 
salinity. Generally restricted nutrient supply occurs as 
less exchange with seawater is possible.

The bottom community develops in the lower part of 
the congélation ice. It receives low light levels while it 
expériences relatively stable température and salinity 
conditions. Nutrients replenishment is possible from the 
seawater beneath.

3.2.3. Composition of microbial communities

The sympagic (ice-associated, Homer et al. 1992) 
community includes bacteria, vimses, unicellular algae,
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fungi, worms and crustaceans. A high diversity of 
microorganisms belonging to the eukaryotes,
prokaryotes and Archaea has been observed in sea ice 
(Lizotte 2003). Diatoms are the most reported 
autotrophic protists but other autotrophic 
microorganisms such as ciliates, dinoflagellates or 
prymnesiophytes (e.g. Phaeocystis sp.) also inhabit sea 
ice. Heterotrophic microorganisms include bacteria, 
heterotrophic protists and Archaea. The initial
incorporation of microorganisms reflects the algal 
community composition in the water column at time of 
freezing (Garrison and Buck 1985). Bacteria are 
incorporated when attached to algal cells (Weissenberger 
and Grossmann 1998). Then environmental conditions 
potentially exert a sélection on the microorganisms 
which could lead to a succession of species in fonction 
of the adaptation capability of each microorganism 
(Lizotte 2003) and trophic interactions.

3.3. Melting of sea ice

Sea ice melting releases into the seawater low 
salinity water coming from the crystal matrix. Under 
favourable meteorological conditions (i.e. low wind and 
waves), this low-salinity, low-density water will form a 
shallow mixed layer (<40 m, Smith and Nelson 1986). 
This physical process créâtes favourable light conditions 
for phytoplankton growth.

In addition sea ice melting releases microorganisms, 
organic matter and nutrients (e.g. iron) into the surface 
océan layer. Sea ice algae are potentially a seeding 
population for ice-edge blooms as suggested by 
similarities between ice and pelagic communities 
(Leventer 2003). Still once in the water column, algae 
could also directly sédiment (Riebesell et al. 1991) or be 
grazed by copepods (Fransz 1988) and krill (Marschall 
1988). Release of iron from melting ice may be a factor 
responsible for the occurrence of algal blooms in the 
MIZ: Sedwick and DiTullio (1997) observed that the 
input of iron along the ice-receding edge could increase 
iron concentration and trigger the phytoplanktonic 
production. Similarly, the supply of organic substrates 
by sea ice melting could support bacterial growth in 
surface waters (Kahler et al. 1997, Giesenhagen et al.
1999). Complexation between iron and organic matter, 
like more than 90% of dissolved iron in océan surface 
water (Wu and Luther 1995, Boyé et al. 2001) and the

one suggested in sea ice (Schoemann et al. 2008), could 
also influence the bioavailability of iron (Maranger and 
Pullin 2003, Hutchins et al. 1999, Maldonado et al.
2005) and keeps iron in solution, avoiding loss by 
précipitation and adsorption onto particles.

The fate of the sea ice components would dépend on 
the mixed layer depth, on the timing and rate at which 
ice compounds are released into the pelagic System, but 
also on the kind of compounds (e.g. high or low 
aggregation capacity) and on the interactions with the 
pelagic fauna. Nevertheless these multiple interlaced 
processes are determining the efficiency of the biological 
carbon pump of the Southern Océan.

4. Organic matter

4.1. Définitions and biogeochemical significance

The organic matter is a matter composed of 
molécules containing carbon. Historically, the term 
“organic” means that this kind of compound has to be 
synthesized in living organisms and opposes to inorganic 
compounds such as minerais.

The organic matter is composed of a) the biomass of 
living microorganisms and b) the “detrital”, nonliving 
compounds which are derived from dead organisms or 
are actively produced (e.g. remnants of dead cells, 
excrétion products...) but which do not constitute the 
living biomass itself. Generally the nonliving 
compounds are mainly in the dissolved fraction.

The organic matter, in particular the dissolved 
organic matter (DOM) is an essential component of the 
marine food web and carbon cycle (Pomeroy et al.
2007). DOM is central to the concept of “microbial 
loop” which is the pathway where DOM taken up by 
bacteria is converted into living POM and in tum grazed 
upon by protists (Figure 1.11, Azam et al. 1983). This 
pathway is considered as major carbon flux in marine 
ecosystem that supports higher trophic levels and drives 
nutrient régénération in the upper océan; one-half of 
oceanic primary production on average is channelled 
into the microbial loop (Azam 1998).
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Figure I.ll: Simplified diagram of the ocean’s food web 
showing the dominant rôles of the microbial loop. The 
major fluxes of carbon and energy are delineated by 
continuons lines; fluxes usually of lesser magnitude are 
delineated by broken lines. Other than the meso- 
zooplankton (including mucus-net feeders) and fishes (ail 
right boxes), the boxes represent organisms that are a part 
of the microbial loop (green = photosynthetic and yellow = 
heterotrophic). Pomeroy et al. (2007)

water column in the océan (Ogawa and Tanoue 2003, 
Figure 1.13b). Most old DOM in the deep océan is 
LMW-DOM (75-80% of the bulk DOC). This 
observation suggests that the HMW-DOM (> 1 kDa) is 
relatively reactive while the LMW-DOM is the major 
foim of refractory DOM in the océan (Ogawa and 
Tanoue 2003). This is in agreement with the size- 
reactivity continuum hypothesis of Amon and Benner 
(1996) which proposed that lability of DOM decreases 
with decreasing molecular size. In fact two distinctive 
LMW-DOM components and different processes 
occurring at different time scales hâve to be considered: 
a fast cycling and labile LMW-DOM pool (such as 
dissolved free amino acids and free sugars) and a slow 
cycling, refractory LMW-DOM pool produced by 
diagenetic processes (Nagata 2008).

4.2.2. Biochemical composition

4.2. Characterization of organic matter

Organic matter in seawater is a complex mixture of 
organic compounds with diverse physical structures, 
Chemical compositions and reactivity (Nagata 2008).

4.2.1. Size distribution

In oceanography, organic matter is usually classified 
into particulate and dissolved organic matter (POM and 
DOM). This séparation is purely operational, depending 
on the filter porosity (between 0.2 and 0.7 pm). The 
organic matter is in fact a continuum made of molécules 
of increasing sizes from small molécules to 
macromolecules, colloids, small and large particles 
(Figure 1.12, Verdugo et al. 2004). Transformations 
between organic pools also occur along the size 
continuum of organic matter.
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Figure 1.12: Size continuum of organic matter and marine gels. 
Verdugo et al. (2004)

Most of the oceanic dissolved organic matter (> 
80%) is still uncharacterized at the molecular level 
(Benner 2002, Ogawa and Tanoue 2003, Figure I.13c). 
However, saccharides are the most abundantly identified 
component of oceanic DOM and typically account for 
10-25% of DOC (Pakulski and Benner 1994, Bhosle et 
al. 1998, Borsheim et al. 1999). Amino acids, making 
also part of the identified fraction of the DOM, account 
for 1-3% of the DOC in surface waters (Benner 2002). 
Dissolved total saccharides (d-TCHO) exist as free 
monomers (MCHO) and as combined sugars, such as 
polysaccharides (PCHO). Similarly, in sea ice, 
saccharides hâve already been reported as a major 
component of the DOM pool (Herborg et al. 2001). 
Amon et al. (2001) reported a large contribution of 
neutral sugars and amino acids in Arctic ice, which are 
freshly produced and are of algal origin.
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Figure 1.13: Typical vertical distributions of DOC in the 
océan according to a: conceptual classification of biological 
reactivity, b: size distribution and c: Chemical composition. 
See Ogawa and Tanoue (2003) and text for details.
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Dissolved organic matter (DOM) is the dominant 
fraction (97%, Benner 2002) of total oceanic carbon. The 
low molecular weight (LMW) fraction (less than 1 kDa) 
is the major size fraction of DOM throughout the whole
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In surface océans (up to ~100 m), the composition of 
about 80% of the particulate organic matter (POM) is 
known (Wakeham et al. 1997, Figure 1.14). POM is



Table 1.2: Characteristics of Labile, Semi-Labile and Refractory DOC in the Océans. From Nagata (2008).

Pool Concentration (uM) Turnover time Function Chemical Identity
Labile <I <hours-days Fueling bacterial 

production
Includes dissolved 
free amino acids, free 
sugars, and labile 
protein

Semi-Labile 10-30 Months-years Export Unknown
Refractory 40 >1000 years Storage Unknown

mainly composed of proteins, polysaccharides and lipids 
as algae (Bertilsson and Jones 2003). By contrast, below 
~100 m, the fraction of POM characterized decreases up 
to about only 20% deep océans (Figure 1.14).

POC Flux, mg^m^ 
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4.2.3. Reactivity

The DOM pool can also be divided in three fractions 
based on lability (or degradability), i.e. in function of the 
turnover rate of the organic matter (Figure I.13a, Table
1.2, Carlson 2002, Nagata 2008). Labile material 
constitutes a small percentage of the DOC pool. It is 
composed of dissolved monosaccharides (d-MCHO) and 
dissolved free amino acids (DFAA) meaning that they 
are easily taken up by bacteria and found at nanomolar 
concentrations in the open océan (Table 1.2, Carlson
2002). An important feature of the semi-labile DOC is 
that it is exportable and thus its consumption can occur 
in a location different from where it is produced (Nagata
2008).

4.3. Sources and transformations of OM

Figure 1.14: Typical vertical distribution of POC in the 
océan. Wakeham et al. (1997), Hedges et al. (2000),

At the interface between DOM and POM, a 
biogeochemically important class of compounds are the 
transparent exopolymeric particles (TEP). TEP are 
formed from dissolved precursors, extracellular 
polymeric substances (EPS) produced by algae and 
bacteria. TEP consists mostly of polysaccharides, 
negatively charged and are very sticky particles that 
exhibit the characteristics of gels (Passow 2002). Other 
substances, including proteins or trace éléments (e.g. 
iron) may be enclosed in or adsorbed on to TEP (Passow
2002). The size of TEP and precursors ranges from 
colloidal (1 kDa) to hundreds of micromètres (Figure 
1.12, Passow 2002). TEP play major rôles in attachment 
of cells to surface, aggregation, sédimentation, organic 
carbon mineralization, microbial loop and cycling of 
dissolved metals (Bhaskar and Bhosle 2006). Studies in 
Antarctic and Arctic sea ice hâve also highlighted the 
importance of TEP (Krembs and Engel 2001, Krembs et 
al. 2002, Meiners et al. 2004) in sea ice.

In aquatic Systems, the first important source of OM 
is due to algae which use solar energy to transform 
inorganic carbon into reduced C compounds (Bertillson 
and Jones 2003). Upon cell death, the photosynthetically 
fixed organic substances are released into the 
surrounding water, either directly as dissolved 
compounds or as particulate détritus that can act as a 
secondary source of DOM (Azam and Cho 1987). Other 
mechanisms of production and transformation of the 
organic matter include (Figure 1.15, Nagata 2000):

• extracellular release by microorganisms (DOM, 
EPS)

• grazer mediated release and excrétion
• release via cell lysis (by viral, bacterial, physical or 

osmotic mechanisms)
• solubilization of particles (Cho and Azam 1988)
• bacterial transformations and release
• abiotical formation DOC => gel => POC (Chin et 

al. 1998)
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Figure 1.15: Pathways of production, transformations and 
consumption of OM

It should be noted that in response to stress 
conditions such as the extreme environmental conditions 
of sea ice (e.g. température, salinity...) or at the end of 
an algal bloom the sécrétion and excrétion of the 
following compounds could be enhanced:

• ice-active substances (lAS; Raymond 2000, Janech 
et al. 2006) i.e. proteins that hâve an affinity for ice 
crystals

• dimethylsulphoniopropionate (DMSP)
• extracellular polymeric substances (EPS) (Brierley 

and Thomas 2002)

4.4. Bacterial mineralization of organic matter

Mineralization is the dégradation process of the 
organic matter, in which the matter is converted from an 
organic substance to inorganic substances, thereby 
becoming mineralized.

The consumption of organic matter by heterotrophic 
organisms is mainly due to heterotrophic bacteria. Still 
the uptake DOC by protozoa can also be observed 
(Marchant and Scott 1993, Sherr and Sherr 1988). 
Especially in sea ice, it seems that some algae are 
mixotroph (combining autotrophy and heterotrophy) to 
maintain under stress conditions (Palmisano and 
Garrison 1993, Brierley and Thomas 2002).

The main processes involved in the bacterial 
dégradation of OM hâve been described by Billen and 
Servais (1989) and are synthesized in the Figure 1.16.

Figure 1.16: Model of bacterial dégradation of organic 
matter. Billen and Servais (1989). See text for details.

In this conceptual model the OM pool is divided into 
2 pools; dissolved (D) and particulate (P). Inside each of 
these pools, distinction is made between: rapidly 
biodégradable, slowly biodégradable and refractory 
(turnover rates from days to millennia, see 4.2.3). 
Basically, bacteria are able to directly consume only 
small substrates (S). More complex molécules hâve to be 
hydrolysed by bacterial ectoenzymes (E) prior to be 
taken up by bacteria (B). After their uptake, substrates 
are metabolized by the bacterial cell, i.e. anabolized, 
with production of biomass (BP) and catabolised, 
through respiration (BR) and excrétion. The ratio 
between biomass production (BP) and organic matter 
consumed (BCD) define the growth efficiency (BGE).

The consumption of organic matter by bacteria 
dépends on intrinsic factors linked to the organic matter 
itself and on extrinsic factors linked to the bacterial 
metabolism. The nature of the organic matter is related 
to its Chemical characteristics such as molecular weight, 
nutrient content, saccharides, amino acids, lipids content. 
It is determined by the source of OM, the physiological 
State of the producer, the species and the diagenetic State 
of the matter (Amon et al. 2001). Factors regulating 
bacterial metabolism shape in tum the dégradation of 
OM. These factors are the température, pressure, 
nutrients availability, phylogenetic composition and 
physiological State of the bacterial assemblages. In sea 
ice, bacterial activity and viability is likely limited by 
low température (Delille 1992, Nedwell 1999, Pomeroy 
and Wiebe 2001), high salinity, or inhibitory compounds 
such as acrylic acid resulting from the breakdown of 
DMSP (Brierley and Thomas 2002). In the mesopelagic 
zone, the effect of pressure upon bacteria seems 
important to take into account (Tamburini et al. 2003,
2009).
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5. Interactions between OM and micro-organisms in 
the Southern Océan

In the Southern Océan, the average concentration of 
DOC is < 60 |xM C (Ogawa and Tanoue 2003) and POC 
is < 10 jiM C (Knox 2006). Dissolved organic carbon 
(DOC) and particulate organic carbon (POC) 
background concentrations (i.e. concentration in deep 
océan) are respectively 42 pM C and 3 pM C (Carlson et 
al. 2000). By contrast, in sea ice, extremely high levels 
of organic matter hâve been recorded, which are up to 
several orders of magnitude higher than those in 
seawater (Thomas et al. 1998, 2001a, Herborg et al.
2001). This organic matter is either allochtonous i.e. 
trapped during the ice formation (Giannelli et al. 2001) 
or autochtonous i.e. produced within the sea ice via in 
situ biological activities. The enrichment of organic 
matter in sea ice results from the following processes, 
certainly co-acting;

• physical concentration by mechanisms of sea ice 
formation (see 3.1)

• in situ production, by microorganism (see 4.3). 
High biomasses of microorganisms can indeed 
occur in sea ice. In particular, in the autumn and in 
the late winter, favourable conditions such as light 
and nutrient availability can be encountered in the 
sea ice as compared to the water column, leading to 
a large accumulation of biomass.

• exclusion of large heterotrophs from the sea ice 
matrix because of the narrow brine channels and 
therefore limitation the consomption of the high 
biomass

• limitation of bacterial activities and/or low substrate 
quality (Thingstad et al. 1997) potentially hamper 
the use of the available organic matter pool.

The accumulation of OM in sea ice clearly results from 
a disconnection from the production and consomption 
processes (Thomas and Papadimitriou 2003). As shown 
in Figure 1.15, the interactions between the OM and the 
microbial community are multiple. These OM 
production and consomption mechanisms and the 
relationships between microorganisms are greatly 
influenced by the physico-chemical properties of the 
environment where microorganisms live. Indeed micro
organisms produce OM for different reasons such as in 
response to environmental stress; e.g. température, 
salinity or nutrients (Nagata 2000). In some conditions, 
like in the sea ice or at the end of a bloom, the 
production of EPS by algae is enhanced (Passow 2002).

Above ail, the presence of this OM could in tum 
modify the environment and has conséquences on the 
microorganisms. The presence of OM around micro
organisms may modify or shape their habitat and hâve 
direct or indirect conséquences on the microbial 
network. For instance, the EPS/TEP produced within the

sea iee to protect the eell against température or salinity 
damage, modifies the internai sea ice habitat by the 
formation of a ‘glue-like’ environment (Krembs and 
Deming 2008). The conséquences of such a gelatinous 
structure may serve or deserve microorganisms. On the 
one hand it could create a favourable microenvironment 
around the cell which concentrate nutrient or act as a 
protection against predators. On the other hand, this 
microenvironment could sequester toxic compounds and 
limit gas transfer or reduce microorganisms’ movement. 
As a conséquence, trophic relationships between 
microorganisms can be greatly modified in this 
particular habitat, with the alteration of grazing activities 
by the réduction of the movement of grazers (Decho 
1990). This could spatially disconnect the microbial 
loop. Furthermore, the EPS released at the end of a 
phytoplanktonic bloom favour the aggregation of cells, 
and thus their export out of the surface layer. As such 
compounds (acidic polysaccharides) likely create 
Chemicals links with iron the nature of the OM, its métal 
séquestration capacity and its aggregation potential will 
influence the distribution and availability of iron for 
microorganisms.

6. Objectives

The production in autumn-winter of sea ice and its 
melting in spring-summer constitute one of the main 
characteristics of the Southern Océan. This ice cover 
greatly modifies not only the océan light environment 
and the air-sea exchange but also the carbon cycling and 
the efficiency of the biological pump. Indeed by 
sequestring nutrients (including iron), detrital organic 
matter and microorganisms, ice formation croates a new 
physico-chemical habitat for microorganisms modifying 
their growth conditions and trophic interactions. Their 
release in the water column at the time of ice melting 
also impacts on the pelagic System, providing some food 
for organisms using ice as a refuge and some nutrients 
and seeds for phytoplankton blooms enhancement in the 
marginal ice zone. However, part of the release material 
is directly exported below the surface layer and 
contributes to the local biological pump. The magnitude 
and depth location of bacterial remineralization of the 
exported organic matter déterminés the efficiency of the 
biological carbon pump.

As part of a general question on the contribution of 
sea ice to the Antarctic biological pump, the general 
objective of this thesis aims to improve our knowledge 
of organic matter in the océan and sea ice realms of the 
Southern Océan and its interactions with the microbial 
network. This was approached by addressing the four 
following questions:
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• How are organic matter and microbial
communities distributed in pack ice at the end 
of winter?

• How do organic matter and microbial
communities evolve during spring/summer, 
before melting?

• How does the sea ice melting impact on the 
océan surface production and carbon export?

• What is the fate of exported organic matter 
during transfer to the deep océan and how 
does it dépend on the surface production?

To address these questions, we studied the sea ice 
microbial network in relation with the physico-chemical 
characteristics of the ice habitat, at a seasonal scale and 
in different Antarctic locations, with the objective of 
determining the factors goveming the distribution of 
microorganisms (algae, bacteria, protozoa) in the pack 
ice. In parallel we determined the quantity and the type 
of organic matter présent in the sea ice in order to 
understand the dynamics of the organic pool and to 
decipher the biological processes goveming both 
production and consumption.

The fate of sea ice material (organic matter, iron) and 
microorganisms when released in the surface océan at 
the time of ice melting was studied under different 
laboratory-controlled melting experiments.

Finally, we studied the fate of the exported material 
was approached by investigating the composition of 
organic matter in relation with the distribution of 
bacteria biomass and activity in the water column of an 
ice free part of the Southern Océan. The link between 
organic matter surface production and bacterial 
dégradation was approached based on the comparison 
between an iron-replete and iron-deplete derived carbon 
export.

My thesis work funded by PRIA (Fonds pour la 
Recherche en Industries Agro-alimentaires) was 
conducted in the scope of two Belgian multidisciplinary 
projects, BELCANTO and SIBCLIM. The goal of 
BELCANTO (BELgian research on Carbon uptake in 
the ANTarctic Océan) was to assess and understand the 
present-day fimctioning of the CO^ biological pump in 
the Southern Océan and to predict its évolution in 
response to scénarios of increasing atmospheric CO^. 
The main objective of SIBCLIM (Sea Ice 
Biogeochemistry in a CLIMate change perspective) was 
to study, understand and quantify the physical and 
biogeochemical processes associated with the sea ice 
biota that govem the émissions of marine gases of

climatic significance. It aims to ultimately upgrade the 
existing ecological models (e.g. take into considération 
the sea ice dynamics in Antarctic ecosystem modelling).

7. Outline

After a section describing the Materials and 
Methods used in this work, the first part of the 
manuscript deals with the sea ice microbial network and 
organic matter and its controlling mechanisms. The first 
chapter describes the microbial community composition 
in sea ice during the winter/spring (ARISE). The second 
and third chapters show the distribution and the 
characterization of organic matter in pack ice 
respectively a) during the transition winter/spring/early 
summer (ARISE and ISPOL) and b) during early spring 
and a flood-freeze cycle (SIMBA). The fourth chapter 
discusses about the impacts of sea ice melting on the 
pelagic ecosystem.

The second part of the manuscript (chapter 5) 
focuses on the pelagic realm and concems the bacterial 
remineralization of the organic matter during summer in 
a région which is not directly influenced by sea ice 
(SAZ-Sense).

Finally, the results presented in the different chapters 
are discussed together and a general conclusion is given. 
Some leads for future work are also proposed.
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Materials and Methods

1. Study sites

1.1. ARISE

The “ARISE in the East” (Antarctic Remote Ice Sensing 
Experiment) research cruise onboard the RV Aurora 
Australis (AAV0103) took place in the Australian sector 
{63-66°S, 109-118°E) oî the Southern Océan (Figure M.l) 
between the 1"' and 27"" October 2003 (end of winter-early 
spring). The ARISE cruise was a spatio-temporal study with 
the répétition of one-day-long ice stations at different 
locations of a relatively limited spatial domain. Sea ice, 
brines and seawater samples analysed in this study were 
collected at stations IV, V, VII, IX, XII and XIII.

1.2. ISPOL

The ISPOL (Ice Station POLarstem) cruise onboard the 
RV Po/arstem took place in the Western Weddell Sea {68°S, 
55°W) near the Antarctic Peninsula (Figure M.l) in 
November - December 2004 (spring-summer). During the 
ISPOL cruise, the RV Polarstem was anchored to a large 
pack ice floe (few km in size) in order to follow the 
temporal variations of the physical and biological 
atmospheric-ice-ocean processes at a drifting station during 
the transition from austral spring to summer (Hellmer et al. 
2008). Sea ice, brines and seawater samples were collected 
on seven occasions, between the 29.11.04 and 30.12.04, at 
regular intervals (usually every fïve days).

1.3. SIMBA

The SIMBA (Sea Ice Mass Balance in Antarctica) 
drifting station experiment was carried out onboard the RV
N.B. Palmer between the F' and 23"“' October 2007 in the 
Bellingshausen Sea {69-71°S, 90-95°E) (Figure M.l). 
Sampling was conducted at two contrasted locations of the 
pack ice floe, namely the “Brussels” and “Liège” stations. 
These 2 sites were chosen for their contrasted ice and snow 
conditions: mostly thin columnar ice and thin snow cover at 
Brussels site vs. mostly thick granular ice and thick snow 
cover at Liège site. Each station was visited at 5-days 
regularly spaced intervals, in the course of nearly 4 weeks. 
Sea ice, brines and seawater samples were collected between 
Julian Days 274 and 294 at Brussels station and between 
Julian Days 276 and 296 at Liège station.

1.4. SAZ-Sense

The Sub-Antarctic Zone SENSitivity to Environmental 
Change (SAZ-Sense) project was conducted onboard the 
R.V. Aurora Australis {AAW0307) from n'" January to 20"' 
February 2007 (mid-summer) in the Sub-Antarctic Zone 
(SAZ) and Polar Front Zone (PFZ) of the Australian sector 
of the Southern Océan (Figure M. 1). Water stations of short 
(12 h stay, 6 “transect” stations) and long (5 days stay, 3 
“process” stations) duration were sampled. The sites 
sampled during this study can be grouped into three main 
zones: a) the SAZ west (135-145°E) of Tasmania (Stns SS2 
and PI; W-SAZ); b) the PFZ (Stn P2) and c) the SAZ east 
(150-160°E; E-SAZ) of Tasmania (Stns SS9, SSIO, SS12, 
P3, SS21 and SS24).

Figure M.l: Localisation of the 4 cruises studied in the présent 
Work.
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2. Sampling

During sea ice cruises, 3 types of samples were 
collected: sea ice, brines and seawaters (Figure M.2).

A clean sampling site (20 m x 20 m, 70 x 30 m, 100 x 60 
m) located 1 km away from the ship was delimited in order 
to conduct clean sampling. Within the ‘clean area’, smaller 
adjacent 5x5m(10xl0m) units were chosen for each 
sampling day (Tison et al. 2008). Précautions to avoid 
organic matter contaminations, which were also meant to be 
trace métal clean (Lannuzel et al. 2006, 2008) were used: 
clean room garments (Tyvek overall, overshoes and 
polyethylene gloves) over warm clothes of operators were 
wom on site and a spécial electropolished stainless-steel 
corer (14 cm diameter) was used to collect the ice cores. The 
different ice cores (dedicated to different analysis) were 
retrieved about 20 cm apart from each other. Cores were 
immediately stored at -30°C. Brine collection was made by 
the ‘sackhole’ technique, i.e. by gravity drainage of brines 
into a hole drilled into the sea ice cover (Thomas and 
Dieckmann 2003). Brines (from 2 depths meant to 
correspond to a température <-5°C and >-5°C) as well as 
under-ice seawater (0 m, -1 m and -30 m) were collected 
using a portable peristaltic pump (Cole-Parmer, Masterflex 
E/P) and acid cleaned tubing. Brines and seawater samples 
were transferred into acid-washed bottles abundantly rinsed 
with the collected samples until further processing. For 
microbial analysis, the full length of the ice cores was then 
eut into 4 (ARISE) or 6 (ISPOL and SIMBA) subsections, 
each 6 to 10 cm thick (Figure M.2). Surface and bottom 
layers of an ice core were always sampled while the other 
ice sections were chosen on visual observation of ice 
discoloration. The ice pièces were transferred into .acid 
washed polyethylene containers and further treated as 
described below for the analysis of inorganic nutrients, 
chlorophyll a (chl a) and microscopie investigations. For 
dissolved organic carbon (DOC) and particulate organic 
carbon (POC) détermination, sea ice sections were 
transferred into glass beakers pre-combusted at 450°C for 4 
h.

In case of the océanographie cmise, seawater samples 
were collected using a CTD cast System, mounted on a 
rosette sampler equipped with 24 12L-Niskin bottles. 
Seawater was collected from 0 to 700 m at between 7 and 15 
sampling depths. Sub-sampling was carefully performed to 
avoid organic contamination. Seawater was collected into 
acid cleaned polycarbonate bottles and immediately treated.

3. Melting experiments

Two kinds of melting experiments were realized during 
this Work. The first one was realized onboard during the 
ISPOL cmise while the second one was realized in the 
laboratory.

3.1. Direct melting

The set-up of this microcosm experiment was realized 
according to the procedure of Mathot et al. (1991) and 
Giesenhagen et al. (1999) in order to simulate the melting of 
sea ice. The experiment was conducted in controlled and 
iron-clean conditions. Sub-sampling was conducted taking 
précautions to avoid contamination; bottles hâve been 
soaked in HCl 6 N and abundantly rinsed with ultra-high 
purity water (UHP). This experiment was reproduced twice, 
using sea ice (bottom ice) and seawater (-30 m), sampled on 
the 09.12.04 (sériés a) and on the 25.12.04 (sériés b). 
Seawater was pre-filtered using a 0.2 pm membrane 
cartridge (Sartobran stérile capsule). A piece of 5 cm of 
bottom ice was thawed with filtered “clean” seawater (1:4, 
v:v) at 4°C in an acid clean récipient. One litre of 
homogenized melted ice was filtered under trace métal 
conditions on 0.2 pm polycarbonate filter. This direct 
melting experiment consisted of four different additions of 
seawater and melted sea ice (Table M.l), followed in 
parallel in 20 L microcosms.

Table M.l: Set-up of the direct microcosms experiment, sériés a 
(09.12.04) and b (25.12.04)________________________________
Microcosm Type of Type of melted Commenta

# seawater ice added

Ml unfiltered none
Pélagie biota évolution 

without sea ice

M2 unfiltered unfiltered “Natural” simulation

M3
filtered 

(0.2 pm)
unfiltered

Ice biota évolution in 
seawater

Impact of dissolved

M4 unfiltered
filtered
(0.2pm)

constituents from ice 
(dFe and DOM) on

pelagic biota

Figure M.2: Sampling strategy during the sea ice cruises, for The firSt microcosm. Ml, contained only seawater and
ARISE on the left and ISPOL and SIMBA on the right. served as a control (i.e. simulate the évolution of the

planktonic network). The second, M2, was a mix between 
ice and seawater (1:100, v:v) and simulated “natural” 
conditions (i.e. the melting of the inferior 10 cm of bottom 
ice in a water layer of 10 m). The third, M3, aimed to study
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the fate of sympagic organisms without interactions due to 
planktonic organisms; sea ice was added to filtered 
seawater. Finally, the fourth microcosm, M4, contained 
seawater amended with filtered melted sea ice, in order to 
simulate a seeding of dissolved components such as DOM, 
and total dissolvable iron from the ice to the pelagic System. 
The microcosms were incubated at -1°C and under a light 
intensity of 45 pE m'^ s '. They were sampled over time (ca. 
10 days) in order to follow the évolution of DOC, POC, and 
microorganisms (algae, bacteria and protozoa). Major 
inorganic nutrients and total dissolvable iron were also 
measured at initial time.

3.2. Sequential melting

In order to study the temporal sequence of release of ice 
components (microorganisms, OM and Fe), an experiment 
in controlled and trace-metal clean conditions was realized 
in laboratory. The conceived device (Figure M.3) enabled to 
realistically simulate the physical melting of the sea ice, i.e. 
in triggering melting due to increase of air température 
without increasing seawater température. Seawater (13.5 L, 
collected during the CLIVAR SR3 cruise in the Antarctic 
Pacific sector {135-150°E) in December 2001, [dFe] = 1.05 
nM) was placed in a high density polyethylene container, at 
2°C, under constant mixing and refrigerated thanks to a tube 
filled with éthanol in order to maintain seawater température 
around -1.9°C, under a light intensity of 45 pE m‘^ s '. A 
bottom ice piece of 20 cm high (diameter = 14 cm) coming 
from an ice core sampled on the 04.12.04 during ISPOL was 
then put to melt in this System. Ail pièces in contact with sea 
ice were cleaned to work in trace métal clean conditions. 
The seawater was sampled with a peristaltic pump 
(Masterflex) by a tube placed at the bottom of the container. 
Salinity, température, total dissolvable iron, DOC and POC 
were followed until complété melting of the ice piece (ca. 5 
days).

Figure M.3: Schematic view of the melting device used in 
the sequential melting experiment

For each sub-sampling time (t), a second seawater 
sample (noted t’) was taken and let in the incubator until the 
next sub-sampling time (t+1) in order to discriminate 
between the contribution of ice melting only (C„,- C,.) and 
the évolution of the compounds in the seawater between the

2 sub-sampling times (C,. - C,). For each parameter, fluxes 
from sea ice hâve been estimated by F,^, = (C,^,- C,.)/1, with 
C, the concentration of the compound and t, the time elapsed 
between t-tl and t.

4. Physico-chemical parameters

4.1. Ice texture, salinity and température

The ice stracture was determined by thin section analysis 
and photographs taken under polarized light. Based on ice 
crystal size and orientation, two stratigraphie units were 
distinguished: granular ice and columnar ice. High- 
resolution analyses of the 5'*0.^ allowed further 
discrimination between snow ice and frazil ice within the 
granular fades (Jeffries et al. 1989, Eicken 1998). Ice 
température was measured on site using a calibrated probe 
(TESTO 720) inserted every 5 or 10 cm along the freshly 
sampled core. Bulk ice salinity was determined by 
conductivity using WP-84-TPS meter. The brine volume 
fraction in the sea ice (VJ'V = brine volume/bulk sea ice 
volume ratio) was calculated on the basis of température and 
salinity values following the équations of Cox and Weeks 
(1983) and Leppàranta and Manninen (1988), revisited in 
Eicken (2003).

4.2. Nutrients

Ice sections were melted in the dark at 4°C and then 
filtered together with “sackhole” brine and seawater samples 
through 0.4 gm polycarbonate filters. The filtrâtes and the 
microcosms subsamples were determined for inorganic 
nutrients (NO^/NO;, NH/, PO,’ and Si(OH),) by 
colorimetry following the methods described in Grasshoff et 
al. (1983) for ARISE and Papadimitriou et al. (2007) for 
ISPOL. To avoid matrix effect, standards used for 
calibration were prepared in artificial seawater solutions 
with salinities similar to those of the samples analyzed. 
Brine volume-normalized concentrations hâve been 
calculated by dividing the bulk ice concentration by the 
brine volume.

For the sequential melting experiment, samples for Fe 
analysis were kept in polyethylene bottles and acidified at 
pH 1.8 with ultrapure HNO^ (Ultrex, JT Baker). Total 
dissolvable Fe (unfiltered) and dissolved Fe (filtered on 0.2 
pm Nuclepore polycarbonate fiters) samples from the 
“direct” melting experiments were measured according to 
Lannuzel et al. (2006) by flow injection analysis. Unfiltered 
Fe samples from the sequential experiment were analyzed 
according to de long et al. (2008) by isotopic dilution 
combined with multiple collector inductively coupled 
plasma mass spectrometry (ID-MC-ICP-MS) using 
nitrilotriacetic acid chelating resin for pre-concentration and 
matrix séparation.
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5. Organic Matter

AU the material and glassware used for organic carbon 
sampling and measurements were either made of glass 
cleaned by ashing (4 h at 450°C), or washed with chromic- 
sulphuric acid (Merck), or of Teflon cleaned by 10% HCl 
soaking and rinsed with ultra high purity water (UHP) 
(18.2M Millipore milli-Q System) obtained from a water 
purification System equipped with a UV-lamp and organic 
cartridge (Milli-Q Elément, Millipore).

5.1. Melting ofice samples for organic carbon

A preliminary expérience was realized in order to test 
the influence of the melting protocol on the organic matter 
(OM) concentration measured in the melted samples. Two 
handlings were possible to apply to the sea ice samples; a) 
directly melted “as is” or b) with addition of filtered 
seawater in order to reduce osmotic shock. As observed by 
Garrison and Buck (1986), fragile microorganisms such as 
ciliates may be disrupted during their passage from salinity 
to another and then released their internai content. Such a 
process could lead to the overestimation of the dissolved 
fraction. However Thomas et al. (1998) reported that for 
diatom dominated samples, there is no need to dilute 
samples.

Two sea ice pièces sampled at Mc Murdo in 2003 were 
chosen for their contrasted low and high biomass levels. A 
sea ice piece was divided in 2 equal parts under organic- 
clean methods. The first piece was melted “as is” while 
stérile artificial seawater was added to the other piece ( 1:4, 
v:v). Subsamples of each melted samples were taken to 
measure concentration of dissolved organic carbon and 
dissolved saccharides. Results suggested that no major lysis 
phenomenon occurred during this experiment. The direct 
melting protocol was thus applied to OM samples hereafter

Thus, sea ice sections dedicated to organic matter 
analysis were thawed in precombusted glass beaker at 4°C 
in the dark. For POC and DOC, ice sections were melted 
onboard for the 3 sea ice cruises. Melted sub-samples were 
then processed as explained below. For qualitative analyses 
of organic matter (saccharides, amino acids and TEP), sub
samples were also collected from onboard melting in case of 
the SIMBA croise but for previous ones (ARISE and 
ISPOL), samples were taken from a retrieved twin ice core, 
melted in the laboratory. AU handling was performed in a 
class 100 laminar flow hood. Brines and seawaters samples 
were treated directly as explained hereafter.

5.2. Dissolved and particulate organic carbon

Particulate organic carbon (POC) was collected on pre
combusted (450°C, 4h) Whatman GF/F filters and stored at - 
20°C until analysis. After drying at 60°C, POC was 
analyzed with a Fisons NA-1500 elemental analyzer 
following carbonate removal from the filters by HCl fumes 
ovemight. Filtered samples for dissolved organic carbon

(DOC) were stored in pre-combusted (450°C, 4h) 20-ml 
glass ampoules with addition of 25 pl H,PO^ (concentration 
50 %), which were sealed to avoid contact with air. Samples 
were kept in the dark at 4°C until analysis. The DOC was 
measured by high température catalytic oxidation (HTCO; 
procedure of Sugimura and Suzuki 1988) with a Shimadzu 
TOC-5000 analyzer for ARISE samples and a Dohrmann 
Apollo 9000 analyzer for ISPOL and SIMBA samples. 
Carbon concentration was determined using a five-point 
calibration curve performed with standards prepared by 
diluting a stock solution of potassium phthalate in Ultra pure 
water (Milli-Q Elément System, Millipore). Each value 
corresponds to the average of at least five injections. 
Samples were measured in duplicate and the relative 
standard déviation never exceeded 2%. The accuracy of our 
DOC measurements was tested by analyzing reference 
materials provided by the Hansell laboratory (University of 
Miami). We obtained an average concentration of45.1 ± 0.7 
pM C (n=10) for deep-ocean reference material (Sargasso 
Sea Deep water, 2600 m) and 1.4 ± 0.7 pM C (n=10) for 
low-carbon reference water. Our values are within the 
nominal values provided by the reference laboratory (44.0 ±
1.5 pM C and 2.0 ±1.5 pM C, respectively).

5.3. Dissolved and particulate saccharides

Melted samples were filtered through pre-combusted 
GF/F filters (Whatman, 450°C, 4 h). Filters and filtrâtes 
were stored frozen (-20°C) until analysis. Total particulate 
saccharides (p-TCHO) and total dissolved saccharides (d- 
TCHO) were determined following the colorimétrie TPTZ 
(2,4,6-tripyridyl-5-triazine) method of Myklestad et al. 
(1997). The whole procedure was carried out in darkness 
because the reagents are light-sensitive (van Oijen et al.
2003). d-TCHO includes mono- (d-MCHO) and poly
saccharides (d-PCHO) which are respectively the concen
tration before and after hydrolysis (d-TCHO = d-MCHO + 
d-PCHO). Dissolved and particulate samples were 
hydrolysed with HCl 0.1 N at 100°C, during 20h (Bumey 
and Sieburth 1977). Calibration curves were obtained with 
D(±)-glucose and the values of saccharides were expressed 
as glucose équivalent. They were converted into carbon 
concentration using a conversion of 6 mol of C per mole of 
glucose, since each glucose molécule contains 6 carbon 
atoms. The coefficient of variation (CV, standard 
deviation/mean) of ail triplicate measurements was below 
5% and the détection limit was 1.0 pM C. Three blanks per 
batch of samples were always treated and analyzed in the 
same way as the samples and subtracted from the 
concentration of the samples.

5.4. Dissolved Free Amino Acids (DFAA)

Filtered (Whatman GF/F, 450“C, 4 h) sub-samples were 
stored frozen (-20°C) until analysis. Dissolved free amino 
acids (DFAA) were measured following the fluorometric 
method of Parsons et al. (1984). The coefficient of variation 
(CV, standard deviation/mean) of triplicate measurements
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was below 5%. A calibration curve was made with glycine. 
The détection limit was 0.1 |j.M glycine. Concentrations 
were expressed in pM C by using a conversion of 2 mol of C 
per mol of glycine. Similarly, the concentrations were 
converted into pM N using 1 mol of N per mol of glycine.

5.5. Transparent Exopolymeric Partiales (TEP)

For transparent exopolymeric particles (TEP), unfiltered 
samples were poisoned with formaldéhyde (2% final conc.) 
to avoid bacterial development and kept at 4°C until further 
Processing. TEP were determined according to the 
spectrophotometric method of Passow and Alldredge 
(1995). Briefly, 10-15 ml subsamples were filtered onto 0.4 
pm polycarbonate filters (Nuclepore) using a vacuum 
pressure <150 mm Hg. TEP were stained with Alcian Blue 
solution (0.02% Alcian Blue, pH 2.5). Filters were then 
extracted with 6 ml of 80% Fl^SO^ for 2 h in the dark with 
constant stirring. Absorbance was measured against a 
distilled water blank at 787 nm. The calibration was made 
using Xanthan Gum solution. Results are expressed as 
Xanthan Gum weight équivalent per liter (XAGeq f'). AU 
TEP déterminations were performed in triplicate.

6. Microorganisms

For the détermination of Chl a and microorganisms, ice 
core sections were melted in the dark at 4°C in seawater 
prefiltered through 0.2 pm polycarbonate filters (1:4, v:v), to 
avoid rupture of microorganisms cells due to osmotic shocks 
during sample melting (Garrison and Buck 1986).

6.1. Chlorophyll a

Samples were filtered onto Whatman GF/F filters for 
ARISE, ISPOL and SAZ-Sense. During SIMBA and also 
for the ISPOL microcosm experiments, samples were 
filtered onto 10 and 0.8 pm Nuclepore filters. Chl a were 
extracted in 90% v:v acetone in the dark at 4°C for 24h, and 
quantified fluorometrically according to Yentsch and 
Menzel (1963).

6.2. Abundance and biomass of bacteria, algae and 
protozoa

Subsamples were fixed with lugol for inverted light 
microscopy and with formaldéhyde for epifluorescence 
microscopy and kept at 4°C.

Algae and protozoa were enumerated by inverted light 
microscopy (100 x magnification and 320 x magnification) 
according to the method of Utermôhl (1958) and by 
epifluorescence microscopy (400 x magnification) after 
DAPl staining (Porter and Feig 1980). 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 
taxonomie group. Microscopie size measurements were 
converted to cell volumes, according to a set of géométrie

correspondences (Hillebrand et al. 1999). Algae and 
protozoan biomass was calculated from the abundance and 
the spécifie carbon biomass (carbon per cell) estimated from 
the relationships established by Menden-Deuer and Lessard 
(2000).

Bacteria were enumerated by epifluorescence after DAPI 
staining (Porter and Feig 1980). A minimum of 1000 cells 
was counted in at least 10 different fields at lOOOx 
magnification. A relative standard déviation of 15% (n=20) 
was estimated on the bacterial abundance détermination. 
Bacterial biovolumes were determined by image analysis 
(Lucia 4.6 software) and calculated by treating rods and 
cocci as cylinders and spheres, respectively (Watson et al. 
1977). They were converted to carbon biomass by using the 
relation established from data measured by Simon and 
Azam (1989): C= 92 where C is the carbon per cell (fg 
C cell ') and V is the biovolume (pm')- For SAZ-Sense, a 
carbon conversion factor 12 fg C cell ' (Fukuda et al. 1998) 
was applied.

Note that the following sections 6.3 to 6.6 only concem the 
SAZ-Sense cruise.

6.3. Bacterial community structure

Bacterioplankton community structure was examined by 
FISH (fluorescence in situ hybridization) using probe 
EUB338 for Eubacteria, ALFlb for the a-subclass of the 
Proteobacteria, BET42a for the P-subclass of the 
Proteobacteria, GAM42a for the y-subclass of the 
Proteobacteria, CF319a for the Cytophaga-FIavobacter 
group, ARCH915 for Archaea and a négative control probe 
for nonspecific probe binding (Table M.2). Bacterioplankton 
samples were prepared for FISH using a modification of the 
method described by Glôckner et al. (1996). Seawater 
samples were fixed with formaldéhyde (2% final 
concentration). After fixation during 12-24 h, bacteria were 
stained with DAPI and filtered onto a 0.2-pm-pore-size 
polycarbonate membrane (Poretics), rinsed with 0.2-pm- 
pore-size-filtered seawater and stored at -20°C. A piece of 
the filter was placed on a Parafilm-covered glass slide, 
overlaid with 30 pl of hybridization solution containing 2 
ng/pl of Cy3-labeled oligonucleotide probe, and incubated 
in a sealed container for 24 h at 42°C. The hybridization 
solution contains 0.9 M NaCl, 20 mM Tris-HCl (pH 7.4),
0.01% sodium dodecyl sulfate, 50 mM EDTA and varying 
formamide concentrations determined to achieve specificity 
for the targeted group of bacteria (Table M.2). After 
hybridization, the sample was washed during 15 min at 
38°C in a solution containing 20 mM Tris-HCl (pH 7.4), 10 
mM EDTA, 0.01% sodium dodecyl sulfate and appropriate 
concentrations of NaCl i.e. 102 mM for EUB338, BET42a 
and GAM42a, 440 mM for ALFlb, 308 mM for ARCH915 
and 80 mM for CF319a. Stained cells were determined by 
image analysis (Lucia 4.6 software) from epifluorescence 
observations of 10 fields using a Leica DMRXA microscope 
fitted with Cy3 and DAPI filters and equipped with a Nikon 
DXM 1200 caméra.
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Table M.2: Oligonucleotide probes used in this study. %FA = percentage of formamide in the hybridization buffer. 1 : Amann et al. (1990), 2: Manz et al. 
(1992), 3: Manz et al. (1996), 4: Stahl and Amann (1991)________________________________________________________________________________________

Probe Specificity Probe sequence (5’-3’) Target site 16S or 23S 
rRNA position 

(nucléotide)

%FA Refs.

EUB338 Eubacteria GCTGCCTCCCGTAGGAGT I6S(338-355) 30 1

ALFlb aVpha-proteobacteria CGTTCGYTCTGAGCCAG 16S (19-35) 40 2

BET42a heXa-proteobacteha GCCTTCCCACTTCGTTT 235(1027-1043) 30 2

GAM42a %amma-proteobacteria GCCTTCCCACATCGTTT 235(1027-1043) 30 2

CF319a Cytophaga-Fla vobacterium TGGTCCGTGTCTCAGTAC 165 (319-336) 30 3

ARCH915 Archaea GTGCTCCCCCGCCAATTCCT 165 (915-934) 25 4

6.4. Bacterial viability

The proportion of bacterial non-viable cells was 
estimated from Sytox-positive cells (Roth et al. 1997). A 
stock solution of Sytox Green stain (Molecular probes) was 
prepared in dimethylsulfoxide to a final concentration of 5 
mM. The cells were stained with 1 pM SYTOX Green (final 
conc.) for at least 10 min at room température in the dark, as 
proposed on the product information sheet. The Sytox- 
positive cells were determined by epifluorescence 
microscopy (see above).

6.5. Bacterial enzymatic activity

Ectoproteolytic activity (EPA) was determined 
fluorimetrically (Kontron SFM 25 fluorimetre) as the 
maximum hydrolysis rate of model substrate for leucine- 
aminopeptidase (L-leucine-7-amino-4-methyl-coumarin) 
added at saturating concentration (40 mM). Wavelengths for 
excitation and émission were 360 and 445 nm. Fluorescence 
in the samples was measured as a function of time at in situ 
température in the dark. Increase of fluorescent units with 
time was converted into activity from a standard curve 
prepared with the end product of the reaction, 7-amino-4- 
methylcoumarin (Sigma). The relative standard déviation 
was 12% (n = 20).

6.6. Bacterial Production and BGE estimations

Bacterial production (BP or more precisely referring to 
heterotrophic prokaryotic production) was determined by 
incorporation of ’H-labelled thymidine into macromolecules 
precipitated by cold trichloroacetic acid (TCA) according to 
Fubrman and Azam (1982). Three 20 ml (for depths <200 
m) and three 40 ml (for depths >200 m) aliquots of water 
sample were dispensed into plastic vials. AU samples 
received methyl-[’H]-thymidine (spécifie activity: 74.5 Ci 
mmof'; Amersham), to a final concentration of 10 nM, by 
addition of 100 or 200 pl ^H-thymidine. One of these 
subsamples served as a blank (tO) and the two others were 
incubated for 4 h (<200 m) and 8 h (>200 m) at in situ 
température. The thymidine incorporation was stopped by 
precipitating the samples with trichloroacetic acid (TCA, 
5% final concentration). The samples were filtered through
0.22 pm pore size cellulose acetate filters (Sartorius) and 
rinsed 5 times with 2 ml 5% ice cold TCA. The filters were

immediately stored at -20°C. Back to the home laboratory, 
they were placed in scintillation cocktail (EcoLume, MP 
Biomedicals), and the radioactivity incorporated in the cold 
TCA précipitable material was measured by a Packard 
Tricarb 1900TR Liquid Scintillation Analyzer. Corrections 
for quenching were made by transformed spectral indices of 
extemal standards and stored quench curves. Radiotracer 
incorporation (nmol f‘ h') was converted into bacterial 
production (cell f' d') using the published thymidine 
conversion factor (TCF) of 8.6 x lO” cell per mol 
incorporated estimated by Ducklow et al. (1999). Biomass 
production rate was obtained by use of the CCF of 12 fg C 
celf' (Fukuda et al. 1998).

The measurements of BP at discrète depths throughout 
the water column can be used to estimate depth integrated 
bacterial respiration (BR) and bacterial carbon demand 
(BCD) from the following relations: a) BR= [(BP/BGE) - 
BP] and b) BCD = BP + BR = BP/BGE. To calculate this, 
we rely on the use of a thymidine conversion factor (TCF) 
and a bacterial growth efficiency factor (BGE). The values 
of each of these conversion factors (CFs) found in literature 
are rather variable and consequently greatly influence the 
estimation of the carbon fluxes. We tested, and discuss in 
Chapter 5, the impact of three different ranges of TCFs and 
BGEs. We applied a constant carbon conversion factor 
(CCF) of 12 fg C celf' and used a low (TCF = 0.5 x lO" 
cells mof' and BGE = 0.38), a middle (TCF = 0.86 x lO'* 
cells mol ' and BGE = 0.15), and a high estimate (TCF = 2.0 
X lO'* cells mof' and BGE = 0.09) to calculate bacterial 
respiration and bacterial carbon demand. The value of 0.15 
for BGE is the médian of 239 oceanic studies (del Giorgio 
and Cole 2000) and the lower and higher ones are the 
extreme values found by Carlson et al. (1999). The choice of 
the TCF is made after Ducklow et al. (1999) and Ducklow 
(2000). In addition, we also use the model of del Giorgio 
and Cole (1998) to estimate BGE from BP (in pg C f' h ') at 
each depth, following the relation: BGE = (0.037 + (0.65 x 
BP)) / (1.8 + BP).
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The sea ice habitat
Microbial network, organic matter and controlling mechanisms

Foreword

This first section is dedicated to sea ice habitat and présents the results conceming the microbial 
network, the organic matter, their controlling mechanisms and the impact of the release of these 
compounds during sea ice melting.

Chapter 1 présents the distribution of microorganisms (algae, bacteria and protozoa) in first year 
pack ice and their controlling mechanisms during the Aurora Austrahs cruise ARISE held in 
October-November 2003 in the Australian sector of the Southern Océan.

Chapter 2 looks at the distribution of dissolved and particulate organic matter in first year pack 
ice a) from the Aurora Australis cruise ARISE held in October-November 2003 in the Australian 
sector of the Southern Océan and b) from the RV Polarstem cmise ISPOL in November-December 
2004 in the Weddell Sea.

Chapter 3 présents similar results about the distribution of organic matter in sea ice from the 
SIMBA cruise onboard the RV NB Palmer in October 2007 in the Bellingshausen Sea.

Finally Chapter 4 deals with the impact of sea ice melting on the pelagic ecosystem. It présents 
results from laboratory experiments realized during the ISPOL cruise and from the distribution of 
the microbial community in sea ice during the ISPOL cruise in November-December 2004 in the 
Western Weddell Sea.

Chapter 1: Biogeochemistry and microbial community composition in sea ice and underlying 
sea water off East Antarctica during early spring
Becquevort S., I. Dumont, J-.L. Tison, D. Lannuzel, M-L Sauvée, L. Chou, V. Schoemann 
Polar Biology, in press, DOI 10.1007/s00300-009-0589-2

Chapter 2: Distribution and characterization of dissolved and particulate organic matter in 
Antarctic pack ice
Dumont L, V. Schoemami D. Lannuzel, L. Chou, J-.L. Tison, Becquevort S.
Polar Biology, in press, DOI 10.1007/s00300-008-0577-y

Chapter 3: Distribution and Chemical characterization of organic matterin the Antarctic pack ice 
zone, Bellingshausen Sea.
Dumont L, F. Masson, V. Schoemann, J-L. Tison and S. Becquevort. Draft with co-authors.

Chapter 4: Impacts of Antarctic pack ice melting on planktonic microbial communities in the 
Western Weddell Sea
Dumont 1., Schoemann V., Lannuzel D., de Jong J., Delille B., Tison J-L., Becquevort S. Draft with co-authors.
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and underlying seawater off East Antarctica during eariy spring
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Abstract Pack ice, brines and seawaters were sampled in 
October 2003 in the East Antarctic sector to investigate the 
structure of the microbial communities (algae, bacteria and 
protozoa) in relation to the associated physico-chemical 
conditions (ice structure, température, salinity, inorganic 
nutrients, chlorophyll a and organic matter). Ice cover 
ranged between 0.3 and 0.8 m, composed of granular and 
columnar ice. The brine volume fractions sharply increased 
above —4°C in the bottom ice, coinciding with an impor
tant increase of algal biomass (up to 3.9 mg C 1“'), 
suggesting a control of the algae growth by the space 
availability at that period of time. Large accumulation of 
NH4“*^ and P04^“ was bbserved in the bottom ice. The high 
pool of organic matter, especially of transparent exopoly- 
meric particles, likely led to nutrients rétention and

S. Becquevort (H) • 1. Dumont • V. Schoemann 
Ecologie des Systèmes Aquatiques, Faculté des Sciences, 
Université Libre de Bruxelles, Campus de la Plaine, CP221, Bd 
du Triomphe, 1050 Brussels, Belgium 
e-mail: sbecq@ulb.ac.be

J.-L. Tison
Unité de Glaciologie, Faculté des Sciences,
Université Libre de Bruxelles, CP 160/03,
50 Av. F. D. Roosevelt, 1050 Bru.ssels, Belgium

D. Lannuzel ■ M.-L. Sauvée ■ L. Chou
Laboratoire d’Océanographie Chimique et Géochimie des Eaux, 
Eaculté des Sciences, Université Libre de Bruxelles,
Campus de la Plaine CP 208, Bd. du Triomphe,
1050 Brussels, Belgium

Présent Address:
D. Lannuzel
Antarctic Climate and Ecosystems CRC,
University of Tasmania, Private Bag 80, Hobart,
TAS 7001, Australia

limitation of the protozoa grazing pressure, inducing 
therefore an algal accumulation. In contrast, the hetero- 
trophs dominated in the underlying seawaters.

Keywords Sea ice • Brine volume fraction • Nutrients • 
Organic carbon • Sympagic organisms

Introduction

The seasonal occurrence of sea ice is an important feature 
in the Southern Océan, with sea ice extending from 
4 X 10® km^ in summer to 20 x 10® km^ in winter 
(Zwally et al. 1983; Comiso 2003). Sea ice plays a key rôle 
in the Earth Climate System, by goveming the deep water 
formation, in addition to beat and gas exchanges between 
the lower atmosphère and sea surface (Dieckmann and 
Hellmer 2003). From a biological point of view, sea ice is a 
rich environment for microbial communities (algae, bac
teria, protozoa) and for a wide variety of life forms of vital 
importance for the whole Antarctic ecosystem (Lizotte
2003). The “frozen océan” provides extreme and highly 
variable habitats both spatially and temporally. Microor- 
ganisms are indeed subject to contrasted Chemical and 
physical constraints (e.g. température, salinity, space, light, 
pH, nutrients), which vary in space (horizontally and ver- 
tically) and time (ice formation and melting, Eicken 1992; 
Thomas and Dieckmann 2002). On a micro-scale, the 
biomass is essentially confined to the brine pockets and 
channels (Eicken 2003), representing less than 10% of the 
sea ice volume in the winter-spring period. Microorgan- 
isms within the sea ice are physically constrained in such a 
way that many of the biological and Chemical interactions 
are likely to be comparable to those reported for aquatic 
biofilm studies (Mock and Thomas 2005).
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The distribution, concentration and taxonomie composi
tion of sympagic communities are related, on one hand, to 
the abundance and species composition of the planktonic 
microorganisms présent in the water column at the time and 
location of sea ice formation and, on the other hand, to sea ice 
properties such as âge and texture (Spindler et al. 1990). The 
structuring of the sea ice communities starts initially by the 
incorporation of pelagic organisms upon sea ice formation. 
Most of the cells are passively incorporated in the ice, being 
harvested during frazil ice formation and/or by the perco
lation pumping mechanism (Shen and Ackermann 1990). 
Cells with the capability to adhéré to the ice matrix might 
also be introduced into the bottom skeletal layer of colum- 
nar/congelation ice later in the season, as water undemeath 
the ice cover is continually exchanged due to tidal currents 
and the thermohaline circulation (Lizotte 2003).

As the season progresses, the évolution of the sympagic 
communities dépends on two major physical factors: light 
and température. First, light conditions in the ice environ
ment dépend on seasonal changes in solar radiation, ice 
thickness and snow cover, which can lead to reflection and 
atténuation of incident irradiance (Arrigo 2003). Then tem
pérature Controls volume as well as salinity of the brines. The 
microorganisms living within the ice therefore not only hâve 
to cope with low températures but also to withstand high 
osmotic pressures and low space availability. Moreover, due 
to température variations, the size and the degree of con
nection between brine pockets and channels change with 
time (Perovich and Gow 1996). The sea ice porosity is 
consequently affected and the exchanges between the 
atmosphère, the sea ice and the underlying water are altered. 
For instance, sea ice can be considered as permeable and 
brines can move through the solid when the brine volume 
fraction represents 5% of the total ice volume for a tempér
ature of —5°C and a bulk ice salinity of 5 (Golden et al. 1998).

The réduction of permeability also has an important 
impact on the structure of the microbial community 
(Granskog et al. 2003). Sea ice thermodynamics may 
constrain the migration of organisms and alter trophic 
relationships e.g. by preventing prédation by large organ
isms. The permeability stage of ice cover may also control 
the growth of autotrophs by limiting the supply of nutrients 
from the underlying water, as well as restraining transports 
of contaminants and beat.

Finally, biological processes taking place in sea ice may 
potentially regulate the pelagic ecosystem. During winter, 
the organic matter accumulated in the sea ice may represent 
an important food source for large consumers such as krill 
(Garrison 1991). When the ice melts, the material incor
porated within the ice matrix can be ultimately released into 
the water column. The organisms released from decaying 
sea ice may seule rapidly as aggregates (Riebesell et al. 
1991) and feed the benthic trophic web, being quickly

grazed by zooplankton and incorporated into fast settling 
pellets (Scharek et al. 1994), or act as an inoculum for the 
planktonic blooms (Garrison et al. 1987). Moreover, nutri
ents such as iron (Fe) and dissolved organic matter (DOM) 
sequestrated in the sea ice in winter time can be released in 
the under ice water and in turn stimulate the planktonic 
microorganisms growth in the high nutrient low chlorophyll 
(HNLC) Southern Océan (Lannuzel et al. 2007; Dumont 
et al. 2009). These processes may influence the carbon 
biological pump, e.g. by increasing the carbon export from 
surface to the deep waters.

The objectives of the présent study were to investigate the 
relationships between physical, Chemical and biological 
properties in the sea ice environment. We présent results on 
the microbial community (abundance and biomass of algae, 
bacteria and protozoa) in the sea ice and in the underlying 
seawater (0, —1 and —30 m depths) in relation to physical 
(ice structure, salinity, température and brine volume frac
tion) and Chemical (inorganic nutrients, dissolved and 
particulate organic carbon and transparent exopolymeric 
particles) parameters at the end of winter-early spring sea
son in the pack ice zone of the western Pacific Océan sector.

Materials and methods

Sampling and study area

Samples were collected during the research cruise AA-03- 
VI “Arise in the East” aboard the Australian RV Aurora 
Australis, between 1 and 27 October 2003 in the area 63- 
66°S/109-118°E (Table 1). Sea ice, brines and under-ice 
water samples were collected under trace métal clean 
conditions (Lannuzel et al. 2006).

At each station, a set of closely spaced ice cores 
(maximum 20 cm between each consecutive core, on a 
homogeneous level ice floe) were collected with an elec- 
tropolished stainless Steel ice corer (14 cm internai 
diameter). While one core was wrapped in plastic bags and 
kept frozen (—28°C) for later analysis of ice texture and 
salinity, ice cores dedicated to biological and Chemical 
parameters were stored in plastic bags at —28°C in the dark 
until further processing. Within 24 h after sampling, these 
cores were eut into four sections of 6 cm height. These 6- 
cm sections were sub-sampled from the full length of the 
core, chosen so that a top, two intermediate and a basal 
sections were included from every core. The sections were 
transferred into acid washed polyethylene containers and 
further treated as described below for the analysis of 
inorganic nutrients [N03~/N02“, NH4"'^, P04^“, Si(OH)4], 
chlorophyll a (Chl a), and microscopie investigations. For 
dissolved organic carbon (DOC), particulate organic car
bon (POC) and transparent exopolymeric particles (TEP)
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Table 1 Physical (texture: G — granular, C = columnar; température; salinity and brine volume fraction) and Chemical [brine volume-normalized concentrations of Si(OH)4, NOj /NO2 , 
P04'’“ and NH4^] characteristics along with chlorophyll a (Chl a) and transparent exopolymeric particles (TEP) concentrations in sea ice core sections

Depth
(cm)

Snow
(cm)

Texture Température
(°C)

Salinity Brine
volume
(%)

Si(OH)4
(pM)

Nor/
NOj"
(pM)

P04-’“
(pM)

NH4+
(pM)

Chl a 
(Pg 1"‘)

TEP-C”
(mg r')

Station IV 0-6 2 G -8.9 8.6 4.7 270.0 111.7 7.15 5.14 0.22 0.42
1 October 2003 20-26 C -5.9 3.6 2.9 153.2 34.7 0.14 19.20 0.14 0.25
64°37.7'S 36-42 C -3.7 4.4 5.8 21.6 17.2 0.74 29.23 0.58 0.06
117°44.5'E 42-48“ C -3.0 6.0 13.1 61.8 109.9 79.44 65.70 19.25 2.02

Station V 7-13 40-50 G -5.2 6.6 6.9 140.0 26.6 4.74 11.66 3.92 0.44

7 October 2003 40-46 C -3.5 3.1 3.4 80.9 29.5 0.50 29.23 1.00 0.02

64°34.0'S 69-75 G/C -1.9 2.3 6.3 20.7 15.8 0.35 15.56 1.96 0.04
116°37.8'E 75-81“ C -1.8 3.3 8.9 72.2 49.3 46.54 19.97 27.98 0.94

Station VII 11-17 5-10 G -6.2 9.1 6.9 169.8 41.8 0.71 6.70 0.36 ND
9 October 2003 32-38 C -4.7 4.5 3.4 191.0 22.4 2.88 25.07 2.10 ND
64°38.0'S 56-62 C -3.2 3.8 6.3 26.0 12.3 0.59 8.19 2.16 ND
116°40.7'E 62-68“ C -2.7 7.3 8.9 105.4 109.2 85.86 72.10 34.26 ND

Station IX 6-12 40-50 G -4.3 5.2 6.4 140.1 15.6 1.47 16.48 1.22 0.24

11 October 2003 20-26 C -3.6 4.7 6.6 49.2 15.3 0.52 8.76 0.62 0.15

64°24,1'S 39^5 C -2.8 4.9 8.4 26.8 12.0 1.09 6.59 0.93 0.37

115°17.5'E 45-51“ C -2.4 6.1 16.3 62.5 34.6 24.76 11.52 12.98 0.78

Station XII 0-6 6 G -6.7 7.7 4.7 299.6 131.8 12.66 9.94 0.16 0.18

14 October 2003 24-30 C -4.7 5.2 6.8 111.6 91.1 1.19 12.37 0.28 0.04
63°56.2'S 40-46 G/C -3.4 5.9 11.8 23.9 8.5 2.07 9.10 0.73 0.13
1I4°19.4'E 60-66“ C -1.9 4.1 12.0 48.6 8.3 20.61 11.86 14.67 0.36

Station XIII 0-6 4 G/C -7.9 9.0 5.8 342.9 113.5 6.00 17.61 0.04 ND
20 October 2003 8-14 G/C -6.1 5.3 4.3 274.9 89.8 2.02 5.59 0.22 ND
65°16.1'S 14-20 G/C -5.1 4.7 3.5 254.4 89.8 1.01 35.39 0.39 ND
109°27.8'E 20-26“ G/C -4.0 6.2 6.2 176.7 151.9 15.38 13.11 9.10 ND

“ Bottom sections

Data from Dumont et al. (2009) converted to carbon équivalents according to Engel and Passow (2001) 

ND not deteimined
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détermination, sea ice sections were transferred into glass 
beakers precombusted at 450°C for 4 h.

In addition, access holes “sack holes” were drilled into 
the sea ice cover at two depths (ice levels above or below 
—5°C, a first-order proxy of the permeability threshold. 
Golden et al. 1998) to allow the gravity driven brine col
lection. Brines and under-ice seawater (0, —1 and —30 m) 
were collected using a portable peristaltic pump (Cole- 
Parmer, Masterflex E/P) and acid cleaned tubing. Seawater 
and brines samples were transferred into acid washed 
bottles successively rinsed with ultra high purity water 
(UHP) (18.2 MQ Millipore milli-Q System) and the col
lected samples.

Ice structure, température and salinity

The ice structure was determined by thin section analysis and 
photographs taken under polarized light. Based on ice crystal 
size and orientation, two stratigraphie units were distin- 
guished: granular ice and columnar ice. High-resolution 
analyses of the ^'*Oice allowed further discrimination 
between snow ice and frazil ice within the granular fades 
(Jeffries et al. 1989; Eicken 1998). Ice température was 
measured on site using a calibrated probe (TESTO 720) 
inserted every 5 or 10 cm along the freshly sampled core. 
Bulk ice salinity was determined by conductivity using WP- 
84-TPS meter. The brine volume fraction in the sea ice 
(^ = brine volume/bulk sea ice volume ratio) was calcu- 
lated on the basis of température and salinity values 
following the équations of Cox and Weeks (1983) and 
Lepparànta and Manninen (1988), revisited in Eicken (2003).

Nutrients

Ice sections were melted in the dark at 4°C and filtered in 
the same way as the “sack holes” brine and seawater 
samples through 0.4-pm polycarbonate filters. Inorganic 
nutrients [N03~/N02~, NH4"*", P04^~ and Si(OH)4] were 
analyzed in the filtrâtes by colorimetry following the 
methods described in Grasshoff et al. (1983). To avoid 
matrix effect, standards used for calibration were prepared 
in artificial seawater solutions with salinities similar to 
those of the samples analyzed.

Chlorophyll a

For the détermination of Chl a, ice core sections were 
melted in the dark at 4°C in seawater prefiltered through
0.2-pm polycarbonate filters (1:4 volume ratio), to avoid 
rupture of the sympagic microorganisms cells due to 
osmotic shocks during sample melting (Garrison and Buck 
1986). Subsamples were filtered onto Whatman GF/F fil
ters and Chl a was extracted in 90% v:v acetone in the dark

at 4°C for 24 h, and quantified fluorometrically according 
to Yentsch and Menzel (1963).

Organic matter

For the détermination of organic matter, sea ice sections were 
melted at 4°C in the dark in precombusted (450°C, 4 h) glass 
beakers. This process took no longer than 24 h. In samples 
dominated by diatoms, this melting process has been shown 
as not to be problematic with respect to the release of intra- 
cellular content (Thomas et al. 1998). Particulate organic 
carbon (POC) was collected on precombusted (450°C, 4 h) 
Whatman GF/F filters, stored at —20°C until analysis. After 
drying the filters at 60°C, POC was analyzed with a Fisons 
NA-1500 elemental analyzer following carbonate removal 
from the filters by HCl fumes ovemight. Filtered samples for 
DOC were stored in precombusted (450°C, 4 h) 20-ml glass 
ampoules with 25 pl H3PO4 (concentration 50%), which 
were sealed to avoid contact with air. Samples were kept in 
the dark at 4°C until analysis. The DOC was measured by 
high température catalytic oxidation (HTCO; procedure of 
Sugimura and Suzuki 1988) with a Shimadzu TOC-5000 
analyzer. Triplicate TEP subsamples were determined 
according to the spectrophotometric method of Passow 
and Alldredge (1995). Briefly, 10-15 ml subsamples were 
filtered onto 0.4 pm pore size polycarbonate filters (Nucle- 
pore) using a vacuum pressure <150 mm Hg. TEP were 
stained with Alcian Blue solution (0.02% Alcian Blue, pH 
2.5). Filters were then extracted with 6 ml of 80% H2SO4 for 
2 h, in the dark with constant stirring. Absorbance was 
measured against a distilled water blank at 787 nm. TEP 
concentrations were recorded as pg gum Xanthan équiva
lents and converted into carbon équivalents according to 
Engel and Passow (2001).

Bacteria, algae and protozoa abondance and biomass

Ice core sections sampled for the détermination of the 
microorganism abondance and biomass were melted 
according to the same procedure as for the Chl a analysis 
described above.

Algae and protozoa were enumerated by inverted light 
microscopy (lOOx magnification and 320x magnification) 
according to the method of Utermôlh (1958) and by epi- 
fluorescence microscopy (400x magnification) after DAPI 
staining (Porter and Feig 1980). 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 taxonomie group. 
Microscopie size measurements were converted to cell 
volumes, according to a set of géométrie correspondences 
(Hillebrand et al. 1999). Algae and protozoan biomass was 
calculated from the abondance and the spécifie carbon
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biomass (carbon per cell) estimated from the relationships 
established by Menden-Deuer and Lessard (2000).

Bacteria were enumerated by epifluorescence after 
DAPI staining (Porter and Feig 1980). A minimum of
1,000 cells was counted in at least 10 different fields at 
l,000x magnification. A relative standard déviation of 
15% (n = 20 filters from the same sample) was estimated 
on the bacterial abundance détermination. Bacterial bio
volumes were determined by image analysis (Lucia 4.6 
software) and calculated by treating rods and cocci as 
cylinders and spheres, respectively (Watson et al. 1977). 
They were converted to carbon biomass by using the 
relation established from data measured by Simon and 
Azam (1989): C = 92 where C is the carbon per cell 
(fg C celP') and V is the biovolume (pm^).

Brine concentration estimation

The actual habitat of sea ice organisms, the brine channel 
System, is very difficult to sample. The most widely applied 
method to collect brines by drainage into “sack holes” 
cored in the ice (Thomas and Papadimitriou 2003) was used 
in the présent study (see “Sampling and study area”). 
However, brines samples collected by sack hole sampling 
do not really sample the particulate phase which is mostly 
retained in the ice matrix and will be underestimated in the 
sampled brines. Moreover, the brines collected in sack holes 
are collected from an undefined area of sea ice (Thomas and 
Papadimitriou 2003). We confronted hereafter measured 
brine concentration with brine concentration estimated 
(Cj®‘) on the basis of the ratio of the depth-integrated cal
culated brine volume (V^"') to depth-integrated bulk sea ice 
concentrations (C|"g):

The values were depth-integrated from the top of ice 
core to the brine collection depths.

Results

Physical environment

Detailed results of the ice texture, température, salinity and 
brine volume of sea ice cores collected during the “Arise in 
the East” Antarctic cruise during September-October 2003 
are presented elsewhere (Tison et al. 2005; Lannuzel et al. 
2007). The main physical characteristics of the sea ice sec
tions considered in the présent paper are summarized in 
Table 1. The six sampled stations were located within the 
seasonal marginal ice zone. Sea ice thickness ranged 
between 0.3 and 0.8 m. The top of the core was

characterized by a layer of granular ice originating from 
frazil ice growth during the early stages of ice formation and/ 
or snow ice formation due to seawater infiltration in the 
snow cover. Granular ice accounted for between 15 and 51% 
of the total ice thickness. The lowermost layer of the ice 
presented a columnar structure formed through congélation 
growth at the base of the ice sheet. At stations XII and XIII, 
the cores presented more complex textural sequences with 
some bands of granular ice observed along the sea ice core, 
suggesting rafting had occurred (Lannuzel et al. 2007).

Ice température varied between —8.9 and — 1.8°C 
(Table 1). Minimum températures were observed in the 
upper ice section of the cores. At station IV, more than 
50% of the ice cover was below —5°C, while most of the 
ice cover was above —5°C at stations V and IX. Interme- 
diate température régimes were observed at the other 
stations (VH, XII and XIII). This considérable inter-station 
variability of the température profiles clearly results from 
contrasted surface snow thicknesses (2-50 cm. Table 1). 
For most of the stations, salinity values showed the typical 
C-shaped salinity profile, characteristic of first-year ice in 
winter-spring period (e.g. Weeks and Ackley 1986). Bulk 
ice salinities ranged between 2.3 and 9.1, whereas brine 
salinities varied between 61.5 and 103.5. Sea ice brine 
volumes ranged between 2.9 and 16.3%. Maximum values 
were observed in the bottom sections (médian 10.5%). In 
the upper layers, brine volumes were <5% at stations IV 
and XII, and >5%, the permeability threshold for the other 
stations. Station IX displayed generally higher porosity, 
with brine volumes being >5% along the whole core.

Chemical environment

Nutrient concentrations measured in the sea ice and water 
column are gathered in Tables 1 and 2, respectively. In sea 
ice, brine volume-normalized Si(OH)4 concentrations ran
ged from 20.7 to 342.9 pM, with values measured in the 
upper layers (médian 219.9 pM) higher than the interme- 
diate and bottom layers (médian 65.1 and 67.4 pM, 
respectively). Bulk ice silicate values were highly correlated 
with salinity values (Pearson corrélation: r = 0.97,
F <0.001, n = 51; Fig. la). Brine volume-normalized 
N03~/N02“ concentrations in the ice varied between 8.3 
and 151.9 pM. Like silicate, nitrate (and nitrite) concen
trations followed relatively well the theoretical dilution fines 
(TDL), except in some brines and intermediate sea ice sec
tions, where several nitrate (and nitrite) values obtained 
were below the TDL (Fig. 1 b). For P04^“, the brine volume- 
normalized concentrations in the bottom layers (médian
35.7 pM) were up to 45 times greater than surface seawater 
levels. This enrichment is illustrated in Fig. le, where bulk 
ice concentrations clearly fie above the seawater dilution 
curve. In contrast, the P04^“ concentrations measured
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directly in the brines were remarkably low in comparison to 
expected values from the TDL. Likewise, NH4"'' concen
tration analyzed in the brine samples were low (Fig. Id) but 
concentrations in the ice were always above the TDL.

Dissolved organic carbon concentrations ranged between
0.85 and 8.22 mg C P' (médian 1.49 mg C 1“') in the bulk 
sea ice samples (Fig. 2). Maximum concentrations were 
observed in the bottom layers (médian 4.37 mg C P'). 
Concentrations in brine samples (médian 1.94 mg C P', 
range 1.52-5.03 mg C P’; Table 3) were in the same 
range as those measured in the bulk ice samples (Fig. 2).

Table 2 Chemical and biological characteristics of the seawaters, 
n = 17

Concentrations measured in brines were therefore lower (13 
times in average) than the brine concentrations estimated 
from bulk ice DOC and calculated brine volumes (Table 3). 
In the underlying seawater (Table 2), DOC concentrations 
(médian 1.08 mg C P', range 0.52-3.26 mg C P') were 
lower than in the sea ice. Estimated TEP-C ranged from 
0.02 to 2.02 mg C p’ (médian 0.25 mg C P‘) in bulk sea 
ice samples (Table 1) with maximum values in the bottom 
layers (médian 0.86 mg C P'). Measured brines concen
trations were very low (médian 0.12 mg C P') and two 
order of magnitude lower than estimated brines concen
trations (Table 3). In the underlying waters, the TEP 
concentrations remained high, between 0.10 and 0.64 mg C 
p' (Table 2).

Range Médian

Nutrients

Si(OH)4 (pM) 49.6-67.4 62.1

NOi"/NOJ (pM) 18.8-29.9 29.1

P04^- (pM) 1.6-2.1 1.96
NH4+ (pM) <0.056-0.4 <0.056
Chlorophyll a (pg 1”') 0.02-0.10 0.03

Organic carbon

Dissolved (mg 1 ') 0.52-3.26 1.08
Particulate (mg P') 0.02-0.11 0.06
TEP-C (mg P‘) 0.10-0.64 0.31

Organism biomass

Algae (pg C 1 ') <0.01-1.59 0.13
Bacteria (pg C P‘) 0.61-5.15 2.08
Protozoa (pg C P') <0.01-2.32 0.08

Fig. 1 Nutrients: a Silicate, b 300 ---------------------------
nitrate/nitrite, c phosphate and d

200

O Sl-upper layers 
□ Sl-interm. layers

ammonium, as a function of V Sl-bottom layers

POC and microorganisms distribution

Particulate organic carbon concentrations ranged between 
0.35 and 4.78 mg C P' in bulk sea ice samples (Fig. 2). 
Maximum values were always measured in the bottom layers 
(médian 3.41 mg C P'), while lower values, but still high as 
compared to seawater, were observed in the intermediate 
layers (médian 0.66 mg C P’). Concentrations measured in 
the brine samples were much lower (57 times, in average) 
than the expected estimated values based on bulk ice POC 
and calculated brine volumes (Table 3). The POC concen
trations measured in the underlying seawater (Table 2) 
ranged between 0.02 and 0.11 mg C P' (médian 0.06 mg C 
p'). Measured total POC contains a biotic component (the 
biomass of microorganisms estimated by microscopy) and a 
detrital component (POCjetntai = POC,o,ai - POCbioUc)-

salinity in melted cores (bulk ice 
concentration), brine and 
seawater samples. The 
theoretical dilution line (TDL) 
was established from the 
nutrient concentration in under- 
ice water (—30 m) of the same 
station
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Fig. 2 Vertical distribution of organic carbon (dissolved and partic- 
ulate) in the four sea ice sections. Particulate including biotic (in 
hiack) and detrital (in gray) organic carbon

Table 3 Dissolved organic carbon (DOC), particulate organic carbon 
(POC), transparent exopolymeric particles carbon (TEP-C), bacteria, 
algae and protozoa biomasses in the brine samples

Measured values Estimated values

DOC (mg 1“') 1.94 25.4

n = 8 1.52-5.03 10.9-68.9
POC (mg r') 0.18 10.2
n = 9 0.09-0.29 5.3-26.3
TEP-C (mg r') 0.12 12.3
n = 8 0.09-0.55 6.8-66.7
Bacteria (pg 1“*) 9.75 484.8
n = 9 1.52-74.69 108.5-708.2
Algae (pg r') 8.99 551.1
n = 9 1.81-39.35 117.7-3076.7

Protozoa (pg 1“') 1.04 127.7

n = 9 0.02-6.54 68.3-1771.9

Measured (collected by sack hole) and estimated values based on bulk 
ice concentration and calculated brine volume (see “Materials and 
methods”). Médian and range are given; n = number of samples

The latter is not directly associated to living organisms but 
results from previous biological activities. However, it is 
worthwhile to note that the biomass estimation by micros- 
copy is not a very précisé measurement of the microorganism 
standing crop. The conversion from the abundance of the 
microorganisms to carbon involves régression analyses and 
conversion factors that are subject to errors. If détritus con
tent is high as compared to the biotic fraction (which can be 
observed in the microscopy samples), the carbon content of 
détritus can be estimated by différence without being 
strongly affected by the error on the microscopie estimate. 
The detrital POC pool generally dominated the POC in sea 
ice (Fig. 2; range 61-99%, médian 81%), except in the 
bottom layer where the biotic pool could represent as much 
as 100% of the total POC. In seawater, POC was mainly 
detrital (Table 2; 87-99% of total POC, médian 9%).

The biotic POC in the bottom layer was largely domi
nated by algal C biomass (Table 4). In sea ice, algal 
biomass ranged from 0.8 to 3,906 pg C P', with values 
higher than 310 pg C P' in bottom ice (Fig. 3). Maximum 
concentrations of Chl a were recorded in bottom section as 
well (Table 1) and a sharp increase of algal biomass is 
observed from brine volume fraction higher than 8% 
(Fig. 5). In underlying seawater, Chl a concentrations were 
below 0.10 pg P' (Table 2). Similarly to POC, algal bio
mass in brine samples was lower than the estimated algal 
biomass based on bulk ice algal biomass and calculated 
brine volume (Table 3). The algal biomass in the bulk 
ice was largely dominated (médian 82% of total algae 
biomass) by large algae (BSD > 20 pm) whereas the pro
portion of small algae was higher in the brine samples
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Table 4 Contribution (%) of algae, bacteria and protozoa biomass in 
total biotic carbon; ratio of heterotroph to autotroph biomass (HB/AB 
ratio) in the sea ice samples, brines and seawater samples

Algae
(%)

Bacteria
(%)

Protozoa
(%)

HB/AB
ratio

Upper layer 48 28 22 1.07
n = 6 7-85 9-73 <1-U 0.18-12.67
Intermediate layers 58 30 4 0.73
n = 12 46-92 7-52 <1-41 0.85-1.23
Bottom layer 97 2 <1 0.03

n = 6 47-99 1^ <1-50 0.01-1.15

Brines 9 83 9 10.13

fl = 8 2-39 32-97 <1-47 1.53-54.11

Seawaters 8 82 11 8.50
n = 17 <1-31 46-100 <1-46 2.21-525.53

Médian and range are given, n = number of samples

(médian 53% of total algae biomass, n = 24). In seawater, 
the algal biomass was also dominated by <20 fim cells 
with some exceptions (médian 73% of total algal biomass, 
n = 17).

The autotrophic composition in sea ice was highly 
variable and showed a patchy distribution of biomass, 
reflecting the heterogeneity of the ice environment (Fig. 4). 
Autotrophic dinoflagellates could represent most of the 
autotrophic biomass in the upper layer, whereas diatoms 
(pennates and centrics) largely dominated in the other ice 
layers. Pennates generally dominated the diatomaceous 
biomass, with long chains of Fmgilariopsis sp. only 
observed in the bottom ice. Centrics (mainly Corethron sp. 
and Eucampia sp.) were occasionally observed. In bottom 
ice, large autotrophic ciliates >10 pm were abondant at 
station IX, representing 58% of the autotrophic biomass 
(Fig. 4). Autotrophic nanoflagellates biomass was not sig- 
nificant in the ice assemblage. In the water column below, 
the autotrophic biomass was on average three orders of 
magnitude lower than in the sea ice and the autotrophic 
nanoflagellates represented a large contribution (médian 
36% of algal biomass, n = 17) of the pelagic autotrophic 
biomass.

Bacterial biomass ranged between 2.1 and 108.0 pg C 
P' in sea ice, with maximum values recorded at the 
maximum of algal carbon in the bottom layers (Fig. 3; 
médian 26.0 pg C P'). However, in this ice section, their 
contribution to total C biomass stayed below 4% (Table 4). 
In the upper and intermediate layers, bacterial biomass 
represented from >9% up to 73% and from 7% up to 52%, 
respectively of the total biomass. In the brines and seawater 
samples, their contribution reached 83 and 81% (médian 
values) respectively (Table 4). As estimated for algae, only 
a small fraction of bacteria were sampled in the brines

(Table 3) as compared to the expected values estimated 
from bulk ice samples.

Protozoan biomass ranged between 0.7 and 331.0 pg C 
P* (Fig. 3). As for algae and bacteria, the maximum of 
biomass was reported in the bottom layer. Again, the bio- 
mass distribution among each group of protozoa was 
remarkably variable (Fig. 4). Dinoflagellates and ciliates 
generally dominated the ice protozoa biomass. The 
équivalent spherical diameter (ESD) ranged between 2 and 
51 pm (médian 11 pm, n = 550) and between 11 and 
39 pm (médian 17 pm, n = 120) for dinoflagellates and 
ciliates, respectively. In seawater, flagellâtes (including 
nano- and dino-flagellates) with ESD < 10 pm dominated 
(range 2-10; médian 4 pm, n = 400). In sea ice, the pro
tozoa contribution to biotic carbon ranged between <1 and 
50% (Table 4). In the brines and seawaters samples, their 
contribution varied between <1-47% and <1-46%, 
respectively.

The ratio of heterotroph (i.e. bacteria and protozoa) to 
autotroph biomass (HB/AB ratio) ranged between 0.01 and
12.7 in the sea ice (Table 4), with very low values in the 
bottom layer (médian 0.03, n = 6). On the opposite, in the 
underlying seawater, the heterotrophs largely dominated 
with HB/AB varying between 2.21 and 525.53 (médian 
8.50, n = 17).

Discussion

The sampling period of the ARISE cruise (October) cor
responds to the austral late winter-early spring. Values of 
salinities in the ice cores collected were similar to those 
previously observed in Antarctic sea ice for end-of-winter 
conditions (Clarke and Ackley 1984). Higher bulk ice 
salinity values were found in top layers of the ice cores, 
indicating that no significant brine drainage had already 
taken place from the top, as it is often the case later in the 
season (Tison et al. 2008). The collected ice cores con- 
sisted of granular and columnar ice textures, which is 
characteristic of first-year Antarctic pack ice. Sea ice 
growth processes are key mechanisms for the incorporation 
and distribution of microorganisms (Homer et al. 1992; 
Weissenberger and Grossmann, 1998; Lizotte 2003). 
Granular ice is associated with dynamic turbulent condi
tions and forms usually at high growth rates, while 
columnar ice forms more slowly (Eicken 2003). A rapid 
growth involves the concentration of cells, by nucléation of 
frazil ice crystal or by scavenging of cells as frazil crystals 
float up through the water column (Garrison et al. 1989; 
Homer et al. 1992). In contrast, columnar ice formation has 
tendency to reject algal cells in the initial growth period 
(Palmisano and Garrison 1993; Weissenberger and Gross
mann 1998). Consequently, sympagic communities found
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Fig. 3 Vertical distribution of 
sympagic microorganisms 
(algae, bacteria and protozoa) in 
the four sea ice sections
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Fig. 4 Distribution of major 
algae and protozoa taxonomie 
groups in the sea ice [upper, 
intermediate (average values) 
and bottom loyers] and 
underlying seawaters
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in granular ice could be composée! of organisms from the 
previous autumn, such as dinoflagellates forming cysts 
(Garrison and Close 1993). Nevertheless, contrasts in the 
initial concentration between varions textural units were 
probably damped as time goes by, from autumn to the 
winter-spring (Eicken et al. 1991). In the late winter, the 
slowly growing bottom skeletal ice layer of the columnar 
ice provides a unique habitat where large accumulations of 
organisms, in particular algae, are observed (Garrison and 
Mathot 1996). In our samples, no clear relationship 
between biological occurrence and textural type (granular 
and columnar ice) was observed.

Generally, abiotic factors, i.e. light, température, salin- 
ity, nutrients are considered to control ice algal growth and 
explain spatial and temporal distribution of sea ice organ
isms (Arrigo and Sullivan 1994). Température, which 
Controls the brine salinity and the brine volume fraction, 
structures the sea ice ecosystem (Eicken 1992). The brine 
volume fractions reported in this study were relatively 
stable (between 3 and 8%) but increased sharply, when a 
threshold température of —4°C was reached in the 
columnar ice and mainly in the bottom section. The brine 
volumes and more specifically the internai surfaces of brine 
channels and pockets could be a key factor in controlling
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Fig. 5 Autotrophic biomass as a function of brine volume fraction in 
the pack ice

the accumulation and colonization of microorganisms in 
the sea ice (Krembs et al. 2000). As reported by Perovich 
and Gow (1996), for brine volumes of 3-8%, the mean 
surface area of the brine pockets remains essentially con
stant. As the ice further warms, the mean area gradually 
increases as the brine volume increases from 8 to 20%, and 
then sharply from 20 to 40%, due to the connection of 
pockets by the brine channels. In our study, a sharp 
increase of algal biomass is indeed observed from brine 
volume fraction higher than 8%, suggesting a control by 
the brine volume fraction on the algae accumulation at the 
beginning of the productive season in the sea ice (Fig. 5). 
For brine volumes ranging from 3 to 8%, the autotrophic 
biomass remained relatively constant, but above the limit 
of 8%, which roughly corresponds to —4°C, autotrophic 
organisms can accumulate (Fig. 5). During tank experi- 
ments, it has been shown that diatom biomass could 
accumulate when ice températures increased from —4 to 
—3°C (Krembs et al. 2001).

Both the ice-water exchanges and the environmental 
space available for sympagic organisms are driven by the 
brine volume. The percolation theory for columnar ice 
shows that, below a critical brine volume of 5%, which 
corresponds to a température and salinity of —5°C and 5 
respectively, sea ice becomes imperméable, thus limiting 
the circulation of brines. This phenomenon is of prime 
importance for ice algal growth which becomes rapidly 
macro-nutrient limited (Arrigo 2003). When the ice is 
imperméable, nutrients found in the sea ice internai habitat 
mainly originate from their initial entrapment during ice 
formation or from recycling. As the ice starts to warm up, 
gravity brine drainage allows the transport of nutrients from 
the underlying water across the ice-water interface via 
convection mechanisms. Altematively, nutrients replen- 
ishment can also occur when flooding introduces seawater 
within the surface layers. Nutrient concentrations in the sea

ice cores will therefore resuit from a subtle balance between 
physical processes (permeability and brine drainage/ 
convection) and/or biological activity (uptake and remin- 
eralization) depending on the temporal thermodynamic 
stage of the ice cover. Parameters govemed by physical 
mechanisms should vary with salinity, because the latter 
dépends on température and brine drainage/convection 
processes only. In order to reveal a potential biological 
control on nutrient concentrations in the ice cover as com- 
pared to those in the water column, theoretical dilution Unes 
(TDL) hâve been plotted for each nutrient (Fig. 1). The 
estimated TDL can only be considered as a rough guide to 
processes involved in concentrating nutrients from seawater 
into brines. Since we do not hâve any data on nutrients 
concentrations in the water column when the sea ice was 
formed, we assume that the initial nutrient concentration 
was similar to the one measured in the seawater at —30 m. 
We also hâve to assume that no nutrient fractionation occurs 
during ice growth and during further desalination processes, 
which is a plausible approximation given the fact that 
molecular diffusion (with spécifie diffusion coefficients) 
contributes partly to these processes. Results obtained by 
Meese (1989) for cations that are not involved in biotic 
processes seem to indicate that this approximation is valid. 
Briefly, a négative déviation of TDL is associated to the 
biological uptake while a positive déviation indicates 
remineralization processes. Our results show that silicate 
concentrations are centered on the dilution curve and 
nitrates, although roughly increasing with salinity, already 
show some signs of déplétion, with most of the ice samples 
slightly below the TDL and some of the brine samples 
clearly exhibiting strong déficits. Other studies showed that 
nitrate and silicate concentrations in the winter sea ice were 
centered on TDL, indicating that little nutrient uptake had 
taken place prior to the sampling time (Dieckmann et al. 
1991; Arrigo et al. 1993). As the season progresses, nutrient 
concentrations fell increasingly below TDL presumably due 
to algae uptake (Arrigo et al. 1993; Papadimitriou et al. 
2007). Although phosphate and ammonia are not correlated 
with salinity, a large accumulation of these two nutrients in 
the bottom section is observed. The very high corrélation 
between P04^“ and NH4+ {r^ = 0.938, P < 0.001, n = 22) 
suggests that their accumulation could resuit from similar 
processes. High accumulation of P04^“ and NH4''" are also 
observed in other sea ice studies (Dieckmann et al. 1991; 
Arrigo et al. 1995; Thomas et al. 1998). The remineraliza
tion of the observed large accumulated organic pools in 
the ice as well as the direct release of algal osmolytes due 
to cell lysis (Cota et al. 1990; Lizotte 2003; Thomas 
and Papadimitriou 2003) could lead to these very high 
concentrations.

In early spring, the major nutrients concentrations in the 
microenvironment where the algae are living, i.e. the brine
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volume-normalized nutrients concentrations, are very high 
(Table 1, this study) as well as for micronutrients like iron 
(Lannuzel et al. 2007). The concentrations are at least 5 
(range 5-88) times higher for Si, 18 (range 18-165) times 
for N and 122 (range 122-1,570) times for DFe above the 
average values of the half-saturation constant [Ks(Si) = 
3.9 ± 5.0 |iM, Ks(N) = 1.6 ± 1.9 nM, K/i(Fe) = 0.35 ± 
0.44 nM] characterizing diatoms nutrient uptake in oceanic 
waters (Sarthou et al. 2005). The P04^“ availability could 
however be sometimes limiting in the intermediate layers 
where its concentration reached values lower than dia
toms estimated half-saturation constant [Ks(P) = 0.24 ± 
0.29 |iM]. Nevertheless, the P04^“ brine concentrations in 
the upper and bottom sea ice samples were at least six 
times above the value of the half-saturation constant. These 
results suggest that the algae growth was not limited by 
nutrients availability at the beginning of the productive 
season. The growth of the sympagic organisms at low 
température can however be limited by reduced affinity for 
substrates such as for nitrate and silicate (Thomas and 
Papadimitriou 2003). For instance, the half-saturation 
constant for the uptake of silicic acid is known to be high 
for diatoms from the Southern Océan as compared to other 
région (Ks > 60 pM, Sommer 1986; Nelson et al. 2001).

Diatoms which dominated the algae community in sea 
ice are nevertheless relatively flexible in their intracellular 
Si content, and near-maximum cell division rates can be 
sustained even when ambient concentrations of silicic acid 
limit Si uptake by diminishing the cellular Si content 
(Martin-Jézéquel et al. 2000). Hence Si uptake rates may 
appear to be limited by ambient silicic acid concentra
tions, but this does not necessarily imply limitation of 
growth.

During our investigation, high concentration of TEP 
hâve been observed in sea ice samples, in agreement with 
the range of values reported for Antarctic pack ice (Me- 
iners et al. 2004) and in Arctic fast and pack ice (Krembs 
and Engel 2001; Krembs et al. 2002; Meiners et al. 2003; 
Riedel et al. 2006, 2007a). Pennate diatoms hâve been 
reported to secrete high TEP concentrations for both 
adhesion and mobility by gliding (Wetherbee et al. 1998). 
The ability to move vertically should be an advantage in 
the sea ice environment in order to gain access to better 
light and nutrients conditions. Bacteria are also capable of 
producing TEP (Simon et al. 2002), but in a lower amount 
as compared to algae (Meiners et al. 2004; Riedel et al.
2006). Previous studies on sea ice hâve reported high 
numbers of bacteria attached to algal cells (Grossmann and 
Gleitz 1993; Grossmann 1994; Grossmann and Dieckmann 
1994) and algal derived TEP (Meiners et al. 2004). During 
the présent cruise, TEP were fairly well correlated with Chl 
a (Dumont et al. 2009). The high measured concentrations 
of TEP likely hâve the potential to anchor the cells to the
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ice surface and retain ice components into this viscous 
phase. The différence between values measured in brine 
samples (sack holes) and values estimated from bulk ice 
values and brine volume could resuit from the attachment 
or entrapment of the microorganisms in the ice matrix. A 
large fraction of microorganisms would therefore not be 
sampled by the drainage collection into “sack holes”.

Also, dissolved organic carbon seems to hâve been 
retained on the brine pockets and channels walls in sea ice, 
as suggested by the large différence between concentration 
measured in the “sack holes” samples and estimated brines 
concentrations based on bulk ice DOC concentrations and 
brine volume fractions. These results corroborate the view of 
Krembs et al. (2000) and Mock and Thomas (2005) who 
consider that the sea ice internai habitat resembles that of a 
biofilm adhering to the brine channel walls, with an over- 
lying flowing liquid phase i.e. the brine fraction. Biofilms 
can be defined as microorganisms attached to a surface and 
embedded in an extracellular gel-like matrix of polymeric 
substances (Fischer 2003). TEP are clearly an intégral part of 
the structural organization of the biofilm. TEP hâve also 
been shown to adsorb dissolved organic compounds from 
the bulk fluid (Davey and O’Toole 2000). DOC concentra
tions were within the range previously observed in the sea 
ice (Thomas et al. 1995; Krembs et al. 2002), with very high 
values in the bottom layers (Meiners et al. 2008; this study). 
These DOC concentrations reached values close to those of 
POC in the bottom ice. Sea ice DOC/POC ratio ranged from 
1:1 to 4:1, whereas seawater ratio typically varied from 5:1 
to 61:1. These measured DOC/POC ratio in the sea ice 
environment are very low in comparison to traditional oce
anic water value of 15:1 (Millero 1996; Kepkay 2000). An 
explanation for that might be the abiotic transformation of 
DOC into POC when a DOC threshold is reached, main- 
taining a constant DOC/POC ratio. In Antarctic summer ice 
floe, DOC concentrations up to five times lower than those of 
POC hâve even been reported (Kattner et al. 2004). POM 
and/or TEP formation from DOM can indeed be described 
using coagulation dynamics (Chin et al. 1998; Mari and 
Burd 1998). Low DOC/POC ratio are typically observed in 
biofilms and aggregates (Giani et al. 2005), due to high 
biotic DOC consomption and remineralization or transfor
mation through coagulation process into TEP and/or POC 
(Passow 2000). Moreover, when reaching salinities as high 
as those measured in the brine pockets (in this study >61), a 
substantial increase of cations such as Na'*', Ca^'*', Mg^”^ and 
Fe'^"*" may enhance floc formation and aggregation of sus- 
pended dissolved organic carbon (Decho 2000).

In addition to the accumulation of DOC and TEP, high 
inorganic nutrients such as P04^“ and NH4"'' concentra
tions were measured. A proportion of the inorganic 
nutrients produced by the remineralization of organic 
matter might not instantly turned over but remains in the
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biofilm, which acts as a réservoir and buffers the direct 
effects of major nutrients déplétions. For instance, Fe 
(oxy)hydroxides associated with DOM may bind P04^“ 
(Maranger and Pullin 2003). Such an association could 
bave promoted the accumulation of DOM-Fe-P complex in 
the sea ice, as suggested by the parallel accumulation of 
TEP, DOC, Fe and P04^“ in the sea ice bottom layers. This 
could allow the maintenance of an eutrophicated environ
ment (sea ice environment) in a HNLC région such as the 
Southern Océan. The médian heterotrophic/autotrophic 
(HB/AB) ratio measured in our sea ice samples, <0.73 
(médian, n = 24), is characteristic of eutrophic environ- 
ments (Gasol et al. 1997) where autotrophic biomass is 
largely composed of micro-sized (>20 pm) diatoms, while 
bacteria and protozoa biomass stays much more modest, as 
observed in this study. When the season progresses, later in 
spring and summer, sea ice samples can présent lower HB/ 
AB ratios (Garrison et al. 1986; Mathot et al. 1992), as it is 
observed for bottom ice samples in the présent study 
(Fig. 6).

The gel structure characterizing the brine System could 
also modify typical trophic relationships observed in mar
ine ecosystems. Several authors hâve found a positive 
relationship between bacterial and algal biomass/produc
tion in sea ice during spring/summer (Grossi et al. 1984; 
Kottmeier et al. 1987; Kottmeier and Sullivan 1990; 
Stewart and Fritsen 2004). However, as it is the case in the 
présent study, Kottmeier et al. (1987) found no significant 
relationship between algae and bacteria in late winter sea 
ice. Maximum bacterial biomass was observed at maxi
mum algal biomass, but the relative contribution to total C 
biomass was very low (Table 4). On the contrary, their 
contribution was relatively higher at low level of total 
microorganism biomass. Although we observed very high 
TEP and DOC concentrations, bacterial biomass remained

Total biomass, pg C 1'^

Fig. 6 Heterotrophic to autotrophic biomass ratio as a function of 
total microorganism (algae, bacteria and protozoa) biomass in the 
pack ice zone

relatively low and there was no relationship with these 
potential substrates (Pearson corrélation: r = 0.130,
P > 0.10, n = 16 for bacteria vs. TEP; r = 0.125, 
P > 0.10, n = 26 for bacteria vs. DOC). It has been pro- 
posed that sea ice can be an environment where the 
development of a microbial loop is often hampered, lead- 
ing to the accumulation of POM and DOM (Lizotte 2003). 
As observed previously by Meiners et al. (2004), the 
integrated sea ice TEP in our study represented 687- 
12,343% of the integrated bacterial biomass, with very 
high percentage at the most winter station (station IV as 
defined in Lannuzel et al. 2007). Sea ice TEP seems nev- 
ertheless potentially to serve as a carbon source for 
sympagic bacteria, as suggested by a coupling between 
TEP and NH4''' régénération (end-product of bacterial 
remineralization; Riedel et al. 2007a). Confirming this, a 
very high corrélation between TEP and NH4~'' concentra
tions (Pearson corrélation: r = 0.89, P < 0.001, n = 14) is 
also observed in the présent study. However, as observed in 
annual sea ice in the Ross Sea, rapid turnover of nitrogen- 
organic compounds is not always associated to high bac
terial growth (Guglielmo et al. 2000).

Despite the fact that bacteria are exposed to very high 
substrate concentrations, protozoa grazing might control 
their biomass accumulation. Protozoa can indeed consume 
bacteria as well as small-sized algae. Our current under- 
standing of sea ice grazing activity is however limited by 
the lack of appropriate investigation methods (Lizotte
2003). Given these limitations, sea ice feeding relationships 
could be analyzed from the absence/presence of prey and 
grazers and numerical response curves. Cillâtes and dino- 
flagellates, as observed in this study, dominated the 
protozoa biomass in sea ice (Garrison and Mathot 1996). 
The particle size spectrum ingested by cillâtes appears to be 
determined by their cell size (Fenchel 1987), a ratio 
between predator and prey size of 1:10 is usually observed. 
In our studies, cillâtes with ESD < 40 pm dominated and 
those cillâtes could consequently only graze on cells smaller 
than 4 pm i.e. bacteria and flagellâtes. However, Scott et al. 
(2001) reported a wide range of food particles biomass from 
femto- to nano-sized cells for an Antarctic sea ice ciliate 
{Pseudocohnilembus sp., ESD < 12 pm). Dinoflagellates, 
dominating the protozoa biomass in the sea ice, hâve been 
shown to feed on particles that approach or exceed their 
own sizes (Gaines and Elbrâchter 1987). In the Antarctic 
marginal ice zone, the size range of autotrophic prey and 
predators overlaps. The ESD of dinoflagellates enumerated 
in our samples is around 11 pm (médian). Those dinoflag
ellates are therefore likely to consume nano-sized particles. 
In Antarctic seawaters protozoa biomass linearly increased 
with the availability of potential food such as bacteria and 
small algae (<20 pm, Becquevort et al. 1992; Becquevort 
1997). In the présent study, protozoa biomass significantly
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correlated with the food biomass (Pearson corrélation: 
r = 0.620, P < 0.001, n = 22) but increased only when a 
food threshold was reached (Fig. 7). There would be a range 
of food concentrations over which ingestion cannot offset 
maintenance metabolism, so that consumer growth rate 
would be <0. If mobility needed for the capture of food 
represents a substantial energy cost, it would seem advan- 
tageous to limit prédation activity when food concentration 
is too low to provide a compensating energy retum (Taylor 
1978). The presence of high TEP concentration altering 
the physical conditions by setting a gel, could change 
grazer mobility (Joubert et al. 2006), and then regulate the 
prey-grazer interactions. Accordingly, Riedel et al. (2007b) 
found a négative corrélation between TEP concentration 
and experimentally derived ingestion rates of bacterivores 
in Arctic sea ice.

During seasonal melting, the accumulated components 
will be released from the sea ice to the seawater and some 
of them may serve as inoculum. Aggregated ice algae 
might be quickly grazed by krill (Scharek et al. 1994) or 
rapidly settle (Riebesell et al. 1991). The released algal 
cells would then never hâve the chance to serve as an 
inoculum for open water blooms. In the présent study, 
diatoms dominated in the ice environment, whereas fla
gellâtes dominated in the water column. The similarity 
between sea ice and water column algal assemblages is 
indeed not demonstrated in ail studies (Leventer 2003). The 
planktonic organisms could hâve the opportunity to grow 
thanks to the release of Fe and OM concentrated in the sea 
ice. In the underlying seawater, the DFe (Lannuzel et al.
2007), DOC and TEP concentrations were lower than in the 
sea ice; but were still relatively high for Antarctic seawa- 
ters (for DFe: 0.05-0.3 nM, de Baar and de long 2001; for 
DOC: <0.72 mg C 1“', Ogawa and Tanoue 2003). The OM 
release seems actively consumed by bacteria which largely 
dominated biotic C biomass (Table 3). DOM released 
during ice melting is indeed known to be rapidly used by

Potential food (algae <10 pm and bacteria), pg C

Fig. 7 Relation.ship between protozoa biomass and potential food, 
i.e. algal <20 pm and bacterial bioma.ss

bacteria (Kahler et al. 1997; Giesenhagen et al. 1999). 
Consequently, extremely high values of HB/AB ratios were 
reported. These ratios reflected the community structure 
dominating in sea ice underlying waters at the end of 
winter (Garrison and Mathot 1996).

Conclusion

Sea ice algal growth at the beginning of the productive 
season was not limited by nutrients, but rather by avail- 
able brine space and surface. A large fraction of 
microorganisms embedded in TEP, were retained to the 
brine channel/pockets, forming a gel “biofilm”. It con- 
stitutes spécifie microenvironments for microorganisms 
(algae, bacteria and protozoa) where the high rétention of 
nutrients and the low presence of their grazers allowed a 
large accumulation of algae. The increased autotrophic 
biomass was largely dominated by micro-sized diatoms. 
Despite large substrate concentration, the observed bac
teria and protozoa biomass increase was much more 
modest. The accumulated OM could then be released in 
the seawater at the time of ice melting, stimulating the 
planktonic microbial loop.
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Abstract Distribution and composition of organic matter 
were investigated in Antarctic pack ice in early spring 
and summer. Accumulation of organic compounds was 
observed with dissolved organic carbon (DOC) and particu
late organic carbon (POC) reaching 717 and 470 pM C, 
respectively and transparent exopolymeric particles (TEP) 
up to 3,071 pg Xanthan gum équivalent P'. POC and TEP 
seemed to be influenced mainly by algae. Particulate 
saccharides accounted for 0.2-24.1% (mean, 7.8%) of POC. 
Dissolved total saccharides represented 0.4-29.6% (mean, 
9.7%) of DOC, while dissolved free amino acids (DEAA) 
accounted for only 1% of DOC. Concentrations of TEP 
were positively correlated with those of saccharides. 
Monosaccharides (d-MCHO) dominated during winter-early 
spring, whereas dissolved polysaccharides did in spring-
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summer. DEAA were strongly correlated with d-MCHO, 
suggesting a similar pathway of production. The accumula
tion of monomers in winter is thought to resuit from limita
tion of bacterial activities rather than from the nature of the 
substrates.

Keywords Sea ice • Organic carbon • Monosaccharides • 
Polysaccharides • Amino acids • TEP

Introduction

Antarctic sea ice is a very dyn'amic ecosystem with an 
extent fluctuating seasonally between 4 and 20 million km^ 
(Zwally et al. 1983). Such a vast annual formation and sub
séquent melting of sea ice hâve huge implications for the 
whole Southern Océan, and at a larger scale for global cli
mate (Brierley and Thomas 2002), by way of both physical 
and biological processes. Sea ice provides a habitat for 
microorganisms like algae, bacteria and protozoa, which 
live in the System of brine channels and pockets inside the 
sea ice cover. Extremely high levels of organic matter hâve 
been recorded in sea ice, which are up to several orders of 
magnitude greater than those in seawater (Thomas et al. 
1998, 2001a; Herborg étal. 2001). This organic matter is 
either allochthonous, i.e. trapped during the ice formation 
(Giannelli étal. 2001) or autochthonous, i.e. produced 
within the sea ice via in situ biological activities.

Mechanisms of organic matter production include: extra
cellular release by microorganisms, grazer mediated release 
and excrétion, release via cell lysis (by viral, bacterial, 
physical or osmotic mechanisms), solubilisation of particles 
and bacterial transformations and release (Nagata 2000). 
Furthermore, in response to the extreme environmental 
conditions encountered in sea ice, such as high salinity or
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low température, sécrétion and excrétion by sea ice micro- 
organisms of spécifie compounds like ice-active substances 
(Raymond 2(X)0; Janech et al. 2006), dimethylsulphonio- 
proprionate (DMSP) or extracellular polymeric substances 
(EPS) are enhanced (Brierley and Thomas 2002). Transfor
mations between dissolved and particulate organic pools 
also occur: dissolved organic matter can physically aggre- 
gate in minutes to hours to form more polymerized molé
cules (Chin étal. 1998) or conversely, particles can be 
transformed into dissolved form via, e.g. the enzymatic 
activity of heterotrophic bacteria (Cho and Azam 1988).

The consomption of organic matter by heterotrophic 
organisms is mainly due to bacteria but the uptake of 
dissolved organic carbon (DOC) by protists, algae and 
Archaea is sometimes observed (Sherr and Sherr 1988; 
Marchant and Scott 1993; Palmisano and Garrison 1993; 
Brierley and Thomas 2002). The consomption of organic 
matter by bacteria dépends on the nature of the substrate 
and on the composition and physiological State of bacterial 
assemblages. Bacterial activity (e.g. enzymatic activities) 
and viability may be limited by low température (Delille 
1992; Nedwell 1999; Pomeroy and Wiebe 2001), high 
salinity, or antibiotic efl’ects of compounds such as dimethyl- 
sulfide (DMS) and acrylic acid resulting from the break- 
down of DMSP (Thomas and Papadimitriou 2003).

The observed accumulation of organic matter clearly 
reveals an uncoupling between these production and con
somption processes (Carlson 2002; Thomas and Papadimitriou 
2003). A major conséquence of this high pool of organic 
matter in the ice and in particular of these EPS is a pro- 
found modification of the habitat where microorganisms 
live. Indeed, gel-like particles such as transparent exopoly- 
meric particles (TEP), formed biotically (Passow 2002) or 
abiotically (Chin et al. 1998) from EPS, hâve been found in 
particularly high concentrations in the sea ice ecosystem 
(Krembs and Engel 2001; Krembs étal. 2002; Meiners 
et al. 2004). The viscous nature of TEP yield to the brine 
channels System spécial characteristics, notably for the 
rétention of nutrients, organisms’ attachment, movement, 
space availability or protection against predators (Decho 
1990; Passow 2002). Then the classic microbial loop can be 
modified and further lead to that large accumulation of 
organic matter.

Improving our knowledge of the quantity and the type of 
organic matter présent in the sea ice is crucial to understand 
the dynamics of the organic pool and to decipher the bio- 
logical processes governing both production and consomp
tion of organic matter in sea ice. In addition, through the 
seasonal decay of the ice cover, the sea ice microbial com- 
munity and organic matter may affect many processes in the 
water column such as the initiation of blooms, the solubility 
and bioavailability of iron (Geider 1999) and the elficiency 
of the biological carbon pump.

â Springer

In this paper, we investigate the distribution and concen
tration of the dissolved and particulate fraction of organic 
matter along the size continuum in Antarctic pack ice sam- 
pled during the ARISE (spring 2003) and ISPOL (summer
2004) cruises. In order to better tackle the processes 
involved in the removal and production of the organic mat
ter, not only are total particulate and dissolved concentra
tions described, but also the distribution of saccharides, 
amino acid and transparent exopolymeric particles.

Materials and methods 

Sampling

Sea ice and under-ice seawater samples were collected 
during two Antarctic cruises in the pack ice zone: (a) the 
“ARISE IN THE EAST’ (Antarctic Remote Ice Sensing 
Experiment) research cruise onboard the RV Aurora 
Australis in the Australian sector (64-65°S, 112-119°E) of 
the Southern Océan in September-November 2003 and (b) 
the ISPOL (Ice Station POLarstern) cruise onboard the 
RV Polarstern in the Western Weddell Sea, Antarctic 
Peninsula (68°S, 55°W) in November 2004-January 2005 
(Fig. 1). The ARISE cruise was a spatio-temporal study 
with the répétition of 1-day-long ice stations at different 
locations of a relatively limited spatial domain during the 
early spring (Fig. 1). During the ISPOL cruise, the RV 
Polarstern was anchored to a large ice floe (few km in size) 
in order to follow the temporal variations of the physical 
and biological atmospheric-ice-ocean processes at a drift- 
ing station during the transition from austral spring to sum
mer (Hellmer et al. 2008). Sea ice samples analysed in this 
study hâve been collected, during ARISE at stations IV, V, 
IX and XII and at the ISPOL station on the 4/12, 9/12, 14/ 
12, 19/12 and 30/12 (Fig. 1).

The ice covers sampled during these two cruises were 
typical of first year sea ice, grown in calm conditions, domi- 
nated by columnar/congelation ice with a thin surface layer 
(5-10 cm) of granular ice crystals (frazil and/or snow ice). 
The total ice thickness ranged from 0.6 to 0.9 m. The 
ARISE stations hâve been categorized into winter (cold)- 
and spring (warm)-type stations, taking into account their 
respective salinity, température and brine volume profiles 
and related impact on the ice permeability (see classifica
tion in Lannuzel et al. 2(X)7). Having undergone a similar 
genesis, stations IV (winter type) and IX (spring type) can 
be more particularly compared to each other (Lannuzel 
et al. 2007). The ice characteristics during the ISPOL cruise 
were représentative of the late spring-early summer transi
tion. Detailed ice physical properties are presented in 
Lannuzel et al. (2(X)7) for ARISE and in Lannuzel et al. (2(X)8) 
and Tison étal. (2(X)8) for ISPOL. On the basis of this
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Fig. 1 Locations of sampling stations during ARISE and ISPOL expéditions (Schlitzer 2008)

broad classification and textural similarity, results from the 
two cruises will be compared hereafter on a temporal scale.

Sampling was conducted at sites of 20 x 20 m, located 
1 km away from the ship, using précautions to avoid 
organic matter contaminations, which were also meant to

be trace métal clean (Lannuzel et al. 2(K)6, 2007, 2008). 
Clean room garments (Tyvek overall, overshoes and poly- 
ethylene gloves) over warm clothes of operators were worn 
on site and a spécial electropolished stainless-steel corer, of 
14-cm diameter, was u.sed to collect the ice cores. The ice
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cores were stored at —28°C until further processing. Under- 
ice seawater (0, — 1 and —30 m) was collected thanks to a 
portable peristaltic pump (Cole-Palmer, Masterflex E/P) 
and acid clean tubing. Seawater samples were transferred 
into acid washed bottles abundantly rinsed with collected 
samples.

Onboard ship, ice cores used for organic carbon quantifi
cation (DOC and POC) were eut into 4 (ARISE) or 6 
(ISPOL) sections of 6-cm height. These 6-cm sections were 
subsamples from the full length of the core, chosen on basis 
of the ice texture and visual observation of ice algae. A 
“twin” ice core (maximum 20 cm apart from the previous 
one) dedicated to the analysis of TEP, saccharides and 
amino acids was kept at —28°C and brought back to the 
home laboratory. This ice core was then eut into 6-cm thick 
ice sections, at the same depths as for the organic carbon 
quantification.

Organic matter sample processing and analysis

Ail the material and glassware used for organic carbon 
sampling and measurements were either made of glass 
cleaned by ashing (4 h at 450°C), or washed with chromic- 
sulphuric acid (Merck), or made of Teflon cleaned by 10% 
HCl soaking and rinsed with ultra high purity water (UHP;
18.2 MQ cm) obtained from a water purification System 
equipped with a UV-lamp and organic cartridge (Milli-Q 
Elément, Millipore).

For POC and DOC, ice sections were melted onboard at 
4°C in the dark, during less than 24 h. Melted samples were 
filtered through precombusted GF/F filters (Whatman, 
450°C, 4 h). Samples for POC were kept frozen (—20°C). 
DOC samples were acidified with H3PO4 (0.05% final con
centration) and stored in precombusted glass vials with 
Teflon septum in the dark at 4°C. Samples were analysed 
back in the home laboratories. POC was determined with a 
NA-2000 Fisons Instrument elemental analyzer (détection 
limit, 0.8 pmol C). DOC was measured by high-tempera- 
ture catalytic oxidation (HTCO; procedure of Sugimura and 
Suzuki 1988) using a Shimadzu TOC-5(X)0 analyzer for 
ARISE samples and a Dohrmann Apollo 90(X) analyzer for 
ISPOL samples. Carbon concentration was determined 
using a five-point calibration curve performed with stan
dards prepared by diluting a stock solution of potassium 
phthalate in UHP water (Milli-Q Elément System, Milli
pore). Each value corresponds to the average of at least five 
injections. Samples were measured in duplicate and the rel
ative standard déviation never exceeded 2%. The accuracy 
of our DOC measurements was tested by analysing refer- 
ence materials provided by tbe Hansell laboratory (Univer- 
sity of Miami). We obtained an average concentration of 
45.1 ± 0.7 pM C (n = 10) for deep-ocean reference mate
rial (Sargasso Sea Deep water, 2,6(X) m) and 1.4 ± 0.7 pM
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C {n- 10) for low-carbon reference water. Our values are 
within the nominal values provided by the Hansell labora
tory (44.0 ± 1.5 and 2.0 ± 1.5 pM C, respectively). Under-ice 
seawater DOC and POC concentrations were determined 
using the same methodology.

For qualitative analyses of organic matter (saccharides, 
amino acids and TEP), ice sections were thawed in pre
combusted glass beaker at 4°C in the dark. Ail handling 
was performed in a class 100 laminar flow hood. For TEP, 
unfiltered samples were poisoned with formaldéhyde (2% 
final concentration) and kept at 4°C until further process
ing. Melted samples were filtered through precombusted 
GF/F filters (Whatman, 450°C, 4 h). Filters and filtrâtes 
were stored frozen (—20°C) until analysis. Total particulate 
saccharides (p-TCHO) and total dissolved saccharides 
(d-TCHO) were determined following the colorimétrie TPTZ 
(2,4,6-tripyridyl-5-triazine) method of Myklestad et al. 
(1997), modified by Hung et al. (2001). The whole proce
dure was carried out in the dark because the reagents are 
light-sensitive (van Oijen et al. 2003). d-TCHO includes 
mono- (d-MCHO) and polysaccharides (d-PCHO) which 
are respectively the concentration before and after hydro- 
lysis (d-TCHO = d-MCHO -1- d-PCHO). Dissolved and par
ticulate samples were hydrolysed with HCl 0.1 N at 100°C, 
during 20 h (Burney and Sieburth 1977). Calibration curves 
were obtained with o(-i-)-glucose and the values of saccha
rides were expressed as glucose équivalent. They were con- 
verted into carbon concentration using a conversion of 
6 mol of C per mole of glucose. Tbe coefficient of variation 
(CV, standard deviation/mean) of ail triplicate measure
ments was below 5% and the détection limit was 1.0 pM C.' 
Three blanks per analytical session were always treated and 
analysed in the same way as the samples and subtracted 
from the concentration of the samples.

Dissolved free amino acids (DFAA) were measured fol
lowing the fiuorometric method of Parsons étal. (1984). 
The coefficient of variation (CV, standard deviation/mean) 
of triplicate measurements was below 5%. A calibration 
curve was made with glycine. The détection limit was 
0.1 pM glycine. Concentrations were expressed in pM C by 
using a conversion of 2 mol of C per mol of glycine. Simi- 
larly, the concentrations were converted into pM N using 
1 mol of N per mol of glycine.

Transparent exopolymeric particles were determined 
according to the spectrophotometric method of Passow and 
Alldredge (1995). Briefiy, 10-15 ml subsamples were filtered 
onto 0.4-pm pore size polycarbonate filters (Nuclepore) 
using a vacuum pressure <150 mm Hg. TEP were stained with 
Alcian Blue solution (0.02% Alcian Blue, pH 2.5). Filters 
were then extracted with 6 ml of 80% H2SO4 for 2 h, in the 
dark with constant stirring. Absorbance was measured against 
a distilled water blank at 787 nm. The calibration was made 
using Xanthan Gum solution. Results are expressed as
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Xanthan Gum weight équivalent per litre (XAG 1 '). Ail 
TEP déterminations were performed in triplicate.

Algal and bacterial communities

For microscopie observations of algae and quantification of 
chlorophyll a (chl à), ice core sections were melted in the 
dark at 4°C in 0.2-pm-prefiltered seawater (1:4, V:V; 
Garrison and Buck 1986). Algae were enumerated by inverted 
light microscopy (lOOx and 320x magnifications) accord- 
ing to Utermôlh (1958) and by epifluorescence microscopy 
(400x magnification) after DAPI staining (Porter and Feig 
1980). Autotrophic biomasses were obtained using géomét
rie shapes (Hillebrand et al. 1999) and spécifie carbon bio
mass estimations from Menden-Deuer and Lessard (2000). 
Subsamples for chl a were filtered onto Whatman GF/F 
filters and then extracted in 90% (V:V) acetone in the dark 
at 4°C overnight. Chl a was quanti fied fluorometrically 
according to Yentsch and Menzel (1963). For bacterial 
counts, ice core sections were melted in the dark at 4°C in 
0.2 pm-prefiltered seawater (1:4, V:V) with addition of 
formaldéhyde (2% final conc.). Bacteria were enumerated 
by epifluorescence microscopy after DAPI staining (Porter 
and Feig 1980). Their biovolumes were estimated accord
ing to Watson et al. (1977) and converted into biomass after 
Simon and Azam (1989).

Results

Algal and bacterial communities in sea ice

During both cruises, minimum chl a concentrations were 
found in internai layers while maximum values were 
observed at the bottom of the ice cores (Table 1). Chl a 
ranged between 0.14 and 27.98 pg 1“' during ARISE and 
between 0.16 and 28.41 pgl“' during ISPOL. The domi
nant algal species présent in sea ice are presented in 
Table 2. Typically, different species were found in the sur
face ahd in the bottom layers, especially for ISPOL. The 
surface autotrophic community was dominated by dinoflag- 
ellates during ARISE, whereas it was dominated by the 
Haptophyte Phaeocystis sp. during ISPOL. Some pennate 
diatoms (Fragilariopsis sp.) were also observed in the sur
face layer. In the bottom layer, algal biomass was mainly 
composed of pennate diatoms. Fragilariopsis sp., Cylind- 
rotheca sp., Amphiprora sp. and Nitzschia sp. constituted 
the larger fraction of the diatom biomass. The bottom layer 
of station IX had the particularity to be the only place 
where autotrophic ciliates accounted for more than 50% of 
the algal biomass (Table 2). In the internai layers, pennate 
and centric diatoms were the dominant species in ARISE 
samples, whereas pennates and Phaeocystis sp. were

mainly présent in ISPOL internai layers. The bacteria were 
more randomly distributed along the ice core with maxi
mum biomass sometimes not found in the bottom layer 
(Table 1). Bacterial biomasses ranged from 2.1 to 108.0 pg 
C 1“' during ARISE and from 1.6 to 19.3 pg C P' during 
ISPOL.

Distribution of particulate organic matter in sea ice

Particulate organic carbon concentrations ranged from 29 
to 399 pM C during ARISE and from 14 to 470 pM C 
during ISPOL (Table 1). Maximum values were always 
recorded in the bottom layer of the ice core for each station, 
whereas minimum values were observed in internai layers. 
Particulate saccharides (p-TCHO) represented from 0.2 to 
24.1% of the POC for ail samples. In general, the minimum 
contribution of p-TCHO to POC (% p-TCHO/POC) was 
observed in the internai layers, whereas higher contribution 
was found in the surface and bottom layers (Fig. 2). Partic
ulate saccharides concentrations ranged from below the 
détection limit to 38 pM C and from below the détection 
limit to 52 pM C, respectively for ARISE and ISPOL 
(Table 1). Highest values were also reached in the bottom 
layer. In this layer, if we compared the two ARISE stations 
with similar genesis, the particulate saccharides values 
were about 3 times higher at station IV (winter type) than at 
station IX (spring type). At the ice-water interface, during 
ISPOL, POC and p-TCHO concentrations increased 
slightly between 4/12 and 14/12, which then decreased to 
reach comparatively very low values on 30/12 (Fig. 2).

Distribution of transparent exopolymeric particles (TEP) 
in sea ice

Transparent exopolymeric particles concentrations 
(expressed in Xanthan Gum équivalent) ranged from 20 to 
2703 pg XAG r* for ARISE sea ice samples and from 3 to 
3,071 pg XAGL' for ISPOL sea ice samples (Table 1). 
Distributions of TEP along the core were similar to those of 
other organic components (Fig. 3): maximum concentra
tions of TEP were always encountered in the bottom layers 
and minimal concentrations were observed in the internai 
part of the ice core. In the bottom layer for ARISE, TEP 
concentrations at station IV were twice as high as those 
measured at station IX. TEP increased slightly at the begin- 
ning of the ISPOL observation period and then decreased 
drastically on the 19/12 and 30/12 at the ice-water interface 
(Fig. 3).

Distribution of dissolved organic matter in sea ice

The dissolved fraction was the main pool of the organic 
matter, representing 77 ± 16% of the total carbon pool
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Table 1 Concentrations of chlorophyll a (chl a, pg 1“*), particulate dissolved free amino acids (DFAA, pM C), transparent exopolymeric
organic carbon (POC, pM C), particulate saccharides (p-TCHO, pM C), particles (TEP, pg XAG 1“') and bacterial biomass (pg CT*) for
dissolved organic carbon (DOC, pM C), dissolved monosaccharides ARISE and ISPOL expéditions 
(d-MCHO, pM C), dissolved total saccbarides (d-TCHO, pM C),

Depth
(cm)

chl a 
(pg 1“')

POC 
pM C

p-TCHO 
(pM C)

DOC
(pMC)

d-MCHO
(pMC)

d-TCHO 
(pM C)

DFAA 
(pM C)

TEP
(pgXAor')

BB
(pgcr'y

ARISE Stn IV 0-6 0.22 57 2.0 119 3.0 3.0 0.3 556 6.2
Ol-oct-03 20-26 0.14 69 1.1 286 1.3 1.3 0.2 337 2.1
64°37.7'S 36-42 0.58 116 1.7 119 2.2 4.3 0.1 82 32.2
117°44.5'E 42^8 19.25 398 29.2 685 93.4 123.6 29.8 2,703 22.4
ARISE Stn V 7-10 3.93 142 2.7 244 8.1 14.9 2.0 590 19.7
07-oct-03 40-46 1.00 80 2.6 80 7.3 14.7 1.2 20 11.9
64“34.0'S 69-75 1.96 65 3.6 104 4.6 8.8 1.9 57 10.5
116°37.8'E 75-8! 27.98 399 38.5 381 43.2 51.6 16.1 1,258 11.9
ARISE Stn IX 6-12 1.22 59 7.5 131 15.7 28.2 1.5 322 21.4

ll-oct-03 20-26 0.62 29 2.4 101 5.1 10.0 0.5 199 52.0

64°24.rs 39-45 0.93 67 0,7 ND 6.5 12.2 1.5 499 17.2

1I5°17.5'E 45-51 12.99 308 9.9 347 11.5 17.6 6.0 1,041 108.0
ARISE Stn XII 0-6 0.16 38 9.1 153 6.9 9.7 1.7 237 16.5

l4-oct-03 24-30 0.28 32 2.3 ND 5.2 9.7 2.2 50 30.9

63°56.2'S 40-46 0.73 46 4.5 128 9.9 9.9 <DL 171 35,8

I14°19.4'E 60-66 14.68 197 17.0 717 32.9 36.3 6.3 479 27.1
ISPOL 4/12 3-9 0.44 47 4.7 ND 9.2 22.0 0.9 52 9.8

9-15 0.44 36 5.1 ND 6.2 7.0 1.0 125 9.3
68°11.5'S 40-46 0.45 14 0.5 667 <DL 10.5 0.2 38 7.5
55“24.4'W 60-66 0.16 20 0.7 388 <DL 4.8 0.1 6 6.5

78-84 3.44 62 2.6 342 2.9 21.7 0.9 3 4.4
84-90 26.47 264 37.8 701 38.9 116.1 11.4 2,087 11.0

ISPOL 9/12 3-9 0.97 49 9.7 204 14.3 33.4 0.6 68 6.0
9-15 2.22 75 3.9 472 7.0 25.9 0,8 28 6.5

68°05.1’S 40-46 0.40 23 1.5 259 2.7 9.3 0.2 52 1.8
55°23.7'W 60-66 0.25 16 1.3 434 1.2 14.2 0.3 102 1.8

78-84 2.56 95 7.2 138 4.7 22.9 1.2 262 2.6

84-90 21.48 396 48.0 471 34.8 139.2 12.3 3,071 6.3

ISPOL 14/12 0-9 0.69 60 8.9 570 2.8 22.3 LO 184 8.4

9-15 1.23 64 2.2 346 <DL 21.5 0.4 166 19.3
67“83.0'S 40-46 0.27 27 1.1 374 <DL 3.3 0.1 127 1.9
55°36,3'W 60-66 0.30 38 <DL 321 <DL 4.1 0.2 117 2.5

74-80 2.19 64 3.7 442 4,2 20.7 0.5 137 2.0
80-86 24.23 470 52,1 476 23.6 88.0 13.8 2,668 2.9

ISPOL 19/12 4-10 0.78 24 1.1 302 4.4 17.7 <DL 178 17.6
10-16 1.06 26 2.5 297 5.6 20.4 0.7 74 5.6

67°77.2'S 40-46 0.20 15 11.8 .301 13.8 59.8 1.2 195 1.8
55°24.9'W 60-66 0.65 19 4.9 201 9.0 22.7 0.8 112 2.5

77-83 4.20 52 5.4 265 8.9 28.7 1.9 180 4.8
83-89 28.41 172 33.8 .353 29.5 103.0 7.8 1,442 8.6

ISPOL 30/12 3-9 1.69 30 2.6 438 6.8 35.2 0.4 72 1.6
9-16 0.97 29 3.2 457 3.9 44.6 0.8 303 5.2

67°51.4'S 40-46 0.59 30.3 1.3 230 <DL 5.1 1.0 84 12.7
55°29.7'W 59-65 0.95 ND ND 106 1.0 7.4 0.5 86 3.5

74-80 3.62 44.5 1.4 106 0.5 15.2 0.6 37 2.5
80-86 24.77 167.3 3.6 208 16.3 38.6 6.7 385 3.3

“ BB data for ARISE coming from Becquevort et al. (in révision) 
ND not determined, <DL below détection limit
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Table 2 Dominating taxa, % of 
estimated algal carbon biomass, 
in the surface, interior and 
bottom assemblages for ARISE 
and ISPOL expéditions

Major pennate diatoms observed 
in the surface layers were 
Fragilariopsis sp., 
Cylindrotheca sp. and in bottom 
layers were Cylindrotheca sp., 
Nitzschia sp., Amphiprora sp., 
Fragilariopsis sp

Stations Algal community composition

Surface Internai Bottom

ARISE Stn IV Pennate diatoms (98%) 
Nanoflagellates (2%)

Pennate diatoms (66%) 
Centric diatoms (34%)

Pennate diatoms (72%) 
Centric diatoms (14%) 
Dinofiagellates (14%)

ARISE Stn V Pennate diatoms (72%) 
Dinofiagellates (23%) 
Nanoflagellates (5%)

Pennate diatoms (52%) 
Centric diatoms (47%) 
Nanoflagellates (1%)

Pennate diatoms (86%) 
Dinofiagellates (8%) 
Ciliates (5%)
Centric diatoms (1%)

ARISE Stn IX Dinofiagellates (61%) 
Pennate diatoms (39%)

Pennate diatoms (86%) 
Dinofiagellates (14%)

Ciliates (58%)
Pennate diatoms (42%)

ARISE Stn XII Dinofiagellates (97%) 
Nanoflagellates (3%)

Pennate diatoms (50%) 
Centric diatoms (35%) 
Dinofiagellates (15%)

Dinofiagellates (75%) 
Pennate diatoms (25%)

ISPOL 4/12 Phaeocystis sp. (89%) 
Pennate diatoms (10%)

Phaeocystis sp. (40%) 
Nanoflagellates (32%) 
Pennate diatoms (27%)

Pennate diatoms (99%) 
Dinofiagellates (1%)

ISPOL 9/12 Phaeocystis sp. (77%) 
Pennate diatoms ( 17%) 
Nanoflagellates (5%)

Pennate diatoms (41%) 
Phaeocystis sp. (36%) 
Nanoflagellates (19%)

Pennate diatoms (99%)

ISPOL 14/12 Phaeocystis sp. (73%) 
Pennate diatoms (26%) 
Nanoflagellates ( 1 %)

Pennate diatoms (41%) 
Phaeocystis sp. (39%) 
Nanoflagellates (19%)

Pennate diatoms (99%)

ISPOL 19/12 Phaeocystis sp. (71 %) 
Pennate diatoms (28%)

Pennate diatoms (56%) 
Phaeocystis sp. (26%) 
Nanoflagellates (18%)

Pennate diatoms (100%)

ISPOL 30/12 Phaeocystis sp. (78%) 
Pennate diatoms (22%) 
Dinofiagellates ( 1 %)

Pennate diatoms (66%) 
Nanoflagellates (18%) 
Phaeocystis sp. (14%)

Pennate diatoms (98%) 
Dinofiagellates ( 1 %)

(TOC = DOC + POC). DOC concentrations ranged front 
80 to 717 |tM C during ARISE and front 106 to 701 |iM 
C during ISPOL (Table 1). Like for its particulate coun- 
terpart, highest concentrations were generally observed in 
the bottom layer of the ice core. Dissolved saccharides 
(d-TCHO) and amino acids (DFAA) followed the same 
trend along the core, with highest values almost always 
found in the layer at the interface between sea ice and sea- 
water (Fig. 4, 5). Total dissolved saccharides (d-TCHO) 
accounted for 0.4-29.6% of the dissolved organic pool 
for ail samples. The range of d-TCHO concentrations 
was similar for the two campaigns and comprised 
between 1.3 and 124 pM C during ARISE and between
3.3 and 139 pM C during ISPOL (Table 1). However, in 
the ARISE samples, monosaccharides were the main 
form of d-TCHO (on average 69 ± 20%) ail along the 
cores, whereas in the ISPOL cores, polysaccharides were 
dominant (on average 78 ± 17%). DFAA concentrations 
ranged from 0.1 to 29.8 pM C for the ARISE samples and 
from 0.1 to 13.8 pM C for ISPOL ones. DFAA accounted 
for only 1.0 ± 1.2% of the DOC for ail samples. The con
tribution of dissolved saccharides to DOC (%d-TCHO/ 
DOC) and that of dissolved amino acid (%DFFA/DOC) 
were generally lower in the interior of the ice (Fig. 4, 5). 
Comparing the results obtained at ARISE stations, higher

concentrations of d-TCHO and DFAA were observed in the 
bottom layer of station IV (winter type) compared to station 
IX (spring type) (Fig. 4, 5). Monosaccharides reached 
about 100 pM C in this layer at station IV (Table 1 ). For the 
ISPOL samples, the minimum concentration in the bottom 
layer was reached on the 30/12.

Concentrations of organic matter in the water column

In the seawater underlying the sea ice, POC concentrations 
averaged 5.6 ±2.5 pM C (range, 2.3-9.6 pM C) during 
ARISE and 4.1 ± 3.1 pM C (range, 2.0-10.8 pM C) during 
ISPOL. DOC concentrations were 106 ± 76 pM C (range, 
44-272 pM C) during ARISE and a concentration of 
90 pM C was observed on the 25/12 during ISPOL (no 
other data available).

Discussion

Properties of organic matter in the sea ice environment

High levels of dissolved and particulate organic matter 
hâve been observed in Antarctic sea ice (Tables 3, 4) as 
well as in Arctic or Baltic sea ice (Thomas étal. 1995;
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Fig. 2 Concentrations of particulate total saccharides (p-TCHO) 
along the ice core (bars) and contribution in % of p-TCHO to particu
late organic carbon (POC) (dosed circles) for ARISE (stations IV,

XII, V and IX in the upper panel) and ISPOL (4/12, 9/12, 14/12, 
19/12 and 30/12 in the lower panel) expéditions. The asterisk stands 
for missing values

Smith étal. 1997; Granskog étal. 2005). Moreover, high 
abundance of gel-like particles (TEP) has also been 
observed in Arctic sea ice (Krembs and Engel 2001; 
Krembs et al. 2002; Meiners et al. 2003; Riedel et al. 
2006, 2007) and Antarctic sea ice (Meiners et al. 2004; 
this study). TEP is formed from polysaccharides exuded 
copiously by algae and bacteria (Passow 2000). The high 
concentrations of organic matter combined with the high 
salinities encountered in sea ice could further favour the 
abiotic formation of TEP by aggregation (Chin et al. 
1998; Simon étal. 2002). Because of their viscous 
nature, TEP certainly play a central rôle in the dynamics 
of the sea ice ecosystem, as they cause the profound 
modification of the habitat of the microbial community. 
Indeed the brine channels turn into a gel-filled System 
with spécial characteristics with regards to rétention of 
nutrients, organisms’ attachment and mobility, and space 
availability (Decho 1990, Passow 2002). TEP could also 
protect organisms within ice floes from ice-crystal dam
age, and bufl'er the brine environment against pH and 
salinity changes (Thomas and Dieckmann 2002). Above 
ail, the presence of TEP could highly modify our conception

of the food web relationships. In fact, these gel-like 
molécules, from EPS-sized (<0.4 pm) to TEP-sized 
(>0.4 pm) particles, represent intermediate stages at the 
interface between DOC and POC, as recently highlighted 
by many studies investigating the organic matter size 
continuum (Verdugo et al. 2004). The classical/practical 
distinction made between dissolved and particulate frac
tion (GF/F, 0.7 pm) of the organic matter might not 
therefore be suflficiently adéquate for studies of ecosys- 
tems such as the sea ice, where life conditions are com
parable to those in biofilms (Mock and Thomas 2005). To 
make it even more complicated, TEP, classically mea- 
sured on the 0.4-pm fraction, would thus operationally 
belong at the same time to the dissolved and particulate 
fractions. Strikingly, the trends in the distribution of organic 
constituents along a single ice core at a given station of 
ARISE and of ISPOL look very similar, regardless of 
their form (dissolved or particulate). This is also the case 
for TEP distribution, emphasizing the continuity of the 
matter and the importance to consider the organic matter 
pool as a whole, despite the arbitrary operational partition 
applied.
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Fig. 3 Transparent exopolymeric particles (TEP) in pg XAG r' along the ice core for ARISE (stations IV, XII, V and IX in the upperpanel) and 
ISPOL (4/12,9/12, 14/12, 19/12 and 30/12 in the lowerpanel) expéditions

Concentrations and composition of organic matter

Particulate organic carbon concentrations reached up to 
470 pM C, comparably to the values previously reported 
for Antarctic sea ice (Table 3). POC may be associated with 
microorganism biomass, but a non-negligible part may nev- 
ertheless be détritus, non-associated with living organisms. 
A large fraction of détritus has already been observed at the 
end of winter in Antarctic sea ice (Garrison and Close 
1993) and in our ARISE samples where détritus can repre- 
sent up to 99% of the POC in some layers of the winter- 
type station (Becquevort et al. 2008, in révision). DOC in 
ice cores was the major fraction of total organic carbon 
(TOC), accounting for 77 ± 16% of TOC. This value is 
slightly lower than that observed in océans where the dis- 
solved form typically represents 97% of TOC (Benner
2002). Our finding can be viewed as a conséquence of the 
peculiarity of this highly organically concentrated and 
saline System, favouring coagulation of DOC to POC. The 
concentrations of DOC measured in this study (from 80 to 
717 pM C) are in the same range as the few measurements 
previously reported for Antarctic sea ice (Table 4). In order 
to consider TEP values expressed in pg XAG 1“' in a 
broader context, they were converted into pg C P' (TEP-C), 
thanks to an empirical conversion factor of 0.75 pg C pg“' 
XAG (Engel and Passow 2001). Caution should however

be taken while using this conversion factor because the car
bon content of TEP strongly dépends on the origin of TEP 
precursors and has so far been observed to vary between 39 
and 88% (w/w) (Engel 2004). The value of 75% used here 
was determined for a diatom culture (Engel and Passow 
2(X)1) and has been selected since the sea ice environment 
is usually diatom-dominated. On this basis, estimated TEP- 
C made up on average 7.1 ± 8.5% of the TOC and would 
roughly represent 25.8 ± 18.9% of the POC, keeping in 
mind the différence in the filtration porosity (0.4 vs. 
0.7 pm) in this case. Crude estimâtes of TEP-C hâve been 
found to reach contributions ranging between 14 and 32% 
of integrated POC in Antarctic sea ice (Meiners et al. 2004) 
and were considered as an important fraction of the particu
late pool, and of the carbon cycle. Particulate saccharides, 
dissolved saccharides and amino acids values measured in 
this study were also in agreement with the few data earlier 
reported in sea ice (Tables 3,4).

Concentrations of organic matter in Antarctic sea ice are 
usually up to 10- to 100-fold greater than those measured in 
Antarctic seawater (Thomas and Papadimitriou 2003). 
During ARISE and ISPOL, the concentrations of DOC and 
POC in the underlying water column were indeed up to ten 
times lower than those observed in sea ice. DOC and POC 
values measured during this study were in agreement with 
the values found in the literature for Antarctic seawater
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Fig. 4 Concentrations of dissolved total saccharides (d-TCHO) along 
the ice cote, separated into monosaccharides (d-MCHO, black bar) and 
polysaccharides (d-PCHO, grey bar) and contribution in % of d-TCHO 
to dissolved organic carbon (DOC) (closed circles) for ARISE

(stations IV, Xll, V and IX in the upperpanel) and ISPOL (4/12,9/12, 
14/12, 19/12 and 30/12 in the lower panel) expéditions. The aslerisk 
stands for missing values

(Tables 3,4). Although tneasurements for TEP, saccharides 
and amino acids were not available for seawater samples 
collected during ARISE and ISPOL (except for TEP of 
ARISE, sec Table 3), the comparison of our sea ice values 
with literature data for Antarctic waters (Tables 3, 4) seems 
to show that the same trend of enrichment could also hold 
for these compounds.

Until now, only a few studies hâve investigated the com
position of the dissolved and particulate organic matter in 
sea ice (Tables 3, 4), and, to our knowledge, dissolved and 
particulate fractions hâve never been reported together for 
the same samples. In sea ice, the organic matter is still 
largely uncharacterized but the presence of EPS, TEP, 
saccharides and amino acids has already been evidenced 
(Herborg et al. 2001; Amon et al. 2001; Meiners et al. 2004; 
Riedel et al. 2006, 2007). We found a contribution of 
p-TCHO to the POC pool which ranged from 0.2 to 24.1% 
in sea ice cores, which is similar to aquatic Systems where 
the contribution of p-TCHO was reported to account for 5 to 
20% of the POC (Wakeham étal. 1997; Volkman and 
Tanoue 2002). Total dissolved saccharides contributed to 
0.4-29.6% ot the DOC. We observed a much smaller contri

bution of dissolved free amino acids, ranging from 0.1 to 
4.4%, in our samples. Herborg et al. (2001) reported, in sea 
ice core samples, an averaged saccharide contribution of 
29% to the DOC. Thomas et al. (2001a) found, for varions 
sea ice environments, a mean saccharide contribution of 
36% to the DOC, although their values ranged from 1 up to 
99%. These sea ice literature data cover obviously a wide 
range of contributions, which can be explained, however, by 
the multitude of ice environments sampled (surface' ponds, 
ice cores, gap layers, platelet ice and multiyear ice). The 
ranges found in the présent study are consistent with those 
given for oceanic Systems, where saccharides and amino 
acids generally account for, respectively 10-25 and 1-3% of 
the DOC in surface waters (Benner 2002). As mentioned 
before, saccharides are important precursors of polymers 
and thus of exopolymeric particle formation (Passow 2000). 
In this study, the TEP distribution was linearly positively 
correlated with total (dissolved + particulate) saccharides 
distribution (r^ =: 0.83, n = 44, P < 0.0001; Fig. 6), indicat- 
ing that the increase of TEP was parallel to that of the sac
charides pool. This trend supports the idea that TEP are 
mainly made of saccharides (Passow 2002; Engel 2004).
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Fig. 5 Dissolved free amino acids concentrations (DFAA) along the in the upper panel) and ISPOL (4/12, 9/12, 14/12, 19/12 and 30/12 in
ice core (bars) and contribution in % of DFAA to dissolved organic the lower panel) expéditions. The asterisk stands for missing values
carbon (DOC) (closed circles) for ARISE (stations IV, XII, V and IX

Processes involved in organic matter distribution in sea ice

The enrichment of organic matter in sea ice is the resuit of 
different processes, certainly co-acting. First, organic mat
ter (either microorganisms or détritus) can be physically 
concentrated by the mechanisms of sea ice formation 
(Garrison et al. 1983, 1989; Grossmann and Dieckmann 1994; 
Giannelli étal. 2001), involving harvesting or scavenging 
of cells by frazil ice crystals rising through the water col- 
umn (Weeks and Ackley 1982) or by the increase of avail- 
able crystal substrate in the skeletal layer of the columnar 
ice or in the platelet ice layer (Dieckmann et al. 1986). Sec
ond, the in situ production, by microorganism growth and 
subséquent organic matter release, contribute to this high 
pool of organic material. High biomasses of microorgan
isms can indeed occur in the sea ice. In particular, in the 
autumn and in the late winter, favourable conditions such 
as light and nutrient availability can be encountered in the 
.sea ice as compared to the water column, leading to a large 
accumulation of biomass. Moreover, the narrow brine 
channels exclude large heterotrophs from the sea ice matrix 
and therefore limit the consumption of this high biomass. 
Finally, limitation of bacterial activities and/or low substrate

quality (Thingstad étal. 1997) can also potentially hamper 
the use of the available organic matter pool.

Production pathways

For both cruise, POC concentrations increased with chl a 
concentrations (r^-0J4, n = 45, P <0.0001), a common 
proxy for algal biomass. This relation suggests that the 
increase of POC was mainly associated with in situ algal 
production and thus that the particulate organic fraction 
could be significantly infiuenced by the algal biomass. 
However, when no chl a was recorded, a certain amount of 
POC (around 40 pM C) was nevertheless estimated to be 
présent in the ice (intercept of the régression line). Possibly, 
a part of the POC in the ice was therefore not directly 
related to the in situ algal activity, which would represent a 
“background” concentration. Such a kind of matter has 
already been observed in sea ice samples (Garrison and 
Close 1993). This residual fraction could be associated with 
the physical incorporation of organic matter during ice for
mation, linked to organisms other than algae or resuit from 
previous microbial activities. Interestingly, this POC con
centration lies around the levels found in the internai layers
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Table 3 Concentrations of particulate organic carbon (POC, pM C), particulate saccharides (p-TCHO, pM C), and transparent exopolymeric par- 
ticles (TEP, pg XAG F') measured in samples from Antarctic sea ice and seawater, compiled from literature

Location, season and sample type POC (pM C) p-TCHO (pM C) TEP (pg XAG \-"') Reference

1. Antarctic Sea ice 

Weddell Sea,
Winter young pack (20-50 cm) 98 ± 69 - - Garrison and Close (1993)

First year and older pack (<100 cm) 184 ± 127 - -
Ross Sea, autumn

Infiltration ice 39 - - Garrison et al. (2003)

Frazil ice 134 _ -

Congélation ice 46 - -

Weddell Sea, summer/early autumn 175 ± 240 - - Kennedy et al. (2002)

Bellingshausen Sea, late autumn 216(16-832) - * Meiners et al. (2004)

Ross sea (Terra Nova Bay), spring, pack ice - 38 ±8 (18-77) - Guglielmo et al. (2000)

Australian sector (64-65°S, 112-119°E), 29-399 <DL-38 20-2,703 This study, ARISE
end winter-early spring

Western Weddell Sea, Antarctic 14-470 <DL-52 3-3,071 This study, ISPOL
Peninsula (68°S, 55°W), spring-summer 

2. Antarctic Seawater

Weddell Sea, winter 5 - - Garrison and Close (1993)

Weddell Sea, summer/early autumn 17 ± 8 - - Kennedy et al. (2002)

Bellinghausen Sea, late autumn 9(3-30) - - Meiners et al. (2004)

Terra Nova Bay (Ross Sea), 20-100 1-7 (19% POC) - Pusceddu et al. (1999)
summer, under pack ice

Ross Sea, summer 19 - Fabiano et al. (1993)

Terra Nova Bay (Ross Sea), summer 12.64 ± 8.91 
(1.01-39.23)

2.27 ±2.17 
(0.28-14.80) 
(18% POC)

Fabiano et al. (1996)

Bransfield Strait, summer - - 56.77 ± 54.50 Corzo et al. (2005)

Ross Sea, Nov-Dec - - 308 (0-2,800) Hong et al. (1997)

Australian sector (64-65°S, 112-119°E), 5.0 ±2.5(1.7-9.2) - 133-853 This study, ARISE
end winter-early spring

Western Weddell Sea, Antarctic 3.56 ± 2.87 (1.02-10.83) - - This study, ISPOL
Peninsula (68°S, 55°W), spring-summer

Mean values ± standard déviation and ranges are given when available 

<DL below détection limit

* TEP were quantified in abundance and not in concentration in qg XAG 1"' in the study of Meiners et al. (2004)

of the ARISE winter/spring ice cores (mean, 42.4 pM C 
and see Table 1), suggesting that this POC had been incor- 
porated or produced earlier in the sea ice.

Maximal concentrations of particulate saccharides were 
observed in the bottom layer where algal biomass domi- 
nated, while minimal values were found in the internai 
layers of the ice cover. Particulate saccharides are likely 
originating from algae since saccharides are major compo- 
nents of algal cells, for storage and structural fonctions and 
since algae are major sources of organic matter (Bertillson 
and Jones 2003). The co-occurrence of chl a maxima with 
p-TCHO maxima suggests the association of p-TCHO with 
algal activity. Furthermore, the contribution of the particulate 
saccharides to the POC pool (% p-TCHO/POC) paralleled

‘S Springer

the p-TCHO distribution relatively well (Fig. 2), displaying 
higher values in the bottom and surface layers and lower 
(minimal) values in the internai part of the ice core. The 
higher % p-TCHO/POC coincided with the layer where 
higher chl a, POC and p-TCHO concentrations were 
recorded. Thus, where there is higher algal production, 
p-TCHO would contribute to a larger extent to the POC. 
The p-TCHO/POC ratio would then give an indication on 
the relative “freshness” of the particulate organic matter.

Along the entire ice core, the p-TCHO/chl a ratio was 
rather variable but this ratio was always smaller in the bot
tom ice (mean value, 16 ± 8) as compared to internai and 
surface layers. This p-TCHO/chl a ratio is very close to the 
value of 17 found in the literature and associated with living
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Table 4 Concentrations of dissolved organic carbon (DOC, nM C), dissolved saccharides (d-TCHO, nM C), and dissolved free amino acids 
(DFAA, nM C) measured in samples from Antarctic sea ice and seawater, compiled front literature

Location, season and sample type DOC (pM C) d-TCHO (pM C) DFAA (pM C) Reference

1. Antarctic Sea ice

Perennial pack ice 0-2,000 - - Thomas et al. (1998, 2001a)

Weddell Sea, April/May 109 ±83.5 (16-556) - - Thomas et al. (2001a)

Weddell Sea, January/March 207 ± 239.6 (16-1,842) - - Thomas et al. (2001a)

Weddell Sea, platelet 100-200 - - Thomas et al. (2001b)

Weddell Sea, summer 254 ± 133 53 ± 22 (29% DOC) - Herborg et al. (2001)

Davis Station, Nov - - 8-30 Yang (1995)

Australian sector (64-65“S, 112-119°E), 80-717 1..3-124 0.1-29.8 This study, ARISE
end winter-early spring

Western Weddell Sea, Antarctic 106-701 3.3-139 0.1-13.8 This study, ISPOL
Peninsula (68°S, 55°W), spring-summer 

2. Antarctic Seawater

Antarctic Océan average <60 - - Ogawa and Tanoue (2003)

6°W meridian between 47° and 60°S, 38-55 _ - Kahler et al. (1997)
surface, early spring

Weddell Sea, summer 78 ±50 8±4(18%DOC) - Herborg et al. (2001 )

off Queen Maud’s Land - 8-9 - Myklestad et al. ( 1997)
(69°38'S,03°54'E), Jan

Drake Passage, Bransfield Strait, - - 0.44 ±0.16* Hubberten et al. (1995)
Weddell Sea, Dec

Gerlache Strait, spring - - 0.3-0.6 Tupas et al. (1994)

Davis Station, May-Feb - - 0.30 Yang et al. (1990)

Australian sector (64-65°S, 112-119°E), 102.5 ±66.7 (43.3-271.7) - - This study, ARISE
end winter-early spring

Mean values ± standard déviation and ranges are given when available 
* Expressed in pM N

phytoplankton (Parsons étal. 1961 in Hung étal. 2003). 
The mean ratio observed in the bottom layer is thus in 
agreement with a living algal community. Variations of p- 
TCHO/chl a ratio are linked to the quantity of p-TCHO 
produced by algae, which dépends on (a) the type of the 
species présent (diatoms vs. flagellâtes; Hecky et al. 1973; 
Hung et al. 2003), (b) the growth stage (Biddanda and Ben- 
ner 1997) but also (c) the limitation status, by nutrient or 
light, (Alderkamp étal. 2007). In our samples, complex 
interactions of these different parameters may explain the 
observed ratios. For example, a nutrient limitation tends to 
increase the spécifie (per cell) production of carbohydrates. 
The higher p-TCHO/chl a found in internai and surface lay- 
ers could be explained by an additional production of .sac
charides by algae, potentially linked to a nutrient limitation. 
Indeed the internai and surface layers are more likely lim- 
ited by the availability of macro-nutrients as replenishment 
from seawater does not occur in this closed System. The 
even higher p-TCHO/chl a ratio observed in the surface 
layer might, in the case of ISPOL samples, be linked to the 
presence of Phaeocysîis cells (Table 2), which can form 
colonies having a matrix of polysaccharides (Alderkamp 
et al. 2007).

Sea ice is considered as à favourable System for the abi- 
otic formation of TEP since aggregation dépends on the 
concentration of divalent cations (Simon et al. 2002) and 
precursors (Chin étal. 1998) and since DOC and salinity 
increase during freezing. Nevertheless, the abiotic transfor
mation of DOC to TEP via freeze-concentration has not 
been supported by observations in sea ice (Krembs et al. 
2002; this study). TEP can also be actively produced by 
microorganisms such as algae (Krembs et al. 2002; Meiners 
et al. 2003) or bacteria (Meiners et al. 2003). Hence, TEP 
distribution along the ice core followed the chl a pattern, 
with the largest accumulation at the ice-water interface. We 
observed an increase of TEP when chl a increased 
(r^ = 0.65, n=46, P <0.0001), whereas no relationship 
between TEP and bacterial numbers was found. This sug- 
gests that TEP were primarily produced by algae as 
observed previously by Meiners et al. (2003, 2004) in sea 
ice. Pennate diatoms hâve been shown to be the dominant 
producers of TEP in sea ice (Krembs and Engel 2001). Pen
nate diatoms were indeed présent in every layer sampled 
and dominated the autotrophic biomass in ail our bottom 
ice samples, with the exception of the bottom layer at sta
tion IX (Table 2).
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Fig. 6 Relationship between transparent exopolymeric particles (TEP) 
and total saccharides concentrations (dissolved + particulate, TCHO) 
for sea ice samples front ARISE (black circles) and ISPOL {open 
diamonds) expéditions

In contrast with POC and TEP observations, there was 
no significant relation between DOC and chl a (r^ = 0.18, 
n = 42, P - 0.0057). This supports the view that the algal 
production and its directly associated trophic networks 
were not the only factors controlling the DOC distribution; 
other indirect “spatio-temporal” delayed processes being 
equally involved. Indeed, even if some studies hâve found a 
high corrélation between DOC and chl a in Arctic bottom 
sea ice (Smith et al. 1997), the explanation of this relation
ship is not necessarily straightforward in sea ice (Thomas 
étal. 1995, 1998, 2001a). The DOC pool is in fact a mix
ture of compounds of different origins and in varions dégra
dation States. A certain amount, like polysaccharides, for 
example can be freshly produced by the algae, but the 
remaining fraction can be made of more refractory molé
cules. In the bottom layers, high DOC concentrations were 
associated with high chl a levels (Table 1) but there were 
other layers where high DOC values were recorded 
together with low chl a levels. DOC did not seem to resuit 
from massive breakage of POC by bacterial activities as no 
inverse relationship existed between POC and DOC con
centrations. Conversely, no evidence of transfer from DOC 
to POC was obvions from our data. Nevertheless, we can- 
not exclude that this mechanism has occurred as the high 
DOC concentrations measured in sea ice suggest that coag
ulation of DOC to TEP and POC is likely to occur in these 
environmental conditions (Simon et al. 2002).

Dissolved total saccharides and amino acids reached 
their maximal concentrations where chl a concentrations 
were maximal. The d-TCHO and DFAA pools seemed thus 
related to the in situ algal production and then, may be 
considered as relatively fresh compounds of the DOC. 
d-TCHO and DFFA are indeed internai components of a cell, 
playing the rôle of osmolytes regulating vital fonctions in 
sea ice (Lizotte 2003) or can also be excreted by algae. The

Fig. 7 Relationship between dissolved monosaccharides (d-MCHO) 
and dissolved free amino acids (DFAA) for sea ice samples from 
ARISE {black circles) and ISPOL (open diamonds) expéditions

high positive régression between monosaccharides and 
amino acids (r^ = 0.91, n = 46, P < 0.0001, Fig. 7) strongly 
suggests a similar production pathway of these compounds, 
likely cell lysis. In addition, the contribution of d-TCHO to 
DOC and of DFFA to DOC was higher in layers where 
d-TCHO, DOC and chl a concentrations were higher 
(Fig. 4, 5). These patterns, also noticed for % p-TCHO/POC, 
could be easily related to the distribution of the algal 
production in sea ice with internai layers, potentially more 
limited and displaying less fresh production. Similarly the 
% d-TCHO/DOC and % DFAA/DOC provide information 
about the nature of the organic matter pool.

Removal pathways

The most labile components of DOM are monosaccharides 
and amino acids, the latter constituting a significant source 
of C and N for bacteria (Fuhrman and Ferguson 1986). The 
monosaccharide pool is therefore more dynamic than the 
polysaccharide one (Pakulski and Benner 1994). Low back- 
ground concentrations (at nanomolar level) of monosaccha
rides and DFAA are typically observed in oceanic waters 
because these compounds are directly usable (turnover 
time, minutes to hours) by bacteria and generally taken up 
too rapidly to build up a détectable pool in the System 
(Carlson 2002). Nevertheless, accumulation of these 
compounds has sometimes been observed in seawater 
(Obernosterer and HerndI 1995; Williams 1995), e.g. in 
response to nutrient limitation, which affects both algae and 
bacteria. In this study, an accumulation of dissolved mono- 
meric amino acids and sugars was recorded at the four stations 
of the ARISE cruise. In particular, concentration of monosac
charides up to 100 pM C (76% of d-TCHO) was observed 
in the bottom layer of station IV (winter type). During ISPOL, 
the monomer concentrations stayed always below 40 pM C
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and the large accumulation of d-TCHO was due to the 
increase of polysaccharides, representing 78 ± 17%. High 
monosaccharide pools could resuit from massive bacterial 
ectoenzymatic hydrolysis of polysaccharides into monosac- 
charides. The occurrence of such a process would be 
indicated by a négative corrélation between d-MCHO and 
d-PCHO. No corrélation was found for our samples. An 
important cell lysis phenomenon due to the extreme envi- 
ronmental conditions of the winter period could also explain 
this accumulation of monomers (Thomas and Papadimitriou
2003). The lysis hypothesis is actually supported by the 
high phosphate concentrations that we observed during 
ARISE and by the high proportion of detrital organic matter 
(Becquevort et al. 2008, in révision). Still regardless of the 
production pathway of these monomers, such a transient 
accumulation would only be possible if their consomption 
by bacteria was limited during the same period. Ail factors 
contributing to the réduction of bacterial growth rate, 
biomass and carbon demand would lead to the accumulation 
of biodégradable DOC (Thingstad et al. 1997).

The unbalanced elemental composition of organic carbon 
in parallel to an inorganic nutrient limitation might hamper 
bacterial growth. For these monomeric organic substrates, 
we calculated a C/N ratio, estimated from d-MCHO and 
DFFA concentrations, using their carbon and nitrogen con
tent ([Cd_MCHO + Cdfaa]/Ndfaa)- This ratio can only be 
regarded as a rough estimate of available substrates for bac
teria, since proteins and polysaccharides were not included 
in these calculations. The C/N ratio varied between 5 and 12 
in the bottom layer, whereas the C/N ratio ranged from 8 to 
50 in the surface layers and from 2 to 37 in the internai sec
tions. If we consider the C/N ratio of bacteria being around 5 
(Bratbak 1985; Nagata 1986; Goldman étal. 1987; Lee and 
Fuhrman 1987) and an estimated bacterial growth efficiency 
(i.e. the ratio between the C incorporated into bacterial bio
mass compared to the C taken up by bacteria, the rest being 
respired into CO2) of 20% (del Giorgio and Cole 1998), the 
range of C/N ratio estimated in the bottom ice can be con- 
sidered as a source of organic matter of very good quality 
for the consomption by bacteria. In the internai and surface 
layers, the C/N ratio can be higher meaning that the sub
strates were less well balanced regarding the bacterial meta- 
bolic requirements (i.e. C is in excess compared to N). 
Consequently, inorganic N amendment could sometimes be 
needed to satisfy bacterial growth in these layers. The P 
availability for bacteria has been estimated from PO4 con
centration data (Tison et al. 2005; Becquevort et al. 2008, in 
révision) as phosphorus is indeed preferentially used under 
its inorganic form by bacteria. The C/P ratio ranged between 
<1 and 32, with higher values in intermediate layers. In 
regard to the highly variable C/P ratio of bacteria (8^64) 
depending on growth conditions (Kirchman 2000), the bac
teria seems not limited by the availability in P.

The lack of use of organic matter carbon could also be 
explained by the limitation of bacteria growth due to the 
harsh physico-chemical conditions such as low tempéra
ture, high salinity or presence of toxic compounds (Lizotte 
2003). This hypothesis of bacterial growth limitation lead- 
ing to monomers accumulation is reinforced by comparing 
the winter-type station (station IV, ARISE) to the spring- 
type station (station IX, ARISE). A net decrease of dis- 
solved saccharides and amino acids in the bottom layer 
between these two stations was observed. Although keep- 
ing in mind the possibility of spatial heterogeneity or of 
organic matter leakage into seawater, this decrease can also 
be attributed to enhanced microbial growth as evidenced by 
the different bacterial biomass observed at these two sta
tions (Table 1). Bacteria were indeed in higher abundance 
in the bottom layer of station IX compared to station IV. If 
we consider a temporal scale, this suggests that bacteria 
would hâve been capable of using the substrates accumu- 
lated during winter when the environmental conditions 
became more favourable for growth. Unfortunately, our 
data did not enable us to conclude about which particular 
limiting factor was acting at that time. The “bacterial limi
tation” hypothesis is nevertheless consistent with melting 
experiments (Kahler et al. 1997; Giesenhagen étal. 1999), 
in which dissolved organic matter released by sea ice has 
been observed to be rapidly consumed by pelagic bacteria, 
suggesting that this material was very labile. During the 
ISPOL cruise, conducted in December, the ice characteris- 
tics were représentative of the spring-early summer period 
with the environmental conditions potentially more favour
able for microbial growth. Accumulation of monomeric 
substrates was not observed and dissolved saccharides were 
mainlÿ composed of polysaccharides, which are the main 
excrétion product of algae (Myklestad 1995). This situation 
probably reflects both active excrétion by algae and 
efficient utilization by bacteria. With the graduai warming 
of the ice cover, ail organic compounds concentrations 
decreased in the bottom ice, flushed down with brines into 
the seawater. In this context, our observations about, (1) the 
presence and importance of TEP in sea ice and (2) the labil- 
ity of the organic matter, stressed the need to undertake 
more studies concerning the fate of the ice-derived organic 
matter in order to conclude on its impact on carbon export 
(through, e.g. marine snow or faecal pellets), potential 
rétention or export and bioavailability of the sea ice accu- 
mulated iron (Geider 1999).

Conclusion

This study provided a new set of data on dissolved and partic- 
ulate organic matter compounds in pack ice collected at two 
Antarctic locations. Accumulation of dissolved and particulate
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organic matter was observed in first year sea ice environment 
and the importance of the size continuum, especially the rôle 
of EPS and TEP, was pointed out through simultaneous 
measurements of ail organic fractions. This gel matrix was 
thought to be central to the concept of the trophic relationships 
within the ice. Evaluation of the contribution of saccharides, 
amino acids and TEP to the organic matter pool has enabled 
us to highlight a fraction of the organic matter pool, called 
“fresh”, which was related to the algal production in the layers 
where algal biomass was maximal, i.e. mainly surface and 
bottom layers. This “fresh” production was directly reflected 
by the increase of saccharides, amino acids and TEP concen
trations and by the simultaneous increase of their relative con
tribution to the total organic matter pool. The remnant part of 
the organic pool was probably made of older compounds, 
which eventually had already undergone transformations. As 
postulated, the saccharides represented a non-negligible part 
of the organic matter and showed a trend along the ice core 
matching that of TEP. Accumulation of monomers in winter 
is suggested to resuit from the limited bacterial activities 
rather than from the Chemical nature of the substrates. Tempo- 
rally as the season evolved, a decrease in the organic pool was 
observed, likely due to the melting of the ice and/or the 
enhancement of the heterotrophic activities. If, like in oceanic 
Systems, a large part of the organic matter still remains 
unidentified, our study has highlighted the importance of 
TEP, saccharides and amino acids as key constituents to 
investigate in the sea ice environment.
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Abstract

Concentrations and distribution of organic carbon (dissolved and particulate organic carbon, dissolved and 
particulate saccharides and transparent exopolymeric particles) were measured in pack ice and underlying seawaters in 
the Bellingshausen Sea in October 2007. The two pack ice sampling stations (Brussels and Liège), having different ice 
and snow thicknesses and different textures, presented a contrasted distribution of the organic matter, even if the range 
of values of each parameter was not very different between each station. The vertical distribution of organic matter was 
rather homogeneous throughout the 60 cm of Brussels ice while higher concentrations were found in the upper half of 
the 120-cm-thick Liège ice cover. The composition of organic matter (with a high proportion of saccharides) suggested 
an algal production of this organic matter. Nevertheless, the thermodynamical évolution of sea ice cover, characterized 
by a flood-freeze cycle, seemed to control the organic matter concentration and distribution in sea ice.

Keywords: sea ice, organic matter, saccharides, TEP, bacteria

1. Introduction

Antarctic sea ice is a very dynamic ecosystem and 
one of the largest biome on Earth. A highly diverse 
microbial community composed of algae, bacteria and 
protozoa live inside the brines channels of pack ice 
(Lizotte 2003). High concentration of organic matter 
(OM) has already been observed in sea ice with 
dissolved organic matter (DOM) concentrations up to 
450-fold greater than that of surface waters (Thomas et 
al. 2001b). Saccharides hâve been observed to be major 
components of the dissolved and particulate organic 
fractions in sea ice (Amon et al. 2001, Herborg et al. 
2001, Dumont et al. 2009). Similarly, high 
concentrations of exopolymeric substances (EPS) hâve 
been measured in sea ice (Krembs et al. 2002, Meiners et 
al. 2004, Riedel et al. 2007). These EPS, mainly 
composed of polysaccharides, are excreted by 
microorganisms in response to changes in e.g. 
température, salinity or inorganic nutrients. Their 
production by bacteria and algae is thus likely in the 
extreme sea ice environment. A particular type of EPS, 
namely the transparent exopolymeric particles (TEP),

has also been observed in sea ice (Meiners et al. 2004, 
Riedel et al. 2007, Dumont et al. 2009). TEP are made of 
acid polysaccharides, hâve a gelatinous consistency and 
are changeable in shape (Passow 2002). TEP are 
involved in attachment of cells to surface and formation 
of microhabitats. This kind of particles is of prime 
importance in the compréhension of the interactions 
between OM and microorganisms as they greatly modify 
the Chemical properties of the interior ice habitat; change 
the diffusive properties of ions and gases and influence 
the trophic relationships inside sea ice (Decho 1990, 
Krembs and Deming 2008, Becquevort et al. 2009).

It is now well recognized that the production and 
transformation of DOM in sea ice is central to any 
biogeochemical cycling within the ice (Thomas and 
Papadimitriou 2003) and that the large amounts of DOM 
are needed to médiate the observed ecology of algae, 
bacteria and protozoa within the ice (Gleitz et al. 1996, 
Günther et al. 1999). The accumulation of DOM in sea 
ice clearly suggests a disconnection of the production 
and consumption pathways of OM (Thomas and
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Papadimitriou 2003). Reduced substrate affinity of 
bacteria at low températures bas been proposed to be 
responsible for the poor exploitation of the high pool of 
available organic substrates (Pomeroy and Wiebe 2001). 
Accordingly, the presence of OM in the form of 
monomeric substrates in sea ice (Herborg et al. 2001, 
Dumont et al. 2009) also points towards a potential 
limitation of the bacterial activities by an extemal factor, 
which is likely température but also salinity or toxins 
such as acrylic acid (Brierley and Thomas 2002). The 
organic substrates présent in sea ice seem to be freshly 
produced by ice algae (Amon et al. 2001, Dumont et al.
2009) and available to bacteria once released in seawater 
(Kàhler et al. 1997, Pusceddu et al. 2009). Still Calace et 
al. (2001) propose that humification of OM derived from 
sea ice algae could occur within the sea ice. For these 
authors the refractory nature of humic compounds could 
be the reason of the under-utilization of the sea ice OM.

Further investigations of the distribution and 
composition of the sea ice organic matter are clearly 
needed to understand the dynamics of the OM pool 
within sea ice. The behaviour and enrichment pattern of 
OM during ice formation OM is also poorly documented 
although it seems that the concentrating effects of 
dissolved organic carbon (DOC) in brines might be 
different as compared to salts (Giannelli et al. 2001).

In this study, we présent observations about the 
concentrations of dissolved and particulate organic 
matter, dissolved and particulate saccharides and 
transparent exopolymeric particle in pack ice, brines and 
seawater samples collected at two stations (Brussels and 
Liège) located in a same pack ice floe in the 
Bellinghausen Sea during austral spring. Our main 
objective is to study the distribution of OM in relation 
with the physical characteristics (ice and snow 
thicknesses, ice texture salinity, brine volume,) and 
biological parameters of sea ice (algae-Chl a and 
bacteria) and the thermodynamical évolution of the ice 
cover.

2. Materials and Methods

2.1. Study site and sampling

Sea ice, brines and under-ice seawater sampling was 
carried out in October 2007 in the Bellingshausen Sea 
during the Sea Ice Mass Balance in the Antarctic 
(SIMBA) research cmise onboard the RV N.B. Palmer. 
During ail the 1-month sampling period, the vessel was 
anchored to an ice floe, the Belgica station. Sampling 
was conducted at two sites respectively named Brussels 
and Liège stations. These stations had contrasted 
physical characteristic for ice and snow thicknesses 
(Tison et al. 2008, Table 1). At each station, the 
sampling was repeated 5 times at a constant 5-days 
interval (Table 1).
The sampling was conducted in a 100 m x 60 m 
sampling site, located 1 km away from the ship, using 
précautions to avoid trace métal and organic matter 
contamination (Lannuzel et al. 2006, Dumont et al. 
2009). Clean room garments (Tyvek overall, overshoes 
and polyethylene gloves) were wom by the operators on 
the site and an electropolished stainless-steel corer (14

Table 1: Main physical characteristics of the 2 sampled sites during 
SIMBA (from Tison et al. 2008) and sampling dates at each station

Brussels Liège
Ice thickness (cm) 50-70 90-120
Snow thickness (cm) 8-25 28-38
Texture Mainly columnar Mainly granular

with some thin with variable size
granular layers 
Granular top 15 cm

Rafting

Freeboard (cm) + 0.7 - +4 >0 then flooding
Sampling date 274, 279, 284, 289, 276, 281,286, 291,
(Julian Days) 294 296

cm diameter) was used to collect the ice cores. Brines 
were collected by the sackhole technique, i.e. by gravity 
drainage of brines into a hole drilled into the sea ice 
cover (Thomas and Dieckmann 2003). Brines (from 2 
depths) as well as under-ice seawater (0 m, -1 m and -30 
m) were collected using a portable peristaltic pump 
(Cole-Parmer, Masterflex E/P) and acid cleaned tubing. 
Brine and seawater samples were transferred into acid- 
washed bottles abundantly rinsed with the collected 
samples.

For chlorophyll a and microscopie investigations, the 
full-length of ice cores were eut into 10 cm thick 
sections and transferred into acid washed polyethylene 
containers and further treated as described below. The 
ice cores dedicated to the organic matter déterminations 
were eut into 6 sections of 10 cm each and the sea ice 
sections were transferred into glass beakers pre- 
combusted at 450°C for 4 h.

2.2. Ice texture, salinity and température

The ice structure was determined by thin section 
analysis and photographs taken under polarized light. 
Based on ice crystal size and orientation, two 
stratigraphie units were distinguished; granular ice and 
columnar ice. High-resolution analyses of the 
allowed further discrimination between snow ice and 
frazil ice within the granular fades (Jeffries et al. 1989, 
Eicken 1998). Ice température was measured on site 
using a calibrated probe (TESTO 720) inserted every 5 
cm along the freshly sampled core. Bulk ice salinity was 
determined by conductivity using WP-84-TPS meter. 
The brine volume fraction in the sea ice (V^/V = brine 
volume/bulk sea ice volume ratio) was calculated on the 
basis of température and salinity values following the 
équations of Cox and WeeTcs (1983) and Leppâranta and 
Manninen (1988), revisited in Eicken (2003).

2.3. Organic Matter

Ail the material and glassware used for organic 
carbon sampling and measurements were either made of 
glass cleaned by ashing (4 h at 450°C), or washed with 
chromic-sulphuric acid (Merck), or of Teflon cleaned by 
10% HCl soaking and rinsed with ultra high purity water 
(UHP) (18.2MQ Millipore milli-Q System) obtained 
from a water purification System equipped with a UV- 
lamp and organic cartridge (Milli-Q Elément, Millipore). 
Ail handling was performed in a class 100 laminar flow 
hood.

For organic matter samples, ice sections were thawed 
in precombusted glass beaker at 4°C in the dark and then
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directly treated as for seawater samples as explained 
hereafter. For transparent exopolymeric particles 
measurements, ice sections were melted with addition of 
filtered seawater amended with formaldéhyde (2% final 
concentration), to avoid the consumption of TEP by 
bacteria during melting.

2.3.1. Dissolved and particulate organic carbon

Particulate organic carbon (POC) was collected on 
pre-combusted (450°C, 4h) Whatman GF/F filters, stored 
at -20°C until analysis. After drying at 60°C, POC was 
analyzed with a Fisons NA-1500 elemental analyzer 
after carbonate removal from the filters by HCl fumes 
ovemight. Filtered samples for dissolved organic carbon 
(DOC) were stored in pre-combusted (450°C, 4 h) 20-ml 
glass ampoules with 25 pl H,PO^ (concentration 50 %), 
which were sealed to avoid contact with air. Samples 
were kept in the dark at 4°C until analysis. The DOC 
was measured by high température catalytic oxidation 
(HTCO; procedure of Sugimura and Suzuki 1988) with a 
Dohrmann Apollo 9000 analyzer. Carbon concentration 
was determined using a five-point calibration curve 
performed with standards prepared by diluting a stock 
solution of potassium phthalate in UHP water. Each 
value corresponds to the average of at least five 
injections. Samples were measured in duplicate and the 
relative standard déviation never exceeded 2%. The 
accuracy of our DOC measurements was tested by 
analyzing reference materials provided by the Hansell 
laboratory (University of Miami). We obtained an 
average concentration of 45.1 ± 0.7 pM C (n=10) for 
deep-ocean reference material (Sargasso Sea Deep 
water, 2600 m) and 1.4 ± 0.7 pM C (n=10) for low- 
carbon reference water. Our values are within the 
nominal values provided by the reference laboratory 
(44.0 ± 1.5 pM C and 2.0 ± 1.5 pM C, respectively).

2.3.2 Dissolved and particulate saccharides

Subsamples were filtered through pre-combusted 
GF/F filters (Whatman, 450°C, 4 h). Filters and filtrâtes 
were stored frozen (-20°C) until analysis. Total 
particulate saccharides (p-TCHO) and total dissolved 
saccharides (d-TCHO) were determined following the 
colorimétrie TPTZ (2,4,6-tripyridyl-s^triazine) method of 
Myklestad et al. (1997). The whole procedure was 
carried out in darkness because the reagents are light- 
sensitive (van Oijen et al. 2003). d-TCHO includes 
mono- (d-MCHO) and polysaccharides (d-PCHO) which 
are respectively the concentration before and after 
hydrolysis (d-TCHO = d-MCHO + d-PCHO). Dissolved 
and particulate samples were hydrolysed with HCl 0.1 N 
at 100°C, during 20h (Bumey and Sieburth 1977). 
Calibration curves were obtained with D(+)-glucose and 
the values of saccharides were expressed as glucose 
équivalent. They were converted into carbon 
concentration using a conversion of 6 mol of C per mole 
of glucose, since each glucose molécule contains 6 
carbon atoms. The coefficient of variation (CV, standard 
deviation/mean) of ail triplicate measurements was 
below 5% and the détection limit was 1.0 pM C. Three 
blanks per batch of samples were always treated and

analyzed in the same way as the samples and subtracted 
from the concentration of the samples.

2.3.3. Transparent Exopolymeric Particles (TEP)

Melted sea ice samples and unfiltered seawater 
samples poisoned with formaldéhyde (2% final conc.) 
were filtered onto 0.4pm pore size polycarbonate filters 
(Nuclepore) using a vacuum pressure < 150mm Hg. 
Transparent exopolymeric particles (TEP) were stained 
with Alcian Blue solution (0.02% Alcian Blue, pH 2.5) 
according to Passow and Alldredge (1995). Filters were 
stored at - 20°C until further processing. Filters were 
then extracted with 6ml of 80% H^SO^ for 2 hours, in the 
dark with constant stirring. Absorbance of triplicate 
samples was measured against a distilled water blank at 
787 nm. The calibration was made using Xanthan Gum 
solution. Results are expressed as Xanthan Gum weight 
équivalent per litre (XAGeq L ').

2.4. Microorganisms

For the détermination of chlorophyll a and 
énumération of microorganisms, ice core sections were 
melted in the dark at 4°C in seawater prefiltered through
0.2 pm polycarbonate filters (1:4 v:v).

2.4.1. Chlorophyll a and Algae

Samples were filtered on 10 pm Nuclepore filter and 
then on 0.8 pm Nuclepore filter to collect algae > 10 pm 
on the first filter and 0.8 pm < algae < 10 pm on the 
second filter. Chlorophyll a (Chl a) was extracted in 90% 
v:v acetone in the dark at 4°C for 24 h, and quantified 
fluorometrically in each size-fraction according to 
Yentsch and Menzel (1963). Samples for microscopie 
observations of algae were preserved with 
gluteraldehyde-Lugol’s solution (1% final concen
tration). Algae taxonomie composition were studied by 
inverted light microscopy (100 x magnification and 320 
x magnification) according to the method of Utermôhl 
(1958).

2.4.2. Bacteria

Samples for bacterial analyses were preserved with 
40 % buffered formaldéhyde (final concentration 2 %). 
Bacteria were enumerated by epifluorescence 
microscopy after DAPI staining (Porter and Feig 1980). 
A minimum of 1000 cells was counted in at least 10 
different fields at lOOOx magnification. A relative 
standard déviation of 15% (n = 20) was estimated on the 
bacterial abundance détermination. Bacterial biovolumes 
were determined by image analysis (Lucia 4.6 software) 
and calculated by treating rods and cocci as cylinders 
and spheres, respectively (Watson et al. 1977). They 
were converted to carbon biomass by using the relation 
established from data measured by Simon and Azam 
(1989): C= 92 V“*‘" where C is the carbon per cell (fg C 
cell ') and V is the biovolume (pm’).
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3. Results

3.1. Particulate fraction

In bulk sea ice, concentrations of particulate organic 
carbon (POC) ranged between 10.2 and 117.9 pM C 
(médian 37.4 pM C) at Brussels Station and between 
10.1 and 113.5 pM C (médian 25.1 pM C) at Liège 
Station (Tables 2 and 3). At Brussels Station, the 
distribution of POC in sea ice was relatively 
homogeneous on a vertical scale, meaning that no large 
accumulation as compared to interior layers was 
observed in surface and bottom layers (Figure 1). 
Concentrations increased from the first to the fourth visit 
at Brussels, where concentrations hâve doubled in upper 
layers compared to the third visit. POC is still high on 
the last visit to Brussels. By contrast, the distribution of 
POC in Liège sea ice presented higher concentration in 
the surface layer and lower levels in the internai or 
bottom layers (Figure 2). At Liège, POC decreased in the 
bottom layer during the period of investigation. POC 
measured in shallow (15 cm) and deep (40 cm) brines 
ranged between 10.1 and 55.3 pM C (Brussels, médian

30.4 pM C) and between 7.6 and 144.4 pM C (Liège, 
médian 30.8 pM C) (Tables 2 and 3). In seawaters, 
average POC varied between 0.7 and 1.5 pM C 
(Brussels) and between 0.8 and 1.6 pM C (Liège) (Table 
4).

In bulk sea ice, particulate saccharides (p-TCHO) 
made up in average 10.1% (médian) of POC (range 5.9 - 
16.1%) at Brussels and 5.8% (médian) of POC (range
3.0 — 10.3%) at Liège. The %p-TCHO/POC was thus ca. 
twice at Brussels as compared to Liège. Concentrations 
varied between 0.60 and 12.81 pM C (médian 3.93 pM 
C) and between 0.42 and 10.07 pM C (médian 1.75 pM 
C) at Brussels and Liège respectively (Tables 2 and 3). 
The vertical distribution of p-TCHO was similar to that 
one of POC. In brines, p-TCHO ranged between 0.8 and
5.4 pM C (Brussels) and between 1.4 and 29.2 pM C 
(Liège) (Tables 2 and 3). In seawater, p-TCHO 
accounted for 3.6% (0.4 - 10.6%) and 6.8% (0.3 - 
11.8%) of POC at Brussels and Liège respectively with 
concentrations ranging from <dl to 0.14 pM C (médian 
0.02 pM C) and from <dl to 0.19 pM C (médian 0.08 pM 
C) (Table 4).

Table 2: Main sea ice physical properties (depth, température, salinity and brine volume) along with sea ice concentrations of chlorophyll a (Chl a), 
particulate organic carlxin (POC), dissolved organic carbon (DOC), particulate saccharides (p-TCHO), dissolved saccharides (d-TCHO), transparent 
exopolymeric particles (TEP) and bacterial biomass (BB) for Brussels station sampled during SIMBA in bulk sea ice (bulk SI) and brines (BR).
ND: not determined

depth Chl a 
cm

depth OM
cm

temp sal V,
%

Chl a
PgL'

POC 
UM C

DOC
UMC

TEP
MR XAG L '

p-TCHO
mMC

d-TCHO
mMC

BB
Kg CL'

Brussels 1 Bulk 0-10 0-10 -2.8 9.6 17.1 8.4 37.4 62 28.1 3.2 14.0 36.1
JD: 274 SI 10 20 10 20 -1.9 8.7 23.1 12.8 61.9 97 10.8 5.6 11.9 23.0

20-30 20-30 -1.8 5.8 15.9 6.1 13.5 37 5.5 2.0 4.4 24.8
30-40 30-40 -1.7 5.3 15.8 3.4 17.2 27 3.9 1.0 7.0 6.9

40-51.5 40-52.5 -1.7 4.9 14.9 4.2 26.4 40 4.2 2.3 8.2 19.6
51.5-61.5 -1.6 4.7 14.9 8.4

BR 15 36.7 3.3 30.0 ND 15.0 2.1 3.2 ND
40 36 3.8 38.2 ND 17.6 3.2 5.0 ND

Brussels 2 Bulk 0-10 0-10 -3.6 11.5 15.8 11.9 34.0 80 ND 4.3 18.1 17.7
JD: 279 SI 10 20 10 20 -3.0 5.2 8.4 1.9 12.4 39 ND 1.2 5.9 11.7

20-30 20-30 -3.1 5.0 7.8 1.7 10.4 48 ND 0.9 6.4 13.4
30-40 30-40 -2.3 3.9 8.2 1.4 10.2 50 ND 0.6 10.0 22.8

40-53.5 40-55 -2.0 4.0 9.7 7.0 17.3 78 ND 1.9 21.2 25.6
53.5-63.5 55-65 -1.6 4.6 14.3 12.2 14.9 57 ND 1.8 18.9 17.0

65-75 -1.6 4.6 14.3 29.8 60 ND 3.9 12.9 26.1
BR 15 65.7 1.4 28.6 ND 10.8 2.6 4.6 ND

40 65 0.9 19.7 ND 28.2 2.3 4.9 ND

Brussels 3 Bulk 0-10 0-10 -3.2 11.1 17.0 6.6 40.4 96 173.4 4.2 22.0 23.8
JD: 284 SI 10 20 10 20 -2.9 9.7 16.3 1.9 38.4 99 147.7 4.1 13.8 32.3

20-30 20-30 -2.5 5.1 9.9 2.3 30.1 55 60.5 2.9 14.3 9.4
30-40 30-40 -2.3 5.6 11.9 2.7 25.0 46 49.8 2.3 9.4 19.6

40-52.5 40-48.5 -2.3 4.6 9.9 4.6 16.6 41 24.4 2.7 3.8 9.6
52.5-62.5 48.5-58.5 -2.1 4.0 9.4 16.0 38.4 57 40.0 3.9 7.1 16.0

BR 15 64.1 1.6 25.1 ND 16.8 2.2 4.7 ND
40 60 1.9 37.7 ND 14.7 2.5 6.3 ND

Brussels 4 Bulk 0-10 0-10 -5.8 8.1 6.9 13.0 89.3 232 97.3 10.6 84.5 77.9
JD: 289 SI 10 20 10 20 -4.8 4.5 4.7 2.6 96.1 172 74.5 12.8 76.3 51.4

20-30 20-30 -4.3 4.7 5.4 2.3 61.1 137 60.5 7.4 44.1 14.6
30-40 30-40 -3.3 4.8 7.1 4.9 71.7 132 22.8 7.2 41.1 29.3
40-48 40-49.5 -2.7 4.1 7.4 4.0 32.3 69 23.3 3.7 14.0 36.1
48-58 -2.3 3.6 7.8 8.3
58-68 -2.1 4.6 11.1 7.0

BR 15 86.4 2.9 55.3 ND 31.2 6.4 14.8 ND
40 36 0.8 10.1 ND 11.6 0.8 6.3 ND

Brussels S Bulk 0-10 0-10 -4.0 12.4 15.3 7.6 117.9 140 100.8 11.6 49.7 24.8
JD: 294 SI 10 20 10 20 -3.4 7.4 10.6 1.6 85.8 111 47.6 9.1 38.5 17.7

20-30 20-30 -2.9 5.9 9.8 1.4 50.6 54 23.5 4.7 18.9 17.2
30-40 30-40 -2.6 4.6 8.6 2.3 47.8 52 29.6 4.8 22.3 53.4
40-50 40-49.5 -2.8 3.9 6.8 2.9 89.0 75 40.5 5.3 35.0 24.0
50-60 49-59 -1.8 3.5 9.8 10.9 49.8 50 31.5 4.2 20.5 28.9
60-70 -16 3.9 12.1 8.1

BR 15 66.1 ].] 30.7 ND 41.2 5.4 16.7 ND
40 66 1.4 38.7 ND 43.9 5.2 9.9 ND
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Table 3: Main sea ice physical properties (depth, température, salinity and brine volume) along with sea ice concentrations of chlorophyll a (Chl a), 
particulate organic carbon (POC), dissolved organic carbon (DOC), particulate saccharides (p-TCHO), dissolved saccharides (d-TCHO), transparent 
exopolymeric particles (TEP) and bacterial biomass (BB) for Liège station sampled during SIMBA in bulk sea ice (bulk SI) and brines (BR)._________

depth
Chia

cm

depth OM 
cm

temp
°C

sal V.
%

Chia
UgL'

POC
mMC

DOC
mM c

TEP
pg XAG V'

p-TCHO 
pM C

d-TCHO
pMC

BB
pg C L '

Liège 1 Bulk 0-10 0-10 -2.3 10.3 22.2 25.7 94.1 198 149 7.5 27.6 23.4
JD: 276 SI 10-20 12.9

20-30 12.6
30-40 30-40 -1.9 3.9 10.2 19.6 24.3 34 138 1.3 19.7 19.2
40-50 40-50 -1.9 3.0 7.8 8.2 25.6 56 181 2.1 18.9 15.6
50-52 11.7
52-62 12.6
62-72 62-72 -1.9 2.7 7.1 15.3 24.6 27 142 1.5 4.3 35.5
72-82 5.3
82-92 82-92 -1.8 2.9 7.8 2.1 13.1 45 130 0.6 2.2 5.3

92-102 1.5
102-112 102-112 -1.7 2.9 8.4 1.4 46.2 45 117 3.6 4.6 20.9

BR 15 38.2 45.9 144.4 ND 119 29.2 14.5 ND
60 38 29.8 141.2 ND 112 26.7 17.3 ND

Liège 2 Bulk 0-10 0-10 -2.2 12.1 28.2 10.7 109.2 195 129 6.3 55.8 46.1
JD: 281 SI 10-20 8.5 189 22.2

20-30 9.9 164 6.0
30-40 30-40 -1.8 4.7 12.9 9.7 23.3 65 44 1.4 18.2 14.5
40-50 40-50 -2.1 3.8 8.9 7.4 35.7 90 31 2.1 27.1 7.2

50-54.5 6.3 41
54.5-60 2.1
60-70 62-72 -2.0 3.1 7.5 6.5 20.8 43 47 1.1 6.7 26.4
70-80 1.8 40
80-90 82-92 -1.4 3.1 11.0 2.2 30.1 60 79 2.2 22.2 46.5

90-100 -1.5 3.1 10.6 1.8 30 27.3
100-110 102-112 -1.5 3.1 10.6 1.4 36.8 71 28 2.5 10.3 47.8

BR 15 46.0 1.8 55.4 ND 53 5.8 9.5 ND
60 34 1.6 30.6 ND 16 3.6 15.8 ND

Liège 3 Bulk 0-10 0-10 -3.0 8.8 14.4 9.2 79.9 155 86 7.3 66.4 38.1
JD: 286 SI 10-20 7.6

20-30 9.0
30-40 30-40 -2.3 3.8 8.3 5.3 48.8 125 28 2.8 43.6 21.4
40-50 40-50 -2.2 3.7 8.4 4.8 42.1 112 4 2.5 43.4 21.2
50-66 57-67 -2.0 4.2 10.2 4.4 18.8 41 1.1 5.1
66-76 -1.9 3.1 8.1 2.1 7 24.9
76-86 77-87 -1.8 2.7 7.5 1.1 10.5 23 0.8 2.1
86-96 -1.9 2.7 6.9 2.0 11 13.6

97-107 -2.1 3.1 7.3 13.8 23 8 0.4 1.6 14.3
BR 15 45.0 1.6 32.8 ND 34 9.0 16.4 ND

60 44 3.3 31.0 ND 48 8.7 22.7 ND

Liège 4 Bulk 0-10 0-10 -3.7 8.9 11.9 4.8 73.1 122 125 7.5 34.5 76.6
JD: 291 SI 10-20 3.8

20-30 2.2
30-40 30-40 -2.7 3.9 7.1 4.1 20.5 47 59 1.8 17.5 23.9
40-50 40-50 -2.2 3.4 7.5 5.9 21.2 37 17 1.2 16.0 17.8

50-63.5 -1.8 3.3 8.9 6.5
63.5-73.5 65-75 -1.8 3.9 11.0 2.6 19.4 25 23 1.4 4.2 37.9
73.5-83.5 75-85 -1.8 3.2 8.7 2.2 10.1 11 28 0.4 3.6 25.7
83.5-93.5 -1.7 3.4 9.7 3.3

93.5-
103.5 95-105 3.1 9.2 2.5 16.1 9 33 0.5 1.1 20.8

BR 15 65.4 0.4 8.8 ND 21 1.4 17.8 ND
60 59 0.4 7.6 ND 16 1.9 11.5 ND

Liège S Bulk 0-10 0-10 -1.9 10.0 26.5 9.7 113.5 119 182 lO.I 51.2 15.7
JD: 296 SI 10-20 11.9

20-30 9.6
30-40 30-40 -1.8 3.7 10.5 7.3 94.0 102 62 5.5 68.5 45.2
40-50 40-50 -1.9 3.1 8.1 5.1 64.5 80 53 3.7 42.1 28.2
50-61 -2.0 2.4 5.9 4.8
61-71 62-72 -1.9 2.6 6.6 5.8 35.7 35 26 1.7 8.7 4.7
71-81 72-82 -1.9 3.3 8.5 4.2 20.1 41 65 1.2 8.1 24.7
81-91 -1.9 2.9 7.6 2.1

91-101 92-102 -1.8 4.0 11.0 8.2 23 92 5.1 35.1
BR 15 40.7 0.3 14.2 ND 49 2.8 15.5 ND

60 44 0.7 11.3 ND 22 1.8 14.9 ND
ND: not determined
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Figure 1: Distribution of a) particulate organic carbon (POC), b) dissolved organic carbon (DOC), c) particulate saccharides (p- 
TCHO), d) dissolved saccharides (d-TCHO) and e) transparent exopolymeric particles (TEP) in sea ice at Brussels for the 5 
sampling times.
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Figure 2: Distribution of a) particulate organic carbon (POC), b) dissolved organic carbon (DOC), c) particulate saccharides (p- 
TCHO), d) dissolved saccharides (d-TCHO) and e) transparent exopolymeric particles (TEP) in sea ice at Liège for the 5 sampling 
times.
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Table 4: Concentrations of chlorophyll a (Chl a), particulate organic carbon (POC), dissolved organic carbon (DOC), particulate saccharides (p- 
TCHO), dissolved saccharides (d-TCHO), transparent exopolymeric particles (TEP) and bacterial biomass (BB) for seawaters from 0 to 30 m 
(average +/- standard déviation) of Brussels and Liège stations sampled during SIMBA.

Julian Days Chl a 
IxgL'

POC 
uM C

DOC 
uM C

p-TCHO
uMC

d-TCHO
UMC

BB
agCL'

Brussels 1 274 0.01 ± 0.00 0.70 ±0.13 54 ±6 0.02 ± 0.01 4.2 ±0.3 2.2 ± 0.4
Brussels 2 279 0.03 ± 0.00 0.71 ±0.11 54 ± 1 0.01 ± 0.00 5.2 ± 1.0 3.4 ± 1.5
Brussels 3 284 0.12 ±0.00 1.09 ± 0.07 52 ±0 0.01 ± 0.00 4.5 ± 1.5 1.5 ±0.5
Brussels 4 289 0.17±0.01 1.54 ±0.25 55 ±6 0.11 ±0.03 4.9 ± 0.3 1.4 ±0.5
Brussels 5 294 0.04 ± 0.00 0.63 ±0.12 52± 11 0.05 ± 0.02 5.0 ±0.6 2.2 ± 1.3

Liège 1 276 0.04 ± 0.02 1.05 ±0.15 52 ±5 0.04 ±0.01 3.3 ±0.6 2.4 ± 0.4
Liège 2 281 0.05 ± 0.03 1.05 ±0.53 53 ±6 0.04 ±0.04 4.1 ±0.5 2.4 ±0.8
Liège 3 286 0.14 ±0.01 1.61 ±0.19 54 ±4 0.16 ±0.06 4.3 ± 0.3 1.5 ±0.5
Liège 4 291 0.10 ±0.00 0.96 ±0.18 56 ±8 0.09 ± 0.00 4.1 ±0.9 2.7 ±0.5
Liège S 296 0.06 ± 0.00 0.75 ±0.14 50 ±4 0.05 ± 0.02 3.8 ±0.1 1.5 ±0.4

3.2. Dissolved fraction

In sea ice, concentrations of dissolved organic carbon 
(DOC) ranged between 27 and 232 nM C (médian 60 
|iM C) at Brussels Station and between 9 and 198 |rM C 
(médian 46 )iM C) at Liège Station (Tables 2 and 3). 
Here also, the vertical distribution of DOC in sea ice of 
Brussels and Liège was similar to the one of POC 
(Figures 1 and 2). As for POC, no accumulation in a 
particular layer is observed at Brussels Station (Figure
1) . Similarly DOC increased from the first to the fourth 
visit where concentrations were maximal, twice the 
levels of the third visit. At Liège, the distribution of 
DOC in Liège sea ice presented higher concentration in 
the surface layer and they decreased towards bottom of 
the ice core. Between the second and fourth visit, a 
decrease of the concentrations in surface and bottom 
layers was observed. In the internai layers, the profiles 
varied more randomly. In seawaters, average DOC 
ranged from 52 to 55 pM C (Brussels) and from 50 to 56 
pM C (Liège) (Table 4).

In sea ice, dissolved saccharides (d-TCFIO) made up 
in average 22.8% (médian) of DOC (range 9.1 - 46.9%) 
at Brussels and 28.2% (médian) of DOC (range 5.0 - 
67.2%) at Liège. Concentrations varied between 3.8 and
84.5 pM C (médian 14.3 pM C) and between 1.1 and
68.5 pM C (médian 16.8 pM C) at Brussels and Liège 
respectively (Tables 2 and 3). At Brussels, 
concentrations highly increased at the fourth visit, about 
4 times greater than the values measured on the third 
visit (Figure 1). On the last time, concentrations were 
still higher than at the beginning but smaller than on visit
4. At Liège higher concentrations were observed in 
surface and lower values in the bottom half ice (Figure
2) . In brines, d-TCHO ranged between 3.2 and 16.8 pM 
C (Bmssels) and between 9.5 and 22.7 pM C (Liège) 
(Tables 2 and 3). In seawater, d-TCHO accounted for 
8.4% (6.6 - 12.8%) and 7.3% (5.4 - 9.0%) of DOC at 
Brussels and Liège respectively with concentrations 
ranging from 3.5 to 6.3 pM C (médian 4.7 pM C) and 
from 2.7 to 5.0 pM C (médian 3.9 pM C) (Table 4). The 
dissolved saccharides were composed of 
monosaccharides for 37.8% (médian, range 21.8 - 
52.9%) and 28.9% (médian, range 15.0 - 63.7%) in sea 
ice of Brussels and Liège. In the corresponding 
seawaters, monosaccharides accounted for 55.4% 
(médian, range 31.1- 83.1%) and 40.6% (médian, range
26.3 - 74.0%).

3.3. Transparent Exopolymeric Particles

TEP concentrations in sea ice ranged from 3.9 to
173.4 pg XAG eq L ' (médian 35.7 pg XAG eq L ') and 
from 4.3 to 189.4 pg XAG eq L ' (médian 52.8 pg XAG 
eq L ') at Brussels and Liège respectively (Tables 2 and
3). In Brussels sea ice, the smallest concentrations were 
observed on first visit and the highest concentrations 
were observed at the third visit of Brussels (Figure 1). At 
Liège, the highest concentrations were recorded at the 
first visit in ail the ice layers and then TEP were higher 
in surface layers (Figure 2). In brines TEP ranged 
between 10.8 and 43.9 pg XAG eq L ' (Brussels) and 
between 16 and 119 pg XAG eq L ' (Liège) (Tables 2 
and 3). In seawaters, TEP do not reach more than ca. 5 
pg XAG eq L '.
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Figure 3: Distribution of chlorophyll a (Chl a, pg L ') in sea ice at 
Brussels (left) and Liège (right) for the 5 sampling times. Chl a 
associated to algae with a size between 0.8 - 10 pm is in black and 
Chl a associated to algae with a size > 10 pm is in grey.

Figure 4: Distribution of bacterial biomass in sea ice at 
Brussels (left) and Liège (right) for the 5 sampling times.
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3.4. Algae

The chlorophyll a (Chl a) ranged respectively from
1.4 to 16.0 pg L ' (médian 4.7 pg L ') and from 1.1 to
25.7 pg L ' (médian 5.3 pg L ') at Brussels and Liège 
stations (Tables 2 and 3). The vertical distribution of Chl 
a was rather homogeneous along the ice core of Brussels 
with still lower values in internai layers (Figure 3). At 
Liège the highest concentrations were observed in the 
surface layers of the first visit and then decreased 
towards the bottom of the ice cover (Figure 3). In brines 
Chl a ranged between 0.8 and 3.8 pg L ' (Brussels) and 
between 0.3 and 45.9 pg L ' (Liège) (Tables 2 and 3). In 
seawaters from Brussels and Liège, concentrations 
varied respectively between 0.01 and 0.19 pg L ‘ (médian 
0.04 pg L ') and between 0.02 and 0.16 pg L‘‘ (médian 
0.07 pg L ') (Table 4). Higher seawater concentrations 
were measured at the third and fourth sampling time of 
both stations. The Chl a associated with algae > 10 pm 
dominated in sea ice (médian 77% for Brussels and 61% 
for Liège) while algae < 10 pm dominated in seawaters 
(médian 70% and 79% for Brussels and Liège). At 
Brussels, the surface algal community was composed of 
small diatom and nanoflagellates (dinoflagellates and 
naked flagelattes) and the bottom commimity was 
dominated be large diatoms, mainly Corethron sp. At 
Liège, the surface community was composed of 
dinoflagellates and Phaeocystis sp. cells while the 
bottom community was diatoms, mainly empty cells 
(frustules).

3.5. Bacteria

The bacteria were relatively equally distributed in ail 
ice layers at Brussels and Liège, except at the fourth visit 
where bacterial biomass was higher in the surface layers 
(Figure 4). Bacterial biomass ranged between 6.9 and 
77.9 pg C L ' (médian 23.0 pg C L ') at Brussels and 
between 4.7 and 76.6 pg C L ' (médian 23.4 pg C L ') at 
Liège (Tables 2 and 3). In seawater bacterial biomass 
represented between 0.7 and 4.7 pg C L ' (médian 1.9 pg 
C L ') and between 0.9 and 3.3 pg C L ‘ (médian 2.0 pg C 
L ') at Brussels and Liège respectively (Table 4).

4. Discussion

4.1. Description of sea ice physical properties and 
impacts on distribution of algae

The 2 sampled stations had contrasted physical 
characteristics in regards with ice texture and ice and 
snow thicknesses. Bmssels ice cores were 60 cm thick, 
mainly composed of columnar ice while Liège ice cores 
were twice as thick (120 cm), and composed of granular 
ice with different crystal sizes. The snow layer was also 
thicker at Liège than at Brassels. These contrasted 
characteristics mean that the genesis of the ice cover was 
different and possibly resulted in different initial 
incorporation/enrichment of the microbial community 
and organic matter (Weissenberger and Grossmann 
1998). Granular ice, associated with dynamic turbulent 
conditions, forms usually at high growth rates where 
very high concentration of cells are concentrated, by 
nucléation of frazil ice crystal or by scavenging of cells

as a frazil crystal float up through the water column 
(Eicken 2003). In contrast, slow columnar ice formation 
rejects algal cells in the initial growth period (Palmisano 
and Garrison 1993, Weissenberger and Grossmann 
1998). These différences in the ice formation could 
influence/control the distribution of sea ice 
microorganisms. Nevertheless, the initial concentration 
contrasts between textural units were probably damped 
as time goes by from autumn to the spring when the 
stations were sampled. In spring, the vertical distribution 
of algae might be controlled by the following key factors 
light, température, salinity and nutrients (Arrigo and 
Sullivan 1994). The major différence between Bmssels 
and Liège was not température, salinity, or inorganic 
nutrients concentrations but it was the availability of 
light within the ice core. Indeed the available light 
dépends on the type of ice, the ice interior stmcture 
(quantities of inclusions) but also on the snow 
accumulation on top of the ice (Eicken 2003). 
Accordingly, the vertical distribution of algae biomass 
(Chl a) was contrasted between both stations. Chl a was 
more homogeneously distributed in ice layers at Bmssels 
while a maximum concentration was observed in the top 
ice layer and very low values in the bottom half ice at 
Liège. The thicker ice and snow accumulation at Liège 
clearly explain the low algal presence in the bottom part 
of the ice cover. Besides the presence of the algal 
community in the surface ice layer of Liège further 
contributed to the light atténuation by the self-shading 
effect of algae (Palmisano et al. 1987). The algae 
observed in the bottom ice layers at Liège were little 
diverse and a lot of empty fmstules were observed. 
Oppositely the algae observed in the bottom ice layer at 
Bmssels were diverse and dominated by a large diatom 
species {Corethron sp.).

Moreover, at the beginning of the sampling period, 
corresponding to the austral spring, the ice cover of 
Bmssels and Liège was warm (isothermal) and porous; 
températures were above - 4°C and brine volumes were 
above 5% (Tison et al. 2008). During the investigation 
period, the ice cover was submitted at a flood-freeze 
cycle caused by the cooling of the air température which 
then cooled down the surface ice température, between 
the third and fourth visits of Bmssels (Tison et al. 2008). 
Brine salinities (initially similar to seawater value) 
drastically increased (Table 2), leading to increased brine 
instability. Brines moved downward the ice column and 
initiated a convection process (Tison et al. 2008) which 
might hâve contributed to the vertically-spread location 
of Chl a at Bmssels. At Liège this cold épisode was less 
marked because of the thicker snow layer, which buffer 
the beat transfer.

4.2. Concentration and composition of organic 
matter in sea ice and seawater

The dissolved organic carbon (DOC) and particulate 
organic carbon (POC) measured in sea ice at both 
stations were présent in excess of those levels predicted 
from dilution curves (results not shown). Their 
concentrations were up to respectively 4 and 128 times 
higher than the mean DOC and POC concentrations in 
seawaters, in agreement with literature data reporting a 
general accumulation of organic matter (OM) in sea ice
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(Thomas and Papadimitriou 2003, Dumont et al. 2009). 
Still the maximal concentrations measured in the présent 
study were not as high as some previously reported data 
from pack ice (Thomas et al. 2001, Dumont et al. 2009). 
Even low values similar or lower than seawater 
concentrations hâve been measured in some ice layers 
from Brussels and Liège. The same remark also holds for 
saccharides and transparent exopolymeric particles 
(TEP) values.

The sea ice DOCrPOC ratio, ranging from 1:1 to 5:1, 
was in the same range than the ratios already observed in 
the East Antarctic sector (1:1 to 4:1, Becquevort et al. 
2009). These sea ice DOC:POC ratios were also far 
lower than average DOC:POC ratio estimated for 
seawaters, respectively, 64:1 and 52:1 for Brussels and 
Liège and low in comparison to the oceanic value of 
15:1 (Millero 1996, Kepkay 2000a, b). This shows a 
différence in the partition of the organic carbon between 
the dissolved and particulate phase and the importance of 
the coagulation (DOC to POC) processes in sea ice. As 
reported by Vertugo et al. (2004), high polysaccharides 
concentration may spontaneously assemble into 
hydrogels, and forms TEP. TEP concentrations were 
indeed positively correlated with the total saccharides 
(dissolved + particulate) particularly in brines (Figure 5; 
Brussels ri=0.64, Liège: r^= 0.79) as found by Dumont et 
al. (2009) in sea ice, showing the saccharidic content of 
TEP (Passow 2002).

O Bulk sea ice 
• Brines 

-------r*=0.S4

O Bulk sea Ice 
• Brines 

------  r» = 0.79

Figure 5: Relationship between transparent exopolymeric 
particles (TEP) and total saccharides concentrations (dissolved 
+ particulate, d+p TCHO) for sea ice and brines samples at 
Brussels (left) and Liège (right).

The composition of the organic matter in sea ice is 
not particularly different as compared to the oceanic 
observations. In sea ice, particulate saccharides 
corresponded to 3 to 16 % of the POC in agreement with 
oceanic average (Volkman and Tanoue 2002) and 
previous ice studies (Dumont et al. 2009). The average 
contribution of dissolved saccharides to the DOC in sea 
ice, respectively 22.8 % (Brussels) and 28.2 % (Liège), 
was in the upper range of the oceanic literature average 
(10 - 25 %, Bermer 2002) and in agreement with the 
Work of Herborg et al. (2001) who found a mean 
contribution of 29 % for sea ice samples. Still 
percentages of dissolved saccharides up to 67% of DOC 
were observed in the présent study. So a high variability 
of this percentage has already been reported in sea ice 
studies (Thomas et al. 2001), where the % ranged 
between 1% and 99% of DOC. The saccharides usually 
constitute a major portion of POM as well as DOM

produced by phytoplankton (Benner 2002). The 
percentages observed here in sea ice OM are in 
agreement with estimations of the composition of 
phytoplankton exudates which reported that saccharides 
represent about 18-45% of POC and about 23-80% of 
DOC (Biddanda and Bermer 1997). The contribution of 
the saccharides to the OM pool in ice layers increased 
where higher algal biomass was présent (Dumont et al. 
2009). Nevertheless, the high contribution of saccharides 
to the dissolved organic matter pool observed here as 
compared to the study of Dumont et al. (2009) is 
suggested to be linked to a weaker degree of dégradation 
of the organic matter. Indeed when organic matter is 
remineralized by heterotrophic microorganisms, the 
saccharides eontent decreases as it is suggests by the 
decrease of the saccharides content of OM with depth in 
océan (Bermer 2002). The contributions of p-TCHO to 
the POC and of d-TCHO to the DOC tended to decrease 
towards the bottom of the Liège ice colurim. Under the 
same rationale, it could be linked to the low algal 
production in the bottom layer and thus presence of older 
OM in the bottom ice, with smaller percentage of 
saccharides.

The dissolved saccharides were composed of 
monosaccharides and polysaccharides. In sea ice, the 
monomeric compounds composed on average 37.8% 
(Brussels) and 28.9% (Liège) of the dissolved total 
saccharides. Polysaccharides were thus generally the 
dominant form as it was observed in spring/summer pack 
ice (Dumont et al. 2009). Still monosaccharides reached 
concentrations up to 40 pM C (Brussels 4) which is an 
unusual situation. Indeed usually dissolved free 
compounds such as neutral monosaccharides are 
considered as highly labile (Carlson 2002) and are found 
at nanomolar concentrations in aquatic Systems. In sea 
ice, such an accumulation of monosaccharides has 
already been reported by Herborg et al. (2001) and 
Dumont et al. (2009). This suggests that the conditions 
found in the sea ice envirorunent would be favourable to 
the accumulation of small organic molécules. The 
building up of the monomer concentration could be 
enhanced by the production of protective compounds by 
microorganisms and resuit from the limitation of 
heterotrophic activities (Thomas and Papadimitriou 
2003). No relationships between bacteria and OM were 
observed. The high bacterial biomass présent in sea ice 
seems not able to consume ail the available labile 
organic substrates. A likely limiting factor would be 
température as proposed by Pomeroy and Wiebe (2001) 
but also salinity or toxins as discussed in Dumont et al. 
(2009).

4.3. Distribution of organic matter in sea ice and 
controlling parameters

For a given station, the vertical distribution and time 
évolution were relatively similar for ail the fractions of 
OM (DOC, POC, d-TCHO and p-TCHO) (Figures 1 and
2). Also relatively good positive linear corrélations were 
observed between p-TCHO and POC [Figure 6; 
Brussels: r^ = 0.86 (sea ice) and 0.63 (brine); Liège: r^ = 
0.90 (sea ice) and 0.95 (brines)], d-TCHO and DOC 
(Figure 6; in sea ice: Brussels r^ = 0.86; Liège r^ = 0.65) 
and also between DOC and POC (Figure 6; Brussels: r^
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=0.60; Liège: = 0.76). Still the vertical distribution of
OM was different between Brussels and Liège stations. 
At Brussels, the OM was rather homogeneously 
distributed along the ice core and at Liège, the OM 
presented a maximum in surface layers and low values in 
the bottom layers, in agreement with the general Chl a 
distribution. At Bmssels, no accumulation in the bottom 
layer was observed, as previously observed for a similar 
length and texture ice core (Dumont et al. 2009). At 
Liège, the formation process of the ice cover, including 
rafting events as suggested by the varions granular ice 
types observed (Tison et al. 2008), may also be 
responsible for peaks of concentrations observed in some 
internai layers.

The algal activity is the main production process of 
organic matter in aquatic Systems (Nagata 2000). Despite 
a similar vertical distribution (see above), no significant 
corrélation between any organie matter pools and Chl a 
was observed as it could sometimes be observed in sea 
ice (Dumont et al. 2009). An important OM consomption 
by bacteria could explain that algae and OM not 
correlated together but as discussed here above this case 
seems not to apply here. It could then resuit from a 
variation of the OM production by algal cells: indeed 
different abiotie factors such as light, nutrients, 
température and salinity modified the physiological 
conditions of algal cells and subsequently the production 
of OM (Nagata 2000).

A close parallelism between the évolution of 
température (and associated brine volume and salinity 
parameters) and the behaviour of the organie compounds 
(peak of concentration at Bmssels 4) suggests a control 
of the OM production by the thermodynamic of the 
System. As already presented the ice cover relatively 
warm and permeable to gas exchanges at the beginning 
of the sampling period and was then cooled down 
between the third and fourth visits of Bmssels (Tison et 
al. 2008). The Liège station did not présent such a clear 
trend in the évolution of the OM; indeed the snow 
aceumulation on top of the ice buffered the beat transfer 
as also seen in the physical parameters (Tison et al.
2008). The cold épisode has indeed the effect to decrease 
the brine volume (Table 2) and to concentrate the brines 
as showed by the higher salinity measured inside the 
shallow brines (15 cm) at Bmssels 4 as compared to 
previous times (Table 2, Tison et al. 2008). Similarly the 
concentrations of OM, and in this case also Chl a, were 
higher in the shallow brines of Bmssels 4 (Table 2). We 
also observed the downward movement of brines with 
the salinity and concentrations in deep brines (40 cm) 
increasing at Bmssels 5. Still as the OM measurements 
were made on bulk ice samples (including brine and 
crystal ice matrix), the higher bulk ice concentrations 
observed at Bmssels 4 could not just be explained by the 
physical concentration process of brines. Indeed this 
process only changes the ratio of brine compared to the 
total ice volume and do not justify the large increase of 
bulk ice concentrations. It therefore implies that a supply 
of matter from somewhere should hâve occurred. At 
Bmssels, the freeboard was always slightly positive at 
period of investigation but maybe flooding of the surface 
layers could hâve occurred between 2 consecutive visits 
(Tison J-L person. comm.). Nevertheless considering 
that the concentrations of OM in seawater were smaller

than in sea ice, such an important enrichment of OM in 
sea ice seems unrealizable, unless sea ice could act as a 
filter concentrating organic matter deriving from 
seawater, by gélation or coagulation processes (Verdugo 
et al. 2004). Extrême physico-chemical conditions 
encountered in the sea ice could favour these processes.

POC (mM) POC (mM)

DOC (pM) DOC (pM)

POC (pM) POC (pM)

Figure 6: Relationships between particulate saccharides (p- 
TCHO) and particulate organic carbon (POC), total dissolved 
saccharides (d-TCHO) and dissolved organic carbon (DOC) 
and DOC and POC in sea ice and brines samples at Brussels 
(left) and Liège (right).

Altematively, such a cooling down of the ice 
température and increasing brine salinity likely stressed 
the sea ice microorganisms. The stress maybe triggered 
protective reactions from microorganisms which 
potentially secrete more protective compounds in 
response to environmental stress (Thomas and 
Papadimitriou 2003, Krembs and Deming 2008). The 
production of TEP by algae is indeed enhanced in 
response to extemal stress in order to protect the cells 
from damages (Krembs and Deming 2008). TEP are 
présent in sea ice (Krembs and Engel 2001, Meiners et 
al. 2004, Mancuso-Nichols et al. 2005, Riedel et al.
2007) and has been observed as an important 
extracellular component for cold adaptation in ice by 
protecting microorganisms and altering sea ice 
environment (Krembs et al. 2000, 2002, Collins et al.
2008) . The ratios of TEP/Chl a were smaller in the
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Figure 7: Relationships between transparent exopolymeric 
particles (TEP) and sea ice température and between ratio 
TEP/ChI a and température in sea ice from Brussels

présent study (mean 14.9, range 0.9 - 77.8 at Brussels; 
mean 15.7, range 0.9 - 86.3 at Liège) than previously 
observed in end winter/early spring (mean 535, range
19.8 - 2529, Dumont et al. 2009) and spring/summer 
(mean 168, range 0.7 - 959, Dumont et al. 2009), still 
these ratios highly increased at Brussels 3 at the 
beginning of the cooling event. We observed that at 
Brussels, TEP concentrations increased when 
température decreased from - 2°C to - 6°C (Figure 7, 
1^=0.67 when excluding 2 data corresponding to surface 
ice layer of Brussels 3). No such trend was visible at 
Liège (not shown) which can be explained by the less 
cold température (ca. - 2°C) of the ice column there. 
Similarly the ratio TEP/Chl a also tend to increase with 
decreasing température (Figure 7, r^= 0.26 excluding the 
same 2 data as above). A similar increase of TEP/Chl a 
with decreasing température was observed in the pack 
ice région off East Antarctica (110°E-130° E) (van de 
Merwe under review). The abrupt cooling and 
subséquent brine salinity increase likely strongly 
enhanced the production of TEP by algae (high TEP/Chl 
a at Brussels 3). Strikingly higher concentration of OM 
but also of dimethylsulfoniopropionate (DMSP) and its 
breakdown product dimethylsulfide (DMS) (Brabant et 
al. person. comm.) were measured in ail sea ice of 
Brussels 4. Oppositely the concentration of Chl a seems 
less affected by the thermodynamic of the sea ice 
System. As reported by Stefels et al. (2007), the 
production of DMSP by algae is controlled by abiotic 
parameters too. In Phaeocystis cultures, an increase of 
salinity resulted in an exponential increase of 
intracellular DMSP (Stefels et al. 2007). And as for TEP, 
the ratio of DMSP per C algal biomass increased at low 
température (van Rijssel and Gieskes 2002).

5. Conclusions
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Abstract

The influence of the melting of sea ice on planktonic microorganisms (algae, bacteria, protozoa) from the 
ISPOL drifting station in the Weddell Sea was studied, thanks to microcosm experiments realized under controlled and 
trace-metal clean conditions. A “direct melting” experiment was performed onboard to study the effects from the 
release of ice microorganisms, organic and inorganic nutrients on the planktonic community and to follow the évolution 
of the ice-derived microorganisms. The sea ice inoculum was an important source of microorganisms, organic matter 
and iron (Fe) for the seawater ecosystem as indicated by the ability of sea ice microorganisms to thrive in seawater and 
the enhanced microbial growth in presence of ice-derived components. A “sequential melting” experiment was then 
realized in the laboratory to study the timing of release of ice components. Brine drainage and the maximum release of 
Fe occurred first, but Fe release lasted longer until maximum release of particulate and dissolved organic carbon (POC 
and DOC) were observed. This timing of release of the different éléments présent in the ice cover is likely favourable to 
the development of blooms in the marginal ice zone in Antarctica.

Keywords: sea ice; microorganisms; melting; microcosms; iron

1. Introduction

In polar ecosystems, the annual formation and 
subséquent melting of the ice sheet closely couples sea 
ice and planktonic ecosystems. Both physical and 
biological processes are largely influenced by these 
interactions and finally resuit in huge implications not 
only for the Southern Océan but also for the global 
climate (Brlerley and Thomas 2002). At the time of ice 
formation, microorganisms présent in seawater are 
incorporated into the ice sheet and can further develop 
into this new environment. Despite extreme conditions 
(e.g. température, salinity, pH...), the sea ice 
environment brings some advantages such as physical 
support for growth, favourable conditions of light, 
hibernation ground as well as protection against grazers 
(Lizotte 2003), which lead to large biomasses of 
microorganisms. When sea ice melts, these micro
organisms are released into the water column. Because 
the sea ice sheets drift (e.g. Heil and Allison 1999) the

place where microorganisms are released can be 
different from the initial location of entrapment of 
microorganisms (Smetaeek et al. 1992 in Leventer 
2003).

The annual sea ice retreat has a major impact on the 
formation of ice-edge plankton blooms (Smith and 
Nelson 1986, Lancelot et al. 1993), especially in the 
High Nutrient Low Chlorophyll (FfNLC) Southern 
Océan, where phytoplanktonic biomass remains low 
throughout the year. The circumpolar marginal ice zone 
has been reported as a région of important phyto
planktonic development (Arrigo et al. 2008), owing to 
the formation, at the time of sea ice melting, of a shallow 
vertically stabilized upper layer resulting from the 
production of meltwater and the subséquent release of 
sea ice microbial assemblages. Yet, the fate of the ice 
microorganisms released in the water column is 
uncertain (Kuosa et al. 1992, Froneman et al. 1996).
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Some studies reported a similarity between ice and water 
microbial community (Mathot et al. 1991, Knox 1994, 
Gleitz et al. 1996), suggesting the possibility for ice 
algae to thrive in the water column and initiate 
phytoplanktonic blooms. Still other fates like 
sédimentation of large or aggregated cells (Riebesell et 
al. 1991) or consumption by pelagic grazers like krill 
(Marschall 1988) or copepods (Fransz 1988) could 
hamper the initiation and duration of these blooms.

Besides microorganisms, the armual ice melting also 
releases organic matter (Giesenhagen et al. 1999) and 
micro-nutrients, such as iron (Fe) (Lannuzel et al. 2008), 
in the water column. Indeed within the sea ice 
ecosystem, a highly concentrated System in tenus of 
microorganisms, organic matter and Fe is found as 
compared to the water column (Thomas and 
Papadimitriou 2003, Lannuzel et al. 2007, 2008). In 
particular, the organic matter pool of the sea ice is 
characterized by the presence of transparent 
exopolymeric particles (TEP) which form a gel phase 
into the ice (Thomas and Papadimitriou 2003, Krembs 
and Deming 2008, Dumont et al. 2009). This kind of 
organic matter may be involved in the modification of 
the trophic relationships (Becquevort et al. 2009) and in 
Fe solubility and bioavailability (Hassler and Schoemann
2009) but also in aggregation processes (Passow 2002). 
In sea ice, dissolved iron could be complexed to organic 
ligands (Schoemann et al. 2008) as for more than 90% of 
dissolved iron (dFe) in océan surface water (Wu and 
Luther 1995, Boyé et al. 2001). Such a complexation 
could influence the bioavailability of Fe (Maranger and 
Pullin 2003) and keeps Fe into solution, avoiding loss by 
précipitation and adsorption onto particles. The puise of 
nutritive éléments at the time of ice melting certainly 
influences the pelagic microbial community but the 
extent of such a process remains unknown.

Diverse laboratory experiments aiming to understand 
the mechanisms of control of ice-edge plankton blooms 
hâve been reported in the literature (Mathot et al. 1991, 
Riebesell et al. 1991, Kuosa et al. 1992, Giesenhagen et 
al. 1999). These scarce studies focussed on the Atlantic 
sector of the Southern Océan and on the Weddell Sea. In 
each of these studies, the experimental protocols were 
adapted according to the spécifie goals: Mathot et al. 
(1991) simulated the seeding of sea ice algae in filtered 
seawater and provided information on the potential 
photosynthetic activity and growth of the sea ice algae 
released in a planktonic environment, while Riebesell et 
al. (1991) assessed the aggregation potential of ice algae 
by using rolling tanks. Kuosa et al. (1992) performed 
aquarium experiments involving addition of unfiltered 
brown ice/slush into seawater to study the impact of sea 
ice microorganisms on the pelagic System. Similarly, 
Giesenhagen et al. (1999) realized microcosm 
experiments in order to discriminate the effects of the 
supply of organic matter from the effects of 
microorganisms, and further investigated the loss by 
sédimentation and/or grazing by copepods.

However, none of these studies hâve been conducted 
under trace-metal clean conditions, and their results 
therefore hâve to be considered cautiously as Fe 
availability is known to co-limit primary production in 
the Southern Océan. In addition, the sequence at which 
the nutritive éléments (OM and Fe) and the

microorganisms accumulated in sea ice are released into 
the underlying seawater, while being crucial, has not 
been documented so far. The balance and the time 
elapsed between each of these processes still need 
further investigation to elucidate the ice-ocean 
interactions as it is essential to understand the Antarctic 
ecosystem as a whole.

This study présents results from two types of 
microcosm experiments realized under trace-metal clean 
conditions, using sea ice and seawater collected during 
the Ice Station POLarstem (ISPOL) drifting station 
(Hellmer et al. 2008). First, at two different times during 
the spring-summer transition, we performed onboard 
microcosm experiments designed to study the impact on 
the pelagic ecosystem of microorganisms, organic matter 
and Fe released from sea ice. Then, a complementary 
experiment was conducted in the home laboratory to 
study the sequence of release of each of these 
components during the ice melting. The temporal 
évolution of physical and biological properties of sea ice 
and underlying seawater in the Western Weddell Sea 
(i.e. ISPOL drifting station) is also presented in the 
présent paper.

2. Materials and Methods

2.1. Field sampling and biological properties of the 
study area

Samples were collected in the pack ice zone during 
the ISPOL (Ice Station POLarstem) craise aboard the 
RV Polarstem in the Western Weddell Sea, Antarctic 
Peninsula {68°S, during spring-summer, in
November-December 2004. During the ISPOL cmise, 
the RV Polarstem was anchored to a large ice floe (few 
km in size) in order to follow the temporal variations of 
the physical and biological atmospheric-ice-ocean 
processes at a drifting station during the transition from 
austral spring to summer (Hellmer et al. 2008). The 
sampling was conducted in a 20 m x 20 m sampling site, 
located 1 km away from the ship, using précautions to 
avoid trace métal and organic matter contamination 
(Lannuzel et al. 2006, Dumont et al. 2009). The 
operators on-site were donned with clean room garments 
(Tyvek overall, overshoes and polyethylene gloves) and 
an electropolished stainless-steel corer (14 cm diameter) 
was used to collect the ice cores (Lannuzel et al. 2006).

Ice cores were eut into 6 sections of 6 cm thick each, 
transferred into acid washed polyethylene containers and 
further treated as described below for the analysis of 
inorganic nutrients, chlorophyll a (chl a), and 
microscopie investigations. For dissolved organic carbon 
(DOC) and particulate organic carbon (POC) 
détermination, sea ice sections were transferred into 
glass beakers pre-combusted at 450°C for 4 h. Under-ice 
seawater (0 m, -1 m and -30 m) was collected using a 
portable peristaltic pump (Cole-Parmer, Masterflex E/P) 
and acid cleaned tubing. Seawater samples were 
transferred into acid-washed bottles abundantly rinsed 
with the collected samples. Samples were collected on 
seven occasions, between the 29.11.04 and 30.12.04, at 
regular intervals (usually every five days) for the 
analysis of the distribution of the microbial communities.
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2.2. Experimental design of melting expérimenta

2.2.1. “Direct” melting 2.2.2. Sequence of melting

The set-up of this microcosm experiment was 
realized according to the procedure of Mathot et al. 
(1991) and Giesenhagen et al. (1999) in order to simulate 
the melting of the ice. AU précautions as described in 
Lannuzel et al. (2006, 2008) were taken in order to 
prevent trace métal contamination during sampling in the 
field and further handling onboard was conducted in a 
clean container within a class 100 laminar flow hood. 
The experiment has been conducted twice, using sea ice 
(bottom ice) and seawater (- 30 m depth), sampled on
09.12.04 (sériés a) and on 25.12.04 (sériés b). Seawater 
was pre-filtered by means of 0.2 pm membrane 
cartridges (Sartobran 300 stérile capsule). A section of 5 
cm of bottom sea ice was thawed in filtered seawater 
(1:4, v:v) at room température in the dark in an acid 
cleaned container. One litre of this homogenized sea ice 
solution (sea ice + seawater) was then filtered onto 0.2 
pm polycarbonate filter.

Four treatments were applied concomitantly in 20 L 
polycarbonate bottles during this experiment (see Table 
1). The first microcosm, Ml, only contained unfiltered 
seawater and served as a control to simulate the 
évolution of the planktonic community. The second 
microcosm, M2, consisted of a mix of IL of sea ice 
solution and 20L of seawater (1:100, v;v) and was meant 
to mimic “natural” conditions, i.e. the melting of 10 cm 
of bottom ice in a water mixed layer of 10 m. The third 
microcosm, M3, aimed at studying the fate of sympagic 
organisms without the influence from the planktonic 
organisms. In this case, IL of sea ice solution was added 
to 19.5L of filtered seawater. Finally, the fourth 
microcosm, M4, contained 20L of seawater amended 
with IL of filtered sea ice solution, in order to simulate 
the seeding of dissolved components such as dissolved 
organic matter (DOM), and dissolved iron from the ice 
cover into the pelagic System. The microcosms were 
incubated at -1°C and under a continuons light intensity 
of 45 pE m^ s '. The microcosms hâve been sub-sampled 
for about 10 days in order to follow the évolution of 
DOC, POC, and microorganisms (algae, bacteria and 
protozoa). Major inorganic nutrients and total 
dissolvable Fe (TDFe, unfiltered, pH 1.8) were measured 
at the start of the two experiments.

Table 1: Set-up of the direct microcosms experiment, sériés a 
(09.12.04) and b (25.12.04)______________________________________

Microcosm Type of 
water

Type of 
addition of 
melted ice

Comments

Ml unfiltered none Pelagic biota évolution 
without sea ice

M2 unfiltered unfiltered “Natural” simulation

M.1 filtered 
(0.2 pm) unfiltered Ice biota évolution in 

seawater

M4 unfiltered filtered
(0.2pm)

Impact of dissolved 
constituents from the ice 
(dFe and DOM) 
on pelagic biota

In order to study the temporal sequence of release of 
ice components (microorganisms, organic matter and 
iron), an experiment under controlled and trace-metal 
clean conditions was realized in the laboratory. The 
conceived de vice (Figure 1) enabled to realistically 
simulate the physical melting of sea ice, i.e. in triggering 
melting due to the increase of the air température 
without increasing the seawater température. Seawater 
(13.5 L, collected during the CLIVAR SR3 cruise in the 
Antarctic Pacific sector {135-150°E) in December 2001, 
[dFe] = 1.05 nM) was transferred in a high density 
polyethylene (HDPE) container, at 2°C, in the dark, 
under constant mixing and refrigerated using a tube 
filled with éthanol to maintain seawater température 
around -1.9°C. A 20 cm thick bottom ice section 
(diameter = 14 cm) sampled on 04.12.04 during ISPOL 
was transferred into this HDPE container for melting. 
AU parts in contact with the sample were acid cleaned 
prior to the experiment. Meltwater was sub-sampled with 
a peristaltic pump (Masterflex) and a tube placed at the 
bottom of the container. Salinity, température, total 
dissolvable iron (TDFe), DOC and POC hâve been 
followed until complété melting of the ice piece (ca. 5 
days). For each sub-sampling at time (t), a second 
meltwater sample (noted t’) was collected and left in the 
incubator until the next sub-sampling time (t+1). This 
allows discriminating between the contribution of sea ice 
melting only (C,„ — C,.) and the évolution of the seawater 
compounds between the 2 sub-sampling times (C,. — C,). 
For each parameter, fluxes from the sea ice were 
estimated by the équation F,^, = (C„, - C,.)/1, with C, the 
concentration of the compound and t, the time elapsed 
between t+1 and t.

Figiu'e 1 : Schematic of the melting device used during 
the sequential melting experiment
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2.3. Measured Parameters

2.3.1. Physical parameters

The ice texture, température and salinity of the ice 
cores were determined as explained in details in Tison et 
al. (2008). In the case of the sequential melting 
experiment, the température was measured with a 
general-purpose laboratory thermometer and the salinity 
was determined using a portable salinometer PC300.

2.3.2. Nutrients

Ice sections were melted in the dark at 4°C and then 
filtered together with “sack hole” brine and seawater 
samples through 0.4 pm polycarbonate filters. The 
filtrâtes and the microcosm sub-samples were 
determined onboard for inorganic nutrients (NOj /NOj, 
NH/, PO/' and Si(OH).,) following the methods 
described in 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 samples analyzed. Brine volume-normalized 
concentrations were calculated by dividing the bulk ice 
concentration by the brine volume.

Samples collected for Fe analysis were stored in 
polyethylene bottles and acidified to pH 1.8 with 
ultrapure HNOj (Ultrex, JT Baker). Total dissolvable Fe 
(TDFe, unfiltered) and dissolved Fe (dFe, filtered on 0.2 
pm Nuclepore polycarbonate filters) samples from the 
“direct” melting experiments were measured according 
to Lannuzel et al. (2006) by flow injection analysis. 
TDFe samples from the sequential experiment were 
analyzed according to de long et al. (2008) by isotopic 
dilution combined with multiple collector inductively 
coupled plasma mass spectrometry (ID-MC-ICP-MS) 
using nitrilotriacetic acid chelating resin for pre- 
concentration and matrix séparation.

2.3.3. Dissolved and particulate organic carbon

Particulate organic carbon (POC) was collected on 
pre-combusted (450°C, 4 h) Whatman GF/F filters, 
stored at -20°C until analysis. After drying at 60°C, POC 
was analyzed with a Fisons NA-1500 elemental analyzer 
after carbonate removal from the filters by HCl fumes 
ovemight. Filtered samples for dissolved organic carbon 
(DOC) were stored in pre-combusted (450°C, 4 h) 20-ml 
glass ampoules adding 25 pl H.PO., (concentration 50 
%), which were sealed to avoid contact with air. Samples 
were kept in the dark at 4°C until analysis. The DOC 
was measured by high température catalytic oxidation 
(HTCO; procedure of Sugimura and Suzuki 1988) with a 
Dohrmann Apollo 9000.

2.3.4. Chlorophyll a

For the détermination of chl a, ice core sections were 
melted in the dark at 4°C in 0.2 pm-prefiltered seawater 
(1:4, v:v). Melted samples and microcosms sub-samples 
were sequentially filtered onto 10 pm and 0.8 pm filters 
(Nuclepore). Both filters were extracted in 90% (v:v) 
acetone in the dark at 4°C for 24 h, and quantified 
fluorometrically according to Yentsch and Menzel 
(1963).

2.3.5. Abundance and biomass of bacteria, algae and 
protozoa

Ice core sections sampled for the détermination of 
abundance and biomass of microorganisms were melted 
in the same manner as for the chl a analysis described 
above. Algae, bacteria and protozoa were enumerated by 
epifluorescence and inverted light microscopy as 
explained in details in Becquevort et al. (2009). Algae 
and protozoa biomasses were estimated from cell 
biovolumes using géométrie correspondences 
(Hillebrand et al. 1999) and spécifie carbon biomass 
relationships (Menden-Deuer and Lessard 2000). 
Bacteria biomasses were determined from cell volume 
using géométrie (Watson et al. 1977) and carbon to 
volume relationships (Simon and Azam 1989).

3. Results

3.1. Pack ice characteristics and microbial 
community distribution

Detailed physical properties of the ISPOL drifting 
station for the investigation period are presented in 
Laimuzel et al. (2008) and Tison et al. (2008). Briefly, 
the ice sheet was approximately 0.9 m thick and 
presented a structure typical of first-year sea ice with a 
0.1 m layer of granular (frazil) ice underlain by columnar 
ice (Tison et al. 2008). The freeboard was positive 
during the period of investigation. Température varied 
between - 2.8°C and - 0.5°C and salinity ranged from 1 
to 10, with values generally around 5. Brine volume was 
always higher than the permeability threshold of 5% 
(Golden et al. 1998) and increased due to the warming of 
the atmosphère and ranged between 8 and 25%. At the 
beginning of the sampling period, drainage of salts by 
gravity occurred followed by the brine salinity becoming 
equal to or lower than seawater salinity, consequently 
stopping the gravity-driven brine drainage. Molecular 
diffusion is then the only process at work to allow 
exchanges between sea ice and seawater (Tison et al. 
2008).

Nutrients concentrations in sea ice and seawater are 
summarized in Tables 2 and 3 respectively. Brine 
volume-normalized concentration for silicate ranged 
between < D.L. (below détection limit) and 61.4 pM 
(médian 10.27 pM), for phosphate between < D.L. and
22.3 pM (médian 1.63 pM), for nitrate/nitrite between < 
D.L. and 55.8 pM (médian 4.83 pM) and for ammonium 
between < D.L. and 50.8 pM (médian 4.72 pM). Bulk ice 
total dissolvable iron (TDFe) concentrations ranged 
between 2.3 and 97.8 nM in sea ice and between 0.5 and
4.1 nM in the underlying seawater (Lannuzel et al. 
2008). In the case of Fe concentrations, its graduai 
decrease in the ice is paralleled by the increase of the Fe 
concentrations in the underlying seawater.

The dissolved organic carbon (DOC) and particulate 
organic carbon (POC) concentrations in sea ice ranged 
respectively between 1273 and 8413 pg C 1' (médian 
4131 pg C r'), and between 93 and 5640 pg C 1' (médian 
496 pg C r') (Table 2, Dumont et al. 2009). In seawater.
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POC ranged between 12 and 130 gg C 1' (médian 31 |xg 
C 1').

Autotrophic microorganisms dominated the biomass 
in sea ice (Figure 2), especially in the surface and bottom 
layers. In seawater, the biomass was almost always 
dominated by heterotrophic organisms, except on the
30.12.04 when it represented not more than 45%. 
Chlorophyll a ranged from 0.08 to 28.41 pg 1' in sea ice 
with the maximum values observed in the bottom layer 
(Table 2, Lannuzel et al. 2008). In the underlying 
seawater, chl a values were lower and ranging from 0.03 
to 0.21 pg f'. The chl a concentrations in seawater 
increased between the beginning (29.11.04) and the end 
of the survey. In surface sea ice layers, Phaeocystis 
single cells were the major algal taxonomie group in 
terms of abondance and biomass (Figure 2). Some 
colonies were also observed although their biomass 
remained low. In contrast, pennate diatoms dominated

the abondance and the biomass of the autotrophic 
microorganisms in the bottom ice layer (Figure 2). In 
seawater, the numbers of Phaeocystis single cells were 
the highest but in biomass the species pattern was 
patchier (Figure 2), with autotrophic dinoflagellates 
significantly contributing to the biomass. The pennate 
diatom species observed were contrasting between the 
different layers of sea ice but homogeneous within a 
particular layer along the period of observation. In the 
surface sea ice layers, Fragilariopsis sp. was the main 
pennate diatom présent in abondance and biomass. In 
contrast, in the bottom sea ice layers, others pennate 
species were mainly présent: in term of abondance, 
Cylindrotheca sp. and Nitzschia (<10pm) were the most 
abondant whereas in term of biomass Amphiprora sp. 
became prédominant.

Table 2; Physical (température; salinity and brine volume fraction), and Chemical (brine volume-normalized concentrations of 
silicates, nitrates/nitrites, phosphates and ammonium) characteristics along with chlorophyll a, dissolved organic carbon, particulate 
organic carbon concentrations in sea ice core sections during ISPOL Organic matter data from Dumont et al. (2009)._______________

Sea ice depth T

°C

Sal Brine
vol
%

chl a 

hgl'

POC

ggl'

DOC
f!

ggi

[POJ
fiM

[Si(OH)J

HM

[NO3/NOJ

HM

[NHJ

fiM

29.11.04 3-9 -3.1 8.0 15 0.36 684 ND 6.3 41.0 8.0 50.8
9-15 -2.4 6.9 16 0.41 541 ND 1.7 11.9 3.1 31.8

40-46 -2.3 6.5 13 0.18 172 ND 1.7 18.1 1.7 20.8
60-66 -2.1 5.0 11 0.08 112 ND 11.7 14.0 2.9 24.5
78-84 -2 4.8 14 3.98 621 ND 1.9 14.1 2.9 33.8
84-90 -1.9 7.0 26 23.57 3766 ND 11.4 43.0 30.5 15.6

04.12.04 3-9 -1.7 5.9 16 0.44 565 ND -0.3 1.8 2.3 2.3
9-15 -2.1 5.8 13.5 0.44 428 ND 0.7 4.9 4.0 ND

40-46 -1.9 5.3 13 0.45 167 8004 0.0 0.0 0.0 2.7
60-66 -1.6 3.4 8 0.16 232 4662 2.9 8.7 6.3 1.6
78-84 -1.8 5.3 14.5 3.44 741 4109 ■1.4 19.6 5.6 ■ 4.6
84-90 -1.8 8.9 25 26.47 3175 8413 11.2 32.4 29.6 3.2

09.12.04 3-9 -1.2 ND 15 0.97 595 2452 0.8 14.7 9.6 9.0
9-15 -1.4 ND 16 2.22 903 5669 0.0 11.2 7.9 ND

40-46 -1.9 ND 14.5 0.40 279 3104 -0.2 10.6 3.1 0.0
60-66 -1.8 ND 14.5 0.25 191 5212 0.0 8.8 6.0 3.4
78-84 -1.8 ND 17.5 2.56 1138 1656 0.9 4.7 3.1 4.3
84-90 -1.8 ND 14.5 21.48 4754 5649 22.3 61.4 50.2 21.9

14.12.04 0-9 -1.5 3.4 25 0.69 725 6845 1.6 3.7 5.6 8.2
9-15 -1.4 7.1 17 1.23 766 4152 3.0 10.9 10.9 4.9
40-46 -1.7 3.9 11 0.27 327 4483 3.8 10.6 6.4 4.8
60-66 -1.7 3.4 10 0.30 451 3856 3.2 5.5 2.8 17.6
74-80 -1.8 4.8 12.5 2.19 773 5305 5.0 14.0 15.1 5.5
80-86 -1.9 7.8 21 24.23 5640 5717 15.3 47.2 55.8 7.6

19.12.04 4-10 -0.4 0.9 33 0.78 282 3629 1.3 1.4 2.5 2.0
10-16 -1.3 2.1 30 1.06 306 3561 2.1 2.4 4.5 4.0
40-46 -1.4 5.0 17 0.20 181 3615 3.2 9.3 9.7 6.8
60-66 -1.5 3.8 11 0.65 223 2408 4.0 3.9 6.0 4.7
77-83 -1.6 4.7 10 4.21 618 3179 4.4 6.5 2.4 11.2
83-89 -1.6 7.5 16 28.41 2061 4242 13.6 49.0 42.9 9.1

25.12.04 3-9 -0.2 0.9 1 1 0.70 93 ND 0.6 5.1 3.1 8.1
9-15 -0.7 2.1 14 0.66 242 ND 0.6 8.6 5.1 3.9

40-46 -1.2 5.0 21 0.69 146 ND 0.1 8.1 0.0 2.0
60-66 -1.2 3.8 16 0.29 148 ND 0.1 7.2 0.0 3.1
74-84 -1.2 4.7 15 3.30 496 ND 0.6 9.9 0.0 3.6
84-90 -1.4 7.5 17 16.33 2515 ND 8.9 44.5 17.6 5.2

30.12.04 3-9 -1.1 0.9 20 1.69 357 5255 0.5 0.8 2.2 3.4
9-16 -1.2 2.1 16 0.97 342 5488 2.0 17.1 2.7 0.0

40-46 -1.4 5.0 13 0.59 364 2762 1.2 41.1 7.0 0.0
59-65 -1.4 3.8 9 0.95 ND 1273 0.3 9.5 0.2 1.4
74-80 -1.6 4.7 11 3.62 534 1273 0.9 13.5 5.6 5.4
80-86 -1.8 7.5 17 24.77 2008 2494 0.5 8.2 2.0 0.0
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Table 3: Chemical and biological characteristics of seawater during ISPOL. Médian values of seawater 0 m, 1 m and 30 deep and 
standard déviation are given (n=3 except for * n=l).______________________________________________________________________
Seawater Chia

figt'
[POJ
HM

[Si(OH)J
HM

[NO3/NOJ
UM

[NHJ
HM

29,11.04 0.03 ± 0.00 1.7 ±0.3 30.6 ±7.6 20.0 ± 5.3 0.7 ± 0.2
04.12.04 0.05 ± 0.00 1.9 ±0.2 45.1 ±2.8 30.3 ±2.0 0.8 ± 1.0
09.12.04 0.06 ± 0.00 2.1 ±0.2 39.9 ± 6.0 23.9 ±3.7 *00d

14.12.04 0.09 ± 0.02 2.2 ± 0.2 37.8 ±4.4 26.5 ±3.2 0.5 ± 0.2
19.12.04 0.11 ±0.02 2.0 ± 0.5 37.5 ±2.4 25.4 ± 2.4 0.3 ±0.1
25.12.04 0.16 ±0.05 1.7 ±0.5 2^.1 ±5.2 26.1 ±5.1 0.5 ±2.3
30.12.04 0.14 ±0.01 2.1 ±0.3 43.9 ±5.8 30.3 ± 1.9 0.3*

algae bacteria
Surface sea ice

29.11 4.12 9.12 14.12 19.12 25.12 30.12

Surface seawater

Deep seawater

■llllll
29.11 4.12 9.12 14.12 19.12 25.12 30.12

Pennate 
xyy^\ Centric 
» I Phaeocystis

Other Flagellâtes 
Dinoflagellates

Flagellâtes 
ryy/'j Sarcodines 
I I Dinoflagellates 

Cilaies

Figure 2: Distribution of biomass of a) algae, b) protozoa and c) bacteria (in gg C f') in surface, internai and bottom layers of sea ice and 
in surface (mean for 0 m and - I m) and deep (- 30 m) seawaters during the ISPOL cruise, from Noveinber 29 to December 30, 2004 .
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In seawater, a more heterogeneous distribution of 
pennate diatoms (e.g. Fragilariopsis s^p-, Chaetocerossp.) 
and some centric diatoms (e.g. Biddulphia sp., Corethron 
sp.) were observed. In deep seawater (- 30 m), 
autotrophic biomasses increased ca. 5-fold between the
29.11.04 and the 30.12.04 (Figure 2).

Heterotrophic microorganisms, both bacteria and 
protozoa, were présent in the ice with the latter 
accounting in average for 53% of the heterotrophic 
biomass. Bacteria distribution along the ice core was 
rather homogeneous in all the ice layers with a less 
contrasted trend than for the algae, which always 
presented a maximum in the bottom (Figure 2). Bacteria 
biomass ranged between 1.14 and 19.3 pg C f' (médian 
5.30, average 6.14 pg C 1 ') in sea ice and between 0.33 
and 1.71 pg C 1' (médian 0.63, average 0.70 pg C 1 ') in 
seawater. In surface and bottom sea ice, biomass was 
lower towards the end of the study period than in the 
beginning. In seawater, bacterial biomass was maximal 
on the 19.12.04 but no trend was observed for the whole 
period. Protozoa distribution showed maximum 
concentrations in the bottom ice layers (Figure 2). 
Values ranged between 0.36 and 557 pg C f' (médian 
4.84, average 22.6 pg C f') with an exceptionally high 
maximum value reached on the last sampled station 
(30.12.04). With the exception of this extreme datum, 
the protozoan biomass did not exceed 24.8 pg C f' in sea 
ice. In seawater, protozoa biomass varied between 0.11 
and 3.22 pg C f' (médian 0.71, average 0.85 pg C 1'). In 
sea ice, protozoa biomass was mainly composed of 
flagellâtes, dinoflagellates and sarcodines with also 
ciliates présent in the interior ice layers (Figure 2). In 
seawater, the same species were found except for the 
sarcodines. Dinoflagellates clearly dominated the surface 
waters (0 m and - 1 m) while ciliates were mainly 
présent in deep waters (- 30 m). In sea ice, the protozoan 
biomass did not show a particular trend with time except 
an increase on the 30.12.04 in the interior and bottom ice 
layers.

Table 4: Initial concentrations of microorganisms, organic matter and 
total dissolvable iron in Ml (seawater) and M2 (seawater + sea ice) for 
the sériés a (09.12.2004) and b (25.12.2004)._______________________

09.12.2004 25.12.2004
Sériés a Sériés b

Ml M2 Ml M2
SW SW+SI SW SW+SI

Algae ngc
1' 0.16 4.45 0.64 6.28

Bacteria PgC
1' 0.26 0.14 0.51 0.68

Protozoa ggC
r' 0.05 0.08 0.82 1.01

DOC ggC
r' ND ND 2,000 13,000

POC ggC
r' 167 318 95 127

TDFe nM 1.6 1.7 2.3 2.4
ND: non determined

Although flagellâtes were the main species until this 
time, dinoflagellates and ciliates highly increased. In 
seawater, the protozoa biomass increased from the
29.11.04 to the 30.12.04, reaching a particularly high 
value on the 19.12.04, when the dinoflagellates biomass 
was dominating.

3.2. Sea ice “direct” meiting experiments

3.2.1. Contribution of sea ice meiting for the 
underlying water column

In the Ml microcosm (SW), microorganisms 
biomasses (algae, bacteria and protozoa) were higher at 
the start of the experiment on the 25.12.04 (sériés b; Ml- 
b) as compared to the previous experiment performed on 
the 09.12.04 (sériés a; Ml-a; Table 4). This trend is in 
agreement with the évolution of the microorganisms 
within the natural deep (- 30 m) seawater ecosystem 
between these two dates (see Figure 2). For both Ml-a 
and -b, heterotrophs largely dominated the total biomass 
of the seawater assemblage. The heterotrophic to 
autotrophic ratio was similar for Ml-a and Ml-b and 
yield around 2. The contribution of protozoa to the 
heterotrophic biomass was higher in Ml-b than in Ml-a, 
mainly caused by the increase of ciliates as observed in 
Figure 2c. In the microcosm M2 (SW+SI), the 1% 
inoculum of sea ice in seawater constituted a major 
supply of algal biomass for both sériés (9- to 27-fold 
increase). Yet the supply of heterotrophs (bacteria and 
protozoa) was clearly less important (2- to 6-fold 
increase) with even a decrease of bacterial biomass 
observed in M2-a. Consequently, this inoculum of ice 
changed the initial heterotroph to autotroph ratios from 
ca. 2 for Ml to respectively 0.05 and 0.28 for M2-a and 
M2-b. The inoculum of sea ice supplied algae, mainly 
diatoms; the dino- and nano- flagellâtes biomass staying 
constant after the addition of sea ice. In Ml, the diatom 
biomass was mainly composed of pennates (mainly 
Fragilariopsis sp.) with some centric (mainly 
Chaetoceros sp.) being présent on the 09.12.04 whereas 
more centric were observed on the 25.12.04. In M2, 
pennate diatoms Amphiprora sp. (on the 09.12.04) and 
Cylindrotheca sp. (on the 25.12.04) became the 
dominant diatom species. These taxa were indeed the 
dominant ones in the corresponding natural sea ice 
samples (Figure 2). The sea ice inoculum also 
represented a high supply of organic matter 
(corresponding to an increase from 34% to 550% of the 
seawater concentration), in the particulate and dissolved 
fraction (Table 4). The supply of total dissolvable iron 
(TDFe) by the sea ice inoculum contributed only to an 
increase of 4 to 6% of the seawater concentration. The 
iron concentrations in the seawater were already 
relatively high particularly on the 25.12.04 likely due to 
ice meiting events that already occurred.
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Figure 3: Evolution of a) chlorophyll a and percentage of 
chl a>10pm and b) bacterial biomass and spécifie bacterial 
biomass in the microcosm M3, sériés a (09.12.04) and b
(25.12.04)
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3.2.2. Evolution of sympagic microorganisms in the 
seawater

Figure 4: Evolution of a) chlorophyll a b) bacterial 
biomass in the microcosms Ml and M4 for sériés a
(09.12.04) and b (25.12.04)

The third microcosm (M3) was designed to study the 
fate of the sympagic microorganisms when sea ice melts 
without the potential interactions with the pelagic 
microorganisms, by following the évolution of the ice- 
microorganisms inoculated in filtered seawater. After a 
latent period of ca. 2 days, chl a (thus associated to ice- 
derived microorganisms) increased from 0.25 to 0.68 pg 
1 ' and from 0.18 to 0.47 pg f' after respectively 9 and 8 
days in M3-a and M3-b (Figure 3a). This suggests that, 
at least some of the sympagic autotrophic organisms 
were able to thrive and grow under the conditions 
présent in natural filtered seawater. Yet chl a associated 
with algae >10 pm decreased with time, particularly in 
M3-a (Figure 3a). The taxonomie composition of the 
algal assemblages indeed shifted from Amphiprora sp.- 
dominated (at time zéro) to FragHariopsis sp.-dominated 
after 9 days, which fits exactly the shift from algae>10 
pm to algae <10 pm as shown for chl a. Similarly, sea ice 
bacteria seemed able to grow in seawater as shown by 
the increases of biomasses from 0.14 to 3.72 pg C f' and 
from 0.07 to 4.71 pg C f' after respectively 9 and 8 days 
in M3-a and M3-b (Figure 3b). A decrease of the size of 
bacteria was observed as for algae; spécifie carbon 
content decreased from 79 to 50 fg C celf' and from 53 
to 24 fg C cell ' respectively in M3-a and M3-b (Figure 
3b). If the protozoa biomass decreased from 2.92 to 0.82 
pg C 1 ' in the M3-a, it did increase from 1.27 to 3.83 pg 
C 1 ' in M3-b when the highest bacterial size atténuation 
was observed.

3.2.3. Evolution of planktonic microorganisms with 
suppiy of dissolved compounds from the sea ice

As shown previously by comparison of Ml and M2, 
the melting of the sea ice constitutes a major suppiy in 
organic matter and iron into the underlying seawater. 
The impact of these compounds on the growth of pelagic 
microorganisms has further been evaluated by 
comparing the évolution of microorganisms in seawater 
only (Ml) and in seawater amended with filtered 
(melted) sea ice (M4). For both sériés (09.12.04 and 
25.12.04), chl a associated with planktonic algae reached 
higher concentrations in M4 than in Ml (Figure 4a). This 
clearly suggests a stimulation of planktonic algal growth 
by dissolved nutrients supplied by the filtered sea ice 
inoculum. The chia values increased from 0.20 to 0.57 
pg f’ and from 0.08 to 0.82 pg 1 ' in respectively 9 and 8 
days in M4-a and M4-b (Figure 4a). Note that the 
increase of chia observed in Ml-b even without any sea 
ice inoculum (Figure 4a) could resuit from the high 
initial iron concentration in seawater and favourable 
conditions inhérent to bottle experiments (such as light 
conditions and exclusion of mesozooplankton grazing). 
Planktonic bacterial growth was similarly stimulated by 
the sea ice inoculum (Figure 4b). After respectively 9 
and 8 days, bacterial biomass indeed increased 7 to 8 
times in M4-a and M4-b whereas that biomass only 
increased 2 to 4 times in Ml-a and Ml-b. In parallel to 
increases of chl a and bacteria, the protozoa biomass, in
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particular heterotrophic dinoflagellates, increased from 
0.06 to 1.21 pg C r' and from 0.79 to 3.62 pg C l ' in 
respectively 9 and 8 days in M4-a and M4-b.

3.2.4. Interactions between ice-derived and 
planktonic microorganisms after ice melting

The previous microcosms (Ml, M3 and M4) 
intentionally exclude potential direct interactions 
between sympagic and planktonic microorganisms in 
order to study their effects separately. Nevertheless 
compétition between microorganisms for e.g. inorganic 
and organic nutrients can occur in situ and resuit in a 
decrease of the levels of biomass reached. In order to 
study these interactions at the time of sea ice melting, the 
évolution of sea ice and planktonic microorganisms’ 
biomasses were followed in parallel in M2. This 
microcosm aims at mimicking the probable namral 
scénario of sea ice melting (10 cm of brown ice in a 10 
m deep mixed layer). Comparing the values obtained in 
M2 to the sum of the values obtained in M3 and M4, is a 
rough way to estimate the strength of the interaction 
between microorganisms. The chl a values in M2 were 
very similar to that estimated by the sum of M3 and M4 
(Figure 5a). A more significant différence was noted 
between bacterial biomass levels in M2 as compared to 
that estimated from M3+M4, especially at the final time 
of the experiments (Figure 5b). Heterotrophic 
nanoflagellates biomass, grazers of bacteria, increased 
11 times in M2-a after incubation day 9.

0 2 4 6 8 10

days

• M2 09.12.04 
O M2 25.12.04 
▼ M3*M4 09.12J04
V M3-M4 25.1204

Figure 5: Evolution of a) chlorophyll a b) bacterial biomass in 
the microcosms M2 and M3+M4 for sériés a (09.12.04) and b
(25.12.04)

3.3. Sea ice séquentiel melting experiments

During the entire experiment, the température within 
the container was stabilized around the in situ seawater 
température value of -1.9°C. Salinity fluxes show a 
supply in salinity after 5 h (Figure 6), due to brine 
drainage. This was followed by a supply of fresher water 
corresponding to the melting of the ice structure by 
itself, less saline than seawater. The iron fluxes from sea 
ice into seawater showed a rapid increase and 
stabilization after ca. 10 h, period during which the iron 
supply was maximum (2 nmoles h '). A null FE flux 
value is reached after 30 h of melting (Figure 6). The 
maximal organic matter flux, dissolved as well as 
particulate, was reached after 15 h (Figure 6). After 20 h, 
the organic matter fluxes had already strongly decreased, 
especially for the dissolved organic matter. In this case 
the flux even became négative, suggesting a quicker 
dégradation of DOC in the melting container than in the 
control bottle.

2.5 
2.0
1.5 
1.0 
0.5 
0.0 

-0.5

0 10 20 30 40 50 60 70

Figure 6: Fluxes of salinity, dissolved iron, dissolved and 
particulate organic carbon during the sequential melting 
experiment
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4. Discussion

4.1. Evolution of pack ice and underlying seawaters 
in the Weddeli Sea

The periüd of investigation of the ISPOL drifting 
station corresponded to the spring-summer transition. 
The permeability of the ice cover was already high 
(above 5% VbA^) meaning that the ice cover was 
permeable to exchanges. As described in more detail in 
Tison et al. (2008), the beginning of the period 
corresponded to a phase of brine drainage (with 
exchanges from ice into seawater) followed by a phase 
of equilibrium and of transport by convection 
mechanisms. Thereby, the nutrient transfer from 
seawater to sea ice could hâve been reduced at some 
moments due to a limitation of the brine movement 
(Tison et al. 2008). Consequently the nutrient 
availability may hâve controlled the algal growth. Indeed 
concentrations of Si(OH)^ and NOj in sea ice and in 
brines were below the theoretical dilution line (TDL, 
corresponding to a situation where mainly physical 
control on nutrient distribution is occurring, i.e. a 
“conservative” behaviour with salinity, Figure 7). This 
suggests that an important consumption of these 
nutrients by sea ice algae occurred and that a limitation 
was possible, except in the bottom ice layer. By contrast, 
bulk sea ice PO^ and NH„ concentrations were generally 
above the TDL (Figure 7) indicating that an 
accumulation would hâve occurred in the sea ice. 
Surprisingly, concentrations of PO^ and NH„ in brines 
show the opposite trend and were below the TDL. This 
discrepancy could resuit from brine sampling 
methodology or could mean that nutrients would be 
associated to the organic matter attached to the walls of 
the brine pockets. Dissolved Fe concentrations in sea ice 
were presumably still sufficient to sustain
microorganism growth within the sea ice habitat 
(Lannuzel et al. 2008). The nutrient status of sea ice 
implies that, once released into seawater, the sea ice 
microorganisms will expérience a fully different nutrient 
stress: seawater is, compared to sea ice, a low PO^, NH., 
and iron environment (Lannuzel et al. 2008) but high in 
Si(OH), and NO..

In the surface and interior ice layers, the algal 
biomass was rather varying during the sampling period 
but slightly higher on the 30.12.04 than on the 29.11.04, 
while in the bottom layer, a slight decrease was 
observed. A similar decreasing trend is observed for 
bacteria and organic matter concentrations in sea ice (see 
also Dumont et al. 2009). The algae did not really 
develop in sea ice between the 29.11.04 and the 30.12.04 
despite a potential favourable physical environment with 
regards to température, light and brine volume. Indeed, 
as recently observed by Becquevort et al. (2009) and in 
agreement with préviens work by Krembs et al. (2001), 
algal development in sea ice seems to be controlled by 
space availability. An algal increase is only observed 
above a brine volume of 8%, roughly corresponding to a 
température above -4°C. Considering the high brine 
volumes measured during ISPOL, the internai and 
surface space availability would then not hinder algal 
development. The stagnation of the algal stock could 
rather be due to nutrient limitation, as explained above.

as well as to loss of biomass towards seawater and/or 
grazing. A very high biomass of heterotrophic 
dinoflagellates was measured in bottom layer on the
30.12.04.

A contrasted vertical distribution of algal species was 
observed in sea ice during ISPOL. Still within a 
particular ice layer, the algal species were very similar 
during the whole survey, showing that spatial variability 
was low in our sampling area. The microalgae species 
composition within Antarctic sea ice communities is a 
resuit of physical processes of ice formation, 
transformation and destruction, as well as biological 
processes of colonization, survival, growth, succession, 
grazing and death (Lizotte 2001). Single cell Phaeocystis 
was the dominant taxon in the surface ice layer of the 
ISPOL station. The bottom ice layer hosted mainly 
exclusively a pennate diatom community. High 
biomasses of Amphiprora sp., Cylindrotheca sp., 
Fragilariopsis sp., Nitszcbia sp. were présent in the 
bottom ice layer. The interior ice layers hosted a mixed 
community of pennate diatoms and flagellâtes. It is 
known that some organisms (e.g. Fragilariopsis 
cylindrus) can grow relatively well under the extreme 
conditions found in sea ice, while other species (possibly
P. antarctica) dominate sea ice assemblages only when 
conditions are similar to the water column (e.g. ice 
surfaces washed by waves or flooded by seawater; 
Lizotte 2001).

In the underlying seawater, a global increase of the 
microorganism biomasses was recorded. Observations 
only do not allow discrimination between the growth of 
pelagic microorganisms and the contribution of 
microorganisms released from sea ice. However, 
considering the thermodynamical properties of the ice 
cover at that time together with the general decrease of 
sea ice concentration, it seems valuable to relate the 
increase of pelagic biomass with the melting of sea ice. 
In particular, the species pattern of pelagic algae 
observed at 30 m deep clearly showed an increase of the 
pennate diatom component, which is the main algal 
species observed in bottom sea ice. During the entire 
sampling period a diverse microalgal community was 
observed in the surface seawaters. Some algal species 
présent in the ice were also présent in the seawater but 
their relative dominance was different. The large 
Amphiprora sp. seems to be not adapted, or directly 
consumed by krill in the seawater envirormient 
contrastingly to others taxa such as Cylindrotheca sp. or 
Fragilariopsis sp. Chaetoceros sp., observed in seawater. 
Phaeocystis sp. and other flagellâtes cells can also 
develop in seawater. Such a similarity between ice and 
under-ice algal cormnunities has already been observed 
in numerous studies and is the basis of the seeding 
hypothesis (Krebs 1983, Garrison and Buck 1985, 1989, 
Smith and Nelson 1985, 1986, Garrison et al. 1987). 
Conversely, a higher dissimilarity could be observed, as 
reported by Mathot et al. (1991) where diatoms 
dominated (65-95%) the ice community while accounted 
for less than 15% of the biomass in the water column. 
These results do not necessarily exclude the rôle of sea 
ice as an inoculum but stressed the rôle of other factors, 
like sélective and fast grazing or sédimentation, which 
might hamper the seeding effect of sea ice. The capacity 
of adaptation of each species to environmental changes
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Figure 7; Nutrients: a) silicate, 
b) nitrate/nitrite, c) phosphate 
and d) ammonium as a 
function of salinity in melted 
cores (bulk ice concentration), 
brines and seawater samples. 
The theoretical dilution line 
was establish from the nutrient 
concentration in under-ice 
seawater of the ISPOL station. 
“Fl to F6” refers to the 6 sea 
ice layers sampled from 
surface to bottom of the ice 
core. “Bri” stands for brines 
and “SW” for seawater

is also a determining point. In a recent work of Mangoni 
et al. (2009), the acclimation capacity of different ice 
diatoms has been tested using mesocosms experiments. 
Authors conclude that some species like Fragilariopsis 
cylindrus hâve a versatile physiology which is able to 
adapt to extreme environmental conditions while others 
like Amphiprora kufferathii could not grow in pelagic 
conditions and probably sédiment ont.

4.2. Fate of ice-derived components during and after 
sea ice melting

4.2.1. Significance of the inoculum of sea ice 
microorganisms for the development of phyto- 
planktonic blooms

By comparing the initial algal biomasses in the 
microcosm containing seawater with the one containing 
seawater amended with sea ice, the inoculum from the 
sea ice clearly supplies microorganisms into the water 
column, mainly diatoms. As also observed in natural 
samples, a partial taxonomie similarity between the 
sympagic and pelagic communities has been observed in 
the microcosms, After some days of experiments, we 
observed a chl a increase due to the ice-derived 
organisms suggesting that at least a fraction of the algal 
community is able to adapt and grow in the seawater

environment, as also observed by Kuosa et al. (1992). 
Still, increases of algal biomass are less important in our 
Fe-clean experiments than in theirs. Our experiments 
show that autotrophic biomass increase seems to be 
mainly attributable to species <10 pm as their proportion 
increases with time. The decrease of >10 pm algae could 
be explained by the lower Fe concentrations in seawater. 
While dFe concentrations were relatively high in 
seawater (1.7 and 2.3 nM respect!vely, Lannuzel et al. 
2008), such levels could still be limiting for large size 
diatoms (Timmermans et al. 2001, 2004), used to sea ice 
Fe-rich conditions (up to two orders of magnitude higher 
than in seawater). We further observed that ice-derived 
algae did not seem to compete with phytoplanktonic 
ones. Thus sea ice algae, mainly the small size ones, 
seem well able to grow in the diluted seawater. Yet we 
need to keep in mind that in such microcosm 
experiments, processes of mesozooplankton grazing and 
sédimentation are artificially excluded although they are 
considered as major removal processes for sympagic 
algae after ice melting.

Apart from these loss factors, the ability of the 
sympagic species to develop and survive in the dilute 
seawater environment détermines their fates (Garrison et 
al. 1987). Some large diatom species typical of the sea 
ice (e.g. Entowoneis kjellmanii or Pleurosigma sp.) are 
not compétitive in the seawater and in spite of their high 
abundance in sea ice, they contribute weakly to the

103



phytoplanktonic community (Leventer 2003). The 
survival capacity of sympagic species in seawater is 
related to the advantages or disadvantages that the new 
environmental (physico-chemical) conditions offer to 
microorganisms. These conditions are driven by the 
concentrations of major nutrients, iron, température, 
salinity, toxic compounds, physical substrate or light 
exposition. For example, sea ice community is generally 
dominated by pennate diatoms, an algal group that also 
dominâtes pore waters of sandy sédiments. Adaptation to 
confinement in narrow spaces is clearly a requirement 
for sea ice habitats (Smetacek and Nicol 2005). Many 
large pennate diatoms require a substrate to grow on, a 
condition found in sea ice but not in seawater. Also, 
some algal species are physiologically adapted to 
spécifie light levels and could be disadvantaged by the 
change of luminosity between ice and water (Palmisano 
and Sullivan 1985, Grossi et al. 1987) even if some 
species seems to be adapted to such extreme changes 
(Mangoni et al. 2009).

Furthermore, the production by many sea ice algae of 
extracellular polysaccharides (EPS) to attach themselves 
to brine walls (Palmisano and Sullivan 1985a, Krembs et 
al. 2001) likely stimulâtes the formation of aggregates 
once released in the seawater (Passow 2002) which will 
lead to a rapid sédimentation to the seafloor as observed 
in rolling tanks by Riebesell et al. (1991) or through 
Silicon isotope measurements, by Fripiat et al. (2007). 
They showed that ice diatoms made up an insignificant 
fraction in surface seawater but were then largely 
exported below the mixed layer. The intensity of grazing 
by copepods, amphipods or krill also greatly influences 
the recycling of organic material including iron in 
surface waters. Heavily grazed blooms are likely to 
retain more biogenic éléments in the surface layer 
whereas ungrazed diatoms tend to sink out (Smetacek 
and Nicol 2005). Faecal pellets from these organisms 
still contribute to the downward vertical flux.

The microcosm experiment where bacteria from sea 
ice were transferred in seawater also showed an increase 
of their biomass suggesting they are able to develop. Yet 
a simultaneous decrease in the bacterial cell volume is 
observed. This size decrease can be attributed to a 
decrease of the concentration of labile substrates such as 
the DOC (Roszak and Colwell 1987, Berman et al. 1994) 
but also to a stronger grazing pressure by the ice derived 
protozoa wliich preferentially consumed large bacteria 
(Gonzales et al. 1990). As a matter of fact, protozoa 
biomass increased at the time we observed the highest 
decrease in the bacterial biovolume. A stronger 
compétition for substrates between sea ice- and 
seawater-based bacteria is also suggested by the results 
from the microcosms. Effect of the seeding on bacteria is 
poorly documented. Phylogenetic studies showed that 
sea ice bacterial population are fairly similar to the 
pelagic community (Bowman et al. 1997), metabolically 
active (Brinkmeyer et al. 2003) and that psychrophilic 
species were preferentially présent in sea ice (Delille 
1992, Helmke and Weyland 1995). Kaartokallio et al. 
(2005) reported, in Baltic sea ice, that ice-derived 
bacterial communities were able to adapt to salinity 
changes while under-ice bacterial assemblages seemed to 
suffer from osmotic stress. Physiological and community 
structure changes in response to the fluctuation of the

environment (e.g. salinity) are thus likely to occur during 
the melting of sea ice (Kaartokallio et al. 2005).

4.2.2. Significance of the suppiy of organic matter 
and iron from sea ice for the development of blooms

Similarly to other Antarctic sea ice field studies (e.g. 
Lannuzel et al. 2007, Becquevort et al. 2009, van de 
Merwe et al. under review, Laimuzel et al. submitted), 
large accumulation in sea ice of both organic matter 
(Dumont et al. 2009) and iron (Lannuzel et al. 2008) 
were reported during the ISPOL survey. Our 
experiments clearly showed that sea ice can suppiy an 
important quantity of organic matter and iron in the 
Antarctic surface waters. It has been already stressed that 
in under ice seawater, dissolved organic matter can 
originate from excrétion by phytoplankton, sea ice algal 
cell lysis, excrétion or sloppy feeding by zooplankton, 
but also from sea ice meltwaters (Kahler et al. 1997). 
Similarly, the rôle of iron released from melting sea ice 
has already been addressed by several authors (e.g. 
Sedwick and DiTullio 1997) and the contribution of iron 
from sea ice has been quantified by Lannuzel et al. 
(2007, 2008, submitted). In the Fe-limited Antarctic 
waters this transitory puise of nutrients from sea ice 
melting could trigger phytoplanktonic bloom, as we 
observed 1) annually in the marginal ice zone from 
satellite picture as well as 2) from the increase of algal 
biomass after filtered sea ice amendment in our 
microcosms. The stimulation of pelagic microorganisms 
growth after the addition of the filtered sea ice inoculum 
can actually be triggered by; a) the suppiy of micro- 
nutrients such as iron or b) the stimulation of 
heterotrophic processes owing to the input of labile sea 
ice DOM, supplying then autotrophs with essentials 
molécules such as cytokines (Brandini and Baumann 
1997). Kahler et al. (1997) indeed showed that a large 
part of the DOM in the surface water was biologically 
labile and could be efficiently transformed into bacterial 
biomass. It was also suggested that an allopathie effect 
of algae could occur and prevent organic matter 
utilization by bacteria (Pusceddu et al. 2009). We 
observed an increase of the bacterial biomass in our 
experiments after dissolved sea ice inoculum, suggesting 
that either DOM and/or dFe stimulate bacterial growth. 
In HNLC waters, carbon seemed to be the first growth- 
limiting factor of the bacteria although Fe quickly 
became limiting when carbon limitation was alleviated 
(Church et al. 2000, Kirchman et al. 2000, Becquevort et 
al. 2007).

Moreover, the complexation of organic matter and 
iron in sea ice and their relation could stimulate algal 
blooms when sea ice melts. Although more than 99% of 
dFe is complexed to organic ligands in surface waters 
(Wu and Luther 1995, Boyé et al. 2001), the exact rôle 
of that association is still poorly known. Organic ligands, 
particularly saccharides, can maintain iron into solution 
by avoiding loss by précipitation and absorption onto 
particles and could influence iron bioavailability 
(Hassler and Schoemann, 2009). Until recently inorganic 
iron was considered as only form available for 
phytoplankton, but recent studies showed that dissolved 
and colloidal organic complexed iron could also be 
available for some species (Chen et al. 2003, Hutchins et
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al. 1999, Maldonado and Price 1999, Hassler and 
Schoemann 2009). Varions acquisition Systems hâve 
been developed by some algal and bacterial species to 
access iron, such as production of ligands (e.g. 
siderophores), membrane reductases or 
mixotrophy/phagotrophy (Maranger and Pullin 2003).

In addition, it is important to note that interactions 
exist between these controlling factors, e.g. light and 
iron co-limit algal grovrih in the marginal ice zone (Boyd 
2002). Raven (1990) hypothesized that when mixed 
layer increased and eonsequently the mean light level 
available for microorganisms decreased, the cellular iron 
requirements would increase because of the 
photoadaptation to low light of phytoplanktonic 
microorganisms. The thinning of the mixed layer due to 
freshwater input from ice melting could therefore reduce 
the cellular iron demand of pelagic algae in addition to 
supplied from decaying sea ice.

4.3. Impact of the sequence of release of the ice 
constituents

Inhérent to their set-up, the first group of microcosms 
(“direct” melting) released ail the sea ice components 
(microorganisms, OM and Fe) simultaneously into the 
seawater. Nevertheless in reality the melting process of 
sea ice is not instantaneous and the release of the sea ice 
constituents dépends on the thermodynamical stage of 
the ice eover and is thus driven by the brines movement 
(such as drainage, convection or diffusion processes). 
The mattering question is in which proportion 
convection and diffusion affect the release of the organic 
and inorganic éléments embedded into the gel-matrix 
présent inside sea iee ehannels and pockets. Indeed the 
sequential release of the different components of the ice 
into the seawater may hâve great implications regarding 
the planktonie ecosystem. In the case of iron, if it would 
be released with the salty and dense brines and rapidly 
exported to the deep océan and therefore not available to 
the phytoplankton. If iron is released from melting sea 
ice before the sympagic microorganisms, then this 
nutrient supply is not bénéficiai to the sea ice community 
once in the water column. But if the release of iron is 
slow, then it could be maintained in the surface water 
owing to the enhanced stratification and therefore be 
used by water-based microorganisms. Riebesell et al. 
(1991) observed the release of the ice algae before the 
complété melting of the ice sheet, hence before the 
stabilisation of the mixed layer. In the laboratory, we 
observed rather clearly that the brine drainage by 
convection mechanisms is the first process at work. An 
important fraction of the iron is released at that time but 
the iron flux remains constant for ca. 10 hours. 
Interestingly the DOC and POC maximum fluxes are not 
synchronized with this brine drainage, suggesting that 
the microorganisms stay attached to the brine walls as 
well as DOC, as suggested by Becquevort et al. (2009). 
The iron flux is still maximal when the DOC and POC 
fluxes are maximal, implying the possibility for 
sympagic microorganisms to access these substrate 
(Figure 6). Our experimental setting does assess whether 
the stabilisation of the mixed layer occurs before the 
release of iron, organic matter and microorganisms. 
Nevertheless some low-salinity water was released at the

same time as the maximal fluxes of DOC and POC 
(around 15 hours), possibly inducing a stabilisation of 
the mixed layer (Figure 6). This timing of release of the 
key éléments présent in the iee cover seems thus 
favourable to the development of blooms in the marginal 
ice zone in Antarctiea.

5. Conclusion

The présent paper présents the first results on 
microcosms experiments performed under trace-metal 
clean conditions. The results presented here suggests that 
the sea ice inoculum was an important source of 
microorganisms, organic matter and iron for the seawater 
ecosystem as indicated a) by the ability of sea ice 
microorganisms (mainly whose size is < 10 jim) to thrive 
in seawater and b) the enhanced microbial growth in 
presence of ice-derived components. Moreover 
observations suggest that the timing of release of the 
different éléments présent in sea ice (especially iron) is 
likely favourable to the development of blooms in the 
marginal ice zone in Antarctiea. During the ISPOL 
survey, the observed similarity between sea ice and 
pelagie algal community would support the seeding rôle 
of sea ice at the time of melting.
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The Pélagie Realm

Microbial network, organic matter and controlling mechanisms

Foreword

This second section focuses on the microbial network, organic matter and controlling mechanisms 
in océan. Especially Chapter 5 présents results conceming the bacterial remineralization of the 
organic matter in surface and mesopelagic depth layers of the Sub-Antarctic and Polar Front Zone 
of the Southern Océan during the SAZ-Sense cruise.

Chapter 5: Bacterial remineralization in epipelagic and mesopelagic waters in Sub-Antarctic and 
Polar frontal zones south of Tasmania
Dumont I., Masson F., Schoemann V., Jacquet Becquevort S.
Deep-Sea Research II, submitted

Note that a companion paper will be published together with this paper in the DSR II SAZ-Sense spécial issue and 
could be found in the annexe 1 of the présent work. The sampling strategy during this cruise was elaborated in such a 
way that data collected could be used to compare bacterial production and Ba-proxy C mineralization.

Annexe 1: Twilight zone organic carbon remineralization in the Polar Front Zone and 
Sub-Antarctic Zone south of Tasmania
Jacquet S.H.M., Dehairs F., Dumont I., Becquevort S., Cavagna A.-J., Cardinal D.
Deep-Sea Research II, submitted

A contribution to the paper of Schoemann et al. (in prep.) will also appear through the measurements of bacterial 
production during their experiments:

Control of organic ligands on Fe bioavailability, carbon production and export
Schoemann, V., Hassler C., Dumont I., Masson F., Bowie A., Lannuzel D., de Jong J.T.M., Becquevort S.
In prep.
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Sub-Antarctic and Poiar frontai zones south of Tasmania
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Deep-Sea Research II, submitted
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Abstract

Heterotrophic bacteria influence the carbon export and consequently the efficiency of the biological carbon pump 
through the remineralization of organic matter (either particulate or dissolved organic matter). Bacteriai 
remineralization was investigated during the summer SAZ-SENSE cruise (January-February 2007), in the sub-Antarctic 
and Polar Front zones (SAZ and PFZ) of the Australian sector (Southern Océan), by combining bacteriai biomass (BB), 
ectoproteolytic activity (EPA) and bacteriai production (BP) measurements in the epipelagic (0-100 m) and 
mesopelagic (100-700 m) zones. Bacteriai phylogenetic composition (FISH) and viability (SYTOX) were also 
determined. Ail these parameters were studied in relation with dissolved organic matter, saccharides and chlorophyll a 
(chia). Bacteriai carbon demand (BCD) was also estimated by use of different conversion factors (CFs) and bacteriai 
growth efficiency (BGE) and compared to primary production and export production estimâtes based on ”C- '^N- 
uptakes and the ^’“Th déficit method, respectively. In the surface layer, bacteriai biomass and its associated processes 
increased from SAZ waters west of Tasmania to SAZ waters east of Tasmania. Results at the Polar Front show 
interestingly maximum values in subsurface waters. Bacteriai parameters followed chia and organic matter 
distributions. Bacteriai abondance, biomass and activities drastically decreased below depths of 100-200 m. 
Nevertheless, depth-integrated rates through the thickness of the different water masses showed that the mesopelagic 
contribution of bacteria représenta a non-negligible fraction: up to 53%, 43% and 33% of the total water column BB, 
EPA and BP respectively. Mesopelagic remineralization seems more important in the PFZ compared to the SAZ. 
Despite some uncertainties in carbon flux estimations and discrepancies between methods, the présent study highlights 
the importance to study bacteriai dynamics in the twilight zone and their prépondérant rôle in shaping the carbon fluxes 
through the water column.

Keywords: Bacteria; bacteriai production; carbon; BGE; mesopelagic

1. Introduction

In océans, a large part of dissolved and particulate 
organic carbon produced through primary production in 
the surface waters is exported to the deep waters. During 
its downward transfer, the sinking organic carbon is 
submitted to dégradation, eventually resulting in 
régénération of nutrients and COj release, with only 1% 
of the C export estimated to reach the seafloor (Lampitt 
and Antia, 1997; Hansell, 2002; Lee et al., 2004). That 
organic material sinks out of the upper layer as 
particulate organic carbon (POC) in the form of faecal 
pellets, marine snow or sinking phytoplankton (Turner, 
2002) but also as dissolved organic carbon (DOC) 
(Ducklow et al., 2001). The efficiency of the carbon 
transfer and ultimately the quantity of carbon 
sequestered in the deep océan (Boyd and Newton, 1999) 
will dépend first on the magnitude of the primary

production and on the ecosystem structure (Buesseler, 
2007). The vertical transport of the organic material is 
also influenced by particle characteristics such as size, 
morphology, sinking rate or minerai ballasting and by 
grazing (Wassmann, 1998). Finally, the strength of the 
remineralization processes through the water colunm 
détermines the fate of the sinking carbon.

The dégradation of the organic matter (OM) happens 
not only in the surface layer but through the whole water 
column, and especially within the mesopelagic zone 
(also called “twilight” zone, ~ 100-1000 m; Hansell, 
2002). This zone receives the organic matter in excess 
from surface primary production but also from latéral 
inputs and migrant zooplankton active transport 
(Aristegui et al., 2005; Steinberg et al., 2008). Sinking 
particles entering the mesopelagic waters are submitted
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to dégradation, mainly due to local heterotrophic activity 
mediated by zooplankton and bacteria (Ducklow et al., 
2001; Tanaka et al., 2004). The twilight zone is 
considered as the depth layer where most of the changes 
in sinking organic matter occur (Aristegui et al., 2005). 
For the Southern Océan, Schlitzer (2002) reports from 
inverse modelling results that 70% of the C exported 
from the mixed layer is remineralized in the upper 450 m 
and 17% between 450 and 1000 m. This is reflected not 
only by the steep decrease of POC content with depth 
(see e.g. Martin et al., 1987; Buesseler et al., 2007), but 
also by a depth-depending change in biochemical 
composition of the organic material (Lee et al., 2004). 
Today, only a few studies hâve investigated the 
heterotrophic compartment of the mesopelagic zone in 
the Southern Océan (Moriarty and O’Donohue, 1995; 
Lochte et al., 1997; Moriarty et al., 1997; Ducklow et al., 
2001; Aristegui et al., 2002; Pedros-Alio et al., 2002; 
Simon et al., 2004). Even if heterotrophic activities are 
generally lower at depth than in surface, the integrated 
activities over the much thicker layer covered by 
mesopelagic waters might represent a non negligible 
fraction of the whole water column (del Giorgio and 
Duarte, 2002). It is therefore essential to take 
mesopelagic bacterial processes into account when 
investigating the C séquestration capacity of a System 
and especially, when studying cold oceanic Systems with 
high rates of export production, i.e. delivering a high 
amount of organic matter below the surface layer (Simon 
et al., 2004). In spite of the uncertainties inhérent to the 
different methods used to calculate the remineralisation 
in mesopelagic waters, results suggest that bacteria can 
consume major fractions of sinking fluxes of POC in that 
zone (Cho and Azam, 1988; Simon et al., 1992; Simon et 
al., 2004). Furthermore, in some areas POC fluxes to 
depth do not appear to be large enough to support the 
mesopelagic bacterial carbon demand so that additional 
mechanisms supplying OC (e.g. latéral or vertical 
transport of DOC, transport of OC by zooplankton) to 
the mesopelagic bacteria are required (Ducklow, 1993; 
Nagata et al., 2001; Reinthaler et al., 2006; Steinberg et 
al., 2008).

Heterotrophic bacteria, as the primary consumers of 
DOM, control its remineralization (Azam et al., 1983; 
Kirchman, 1990). They are able to remineralize the 
sinking particulate and dissolved organic matter by 
synthesizing enzymes to décomposé polymeric 
substrates to make them directly assimilable by the cell. 
A fraction of the C uptake will be respired into CO^ 
(bacterial respiration, BR) while the other fraction will 
serve to produce biomass (bacterial production, BP). The 
carbon fluxes through bacteria are particularly difficult 
to estimate correctly due to methodological difficulties 
to measure in situ bacterial activities, especially bacterial 
respiration. Yet the knowledge of the bacterial growth 
efficiency (BGE), expressed by BGE = BP/(BP+BR), 
allows to détermine the ecological or biogeochemical 
rôles of bacteria in the sea (Carlson et al., 2007). BGE 
reported in literature vary greatly across marine 
ecosystems, from <1 to >60% (del Giorgio and Cole, 
1998; 2000) and different factors controlling BGE and 
bacterial metabolism (such as température or substrate 
concentration) hâve being proposed. However, there is 
no consensus on which values and controlling factors are

most appropriate (Lopez-Urrutia and Moran, 2007). 
During the downward transfer of organic matter, the 
variation of these diverse parameters influences bacterial 
processes and consequently shape and détermine the 
pattern of carbon export.

The Sub-Antarctic Zone (SAZ) and the Polar Front 
Zone (PFZ) of the Southern Océan are mostly 
responsible for a large fraction of the total Océan uptake 
of anthropogenic CO^ (Inoue and Ishi, 2005). The SAZ 
waters east of Tasmania (150-160°E, E-SAZ) typically 
harbour higher iron levels than the SAZ waters west of 
Tasmania (135-145°E, W-SAZ) and their comparison 
may help understand different carbon export patterns 
(Trull et al., 2001b; Sedwick et al., 2008; Lannuzel et al., 
this issue). Also larger POC export fluxes hâve been 
observed in the PFZ (diatom dominance) than in the 
SAZ (no diatom dominance) (Buesseler, 1998; Boyd and 
Newton, 1999) while the deep fluxes exhibit the inverse 
pattern with lower fluxes in the PFZ than in the SAZ 
(Trull et al., 2001a). This suggests intense mesopelagic 
remineralization in the PFZ and this is corroborated by 
particulate mesopelagie excess-barium, a proxy for 
mesopelagic C remineralization. This showed that the C 
remineralized is 1.5 to 2 times higher in the PFZ as 
compared to the SAZ (Cardinal et al., 2005). There is a 
need to apply direct measurements of bacterial activities 
from surface to deep waters in order to ascertain the 
mechanisms of organic matter dégradation and the 
efficiency of carbon transport in the water column 
including at mesopelagic depths.

That is the reason why we investigated bacterial 
remineralization within the water column (0-700m) 
during the SAZ-SENSE expédition (January-February 
2007) in the Australian sector of the Southern Océan 
(SAZ and PFZ régions). We performed combined 
measurements of bacterial abondance, phylogenetic 
composition, viability, ectoproteolytic activities and 
production. These parameters are studied in relation with 
chlorophyll a, organic carbon and saccharides 
concentrations. Bacterial carbon demand (BCD) has 
been calculated from the range of published conversion 
factors and BGE. BCD is compared to primary 
production (Westwood et al., this issue) and export 
fluxes (Jacquet et al., this issue, b) and their impacts are 
discussed in terms of carbon fluxes.

2. Materials and Methods

2.1. Study site and sampling strategy

The sample collection was conducted during the 
SAZ-SENSE (AAV0307 of R.V. Aurora Australis) from 
17 January to 20 February 2007 (mid-summer) in the 
Sub-Antarctic Zone (SAZ) and Polar Front Zone (PFZ) 
of the Australian sector of the Southern Océan (Fig. 1). 
Stations of short (12 h stay, 6 “transect” stations) and 
long (5 days stay, 3 “process” stations) duration were 
sampled. Seawater samples were collected using a CTD 
cast System, mounted on a rosette sampler equipped with 
24 12L-Niskin bottles. Sub-sampling was performed 
carefully to avoid organic contamination. Seawater was 
collected into acid cleaned polycarbonate bottles and 
immediately treated. For bacterial production and 
counting, samples were collected at 6 transect stations

114



(SS2, SS9, SS 10, SS 12, SS21 and SS24) and 3 process 
stations (PI, P2 and P3). Seawater was collected at 15 
depths, from 0 to 700 m. At each of the process station, 
bacterial production and abondance measurements were 
repeated on different days (e.g.: Pldl, d3 and d5). 
Organic matter parameters (DOC, total dissolved 
saccharides, POC) and chia were measured at 3 transect 
(SS2, SS9 and SS 12) and 3 process (PI, P2 and P3) 
stations. In the case of organic parameters, seawater was 
collected only at 7 depths (0-700 m). At long-term 
stations, phylogenetic composition and viability of the 
bacterial assemblages but also bacterial ectoproteolytic 
activity were studied. For these measurements, weather 
conditions encountered at PI precluded operation of the 
CTD at depth.

The sites sampled during this study can be grouped 
into three main zones: a) the SAZ west (135-145°E) of 
Tasmania (Stns SS2 and PI; W-SAZ); b) the PFZ (Stn 
P2) and c) the SAZ east (150-160°E; E-SAZ) of 
Tasmania (Stns SS9, SSIO, SS12, P3, SS21 and SS24). 
The main physical and biological characteristics of these 
régions are briefly described in Table 1. Detailed 
description of the physieal properties of the study site is 
given in Griffiths et al. (this issue) and Mongin et al. 
(this issue).

Briefly, sea surface températures (SST) ranged 
between 5.3°C and 16.9°C, with higher surface 
températures occurring in the eastera SAZ, i.e. at 
stations P3, SS21 and SS24. Température profiles were 
very similar for the majority of the stations with a 
smooth decrease with depth except for P2 which was 
characterized by a marked thermocline. At P2, surface 
températures were lower (around 5.5°C) than at any 
other stations and the thermocline was at about 2°C, 
typical of Polar Front Waters. SS21 and SS24 (i.e. sites 
located north in the STZ and the EAC/subtropical water) 
hâve higher températures through the water column. 
Chlorophyll a (chia) concentrations ranged from 0.09 to 
0.77 pg f' in surface waters (Table 1). Maximum surface 
chia concentrations were observed in E-SAZ, at P3 
(Table 1; Wright et al., this issue). At P2, the chia 
maximum (0.23 pg f') was recorded below the surface, 
around 75 m, being a typical feature of the PFZ area 
reported also by others (e.g. Parslow et al., 2001). Iron 
concentrations were higher in the E-SAZ than in the W- 
SAZ (see Lannuzel et al., this issue).

2.2. Organic carbon and dissolved saccharides

Ail the material used for organic carbon sampling 
and analysis was either made of glass cleaned by 
combusting (4 h at 450°C), or washed with chromic- 
sulphuric acid (Merck), or of Teflon cleaned by 10% 
HCl soaking and rinsed with ultra high purity water 
(UHP, 18.2 M cm) obtained from a water purification 
System equipped with a UV-lamp and organic cartridge 
(Milli-Q Elément, Millipore).

Seawater samples collected in acid-cleaned carboys 
were filtered onto pre-combusted (450°C, 4 h) Whatman 
GF/F filters under a fume hood inside a clean room. 
Filters for particulate organic carbon (POC) were kept 
frozen (-20°C). Filtered subsamples for dissolved 
organic carbon (DOC) were taken in duplicate. These 
were acidified with H.PO^ (0.05% final conc.) and stored

14<rE US’E 1Sa"E 155‘E

Fig. 1. Sampling stations during SAZ-SENSE. Tas: Tasmania, 
STZ: SubTropical Zone, STF: SubTropical Front, W- and E-SAZ: 
West and east SubAntarctic Zone, SAF-N: SubAntarctic Front- 
north, SAF-S: SubAntarctic Front-south, PFZ: Polar Front Zone, 
PF-N: Polar Front-north, IFPFZ: Inter Frontal Polar Zone. Station 
names which appear in italics hâve been sampled only for bacterial 
abundance and production but not for organic matter, see Material 
and Methods.

in precombusted glass vials sealed with Teflon lined 
screw eaps. They were kept in the dark at 4°C until 
analysis in the home laboratory. POC was analyzed with 
a NA-2000 Fisons Instrument elemental analyzer 
(détection limit: 0.8 pmol C). DOC was measured by 
high température catalytic oxidation (HTCO; procedure 
of Sugimura and Suzuki, 1988) with a Shimadzu TOC- 
5000 analyzer. DOC concentration was calculated using 
a five-point calibration curve based on standards 
prepared by diluting a stock solution of potassium 
phthalate in UHP water (Milli-Q Elément System, 
Millipore). Each DOC value corresponds to the average 
of at least five injections per duplicate sample. Samples 
were measured in duplicate and the relative standard 
déviation never exceeded 2%. The accuracy of our DOC 
measurements was tested by analyzing reference 
materials provided by the Hansell laboratory (University 
of Miami). We obtained an average concentration of
45.1 ± 0.7 pM C (n = 10) for deep-ocean reference 
material (Sargasso Sea Deep water, 2600 m) and 1.4 ± 
0.7 pM C (n = 10) for low-carbon reference water. Our 
values are within the nominal values provided by the 
reference laboratory (44.0 ± 1.5 pM C and 2.0 ± 1.5 pM 
C, respectively).

Total dissolved saccharides (d-TCHO) were 
determined following the colorimétrie TPTZ (2,4,6- 
tripyridyl-s-triazine) method of Myklestad et al. (1997) 
as modified by Hung et al. (2001). The whole procedure 
was carried out in the dark since the reagents are light- 
sensitive (van Oijen et al., 2003). d-TCHO includes 
mono- (d-MCHO) and polysaccharides (d-PCHO) which 
are respectively the concentration before and after
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Table 1 : Main physical and biological characteristics of the stations sampled during the SAZ-SENSE cruise. SST: sea surface température; deep 
température refers to the value at 500 m. W- and E-SAZ: west and east Sub-Antarctic Zone, PFZ: Polar Front Zone, SAE: Sub-Antarctic Front, EAC: 
East Australian Current, STZ: SubTropical Zone.________________________________________________________________________________

Stn. CTD# Long.
°E

Lat.
°S

Water masses SST
°C

Surf chia 
Pgf

Deep Temp 
°C

SS2 5 143.053 44.889 W-SAZ 12.2 0.09 8.6
PI d3 19 140.307 46.496 W-SAZ 12.8 - 8.5
PI d5 30 140.641 46.580 W-SAZ 12.1 - 8.6
P2dl 40 145.867 54.014 PFZ 5.4 - 2.4
P2d2 44 146.128 54.020 PFZ 5.5 - 2.5
P2 d3 51 146.303 54.138 PFZ 5.4 0.12 2.3
P2d6 59 147.103 54.447 PFZ 5.3 - 2.5
SS9 64 148.650 50.875 E-SAF 8.4 0.17 6.4
SSIO 66 149.423 49.989 E-SAF 9.5 - 8.5
SS12 71 151.194 48.058 E-SAZ 11.7 0.41 8.4

P3dl 78 153.176 45.548 E-SAZ 13.2 0.13 7.5
P3 d3 86 153.349 45.465 E-SAZ 13.5 0.77 8.1
P3 d5 104 153.678 45.590 E-SAZ 12.8 0.49 7.8
SS21 93 152.493 44.934 E-SAZ 14.4 - 8.8
SS24 108 148.581 43.687 EAC/STZ 16.9 - 9.4

hydrolysis (TCHO = MCHO + PCHO). Dissolved 
samples were hydrolysed with HCl 0.1 N at 100°C, for 
20 h (Bumey and Sieburth, 1977). Calibration curves 
were obtained with D(+)-glucose and the values of 
saccharides were expressed as glucose équivalent. They 
were converted into carbon concentration using a 
conversion factor of 6 mol of C per mole of glucose. The 
coefficient of variation (CV, standard deviation/mean) of 
the triplicate measurements was 5%. The détection limit 
was 1.0 (iM C. To account for possible contamination 
during handling, 3 blanks per analytical session were 
treated and analyzed in the same way as the samples and 
subtracted from the concentration of the samples.

2.3. Bacterial parameters

We used in the présent paper the general term 
“bacteria” which refers to both Bacteria and Archaea. 
Just after collection, seawater samples for the 
énumération of bacteria were fixed with formaldéhyde 
(2% final conc.). They were then filtered onto 0.2 pm 
polycarbonate black Nuclepore filters. Bacterial cells 
were stained with DAPI (10 mg 1 ') for 15 min and the 
filters were mounted in immersion oil on microscope 
slides according to Porter and Feig (1980). Bacteria were 
counted by epifluorescence under blue light excitation 
with a Leica DMRXA microscope fitted with Cy3 and 
DAPI filters. A minimum of 1000 cells were counted in 
at least 10 different fields at 1000 x magnification. A 
relative standard déviation of 15% (n = 20) was 
estimated on bacterial abondance détermination. 
Bacterial abondance was converted into biomass by 
using the published carbon conversion factor (CCF) of 
12 fg C ceir' (Fukuda et al., 1998).

Bacterioplankton community structure was examined 
by FISH (fluorescence in situ hybridization) using probe 
EUB338 for Eubacteria, ALFlb for the a-subclass of the 
Proteobacteria, BET42a for the P-subclass of the 
Proteobacteria, GAM42a for the y-subclass of the

Proteobacteria, CF319a for the Cytophaga-FIavobacter 
group, ARCH915 for Archaea and a négative control 
probe for nonspecific probe binding (Table 2). 
Bacterioplankton samples were prepared for FISH using 
a modification of the method described by Glôckner et 
al. (1996). Seawater samples were fixed with 
formaldéhyde (2% final concentration). After fixation 
during 12-24 h, bacteria were stained with DAPI and 
filtered onto a 0.2-pm-pore-size polycarbonate 
membrane (Poretics), rinsed with 0.2-pm-pore-size- 
filtered seawater and stored at -20°C. A piece of the 
filter was placed on a Parafilm-covered glass slide, 
overlaid with 30 pl of hybridization solution containing 2 
ng/pl of Cy3-labeled oligonucleotide probe, and 
incubated in a sealed container for 24 h at 42°C. The 
hybridization solution contains 0.9 M NaCl, 20 mM 
Tris-HCl (pH 7.4), 0.01% sodium dodecyl sulfate, 50 
mM EDTA and varying formamide concentrations 
determined to achieve specificity for the targeted group 
of bacteria (Table 2). After hybridization, the sample 
was washed during 15 min at 38°C in a solution 
containing 20 mM Tris-HCl (pH 7.4), 10 mM EDTA, 
0.01% sodium dodecyl sulfate and appropriate 
concentrations of NaCl i.e. 102 mM for EUB338, 
BET42a and GAM42a, 440 mM for ALFlb, 308 mM for 
ARCH915 and 80 mM for CF319a. Stained cells were 
determined by image analysis (Lucia 4.6 software) from 
epifluorescence observations of 10 fields using a Leica 
DMRXA microscope fitted with Cy3 and DAPI filters 
and equipped with a Nikon DXM 1200 caméra.

The proportion of bacterial non-viable cells was 
estimated from Sytox-positive cells (Roth et al., 1997). 
A stock solution of Sytox Green stain (Molecular 
probes) was prepared in dimethylsulfoxide to a final 
concentration of 5 mM. The cells were stained with 1 pM 
SYTOX Green (final conc.) for at least 10 min at room 
température in the dark, as proposed on the product 
information sheet. The Sytox-positive cells were 
determined by epifluorescence microscopy (see above).
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Table 2; Oligonucleotide probes used in this study. %FA = percentage of formamide in the hybridization buffer. I : Amann et al. (1990), 2; Manz et 
al. (1992), 3: Manz et al. (1996), 4: Stahl and Amann (1991)___________________________

Probe Specificity Probe sequence (5’-3’) Target site 16S or 23S 
rRNA position 

(nucléotide)

%FA Refs.

EUB338 Eubacteria GCTGCCTCCCGTAGGAGT 16S (338-355) 30 1
ALFlb a\ph2i-proteobacteria CGTTCGYTCTGAGCCAG 168(19-35) 40 2
BET42a \)Q\a-proteobacteria GCCTTCCCACTTCGTTT 238(1027-1043) 30 2

GAM42a gamma-proteobacteria GCCTTCCCACATCGTTT 238(1027-1043) 30 2
CF319a Cytophaga-Flavobacterium TGGTCCGTGTCTCAGTAC 168 (319-336) 30 3

ARCH915 Archaea GTGCTCCCCCGCCAATTCCT 168 (915-934) 25 4

Ectoproteolytic activity (EPA) was determined 
fluorimetrically (Kontron SFM 25 fluorimeter) as the 
maximum hydrolysis rate of model substrate for leucine- 
aminopeptidase (L-leucine-7-amino-4-methyl-coumarin) 
added at saturating concentration (40 mM). Wavelengths 
for excitation and émission were 360 and 445 nm. 
Fluorescence in the samples was measured as a fonction 
of time at in situ température in the dark. Increase of 
fluorescent units with time was converted into activity 
from a standard curve prepared with the end product of 
the reaction, 7-amino-4-methylcoumarin (Sigma). The 
relative standard déviation was 12% (n = 20).

Bacterial production (BP or more precisely referring 
to heterotrophic prokaryotic production) was determined 
by incorporation of "H-labelled thymidine into 
macromolecules precipitated by cold trichloroacetic acid 
(TCA) according to Fuhrman and Azam (1982). Three 
20 ml (for depths <200 m) and three 40 ml (for depths 
>200 m) aliquots of water sample were dispensed into 
plastic vials. Ail samples received methyl-[’H]- 
thymidine (spécifie activity: 74.5 Ci mmol';
Amersham), to a final concentration of 10 nM, by 
addition of 100 or 200 pl ^H-thymidine. One of these 
subsamples served as a blank (tO) and the two others 
were incubated for 4 h (<200 m) and 8 h (>200 m) at in 
situ température. The thymidine incorporation was 
stopped by precipitating the samples with trichloroacetic 
acid (TCA, 5% final concentration). The samples were 
filtered through 0.22 pm pore size cellulose acetate 
filters (Sartorius) and rinsed 5 times with 2 ml 5% ice 
cold TCA. The filters were immediately stored at -20°C. 
Back to the home laboratory, they were placed in 
scintillation cocktail (EcoLume, MP Biomedicals), and 
the radioactivity incorporated in the cold TCA 
précipitable material was measured by a Packard Tricarb 
1900TR Liquid Scintillation Analyzer. Corrections for 
quenching were made by transformed spectral indices of 
extemal standards and stored quench curves. Radiotracer 
incorporation (nmol f' h ') was converted into bacterial 
production (cell F' d ') using the published thymidine 
conversion factor (TCF) of 8.6 x lO” cell per mol 
incorporated estimated by Ducklow et al. (1999). 
Biomass production rate was obtained by use of the CCF 
of 12 fg C celf' (Fukuda et al., 1998).

The measurements of BP at discrète depths 
throughout the water column can be used to estimate 
depth integrated bacterial respiration (BR) and carbon 
demand (BCD) from the following relations: a) BR= 
[(BP/BGE) - BP] and b) BCD = BP + BR = BP/BGE.

To calculate this, we rely on the use of a thymidine 
conversion factor (TCF) and a bacterial growth 
efficiency factor (BGE). But the values of each of these 
conversion factors (CFs) found in literature are rather 
variable and consequently greatly influence the 
estimation of the carbon fluxes. We tested, and discuss 
below, the impact of three different ranges of TCFs and 
BGEs. We applied a constant carbon conversion factor 
(CCF) of 12 fg C celf and used a low (TCF = 0.5 x lO'* 
cells mof' and BGE = 0.38), a middle (TCF = 0.86 x lO'* 
cells mof' and BGE = 0.15), and a high estimate (TCF = 
2.0 X 10'* cells mof' and BGE = 0.09) to calculate 
bacterial respiration and bacterial carbon demand. The 
value of 0.15 for BGE is the médian of 239 oceanic 
studies (del Giorgio and Cole, 2000) and the lower and 
higher ones are the extreme values found by Carlson et 
al. 1999. The choice of the TCF is made after Ducklow 
et al., 1999 and Ducklow, 2000. In addition, we also use 
the model of del Giorgio and Cole (1998) to estimate 
BGE from BP (in pg C f' h') at each depth, following 
the relation: BGE = (0.037 -t- (0.65 x BP)) / (1.8 + BP).

3. Results

3.1. Distribution of organic carbon

Dissolved organic carbon (DOC) concentrations 
ranged between 47 and 86 pMC (Fig. 2). DOC 
concentrations were higher in the upper 100 m of the 
water column compared to underlying waters. Higher 
surface DOC concentrations (84 pM C) were observed at 
P3 (E-SAZ) than at PI (56 pM C) and P2 (55 pM C). At 
P2 (PFZ), a subsurface maximum (± 50 m deep, 75 pM 
C) was présent (Fig. 2), roughly coinciding with the deep 
chlorophyll maximum (DCM) (± 75 m, 0.23 pg 1'). 
Concentrations of dissolved saccharides showed a rather 
similar trend with depth as DOC. They ranged between
1.3 and 13.4 pM C along the water colunrn. They 
accounted for between 2.4% and 25.6% of the DOC but 
this percentage did not show any particular trend with 
depth or région. Dissolved saccharides were mainly on 
the polymeric form (69 ± 19%) except in the surface 
layer of P2, where they accounted for less than 49% of 
total saccharides. As for DOC, the highest 
concentrations were measured at P3 as compared to P2 
and PI and the same subsurface maximum was observed 
at P2. Particulate organic carbon (POC) concentrations 
were in average 10 ± 6 times smaller than DOC and
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ranged between 3.3 and 14.9 gMC in the surface layers. 
The maximum POC value was observed at P3.

Fig.2. Vertical profiles (0-700 m) of dissolved organic carbon (DOC, 
pM C, left side) and, of dissolved total saccharides (d-TCHO, pM C, 
right side) for stations SS2, PI, P2, SS9, SS 12 and P3 of the SAZ- 
SENSE cruise

3.2. Bacterial standing stocks and activities

Vertical distributions of bacteria abondance are 
shown in Fig. 3. For ail the stations, bacterial numbers 
ranged from 0.03 to 4.95 x lO’ cell 1' for the 0-700 m 
water column, which correspond to bacterial biomasses 
varying between 0.48 and 59.4 pg C f'. In general, 
bacterial abondances and biomasses were higher at the 
surface, decreased continuously up to about 200 m and 
then stayed relatively constant below 200 m. The depth 
profile at the Polar Front (P2) made exception and 
showed interestingly maximum values below the 
surface, around 100 m (Fig. 3B). From 200 to 700 m, 
bacterial numbers remained essentially constant around 
0.09 ± 0.04 X lO’ cell 1‘. Deep values were slightly 
higher (0.3 x 10’ cell 1') in the east SAZ compared to 
other régions. In the epipelagic zone, bacterial 
abondances and biomasses were higher at P3 (W-SAZ) 
compared to PI (E-SAZ) (Fig. 3). Values at P2 fit the 
same range as those for the W-SAZ. The repeat sampling 
at each site was separated by several days but the results 
from the repeat samplings were rather close to each other 
except for PI, which showed some variability in the 
surface layer between days 1 and 5 (Fig. 3A). Integrated 
(0-700 m) bacterial biomass in the west SAZ and PFZ 
ranged between 64 (Pld5) and 184 (SS2) mmol C m’. 
Integrated bacterial biomass was higher in the E-SAZ 
and ranged between 138 (SSIO) and 409 (SS21) mmol C 
m'^ (Table 3). Mesopelagic bacterial biomass (100-700 
m) represented an important fraction of total water 
column bacterial biomass (0-700 m) which ranged 
between 41 and 68% (Table 3). The integrated biomass 
in the surface layer (0-100 m) and in the mesopelagic 
layer (100-700 m) was higher in the east, at P3, 
compared to PI.

At process stations, in situ hybridization with 
oligonucleotide probes showed that between 70 and 83% 
in surface layer (Fig. 4A) and between 51 and 65% in 
mesopelagic layer (Fig. 4B) of ail picoplanktonic cells 
stained with DAPI hybridized with the probe EUB338 
spécifie for Eubacteria. The proportions of Archaea 
ranged between 0 and 25% of total DAPI counts with the

highest values reported in mesopelagic waters, 
particularly in the PFZ (Figs 4A and B). Among the 
Bacteria, the Cytophaga/FIavobacteria subgroup was the 
most represented in ail the samples, with percentages 
ranging between 7 and 33% in the surface layer (Fig. 
4C) and between 36 and 52% in the mesopelagic layer 
(Fig. 4D) of EUB338 cells. The a-subclass of
Proteobacteria was also significant for P2 and P3 in the 
surface layers (range; 13-23% of EUB338 cells; Fig. 
4C). The proportion of y- and p-subclass of
Proteobacteria remained fairly similar in ail samples and 
did not exceed 8% and 2% of EUB338 cells, 
respectively.

Almost ail bacteria were viable in the samples from 
the 3 process stations at ail depth (Table 4). In average, 
they accounted for >97% of total cells at PI, >93% at P2 
and >87% at P3. No différence with depth was seen.

Ectoproteolytic activities (EPA) ranged between 0.36 
and 41.6 nmol 1' h ' for the three process stations, with 
the maximum value at PI. Highest bacterial 
ectoproteolytic activities were measured in the surface 
waters and they decreased with depth (Fig. 5). At P2, a 
subsurface maximum for EPA was observed around 75 
m, coinciding with chia and organic matter distributions. 
Spécifie (per cell) ectoproteolytic activities ranged 
between 1.7 and 54.0 x 10 '* mol cell ' h ' (Table 4). 
Surface maximal values were observed at PI and 
minimum ones at P3. Spécifie EPA was variable over 
depth (0-700 m) but average values tended to be higher 
at the surface, except at P3 (Table 4). Integrated values 
(0-700 m) were 31.3 and 61.3 mmol m'^ d'at P2 and P3 
respectively. Intégration was not possible for PI as only 
surface data were available. From these integrated 
values, mesopelagic activities (100-700 m) represented 
respectively 33% and 54% for P2 and P3.

Bacterial Abundance Bacterial Abondance
(10® cell l"') (10® cell r’)

Fig. 3. Vertical distributions of bacterial abundance (I09 cell I') at 
process stations PI (A), P2 (B), P3 (C) and transect stations SS2, 
SS9, SSIO, SS12, SS20 and SS24 (D). At each process stations, 
measurements hâve been realized on different days (d).
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Table 3
Depth-integrated bacterial biomass and production over the surface layer (0-100 m), the mesopelagic layer (100-700 m) and the total water column 
(0-700 m), for ail the stations sampled during SAZ-SENSE. Contribution of the mesopelagic is given in %. Process Station PI, P2 and P3 hâve been 
sampled on different days (d). Values (middle estimâtes, see text) are given for a CCF = 12 fg C cell ' and a TCP = 0.86 x 10" cell mol '. Ail values 
are expressed in mmol C m'^ d '.

Integrated BB 
(mmol C m'^)

Integrated BP 
(mmol C m'^ d ')

0-100 m 100-700 m total 0-100 m 100-700 m total %

SS2 85 99 184 54 3.3 1.9 5.3 36
PI d3 74 64 138 47 6.7 1.7 8.4 20
PI d5 20 43 64 68 4.8 2.6 7.3 35
P2dl 42 59 101 58 4.6 2.0 6.6 30
P2d2 44 57 101 56 3.7 3.0 6.6 46
P2d3 43 59 101 58 3.1 8.8 11.9 74
P2 d6 52 76 128 60 4.7 2.0 6.7 30
SS9 127 112 239 47 2.2 1.8 4.0 46
SSIO 72 66 138 48 2.5 1.9 4.4 43
SS12 79 105 184 57 4.0 1.4 5.4 26
P3 dl 163 209 372 56 11.2 1.8 13.0 14
P3 d3 141 209 350 60 7.2 2.3 9.5 25
P3 d5 193 142 335 42 13.8 2.9 16.8 17
SS21 242 166 409 41 11.5 1.3 12.8 10
SS24 197 174 371 47 13.7 2.3 15.8 14

Depth profiles of bacterial production for transect 
and process stations are presented in Fig. 6. Bacterial 
production during the investigation period ranged from 
0.47 to 322 X 10‘‘ cell 1' d '. Bacterial production was 
higher in surface waters and decreased sharply below 
depths of 100 m, except at P2 where there was a peak 
around 100 m (on day 1) and around 200 m (on day 3 
of this process station) (Fig. 6B). In the surface layer, 
higher values were measured in E-SAZ than in W-SAZ 
while values at P2 were similar to those at PI. Below 
200 m, values were relatively stable over depth, ca. 2 x 
10*^ cell r' d '. Temporal variability was observed at PI 
and P2 but not at P3 (Figs 6A, B and C). At PI, surface 
production is 3 to 4 times smaller on day 1 than on day 
3 and 5. At P2, a subsurface maximum of bacterial 
production was observed at different depths on the 
different sampled days. Growth rates ranged between 
0.004 and 0.684 d' (Table 4). They were rather 
variable with depth but in average they were higher in 
the surface layer than below this depth. The average 
growth rates were similar in the surface layer of P1 and 
P2 and were greater than at P3. Below 200m, growth 
rates were more constant, varying between 0.004 and 
0.090 d ‘. In the mesopelagic layer (100-700 m), the 
average growth rates were the highest at P2 (Table 4). 
Integrated bacterial production (0-700 m) ranged 
between 4.0 (SS9) and 16.8 (P3d5) mmol C m'^ d' 
(Table 3). The highest values were observed in the E- 
SAZ, at P3, SS21 and SS24. The integrated bacterial 
production in the surface layer (0-100 m) was higher in 
E-SAZ compared to the W-SAZ while the integrated 
mesopelagic production (100-700 m) was rather

constant for ail the stations (excluding P2d3). 
Consequently the contribution of integrated 
mesopelagic activities ( 100-700 m) was highly variable 
between stations, accounting for between 10 and 74% 
of the total bacterial production (0-700 m) (Table 3). 
The proportion of the bacterial production in the 
mesopelagic zone (%BP^^,J was lowest in the E-SAZ 
and the highest at P2 on day 3. At P2, the high 
variability in the partition of the bacterial production 
between surface and mesopelagic (see Table 3) is 
constrained by the location of the subsurface maximum 
observed (Fig. 6).

Surface

Fig. 4. Major bacterial phylogenetic groups as determined by FISH (see 
Methods) at the 3 prtKess stations (PI, P2, P3). Probe data are given as 
percent of cells détectable after DAPI staining. Distribution of total 
DAPl counts between Eubacteria and Archaea in surface (A) and 
mesopelagic (B) layers; distribution of Eubacteria in the main groups in 
surface (C) and mesopelagic (D) layers.

Eubacteria
Archaea

I—■ urürnown 
CFS

Pcvn alpha^Proteobacteria
I------ 1 beta-Proteobaeteria

gamma’Protsobacteria
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Table 4
Percentage of viable cells as determined by the Sytox green dye, average and range (min-max) of spécifie ectoproteolytic activity (EPA) and bacterial 
growth rate for the surface (0-100 m) and mesopelagic layer ( 100-700 m) for the 3 process stations. ND means no data.__________________________

PI P2 P3
0-100 m 100-700 m 0-100 m 100-700m 0-100 m 100-700m

viable cells 
% 97.8 ND 92.6 93.4 83.7 93.2

Spec. EPA 48.7 ND 18.6 9.3 4.5 14.0
IO“ mo! cell' ti' (43.3-54.0) (10.5-23.0) (3.3-18.0) (1.7-10.8) (7.8-19.5)

Growth rate 0.108 0.041 0.090 0.069 0.053 0.016
d' (0.022-0.255) (0.015-0.132) (0.031-0.176) (0.008-0.684) (0.020-0.121) (0.004-0.138)

3.3. Bacterial carbon demand and BGE

Assuming a thymidine conversion factor (TCF) of 
0.86 X 10'* cells mof' and a bacterial growth efficiency 
(BGE) of 0.15, the middle estimate of integrated 
Bacterial Carbon Demand (BCD) (0-700 m) varied 
between 14.5 (SS9) and 92.1 (P3d5) mmol C m'^ d ' 
(Table 5). When applying a TCF = 0.5 x 10‘* cells mof' 
and a BGE = 0.38, the BCD values were reduced by 
77%. The use of a TCF = 2.0 x lO'* cells mof' and a 
BGE = 0.09 gave very high BCD values, 3.9 times 
higher than the middle estimâtes (Table 5). The 
bacterial growth efficiency (expressed in %) estimated 
by the del Giorgio’s model gave low BGE values, 
ranging between 2.1% and 7.2%, for ail the samples 
when using middle conversion factors. Average BGE 
for W-SAZ, PFZ and E-SAZ were respectively of 
2.8%, 2.7% and 3.4% in surface and of 2.1%, 2.2% and 
2.1% in mesopelagic layer.

EPA
(nmol I * h *)

Fig. 5. Vertical distribution of bacterial 
ectoproteolytic activities (EPA, nmol f' h') at 
the process stations (PI, P2, P3).

(10® cell r’d ’) (10® cell r’d ’)
Fig. 6. Vertical distributions of bacterial production (10® 
cell r' d') at process stations PI (A), P2 (B), P3 (C) and 
transect stations SS2, SS9, SS 10, SS 12, SS20 and SS24 (D). 
At each process stations, measurements bave been realized 
on different days (d).

4. Discussion

4.1. Choice/variability of the conversion factors and 
BGE

Although the estimation of the bacterial carbon 
demand from measured bacterial production (BP) and 
BGE is routinely practised in marine studies, it 
involves some crucial assumptions to be made. On the 
one hand, the incorporation rate of labelled compounds 
such as ’H-thymidine, are only a proxy for BP as the 
transformation of these incorporation rates into cell and 
carbon production values require the use of 
conversions factors (CFs; Ducklow, 2000; Carlson et 
al., 2007). On the other hand, BGE is difficult to 
measure and very few experimental data are reported, 
in particular for the mesopelagic zone. The fixed BGE 
values we used in our calculations were selected as 
représentative and fit the range of published values for 
Antarctic and marine studies. BGE has been estimated 
to vary between 9 and 38% at Coastal sites (Bjomsen
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and Kuparinen, 1991; Carlson et al., 1999) and around 
26-30% at the Polar Front (Kahler et al., 1997). 
However recent studies hâve also reported very low 
BGEs (Moran et al., 2002; Reinthaler et al., 2006; 
Obemosterer et al., 2008), especially in the 
mesopelagic zone. A low BGE might resuit from the 
increase of maintenance costs in oligotrophic 
conditions (Carlson et al., 2007). Given the lower 
concentration and lower labile fraction of OM in the 
twilight zone, it seems likely that BGE would be lower 
there than in the surface layer (Williams, 2000). But 
Tamburini and colleagues (2003) stressed the need to 
assess prokaryotic activities at in situ pressure as they 
observed that pressure affects bacterial activity and that 
stress caused by décompression induces an increase in 
energy cost, and resulting in systematic underestimates 
ofBGE.

Another approach to estimate the bacterial growth 
efficiency is to use models relating BGE to another 
parameter which is easier to measure, as described for 
instance by del Giorgio and Cole (1998). Applying this 
model {see section 3.3) to our bacterial production data 
suggests that BGE is lower in the mesopelagic layer. 
Nevertheless our BP values lie in the very low range of 
BP values used in the empirical transfer function 
proposed by del Giorgio and Cole (1998). Since this 
transfer function was constructed from surface data 
only, it is possible that it is not suitable for deeper 
water column which has different characteristics than 
the photic layer. Although most BGE measurements 
relate to free-living bacteria and assume a homogenous 
DOM distribution, the mesopelagic zone is 
characterized by the presence of aggregates. These 
important microenvironments introduce some 
heterogeneity, being literally hotspots, for the bacteria. 
Indeed very high interstitial DOC concentration can. be 
found within these aggregates (Alldredge, 2000) due to 
very high bacterial hydrolytic activities which convert 
aggregated organic matter into non-sinking DOM. 
Furthermore, this DOM can diffuse in the surrounding 
waters as plumes of high OM (Azam and Malfatti, 
2007). In this organically-enriched microenvironment, 
bacterial growth might occur with high growth 
efficiency (Azam and Long, 2002) and a study on 
aggregates has shown BGE can be as high as up to 0.50 
(Grossart and Ploug, 2001). A .“bulk” BGE value 
obtained from a given volume of water may not reflect 
the reality. In summary, the application of extreme 
conversion factors performed here highlights the large 
variation of the results as depending on the choice of 
the CFs and BGE values, and stresses the need to 
dérivé conclusions with caution {see section 4.4).

4.2 Bacterial standing stock and activity

The abondances of bacteria we observed for 
Antarctic and sub-Antarctic waters are similar to those 
of temperate régions, which usually range between lO’ 
to lO’ cells r' (e.g. Karl et al., 1991). We also observe 
that the numbers of bacteria are the highest in surface 
waters and decrease with depth as is usually the case 
(Ducklow, 1993; Nagata et al., 2000; Tamburini et al., 
2002). Likewise, bacterial activities (EPA and BP) are 
higher at surface than deeper. Comparisons of values of

bacterial activities measured in the présent study with 
literature data for Antarctic and sub-Antarctic Océans 
show that they fall within the same range than 
previously reported in the literature, for total and 
spécifie ectoproteolytic activity (Christian and Karl, 
1992; 1993; 1995; Talbot and Blanchi, 1997, Talbot et 
al., 1997; Becquevort and Smith, 2001; Misic et al., 
2002), bacterial production (Lochte et al., 1997; 
Moriarty et al., 1997; Church et al., 2000; Simon et al.,
2004) and growth rates (Karl et al., 1991, Pedros-Alio 
et al., 1996; Carlson et al., 1998; Ducklow et al., 1999; 
2001; Obemosterer et al., 2008). The FISH analysis 
indicates that the bacterial community includes large 
numbers of the Cytophaga-Flavobacterium-Bacteroides 
(CFB) group and of the alpha-proteobacteria 
throughout the studied région. These groups are indeed 
the most frequently observed in the surface océan 
(Kirchmann, 2002). But Abell and Bowman (2005) 
reported, for the same région and for similar bacterial 
communities as observed in our study, the occurrence 
of clades (i.e. subdivisions of a group) that appear to be 
different between SAZ and PFZ.

In the surface layer, from a spatial point of view, 
both bacterial abondance and activities show a clear 
gradient between west and east SAZ, with values at the 
PFZ being similar to those of W-SAZ. Température 
régulâtes most of bacterial processes such as enzymatic 
activity, growth and respiration (Pomeroy and Deibel, 
1986; Kirchman and Rich, 1997; Lopez-Urmtia and 
Moran, 2007), but the influence of température on 
bacterial carbon metabolism is complex. First, cold 
températures or the combination of low température 
and low substrate concentration, hâve been pointed out 
as controlling bacterial growth in high-latitude océans 
(Pomeroy and Deibel, 1986; Cole et al., 1988; Pomeroy 
et al., 1991). However, considering the high diversity 
of bacteria (Karl and Procter, 2007) and their faculties 
to adapt to their environment (e.g. enzymes, Russel,
2000), there is no reason to suspect that bacterial 
numbers and processes in cold ecosystems would be 
lower than in warmer ecosystems (see discussion in 
Rivkin et al., 1996). Bacterial abondances, activity and 
viability were not significantly reduced in the colder 
water column températures at the P2 (PFZ) site 
compared to these abondances and rates at the warmer 
SAZ sites. Furthermore, although east and west SAZ 
hâve similar sea surface températures (Table 1), 
bacterial abondance and activities were higher in E- 
SAZ. This suggests that température is not solely 
controlling bacterial distribution and that other factors 
play key rôles in shaping bacterial distribution and 
activities pattern.

The abondance and the quality of the organic and 
inorganic (such as iron) substrates can limit bacterial 
processes (Pakulski et al., 1996; Kirchman et al., 2000; 
Church et al., 2000). As iron concentrations were 
higher in the E-SAZ than in the W-SAZ (Lannuzel et 
al., this issue) we can not exclude a direct effect on the 
bacterial metabolism. Nevertheless, several controlled 
experiments (one of them being realized on seawater 
from the same région as in our study) hâve concluded 
that carbon seemed to be the first growth-limiting 
factor for bacteria even if iron quickly became limiting 
when carbon limitation was alleviated (Church et al..
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2000; Kirchman et al., 2000; Becquevort et al., 2007). 
Phytoplanktonic production in the surface layer is the 
main source of labile organic matter in the océan 
(Nagata 2000). We indeed observed that the 
distribution of organic matter was consistent with the 
chia distribution: higher phytoplanktonic biomass (as 
indicated by chia concentrations) and higher quantity 
of organic substrates recorded in the E-SAZ and lower 
ones in W-SAZ (Table 1). Even the subsurface chia 
maximum at P2 was reflected in the concentrations of 
DOC and d-TCHO. The pool of OM seems thus 
relatively directly related to phytoplankton in these 
régions resulting in a corrélation between DOC and 
chia (r^ = 0.49, n = 23; p = 0.0002). The DOC values in 
surface waters of the PFZ ranged from 51 to 75 pM C 
and are in agreement with literature data (60-90 pM C, 
Carlson and Ducklow, 1995; Guo et al,. 1995; Thomas 
et al., 1995; Peltzer and Hayward, 1996; Sharp, 1997; 
Ogawa et al,. 1999), while they reached up to ca. 90 
pM C in E-SAZ. To the best of our knowledge, no 
DOC data hâve been published for this area. A fraction 
of the DOC in surface water constitutes “labile” 
organic compounds (turnover time: minutes to days), 
such as dissolved saccharides (d-TCHO), which are 
substrates available for bacteria, and rapidly removed 
from the System. Another fraction of the surface DOC 
represents “semi-labile” organic compounds (turnover 
time: weeks to months), which is estimated as the DOC 
stock in excess of the refractory pool présent in the 
deep océan (Carlson, 2002). Significant spatial 
variability in excess DOC (excess DOC=DOC 
concentration-background Antarctic DOC, i.e. 42 pM 
C as assessed by Wiebinga and de Baar, 1998) was 
observed in the surface waters of the different studied 
areas: the excess DOC was 12 ± 3 pM C, 17 ± 11 pM C 
and 36 ± 21 pM C in PI (W-SAZ), P2 (PFZ) and P3 
(E-SAZ) respectively. This semi-labile pool, which 
escapes rapid microbial dégradation in the upper 100 
m, could thus constitutes a significant direct C export 
to mesopelagic depths by overtuming (thermohaline) 
circulation at high latitudes. In the area of this study, 
vertical movement of water is mainly due to the 
breakdown of the seasonal thermocline and the 
subduction of PFZ and SAF surface waters to form the 
Subantarctic Mode Water in SAZ (Rintoul and Trull, 
2001; Parslow et al., 2001).

The distribution of the organic substrates, with 
higher contents in E-SAZ as compared to W-SAZ 
appears thus well reflected in the magnitude of 
bacterial abondance and activities in each région. The 
organic substrates seem therefore to directly influence 
bacterial activity, as it is often the case in open-ocean 
areas where bacteria are directly depending on the 
autochthonous resources supply (Moran et al., 2002).

In addition to the main factors studied here, we 
cannot exclude that prédation and viral infection, 
which control the bacterial abondance could also hâve 
played a rôle (Fuhrman, 2000; Strom, 2000). The lower 
growth rates observed in the surface waters at P3 as 
compared to PI could be related to grazing or viral 
infection as the abondance of the grazers and of viruses 
are higher there (Evans et al., this issue). Interestingly, 
it also appears that for an “organic-poor” System such

as PI, the proportion of non-identified cells like CF319 
was higher than in the case of P2 and P3.

Of course, through the water column, the same 
factors are influencing the distribution of the bacterial 
processes. However, our knowledge of controlling 
factors on bacteria in the mesopelagic zone is limited. 
We observed a decrease of the bacterial numbers and 
activities with depth and also a decrease of the 
concentration of organic substrates. While this trend 
not always held for the spécifie (per cell) 
ectoproteolytic activities, these do not show a general 
decree se with depth (Table 4). The synthesis of 
enzymes is a complex mechanism implying a lot of 
different regulating factors (Chrost 1991). The decrease 
of direct labile monomeric substrates in the 
mesopelagic zone and the need to extract carbon and 
energy sources necessary for the bacterial metabolism 
from particulate or semi-labile DOM, could lead to an 
over-expression of their ectoenzymatic Systems 
(Tamburini et al., 2003). Increase of iron 
concentrations with depth can also play a rôle in the 
expression of the enzymes (Becquevort et al. 2007). 
Moreover the pattern of enzyme expression seems to 
change with species (Martinez et al., 1996; Kirchman 
et al., 2004) and the variability in bacterioplankton 
communities at depth is influenced by organic matter 
supply and patchiness (Hewson et al., 2006). Although 
in surface, CFB and Proteobacteria are mainly présent 
and typical of the presence of fresh DOM (Tamburini 
et al., 2006), the proportion of Archaea, for which the 
metabolism is still poorly known, increases in the 
mesopelagic zone, as also observed by other studies 
(Kamer et al., 2001; Church et al., 2003; Reinthaler et 
al., 2005). The relatively constant spécifie 
ectoenzymatic activity even at depth suggests that 
bacteria seem adapted and able to décomposé the 
available substrates. By contrast, growth rates were 
higher in surface waters and décliné with depth: 
bacteria populations seem to be more actively 
metabolizing OM in surface than at depth, which is 
indicative of a higher availability and a fresher OM. 
Even more, these trends mean that there are more small 
substrates directly assimilable by the bacteria in 
surface, without any need for enzymatic breakdown. 
This situation is in agreement with excrétion processes 
by algae occurring in surface waters, providing labile 
substrates such as saccharides to bacteria.

4.3. Significance of mesopelagic processes

We hâve seen that bacterial abondance and total 
activities are lower at depth but that spécifie enzymatic 
activities can still be significant, within the range of 
values observed in the surface waters. The cumulative 
activities over the much thicker layer covered by 
mesopelagic waters do represent a non-negligible 
fraction of the whole water column activity. Depth- 
integrated biomass, proteolytic activity and production 
integrated between surface and 700 m showed that 
mesopelagic contribution (100-700 m) reached on 
average respectively, 53 ± 7%, 43 ± 14% and 33 ± 
19% of the total activities estimated from 0 to 700 m. 
Previous studies hâve also highlighted the importance 
of the twilight zone for the bacterial dégradation of the
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Table 5
Column-integrated Gross Primary 
Production for the euphotic layer 
(GPP, from Westwood et al., this 
issue), Export Production at 100 m 
(EP|oom> from Jacquet et al., this issue 
b) and bacterial carbon demand 
(BCD) over the surface layer (0-100 
m), the mesopelagic layer (100-700 
m) and the total water column (0- 
700 m) for ail the stations sampled 
during SAZ-SENSE. Process Station 
PI, P2 and P3 hâve been sampled on 
different days (d). Ail values are 
expressed in mmol C m'^ d'. * GPP 
hâve been determined from CTD 
close in time but not exactly from 
the same CTD as EP and BCD

GPP* EP■*^^100in ®^f^0-700n,

SS2 - 4.3 22.4
5.1-86.8

12.5
2.9-49.2

34.9
8.1-136.0

PI d3 162 4.8 44.7
10.3-173.1

11.2
2.6-43.5

55.9
12.8-216.7

PI d5 59 4.1 31.5
7.2-122.1

17.3
4.0-67.0

48.8
11.2-189.1

P2 dl 90 " 30.3
7.0-117.5

13.4
3.1-52.0

43.7
10.0-169.5

P2 d2 96 2.9 24.2
5.6-94.0

19.8
4.8-80.6

44.0
10.3-174.6

P2 d3 ” 6.6 20.8
4.8-80.5

58.4
13.4-226.5

79.2
18.2-307.0

P2 d6 72 " 31.2
7.1-120.3

13.4
3.2-53.4

44.7
10.3-173.7

SS9 “ 6.4 14.5
3.3-56.1

12.4
2.9-48.7

26.9
6.2-104.8

SSIO " 7.1 16.9
3.9-65.4

12.5
2.9-48.4

29.3
6.7-113.7

SS12 “ 6.3 26.7
6.1-103.3

9.4
2.6-43.6

36.1
8.7-146.9

P3 dl 141 3.2 74.5
17.1-288.9

12.0
3.1-51.8

86.5
20.2-340.7

P3 d3 117 6.5 47.6
10.9-184.5

15.6
3.9-61.1

63.2
14.8-245.6

P3 d5 80 6.5 92.1
23.4-354.5

19.5
6.4-73.4

111.5
29.7-428.0

SS21 - 5.9 76.7
17.6-297.4

8.8
2.0-34.0

85.5
19.6-331.5

SS24 ” 90.9
20.9-352.3

14.8
3.4-57.3

105.7
24.3-409.6

sinking OM in the Southern Océan (Lochte et al., 1997; 
Moriarty et al., 1997; Ducklow et al., 2001; Aristegui 
et al., 2002; Pedros-Alio et al., 2002; Simon et al.,
2004). The partition of BP between the epipelagic and 
mesopelagic layers is very variable between régions. 
This variability is due to the surface depth-integrated 
bacterial production, BP„.|,,,,„, which has different 
values between stations. Consequently even if depth- 
integrated BP was interestingly fairly stable over the 
mesopelagic layer for ail the locations (Table 3), the 
variation of BP at surface affects the final contribution 
of BP,^,„,„. P3 has the highest BP^,„^ and 
concomitantly, the lowest mesopelagic %BP. While the 
algal community was diatom-dominated at P2, this was 
not the case at P3 and PI (Wright et al., this issue). 
Thus the diatom-dominated P2 présents the highest 
mesopelagic contribution of BP. This corroborâtes 
some previous results (Buesseler, 1998; François et al., 
2002; Cardinal et al., 2005) which stated that diatom- 
dominated Systems export more labile organic matter. 
This material has been less extensively processed by 
the food web in the mixed layer and as a resuit, this 
exported material could be more effectively 
remineralized during its transit through intermediate 
depths, reducing its transfer efficiency to the deep sea 
(François et al., 2002; Panagiotopoulos et al., 2002).

Results from excess Barium content would support this 
trend (Jacquet et al. this issue, a). Additionally, the 
higher EPA/BP ratio in the mesopelagic zone of P3 
compared with the epipelagic zone of P3 suggests an 
intense enzymatic dégradation process of a potentially 
high POC export along with a decrease of monomeric 
substrates directly available for bacterial production in 
the deeper waters.

4.4 Carbon fluxes

For each ecosystem, the bacterial carbon demand 
(BCD) can be compared with primary production (PP) 
in order to evaluate the coupling strength between 
them. Such évaluations of the strength of coupling hâve 
been made on many océan expéditions and give very 
variable results. There are large net-heterotrophic 
régions (del Giorgio et al., 1997) where bacteria took 
up more OM than was présent as local primary 
production, indicating that the spatial and temporal 
import of organic matter must hâve occurred, as some 
studies from the Southern Océan indicate (Ducklow et 
al., 2000; Aristegui et al., 2002; Obemoster et al., 
2008). As reported in Table 5, the bacterial carbon 
demand, estimated from BP measurements and 
literature BGE, gives high values as compared to local
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primary production (Westwood et al., this issue). The 
minimal and middle estimation of BCD would be in 
agreement with the estimated local primary production 
and this holds for the surface water BCD as well as for 
the water column (0-700 m) integrated BCD. In the 
case of the minimal estimate, the BCD would use in 
average 13, 12 and 21% of the primary production in 
E-SAZ, PFZ and W-SAZ, respectively whereas in the 
case of the middle estimate the proportion of local PP 
used by bacteria rise up to 58, 52 and 85% in E-SAZ, 
PFZ and W-SAZ. As emphasized in section 4.1, the 
significance of conversion factors and BGE in the C 
budget estimations and the application of a constant 
value along the season and along the water column is, 
of course, problematic (CFs: Pulido-Villena and Reche, 
2003; Alonso-Sâez et al., 2007; and BGE: Biddanda et 
al., 2001).

In addition, previous comparisons of BCD (from 
mesopelagic BP measurements) with C export suggest 
that BCD accounts for 14% to > 100% of C export 
(Cho and Azam, 1988; Nagata et al., 2000; Simon et 
al., 2004; Reinthaler et al., 2006; Steinberg et al., 
2008). In this study, BCD is compared to C export 
estimâtes based on the ^“Th déficit method (Jacquet et 
al., this issue, b) and to mesopelagic remineralization 
estimated from the excess particulate barium contents 
(Jacquet et al., this issue, a) at the same sites. In the 
SAZ only the lower estimâtes of BCD are compatible 
with C export out of the surface layer. In the PFZ, 
however, any realistic estimation of BCD exceeds the 
C export. Overall, mesopelagic BCD values were 
higher than mesopelagic remineralization estimated 
from excess Ba contents, but the similarity in spatial 
distributions of both parameters persists (Jacquet et al., 
this issue, a) with highest values in the PFZ. These 
discrepancies could be inhérent to the different 
méthodologies involved. Indeed, C export fluxes as 
estimated by the ^'"'Th proxy reflect the POC export 
while the BCD is related to the whole OM pool (POC + 
DOC). Also, the formation of excess Ba-barite is 
related with the remineralization of OM in aggregates 
due to attached bacteria (see references in Jacquet et 
al., this issue, a) whilst bacterial communities consist 
of both attached and free bacteria for which the C 
source is POC as well as DOC. Organic carbon 
available to bacteria in the mesopelagic could be 
under- or over- estimated due to latéral and vertical 
transport of dissolved organic matter from nearby 
régions (Aristegui et al., 2002). There is no evidence, 
however, of large DOC accumulation in the Southern 
Océan (Cadee, 1992; Kâhler et al., 1997; Carlson et al., 
1998; Wiebinga and de Baar, 1998; Doval et al., 2001). 
Nevertheless, an excess of DOC in mesopelagic waters 
as we observed here for the PFZ (20-29 pM C), was 
also reported for the PFZ in the Indian sector 
(Wiebinga and de Baar, 1998) and to a lesser extent in 
the Atlantic sector (Doval et al., 2001), coinciding with 
high bacterial activity (Aristegui et al., 2002). 
Moreover, active export of OC as POC by zooplankton 
occurs either via vertical migration, leading to a 
temporal decoupling between OC production and 
consomption (Ducklow et al., 2001; Steinberg et al., 
2008) or via latéral migration from a more productive 
area leading to a spatial decoupling. Zooplankton can

therefore actively increase the magnitude of the export 
of organic material by transporting surface-ingested 
material to mesopelagic waters, where this material is 
then metabolized (Steinberg et al., 2008).

5. Conclusion

In the présent study, we first observed régional 
différences in surface waters with higher bacterial 
abundance and activities in the SAZ east of Tasmania 
than in SAZ west of Tasmania. The importance of the 
microbial processes ail along the water column in 
controlling OM remineralization and carbon 
séquestration in the deeper water column was then 
pointed out. Indeed even if bacterial processes 
decreased with depth, we showed that the mesopelagic 
zone represents an important fraction of the total water 
column processes. It is thus essential to include the 
twilight zone remineralization in the assessment of the 
fate of fixed carbon and global C cycle in order to 
improve our vision of the biological C pump in the 
Southern Océan and its influence on global climate. 
Still more studies along with methodological 
developments are needed in order to apprehend the 
activities in the whole water column.
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General Discussion and Conclusions

Firstly, I would like to discuss some difficulties 
inhérent to the sampling, the analysis and interprétation 
of data collected in such a peculiar environment that is 
sea ice.

Then I will develop the main conclusions obtained 
along this thesis conceming the link between the organic 
matter and the microbial community (algae, bacteria and 
protozoa) paying attention to those factors that influence 
the biological carbon pump in the Southern Océan. 
These results concem, on the one hand, the sea ice 
habitat where elevated concentrations of organic matter 
are trapped during ice formation, accumulate during 
winter and are released in the surface océan at the time 
of ice melting. On the other hand, they address the 
cycling and fate of the organic matter exported below the 
océan surface layer.

The observations made during this work allow to 
make hypothèses on biological mechanisms responsible 
for the accumulation of organic matter in sea ice, the 
related modifications of the physical and Chemical 
environment of the sea ice microbial communities and 
the importance of the nature of organic matter which 
déterminés its availability for microbes not only in sea 
ice but also when released into the seawater. This work 
also quantifies the intensity of the dégradation processes 
in the water column and during their transfer from the 
upper layer to the deep océan.

From these observations, some hypothèses 
conceming the functioning of the biological carbon 
pump in the Southern Océan are given. Finally some 
interesting perspectives are addressed.

1. Sampling the Southern Océan: Methodological 
remarks

1.1. Spatio-temporal variability

Ecosystems in general and Southern Océan in 
particular are diverse and evolve both temporally and 
spatially. The sampling of both océan and sea ice is 
obligatory a snapshot of the System at a précisé time. 
Data collection at different periods of the year is often 
the only way to investigate the aruiual cycle of a System.

Together the 3 independent sea ice cmises (2003, 
2004 and 2007) carried out in the présent work cover a 
period from September to December, i.e. from Austral 
late winter to early summer (see Materials and Methods, 
section I. study sites). Unfortunately no mid-winter 
sampling was possible during this thesis because of the 
lack of cruises organised during this harsh period, due to

difficulties in accessing sea ice. Nevertheless some 
stations sampled during the ARISE craise had physico- 
chemical properties of cold ice and could be considered 
as typical of winter. The other samples from ARISE and 
ISPOL were corresponding to different States of the ice 
warming and melting évolution. The SIMBA cruise 
witnessed a spécial thermal cycle (flood-freeze cycle) 
where the ice cover becomes colder after a warm period. 
Ail samples were représentative of first year pack ice, 
between 30 and 120 cm thick. Sampling strategy was 
slightly different between ARISE where different 
stations were sampled and ISPOL and SIMBA where a 
fixed station was sampled over time. Hence, the physical 
texture of each ice cover has enabled the classification 
and cautions comparison of each one (see also Laimuzel 
et al. 2007). The results from ARISE and SIMBA cmises 
hâve been carefully compared on a temporal / seasonal 
basis (chapters 1 and 2).

In sea ice methodological difficulties conceming 
représentative and reproducible sampling of such a 
highly heterogeneous environment are well known by 
ice microbiologists. A high horizontal variability in 
microbial communities has been reported by Spindler 
and Dieckmann (1986). The ISPOL cmise allows us to 
study the temporal évolution of microbial communities 
from samples taken in a reduced area. We note that 
sampling was cohérent with respect to microorganisms’ 
presence, concentration and taxonomie composition 
during the 1 month investigation period (chapter 4). 
Spatial heterogeneity seems thus minimal in a narrow 
surrounding of one ice floe, presenting regular physical 
properties. Still the SIMBA sampling of 2 distinct 
stations in a same ice floe showed that the different 
physico-chemical characteristics of the ice cover (ice 
and snow thicknesses, texture) at eaeh station (see 
Material and Methods) imply some variability in the 
biological parameters (chapter 3).

The océanographie cmise took place in lanuary- 
Febmary 2007, i.e. during austral summer, at the most 
northem frontier of the Southern Océan. The sampling 
was conducted in an open océan area, in the Sub 
Antarctic and Polar Front zones, which are not directly 
influenced by sea ice. Here the sampling strategy was 
thought to compare high and low productivity waters 
(high or low iron availability). When studying the water 
column from surface to mesopelagic depths some spatio
temporal variability issues should be kept in mind. For 
instance, significant phase lags can exist between
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production and export of organic matter that découplé 
surface and deep processes (Boyd and Trull 2007, 
Dehairs et al. 2008).

At the micro-scale in the water column, a 
homogenous DOM and microorganisms distribution is 
often assumed. Still the mesopelagic zone is 
characterized by the presence of aggregates. These 
important microenvironments introduce some 
heterogeneity, being literally hotspots, for the bacteria. 
For example, very high interstitial DOC concentration 
can be found within these aggregates (Alldredge 2000) 
due to very high bacterial hydrolytic activities which 
dissolve aggregated organic matter into non-sinking 
DOM. Furthermore, this DOM can diffuse in the 
surrounding waters as plumes of high OM (Azam and 
Malfatti 2007). In this organically-enriched 
microenvironment, bacteria might grow efficiently 
(Azam and Long 2002) and BGE as high as 0.50 hâve 
been reported (Grossart and Ploug 2001). The existence 
of such very active micro-environments suggests that the 
only détermination of volume-averaged organism 
abondance should be cautiously used for describing the 
dynamics of microbial communities in the océan (Hood 
et al. 2007).

1.2. Sampling

Sampling the sea ice environment is really a 
challenge. Two methods hâve been proposed: direct 
sampling of brines containing organisms or melting sea 
ice sample (Lizotte 2003).

The brine sampling was performed by the “sack 
holes” method during the 3 cmises. This method samples 
the fluid phase of brine from an unknown area/volume of 
ice. Sampling efficiency is affected not only by total 
brine volume fraction but also by the distribution of 
individual pores in the sea ice. This was clear from the 
observed disagreement between the concentration 
measured in brine samples and that estimated, based on 
total concentration in the melted ice and calculated brine 
volume (based on theoretical formulas) (chapter 1). This 
discrepancy is attributed to either the sampling 
efficiency of sack holes (unknown volume of ice 
sampling, individual pores, large cells or chain blocking 
open channels) or the rétention of different éléments on 
the surface of brine channels and pockets (e.g. Krembs et 
al. 2000, Mock and Thomas 2005).

Inevitably, the sea ice melting method implies the 
destruction of the physical environment of the microbial 
network to perform their analysis. Obviously this 
procedure raises critical issues about the reliability of the 
measurement after such a modification. One concems 
the disruption of fragile algal cells by change in osmotic 
pressure (Garrison and Close 1986). This also holds for

particles as TEP which are sensitive to the ionic strength 
(Passow 2002). Nevertheless, this is often the only 
possible method to investigate the interior ice. Still 
melting of sea ice may be conducted directly (as is) or 
with addition of filtered seawater to decrease osmotic 
shock as recommended by Garrison and Close (1986). 
During the thesis, a preliminary experiment was 
performed to test the OM behaviour in function of the 
two melting procedures. This allows us to détermine the 
best protocol for obtaining reliable OM measurements in 
sea ice. The results showed in agreement with Thomas et 
al. (1998) that direct melting could be apply without 
significantly modify the OM concentration as high algal 
biomasses in sea ice correspond to diatom-dominated 
community which is résistant to osmotic shock. For 
microorganisms détermination the addition of filtered 
water was applied.

The sampling of seawater could also involve a 
modification of the environment where microorganisms 
lived, e.g. pressure; in the case of deep océan 
(mesopelagic and bathypelagic zone), incubation of 
deep-sea samples at atmospheric pressure may lead to 
underestimates of prokaryotic activity rates (see review 
of Tamburini 2006).

2. Distribution, évolution and interactions of organic 
matter and microbial community in sea ice

In this section, we discussed about the additional data 
sets on dissolved and particulate organic matter in sea 
ice provided by the présent work. We also fumish some 
implications of the composition of the sea ice OM. 
Assomptions about the causes of the accumulation of 
OM in sea ice and the conséquences for the microbial 
community are presented, along with some peculiar 
characteristics of the sea ice microbial community.

2.1. Composition and iocalisation of the microbial 
network in sea ice

Our study of the sea ice microbial community in term 
of algae, protozoa and bacteria in pack ice showed that 
the sea ice was very rich in microorganisms, with 
concentrations higher than in seawater (chapters 1 and
4). Indeed even if from their initial incorporation to the 
melting of ice, the sea ice microbial community has to 
cope with an extreme (e.g. température below -2°C and 
salinity up to 100) and an organically-concentrated 
environment where growth can be a challenge, 
microorganisms also found favourable conditions such 
as high iron concentration or protection against grazers 
which could be advantageous for them.
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The sea ice living biomass was almost always 
dominated by algae (except for some internai layers of 
ARISE) as it is classically reported for sea ice (Lizotte 
2003). The algal community was dominated by diatom 
cells, but flagellâtes and Phaeocystis sp. cells (and 
colonies) represented a high contribution in some ice 
layers (chapters 1, 3 and 4). Autotrophic dinoflagellates 
and ciliates were also observed reaching sometimes high 
biomasses (chapters 1 and 4). The diatoms included 
pennate and centric species with about 30 different 
diatom species observed for ail samples. The here 
reported diatom species (e.g. Amphiprora sp., Corethron 
sp., Eucampia sp., Nitzschia sp. ...) were ail already 
observed in sea ice (Garrison 1991, Garrison et al. 2005). 
Some species typical of sea ice such as small pennate 
diatoms Fragilariopsis sp. and the prymnesiophyte 
Phaeocystis antarctica (Lizotte 2001) were observed 
here. Large (up to > 100 pm) or long chains of diatom 
cells were présent particularly in the bottom ice layers. A 
distinct algal community in surface ice and in bottom ice 
hâve been noted during ISPOL and SIMBA cmises 
(chapters 3 and 4). Flagellâtes such as Phaeocystis sp. 
dominated in surface while large peimate diatoms 
dominated in bottom layers. Accordingly, literature 
reported that Phaeocystis species are more usually found 
in sea ice habitats not constrained by the brine channel 
Systems such as surface ponds, rotten summer ice or 
freeboard/infiltration layers (Brierley and Thomas 2002). 
That species pattern could be related to the mode of 
incorporation with épisode of flooding which could 
bring microorganisms from the surface water to the 
surface ice layers or altematively resuit from particular 
needs of each species such as light levels or major 
nutrients concentrations.

Generally abiotic factors such as light, température, 
salinity or nutrients are considered to control ice algal 
growth and explain spatial and temporal distribution of 
sea ice microorganisms (Arrigo and Sullivan 1994).

In pack ice samples from ARISE and ISPOL, the 
maximal concentration of algae was observed in the 
bottom layer of ice, at the interface with océan water 
(chapters 1 and 4). That accumulation in the bottom ice 
is not especially typical of pack ice (Ackley and Sullivan 
1994). Nevertheless the bottom ice is a favourable 
habitat because it could benefit from more exchanges 
with seawater (e.g. major nutrients replenishment...), 
less variation in salinity and suitable light levels

(Thomas and Papadimitriou 2003). At end of winter- 
early spring (ARISE), the brine volume i.e. the space 
available for microorganisms Controls the accumulation 
of algae (Chapter 1). During SIMBA, the algal biomass 
(Chl à) peaked in the surface layer at the Liège station 
(120 cm) while a rather vertically spread distribution of 
algae (Chl à) was observed at Brussels station (chapter
3) . This distribution of algae at Liège station is very 
likely driven by the light available in fonction of the 
snow and ice thicknesses (chapter 3). The distribution of 
algae in sea ice was also controlled by the major 
nutrients availability in spring/summer (Chapter 3 and
4) .

Bacteria which not dépend on light were more evenly 
distributed along the ice core. Bacteria contribute for a 
small percentage of the total biomass in bottom layers 
but could represent a high percentage in the internai 
layers (chapter 1). No general relationships between 
algae and bacteria could hâve been observed even if 
originally they are thought to be incorporated together 
(Grossmann and Gleitz 1993, Grossmann and 
Dieckmann 1994). Heterotrophic protozoa were mainly 
composed of dinoflagellates and ciliates (chapters 1 and
4). Ciliates with ESD < 40 pm and dinoflagellates with 
ESD around 11 pm (médian) dominated in ARISE. They 
likely grazed on bacteria and nanoflagellates (chapter 1).

Oppositely to sea ice, small (< 10 pm) algae and 
protozoa dominated in seawater during end of 
winter/spring and in seawater the heterotrophic biomass 
was largely higher than the autotrophic biomass (chapter 
1). During the transition from spring to summer, 
similarities between seawater and sea ice algal species 
were observed likely suggesting a seeding from sea ice 
(chapter 4).

2.2. Concentrations and composition of organic 
matter in sea ice

For our 3 sea ice croises, results showed DOC and 
POC accumulation in sea ice, compared to underlying 
seawater (Tables D.l and D.2) in agreement with 
literature (e.g. Thomas and Papadimitriou 2003). The 
measured concentrations were in a similar range than 
literature values for different Antarctic locations (Tables 
D.l and D.2).
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Table D.l Concentrations of particulate organic carbon (POC, pM C), particulate saccharides (p-TCHO, pM C), and transparent exopolymeric 
particles (TEP, pg XAG l ') measured in samples from Antarctic sea ice and seawater, compiled from literature__________________________________—<--------- ------ - /--------------------- ---------------^------------

Location, season and sample type POC
pMC

p-TCHO
pMC

TEP
pgXAGL' Reference

1. Antarctic Sea ice 
Weddell Sea, Garrison and Close 1993

- Winter young pack (20-50cm) 98 ±69 - -

- First year & older pack (< 100cm) 184±127 - -

Ross Sea, autumn Garrison et al. 2003
- Infiltration ice 39 - -

- Frazil ice 134 - -

- Congélation ice 46 - -

Weddell Sea, summer/early autumn 175 ±240 - - Kennedy et al. 2002

Bellingshausen Sea, late autumn 216
[16-832]

- no quantif. Meiners et al. 2004

Ross sea (Terra Nova Bay), spring, _ 38 ±8 _ Guglielmo et al. 2000
pack ice [18-77]

East Antarctica ( 110°E - 130° F), sept/oct, pack ice 3.2 -275.8 - 2.8 - 2690 van de Merve et al. under rev

AustraUansector(64-65°S, 112-1 !9°E), endwinter- 
early spring

29-.m <DL-3S 20-2703 This study, ARISE

Western Weddell Sea, Antarctic Peninsula (6S‘^S. 
SS^W). spring-summer

14 - 470 <DL-52 3-3071 This study, ISPOL

BeUinghausen Sea, This study, SIMBA
Brussels W- H8 0.6 - 13 4- 173
Liège 10-114 0.4 - W 4- 189

2. Antarctic Seawater 
Weddell Sea, winter 5 - - Garrison and Close 1993

Weddell Sea, summer/early autumn 17±8 - - Kennedy et al. 2002

BeUinghausen Sea, late autumn 9 _ . Meiners et al. 2004
[3-30]

Terra Nova Bay (Ross Sea), summer, under pack ice 20-100 1-7 _ Pusceddu et al. 1999
(19% POC)

Ross Sea, summer 19 - Fabiano et al. 1993

Terra Nova Bay (Ross Sea), summer 12.64 ±8.91 2.27 ±2.17 _ Fabiano et al. 1996
[1.01-39.23] [0.28-14.80] 

(18% POC)

Bransfïeld Strait, summer - - 56.77 ±54.50 Corzo et al. 2005

Ross Sea (bloom Phaeo), Nov-Dec - - 308
[0-2800]

Hong et al. 1997

Australien sector (64-65°S, I12-II9°E), end winter- 5.042.5 . 133 - 853 This study, .4 R!SE
eariy spring [L7-92]

Western Weddell Sea, Antarctic Peninsula (6S°S, 3.6 ±2.9 _ _ This study, ISPOL
5S'’W), spring-summer [1.0-10.8]

BeUinghausen Sea, This study, SIMBA
Brussels 0.5-LS <DL - 0. / <DL-5
Liège 0.6-L8 <DL - 0.2

Mean values ± standard déviation and ranges are given when available 
<DL below détection limit
* TEP were quantified in abundance and not in concentration in pg XAG 1' in the study of Meiners et al. (2004)
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Table D.2 Concentrations of dissolved organic carbon (DOC, (iM C), dissolved saccharides (d-TCHO, jiM C), and dissolved free amino acids 
(DFAA. gM C) measured in samples from Antarctic sea ice and seawater. compiled from literature______________________________________________

Location, season and sample type DOC
pMC

d-TCHO
pMC

DFAA
pMC Référencé

1. Antarctic Sea ice

Perennial pack ice 0 - 2000 - - Thomas et al 1998, 2001a

Weddell Sea, April / May 109 ±83.5 
[16-556]

■ - Thomas et al. 2001a

Weddell Sea, January / March 207 ± 239.6 
[16-1842]

- - Thomas et al. 2001a

Weddell Sea, platelet 100-200 - - Thomas et al. 2001b

Weddell Sea, summer 254 ± 133 53 ±22 
(29% DOC)

- Herborg et al. 2001

Davis Station, Nov - - 8-30 Yang 1995

East Antarctica (110“E - 130° E), sepOoct, pack ice 30.5 - - van de Merve et al. under rev

Austraiian scctor (64-6S°S, ! I2-I!9°E), end winler- 
earty spring

80- 717 U - 124 0.1-29.8 This study, ARISE

Western Weddell Sea, Antarctic Pcninsiila (68°S, 
SS°WI, spring-sumtner

106 - 70! 3.3 -139 0.1 - I3.S This study, iSPOL

Bellinghausen Sea, 
Brussels 
Liège

2. Antarctic Seawater

27-232 
9 - 198

3.8-85
1.1-69 -

This study. S!MBA

Antarctic Océan average <60 - - Ogawa and Tanoue 2003

6°W meridian between 47° & 60°S, surface, early 
spring

38-55 - - Kâhleretal. 1997

Weddell Sea, summer 78 ±50 8±4
(l8%DOQ

- Herborg et al. 2001

off Queen Maud’s Land (69°38’S, 03°54’E), Jan ■ - 8-9 - Myklestad et al. 1997

Drake Passage, Bransfield Strait, Weddell Sea, Dec - - 0.44 ±0.16* Hubberten et al. 1995

Gerlache Strait, spring - - 0.3 - 0.6 Tupas et al 1994

Davis Station, May-Feb - - 0.30 Yang et al. 1990

Austraiian secXot (64-65°S, 112-1 !9"E), aid winter- 
early spring

102.5 ±66.7 
]43.3-271,7]

- - This study, .^RISE

Bellinghausen Sea, 
Brussels 
Liège

44-60 
46 - 62

.15-6.3 
2.7-5.0

This sludy. SIMBA

Mean values ± standard déviation and ranges are given when avai labié 
* Expressed in pMN

One important resuit lies in the different partition of 
the organic carbon between the dissolved (DOC) and 
particulate (POC) fraction when comparing sea ice and 
seawater (chapters 1 and 3). We showed that the 
DOC:POC ratio ranged between 1:1 and 4:1 in sea ice 
(chapters 1 and 3) smaller than the traditional océan ratio 
(15:1; Millero 1996, Kepkay 2000) but in agreement 
with ratios typically found in biofilms and aggregates 
(Giani et al. 2005). Following aggregation theory (Chin 
et al. 1998), this could be explained by a transfer of

DOC into TEP and POC above a DOC threshold 
concentration. Indeed according to Verdugo et al. 
(2004), OM molécules form a size continuum, with TEP 
at the interface between DOC and POC. In sea ice, TEP 
reaches high concentration as compared to seawater: 
TEP contributed in average to 7.1 ± 8.5% of TOC or 
roughly 25.8 ± 18.9% of POC (chapter 2). Moreover 
TEP are clearly an intégral part of the structural 
organization of a biofilm (Decho 1990).
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Table D.3 Contribution of particulate saccharides in the particulate organic carbon (%p-TCHO/POC) and of dissolved saccharides in the dissolved 
organic carbon (%d-TCHO/DOC) in sea ice and seawater.______________________________________________________________________________ _

%p-TCHO/POC %d-TCHO/DOC Ref
Sea ice
ARISE I.I-24.1 0.4-21.5 This study
ISPOL 0.2-19.7 0.9-29.6 This study
SIMBA Brussels 5.9- 16.1 9.1-46.9 This study
SIMBA Liège 3.0- 10.3 5.0-67.2 This study
Weddell Sea - 29 Herborg et al. 2001
Weddell Sea - 36(1 -99) Thomas et al. 2001

Seawater
Literature average 5-20 10-25 Wakeham et al. 1997, Volkman and 

Tanoue 2002, Benner 2002
SIMBA Brussels 0.4- 10.6 6.6-12.8 This study
SIMBA Liège 0.3 -11.8 5.4-90 This study
SAZ-Sense - 2.4-25.6 This study
Terra Nova Bay (Ross Sea) 19 - Pusceddu et al. 1999
Terra Nova Bay (Ross Sea) 18 - Fabianoetal. 1996
Weddell Sea - 18 Herborg et al. 2001

Note that we clearly observed a similar distribution 
and évolution of ail organic fractions in sea ice samples 
from ARISE, ISPOL and SIMBA (chapters 2 and 3). We 
suggest that the usual subdivision made between OM 
pools (operationally defined by the porosity of filters) 
reflects only weakly functional features in sea ice. In sea 
ice, it seems more adéquate to consider the OM pool as a 
whole than as distinct fractions. That being said, it is 
convenient to use the dissolved/particulate partition to 
compare our results with other studies.

One important point to investigate in sea ice is the 
nature of the organic matter pool as few data are 
available (Tables D.l and D.2). We détermine the 
composition of the OM by quantifying its content in 
particulate and dissolved saccharides (p-TCHO and d- 
TCHO), in dissolved free amino acids (DFAA) and 
transparent exopolymeric particles (TEP) by applying 
spectrophotometric and fluorometric methods. The 
contribution of particulate saccharides to the POC pool 
(%p-TCHO/POC) found in sea ice was relatively similar 
to aquatic Systems (Table D.3). The dissolved 
saccharides contribution to the DOC pool (%d- 
TCHO/DOC) in sea ice was also similar to the oceanic 
average for ARISE and ISPOL cruises (Table D.3). By 
contrast, the %d-TCHO/DOC could represent up to 67% 
of DOC for SIMBA cruise. Such variable and very high 
(up to 99%) contributions of saccharides in the DOC 
hâve already been observed in sea ice (Table D.3, 
Thomas et al. 2001). These percentages observed in 
SIMBA sea ice OM are still in agreement with 
estimations of the composition of phytoplankton 
exudates which reported that saccharides represent about 
18-45% of POC and about 23-80% of DOC (Biddanda 
and Benner 1997).

The dissolved saccharides were mainly mono- 
saccharides (d-MCHO) in end winter/early spring and

polysaccharides (d-PCHO) in spring/summer (chapters 2 
and 3).

Note that the compounds that we measured constitute 
in average a minor part of the OM, and as in océan a 
large part of the OM is still uncharacterized (Bernier
2002) . However our results confirm the particular 
importance of saccharides and TEP in the sea ice, as 
reported in previous studies (Herborg et al. 2001, 
Thomas and Papadimitriou 2003, Krembs and Deming 
2008). We also found that TEP was linearly positively 
correlated with total (dissolved + particulate) saccharides 
concentrations, indicating that TEP increased in parallel 
with the increase of saccharides (chapters 2 and 3). This 
trend supports the rôle of saccharides as major 
constituent of TEP (Passow 2002, Engel 2004).

2.3. Biological and physical Controls on organic 
matter distribution in sea ice

The observed accumulation of OM in sea ice (see 
2.2) likely results from different processes. The first 
possible explanation is the scavenging of living and 
detrital organic matter by ice crystals when sea ice is 
formed in winter (Garrison et al. 1983, 1989, Ackley and 
Sullivan 1994). By the way experimental ice formation 
experiments showed that DOC was enriched in sea ice as 
compared to a sait conservative dilution (Giannelli et al.
2001). Still the enrichment process is not yet exactly 
understood. This problematic was not approached during 
the présent work.

Then the accumulation of OM could be explained by 
the growth of autotrophic microorganisms and 
subséquent OM release in sea ice which contribute to the 
w 5/7^ production of OM, especially considering the high 
algal biomasses observed in sea ice (see 2.1, Lizotte
2003) . Our observations point that the maximal OM 
concentrations were almost always found where
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autotrophic microorganisms were observed (chapters 1, 
2 and 3). For ARISE and ISPOL, positive linear 
relationships between POC and Chl a and TEP and Chl a 
suggest that the increase of POC and TEP was associated 
with the increase of ice algae biomass (chapter 2). Still 
POC could be présent where very low Chl a was 
recorded (typically in the interior ice habitat). We 
concluded that that part of the POC pool not related to 
the in situ algal biomass represents a background 
concentration of about 40 pM C (intercept of the 
régression line POC vs Chl a, see chapter 2). This 
suggested that this POC had been incorporated or 
produced earlier in sea ice. The production of TEP is 
indeed often related to Chl a and diatoms (Krembs et al. 
2002, Meiners et al. 2003, Riedel et al. 2006, 2007). By 
contrast the DOC pool was not related to Chl a in sea ice 
(chapter 2). The DOC is indeed a mixture of compounds 
of different origins and dégradation States for which a 
direct link with Chl a is often difficult. Nevertheless 
observations suggest that a fraction of the OM pool 
composed of saccharides and amino acids could be 
considered as a fresh component of the whole OM pool. 
We indeed observed that 1) maximal concentrations of 
p-TCHO, d-TCHO and DFFA were found where Chl a 
was maximal and 2) the proportions of these compounds 
in the OM pool (i.e. %p-TCHO/POC, %d-TCHO/DOC 
and %DFAA/DOC) were higher where the Chl a was 
higher (chapter 2). More precisely, in sea ice surface and 
bottom layers which host higher algal biomass, the OM 
pool could be considered as highly influenced by in situ 
algae metabolism while the OM from internai layers was 
more slightly influenced by algae (chapter 2). By 
contrast, no linear relationships between any OM 
fractions and Chl a were observed during the SIMBA 
cruise (chapter 3). Also no such contrasted situation in 
the proportion of saccharides to the POC and DOC in 
fonction of Chl a was noticed for the SIMBA samples. 
During SIMBA though, we assumed from the increase of 
the TEP/Chl a ratio with decreasing température that 
TEP were produced by algae in response to the stress 
induced by the cooling (chapter 3).

Finally the accumulation of OM in sea ice indicates a 
disconnection between its production and consomption 
pathways (Thomas and Papadimitriou 2003). The 
accumulation of OM in sea ice could be explained by the 
limitation of the bacterial activities and/or the low 
substrate lability both potentially hampering the use of 
OM. In particular, our study further shows that 
monomeric compounds accumulated in sea ice at ail 
seasons (chapters 2 and 3) in the form of dissolved 
monosaccharides (d-MCHO) and dissolve free amino 
acids (DFAA), in agreement with the study of Herborg et 
al. (2001). In particular, concentration of d-MCHO up to 
100 pM C was measured in the most winter station of 
ARISE (chapter 2). Usually low concentrations (at

nanomolar level) are observed in oceanic waters because 
d-MCHO and DFFA are very labile substrates (turnover 
time, minute to hour) and are usually taken up by 
bacteria too rapidly to build up a détectable pool in the 
System (Carlson 2002 Ail factors contributing to the 
réduction of bacterial growth rate, biomass and carbon 
demand would lead to such an accumulation of this 
potentially biodégradable DOC (Thingstad et al. 1997). 
As high pools of monomeric substrates, in the form of 
monosaccharides and amino acids, could build up in the 
different ice samples, are very likely labile, it is thus the 
consumption by bacteria which seems inappropriate. We 
indeed showed that the elemental composition and 
inorganic nutrient did not seem to be the main factors 
limiting OM consumption (chapter 2). The comparison 
between a winter and a spring station suggested that 
bacterial activities would be limited by an extemal factor 
rather than by the nature of the OM. Our observations do 
not enable us to conclude which environmental factor 
among température, salinity or toxic compound (such as 
acrylic acid) is limiting the bacterial activities. Yet these 
results are consistent with the works of Kâhler et al. 
(1997) which also stated the OM from sea ice seems 
labile and with the assumption that the sea ice bacteria 
could be limited by température (Pomeroy and Wiebe 
2001).

In addition to these biological production and 
removal pathways of OM in sea ice, the distribution of 
the organic parameters also strongly dépends on the 
physical properties (température, salinity, brine volume) 
of the sea ice cover (Ackley and Sullivan 1994). The 
température which Controls the brine salinity and volume 
stmctures the internai sea ice ecosystem (Eicken 1992). 
It is considered that for brine volumes above a threshold 
of 5%, the network of brine inclusions connects and sea 
ice becomes permeable to fluid transport (Golden et al. 
1998). During ARISE, at the transition between winter 
and spring, we observed that the accumulation of algae 
biomass was only possible above a brine volume of 8%, 
corresponding to a température of - 4°C in agreement 
with Krembs et al. (2001) (chapter 1). During ISPOL 
and SIMBA cmises, where brine volumes were well 
above 5%, other temperature-driven processes controlled 
the distribution and évolution of microorganisms (and 
organic matter) in sea ice. During ISPOL the évolution 
of the organic parameters were controlled by brine 
drainage, followed by stabilization and convection 
mechanism (chapters 2 and 4), as also shown for the 
évolution of nutrients in relation with the brine dynamics 
(Vancoppenolle et al. submitted). Similarly the 
température and salinity évolution of the ice cover 
during the SIMBA cruise, characterized by a flood- 
freeze cycle controlled the behaviour of the microbial 
and organic pool (chapter 3).
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2.4. Conséquences of OM accumulation on 
biogeochemistry in sea ice

The accumulation of organic matter and particularly 
of TEP has a major impact on the microbial life 
environment of sea ice by modifying physical and 
Chemical parameters but also by influencing the 
biological interactions (Brierley and Thomas 2002, 
Thomas and Papadimitriou 2003).

The Chemical properties and viscous nature of TEP 
modify the brine channels into a gel-filled System. Like 
imagined by Krembs et al. (2000) and Mock and Thomas 
(2005), the sea ice internai habitat resembles that of a 
biofilm adhering to the brine channel walls, with an 
overlying flowing liquid phase i.e. the brine fraction. 
The formation of a biofilm was likely in our samples as 
first the values of DOC:POC ratios and TEP presence 
suggested (see 2.2). The biofilm was also suggested by 
the observations that microorganisms but also dissolved 
compounds remained attached to the brine walls and 
embedded in an extracellular gel-like matrix of 
polymeric substances which prevented them from being 
collected by brine sackhole sampling (chapter 1), 
resulting in a différence between the concentration 
measured in brine and concentration estimated from bulk 
ice concentration and brine volume (chapter 1). Besides 
the results from the sequential melting experiment also 
argued towards the biofilm presence as it is the only way 
to explain the timing of release of the organic 
compounds (see 3.1.).

The gel-filled System we observed also seems to 
adsorb nutrients like phosphate (chapter 1) or iron 
(Schoemann et al. 2008) as suggested by Decho (1990) 
or Davey and O’Toole (2000). We observed a parallel 
accumulation of TEP, DOC, Fe and PO.,’’ in sea ice, 
which can be explained by the association of OM-Fe-P 
complexes due to Chemical bindings between Fe 
(oxy)hydroxides, DOM and PO.,’’ (Maranger and Pullin 
2003). Similarly, Schoemann et al. (2008) found that the 
OM could hâve a rôle in the accumulation of iron in sea 
ice, with likely a different complexation capacity for the 
old (detrital) and fresh POC as suggested by two 
relationships between POC and PLFe (particulate iron) 
in sea ice (see Figure B6.20 in Tison et al. 2008). The 
complexation capacity of the OM has to be related to the 
presence of some Chemical groups such as acidic 
polysaccharides which tend to form complex with anions 
(Decho 1990). Such a réservoir effect of the biofilm may 
buffer the direct effect of nutrient déplétion and allow 
maintaining a nutrient-rich environment around cells 
(chapter 1).

TEP hâve also been reported to sequester toxins 
(Decho 2000, Krembs and Deming 2008). In sea ice.

high algal toxin production such as acrylic acid which 
derived from the dégradation of dimethylsulphonio- 
propionate (DMSP) can occur. High concentration of 
DMSP and DMS were measured in sea ice from ARISE, 
ISPOL and SIMBA (Tison et al. 2008). Accumulation of 
toxins with TEP might hâve inhibitory effects on the 
bacterial growth and therefore on the utilization of 
organic carbon and TEP (Brierley and Thomas 2002). 
Likewise, healthy Phaeocystis colonies are preserved 
from bacterial colonization by high acrylate 
concentrations sorbed on the colony mucus (Noordkamp 
et al. 2000). Hence, at the time of ice melting and 
sympagic biofilm release to the water column, the 
toxicity of acrylic acid would be diminished by seawater 
dilution effect, allowing then the quick consomption of 
organic carbon (DOC, POC and TEP) by pelagic 
bacteria.

Then this gel phase inside the brine channels modify 
the classical (meaning aquatic) microbial interactions. 
Indeed the movement of microorganisms may be 
restricted because of the TEP presence. It could act as 
protectant against predators (Decho 1990, Passow 2002). 
During ARISE, the prey-grazer (i.e. protozoa-bacteria) 
interactions seemed to be modified as suggested by the 
analysis of absence/presence of prey and grazers and 
numerical response curves (see details in chapter 1). This 
showed that the protozoa biomass only increased when a 
food threshold was reached (chapter 1). Indeed the 
presence of high TEP has been observed to change 
grazer mobility (Joubert et al. 2006) and regulate their 
interactions. This is in agreement with the study of 
Riedel et al. (2007) where a négative corrélation was 
found between TEP concentration and experimentally 
derived ingestion rates of bacterivores in Arctic sea ice. 
The presence of TEP coupled with the narrow channel 
space might thus well be another reason for the apparent 
breakdown of the classic microbial loop in the sea ice 
and the subséquent accumulation of OM (Thomas and 
Papadimitriou 2003).

3. Impacts of sea ice melting

The melting of sea ice in spring release organic and 
inorganic nutrients as well as microorganisms in the 
water column. The impact of this event on the biological 
carbon pump was approached by combining results from 
observations and laboratory experiments. Firstly the 
sequence of melting is discussed. Then the supply of OM 
for the océan below is estimated from the quantification 
of sea ice OM in fonction of the mixed layer depth. The 
characterization of the organic matter pool in sea ice 
give us dues about its potential rôle during melting and 
once released in the water column. Finally, the results of 
the microcosms experiments tend to support the 
possibility for ice microorganisms to maintain and grow 
once released in the seawater as developed below.
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3.1. Time sequence of melting

The Antarctic sea ice is not melting at once. The 
graduai warming of the ice cover induces changes in the 
structure of the ice matrix and brine movement. The 
process of melting is key for the pelagic ecosystem. On 
the one hand, the melting of the ice cover releases a large 
volume of freshwater in the surface océan which 
decreases its salinity and forms a shallow meltwater 
lenses in the upper océan (Smith and Nelson 1985). On 
the other hand, the release of the organic and inorganic 
components présent in the brine channels dépends on the 
dynamics of the brines which is driven by gravity or 
convection processes (Eicken 2003). The delay between 
the releases of freshwater which stabilizes the water 
column and that of the organic components déterminés 
the possible utilization of this OM by the surface layer 
microbial community.

During the sequential melting experiment (chapter 4) 
we observed the following steps:

• brine drainage and iron flux from sea ice into 
seawater, occurring certainly before the 
stabilization of the mixed layer

• OM flux after the end of brine drainage. The 
stabilization of the mixed layer is thus possible at 
time of maximal OM flux from sea ice into 
seawater. At that time, iron is still released from 
sea ice

As said before (2.4), we suggest that the timing of 
release of the ice components observed in that 
experiment could only be explained by the presence of a 
gel-matrix (biofilm) which embeds microorganism but 
also maintained dissolved éléments on the walls of the 
brine channels. Moreover in fonction of the time when 
iron is released (i.e. before of after the stabilization of

the mixed layer), iron could stimulate or not 
phytoplanktonic blooms.

3.2. Significance of the OM suppiy for the océan

3.2.1. Fluxes of DOM

The OM accumulated in sea ice will finally be 
released in the underlying surface océan. The 
significance of the OM suppiy for the océan dépends on 
the volume in which OM will be diluted. Firstly, 
considering an integrated stock of DOC in sea ice of 27 - 
416 mmol C m^ (Table D.4) and a hypothetical unique 
suppiy (i.e. ail DOC is released at the same time), the 
increase of DOC concentration would be équivalent to 
0.5 - 8.3 pM C in the upper 50 m or of 2.7 - 41.6 pM C 
in the upper 10 m of océan (Table D.4). So in fonction of 
the mixed layer depth, the DOM released from sea ice 
would represent an important suppiy of organic 
substrates for the pelagic community as compared to a 
winter DOC of 42 pM C (Carlson et al. 2000).

Still if we consider a graduai release of OM during 
the melting of the ice cover, the significance of the OM 
suppiy could be less important: considering the same 
integrated stock of DOC in sea ice of 27 - 416 mmol C 
m'^ (Table D.4) and a 30 day-period of melting, the daily 
flux to the océan is estimated to 1 - 14 mmol C m'^ d ' 
into the seawater (Table D.4). It corresponds to small (< 
1 pM C) DOC inputs even in a 10 m mixed layer (Table 
D.4). Besides in fianction of the dynamics of the brines, 
the release the OM suppiy could be variable and occur 
by puise. The released OM could directly be 
remineralized, exported with brine drainage, scavenged 
by aggregates or diluted in a too deep surface mixed 
layer (in case of strong winds).

Table D.4 Integrated stocks of DOC in sea ice and estimations of the significance of their release in a 50 m and 10 m deep underlying water column
for a) a unique suppiy and b) a 30-days-meltng period._________________________________________________________________________

Unique supplv 30 davs melting

Sea ice DOC
mmo! C/m^

added to upper 
50 m

mmo! C/m

added to upper 
10 m

mmol C/m’

daily DOC 
suppiy

mmo! C/m^/d

added to upper 
50 m

mmo! C/m

added to upper 
10 m

mmo! C/m’

ARISE Stn IV 121 2.4 12.1 4.0 0.08 0.4
ARISE Stn V 138 2.8 13.8 4.6 0.09 0.5
ARISE Stn XII 186 -il 18.6 6.2 0.12 0.6
ARISE Stn IX 89 1.8 8.9 3.0 0.06 0.3
SIMBA BXL 1 27 0.5 2.7 0.9 0.02 0.1
SIMBA BXL 2 45 0.9 4.5 1.5 0.03 0.2
SIMBA BXL 3 39 0.8 3.9 1.3 0.03 0.1
SIMBA BXL 4 74 1.5 lA 2.5 0.05 0.2
SIMBA BXL 5 48 1.0 4.8 1.6 0.03 0.2
SIMBA LGE 1 77 1.6 7.7 2.6 0.05 0.3
SIMBA LGE 2 99 2.0 9.9 3.3 0.07 0.3
SIMBA LGE 3 88 1.8 8.8 2.9 0.06 0.3
SIMBA LGE 4 48 1.0 4.8 1.6 0.03 0.2
SIMBA LGE 5 74 1.5 lA 2.5 0.05 0.2
ISPOL 04.12.04 416 8.3 41.6 13.9 0.28 1.4
ISPOL 09.12.04 293 5.9 29.3 9.8 0.20 I.O
ISPOL 14.12.04 337 6.7 33.7 11.2 0.22 l.l
ISPOL 19.12.04 246 4.9 24.6 8.2 0.16 0.8
ISPOL 30.12.04 214 4.3 21.4 7.1 0.14 0.7
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The microcosm experiments were designed to 
simulate a 1:100 sea ice/seawater melting (i.e. 10 cm of 
ice in a 10 m water column). Results showed that under 
these peculiar conditions of microcosms, the supply of 
DOC from the bottom sea ice was sufficient to stimulate 
bacterial growth (chapter 4).

3.2.2. Lability of organic matter

We conclude from our observations about the 
composition of the OM that the OM présent in the sea 
ice is potentially labile because of the accumulation of 
monomeric compounds such as monosaccharides and 
amino acids observed in sea ice, for ail samples and in 
particular in winter (chapters 2 and 3). If we assume that 
these monomers are easily consumed by bacteria 
(Carlson 2002, Nagata 2008), these organic compounds 
once in the water column are directly available for 
heterotrophic organisms. The bacteria sustained by these 
new organic substrates could eventually provide 
essential nutrients for phytoplanktonic growth by 
remineralizing the OM. Other studies looking at the 
lability of ice-derived OM conclude that DOM seems 
very labile (Kâhler et al. 1997, Pomeroy and Wiebe 
2001) while a recent study by Pusceddu et al. (2009) is 
more sceptical and suggests that the OM originating 
from algae accumulated in the bottom ice, oppositely to 
OM from platelet ice, could significantly reduce 
bacterial production, which they related to an allopathie 
control of sympagic algae on bacterial growth. Still it is 
reasonable to think that when OM is diluted in the 
seawater, effect of toxins may be diminished and OM 
would be then degraded.

3.2.3. Fe-OM complexation in surface waters

The characteristic of the sea ice OM pool constituted 
by saccharides and TEP (chapters 2 and 3) may hâve 
profound impact on the cycling of iron, also in high 
concentration in sea ice (Lannuzel et at. 2007, 2008), 
once they will be released in the seawater. Indeed the co
occurrence of Fe and OM in surface waters possibly 
leads to the formation of complexes Fe-OM as it is 
known that >90% of Fe is strongly bound to organic 
matter in the surface oceanic water (Boyé et al. 2001). 
These complexes may retain Fe in surface waters (Kuma 
et al. 1996), increase its solubility and influence the iron 
bioavailability for planktonic organisms. Recent 
experiments reported that saccharides could indeed 
enhance Fe bioavailability by complexing it (Hassler and 
Schoemann 2009). The close association of iron and OM 
in surface waters would allow the consomption by 
microorganisms which could finally lead to a 
phytoplanktonic bloom. During the SAZ-Sense and 
SIMBA croises, experiments were realized to study the 
bioavailability of different Fe-OM complexes

(Schoemann et al. in prep, Masson et al. in prep). Results 
suggest that some organic ligands decrease Fe 
bioavailability (i.e. EDTA, DFB), whereas others (PIX, 
GLU) can favour its bioavailability.

3.2.4. Aggregates formation

Altematively the nature of the organic matter présent 
in sea ice could enhance the formation of aggregates. 
These aggregates can be composed of microorganisms, 
détritus and could also bind iron. Being dense, the 
formed aggregates are exported below the surface layer. 
The rôle of TEP in aggregate formation is well known 
(Passow 2002); we therefore hypothesize that the 
significant contribution of TEP to sea ice OM (chapters 
2 and 3) may plays a key rôle in driving exportation of 
the ice-derived OM and associated éléments such as 
complexed Fe and organisms. Ice-diatoms producing 
high TEP concentrations (Krembs and Engel 2001) are 
forming aggregate (Riebesell et al. 1991).

3.3. Fate of ice microorganisms

The receding ice-edge is often associated with 
phytoplanktonic bloom events (Smith and Nelson 1986, 
Lancelot et al. 1993, Arrigo et al. 2008). Indeed the 
melting of sea ice promotes water stratification, 
increases the light available in the water column and 
releases microorganisms being potentially a seeding 
population for blooms (Mathot et al. 1991, Knox 1994, 
Gleitz et al. 1996). Still sea ice algae would be an 
inoculum to phytoplanktonic blooms only if they are not 
grazed (Marschall 1988), not exported (Riebesell et al. 
1991) and able to survive in the seawater environment 
(Kuosa et al. 1992). In addition sea ice melting supplies 
organic matter (Giesenhagen et al. 1999) and iron 
(Sedwick and Di Tullio 1997, Lannuzel et al. 2008, 
Lancelot et al. submitted) into the water column, which 
can then stimulate growth of microorganisms.

The comparison between ice and pelagic algal 
communities at the time of ice melting along with results 
from the microcosm experiments (chapter 4) both 
suggest that at least a fraction of the ice microalgae may 
contribute to the bloom in the marginal ice zone. Indeed 
a part of the microorganisms seems able to develop in 
the water, mainly the smaller species (< 10 pm). The 
decrease of >10 pm algae could be explained by the 
lower iron concentrations in seawater compared to sea 
ice (Lannuzel et al. 2008). Iron concentrations in 
seawater could be limiting for large size diatoms 
(Timmermans et al. 2001, 2004), which are used to the 
higher iron-concentrated (up to two orders of magnitude) 
System of the sea ice. Still grazing and sédimentation 
were not addressed in this experimental setting and it 
would be difficult to draw general conclusions about the 
fate of the microorganisms from these experiments only.
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3.4. Significance of sea ice in the biological carbon 
pump in the Southern Océan

It is generally thought that primary production in sea 
ice is significant and could greatly contribute to the 
Southern Océan productivity maybe not only 
quantitatively but seasonally and regionally (Lizotte 
2001). The organic carbon exported from sea ice to the 
pelagic System (Riebesell et al. 1991) is also influencing 
the biological carbon pump. The episodic release of 
bioavailable iron from melting sea ice seems an 
important factor regulating phytoplankton production, 
particularly ice-edge blooms, in seasonally ice-covered 
Antarctic waters (Pasquer et al. 2005, Lancelot et al., 
submitted). The présent study brings observations 
comforting these ideas that sea ice has a key rôle in 
seeding the water colunm at time of melting. Still to 
fully address the carbon cycle in ice-covered océan, 
coupled sea ice-ocean ecosystem models are needed. As 
a step in this direction the existing ice-ocean- 
biogeochemical models 3D NEMO-LIM-SWAMCO 
(Lancelot et al. submitted) has allowed to investigate the 
different mechanisms of iron supply for phytoplankton 
blooms.

4. OM dégradation in Antarctic waters

As explained in the introduction section, the 
efficiency of the biological carbon pump is determined 
by the quantity and nature of primary production but also 
by the strength of the organic matter remineralization 
along the water column. This section présents the main 
results conceming the composition of the dissolved 
organic carbon, the bacterial dégradation of the OM in 
the epipelagic (0-100 m) and mesopelagic (100-700 m) 
waters (chapter 5).

During the SAZ-Sense cruise, observations made in 
the Sub Antarctic Zones (SAZ) and Polar Front Zones 
(PFZ), suggest that the OM was the main factor 
controlling the distribution of bacteria (chapter 5). The 
east-SAZ région, more productive because of iron- 
replete conditions, also has higher bacteria abondances 
in surface layer compared to the iron-deplete west-SAZ 
région.

4.1. OM composition along the water column

Accordingly to the Chl a distribution, the surface 
dissolved organic carbon (DOC) was higher in the east- 
SAZ (84 pM C) than in west-SAZ (56 pM C) and in the 
Polar Front (55 pM C). The pool of OM seems thus 
relatively directly related to phytoplankton in these 
régions resulting in a positive corrélation between DOC 
and Chl a (r^ = 0.49).

The DOC concentrations were higher in the upper 
100 m of the water column than below. Concentrations 
of dissolved saccharides (d-TCHO) showed a rather 
similar trend with depth as DOC. d-TCHO ranged 
between 1.3 and 13.4 pM C along the water column. 
They accounted for between 2.4% and 25.6% of the 
DOC but this percentage did not show any particular 
trend with depth or région. Dissolved saccharides were 
mainly on the polymeric form (69 ± 19%) except in the 
surface layer of Polar Front, where they accounted for 
less than 49% of total saccharides.

A fraction of the DOC in surface water constitutes 
“labile” organic compounds (turnover time: minutes to 
days), such as dissolved saccharides (d-TCHO), which 
are substrates available for bacteria, and rapidly removed 
from the System. Another fraction of the surface DOC 
represents “semi-labile” organic compounds (turnover 
time: weeks to months), which is estimated as the DOC 
stock in excess of the refractory pool présent in the deep 
océan (Carlson 2002). Significant spatial variability in 
the excess DOC (with [excess DOC] = [DOC 
concentration] - [background Antarctic DOC]) was 
observed in the surface waters of the different studied 
areas. Considering a background DOC of 42 pM C as 
assessed by Wiebinga and de Baar (1998), the excess 
DOC was 12 ± 3 pM C, 17 ± 11 pM C and 36 ± 21 pM 
C in west-SAZ, Polar Front and east-SAZ respectively. 
This semi-labile pool, which escapes rapid microbial 
dégradation in the upper 100 m, could thus constitutes a 
significant direct C export to mesopelagic depths by 
turbulent diffusion and advection.

The distribution of the organic substrates, with higher 
contents in east-SAZ as compared to west-SAZ appears 
thus well reflected in the magnitude of bacterial 
abundance and activities in each région. The organic 
substrates seem therefore to influence rather directly 
bacterial activity, as it is often the case in open-ocean 
areas where bacteria are directly depending on the 
autochthonous resources supply (Moran et al. 2002).

4.2. Fate of exported OM in the mesopelagic layer

At depth (> 100m), OM concentration and bacterial 
abondances were lower than in surface. Still the OM 
présent in the mesopelagic zone may sustain active 
bacterial growth which is far from negligible. The depth- 
integrated values through the thickness of the different 
océan layers showed that the contribution of the bacteria 
in the mesopelagic zone represented, respectively, up to 
53 ± 7%, 43 ± 14% and 33 ± 19% of the total bacterial 
biomass, ectoproteolytic activity and bacterial 
production (chapter 5).

In the Polar Front Zone, the mesopelagic 
remineralization was relatively more important than in 
Sub- Antarctic Zone (chapter 5). In the PFZ, the algal
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community is dominated by diatoms, which was not the 
case in the SAZ. It bas already been reported in literature 
that diatom-dominated Systems export more labile 
organic matter (Buesseler 1998, François et al. 2002, 
Cardinal et al. 2005). Diatom-derived matter is denser 
and sinks rapidly, so that it is little degraded when 
reaching the mesopelagic layer. As a resuit, this freshly- 
derived organic matter is more efficiently remineralized 
during its transit through intermediate depths, reducing 
its transfer efficiency to the deep sea (François et al. 
2002, Panagiotopoulos et al. 2002).

This resuit stresses the importance of considering not 
only processes in the surface layer but along the water 
column to evaluate the efficiency of the biological C 
pump. A fast-sinking algal community does not 
necessarily mean a large carbon export to the deep 
océan, as heterotrophic processes occur at ail depths.

Note also that as the ice algal community is 
dominated by diatoms, a similar scénario could be 
considered leading to a significant export of diatom- 
derived matter below the surface layer.

4.3. Carbon fluxes through bacteria

In order to evaluate the efficiency of the biological 
carbon pump, the carbon fluxes through the bacteria 
hâve to be determined. Still a lot of uncertainties and 
methodological difficulties hamper to directly and easily 
budgeting the carbon fluxes. These issues, dealing with 
the choice of the conversion factors and the 
measurement of bacterial activities, are discussed in 
chapter 5.

During the SAZ-Sense cruise, the bacterial carbon 
demand (BCD) was determined from measurements for 
bacterial production (using a min-max range of 
conversion factors, see chapter 5) and from a min-max 
range of literature values for bacterial growth efficiency 
(BGE) (see chapter 5).

Estimated BCD was compared to primary 
production, C export fluxes (^“Thorium proxy) and 
remineralization (Barium proxy) (Table 5).

As reported in Table 5, estimated BCD gives high 
values as compared to local primary production 
(Westwood et al. submitted). The minimal and middle 
estimation of BCD would be in agreement with the 
estimated local primary production and this holds for the 
surface water BCD as well as for the water column (0- 
700 m) integrated BCD. In the case of the minimal 
estimate, the BCD would use in average 13, 12 and 21% 
of the primary production in E-SAZ, PFZ and W-SAZ, 
respectively whereas in the case of the middle estimate

the proportion of local PP used by bacteria rise up to 58, 
52 and 85% in E-SAZ, PFZ and W-SAZ.

In addition, previous comparisons of BCD (from 
mesopelagic BP measurements) with C export suggest 
that BCD accounts for 14% to > 100% of C export (Cho 
and Azam 1988, Nagata et al. 2000, Simon et al. 2004, 
Reinthaler et al. 2006, Steinberg et al. 2008). During 
SAZ-Sense, BCD was compared to C export estimâtes 
based on the ^“Th déficit method (Jacquet et al.-b 
submitted) and to mesopelagic remineralization 
estimated from the excess particulate barium contents 
(Jacquet et al.-a submitted) at the same sites. In the SAZ 
only the lower estimâtes of BCD are compatible with C 
export out of the surface layer. In the PFZ, however, any 
realistic estimation of BCD exceeds the C export. 
Overall, mesopelagic BCD values were higher than 
mesopelagic remineralization estimated from excess Ba 
contents, but the similarity in spatial distributions of both 
parameters persists (Jacquet et al.-a, submitted) with 
highest values in the PFZ.

The discrepancies which arose between these values 
can be due to many reasons cited below (and longer 
discussed in chapter 5 and also Jacquet et al.-a 
submitted, Annex 1):

Uncertainties in the method (conversion factors) 
Heterogeneity (particles vs bulk values) 
Différences of OM pool considered: C export 
fluxes as estimated by the ““Th proxy reflect the 
POC export while the bacterial carbon demand 
is related to the whole OM pool (POC -h DOC) 
Différences in bacterial communities 
considered: the formation of excess Ba-barite is 
related with the remineralization of OM in 
aggregates due to attached bacteria whilst 
bacterial communities consist of both attached 
and free bacteria for which the C source is POC 
as well as DOC
Différences in timescales of measurements 
Hydrodynamics

Despite some uncertainties in carbon flux estimations 
and discrepancies between methods, the présent study 
highlights the importance to study bacterial dynamics in 
the twilight zone and their prépondérant rôle in shaping 
the carbon fluxes through the water column. It is thus 
essential to include the twilight zone remineralization, 
provided methodological developments, in the 
assessment of the fate of fixed carbon and global C cycle 
in order to improve our vision of the biological C pump 
in the Southern Océan and its influence on global 
climate.
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Table 5
Column-integrated Gross Primary Production for the euphotic layer (GPP, from Westwood et al. submitted). Export Production at 100 m (EP,,,^, from 
Jacquet et al. b submitted) and bacterial carbon demand (BCD) over the surface layer (0-100 m), the mesopelagic layer (100-700 m) and the total 
water column (0-700 m) for ail the stations sampled during SAZ-Sense. Process Station PI, P2 and P3 hâve been sampled on different days (d). Ail 
values are expressed in mmol C m'^ d'. W- and E-SAZ: west and east Sub-Antarctic Zone, PFZ: Polar Front Zone, SAF: Sub-Antarctic Front, EAC: 
East Australian Current, STZ: SubTropical Zone
• GPP hâve been determined from CTD close in time but not exactly from the same CTD as EP and BCD
Stations Long.

°E
Lat.
°S

Water masses GPP* EP,»,.

SS2 143.053 44.889 W-SAZ - 4.3 22.4
5.1-86.8

12.5
2.9-49.2

34.9
8.1-136.0

PI d3 140.307 46.496 W-SAZ 162 4.8 44.7
10.3-173.1

11.2
2.6-43.5

55.9
12.8-216.7

PI d5 140.641 46.580 W-SAZ 59 4.1 31.5
7.2-122.1

17.3
4.0-67.0

48.8
11.2-189.1

P2dl 145.867 54.014 PFZ 90 - 30.3
7.0-117.5

13.4
3.1-52.0

43.7
10.0-169.5

P2 d2 146.128 54.020 PFZ 96 2.9 24.2
5.6-94.0

19.8
4.8-80.6

44.0
10.3-174.6

P2 d3 146.303 54.138 PFZ - 6.6 20.8
4.8-80.5

58.4
13.4-226.5

79.2
18.2-307.0

P2 d6 147.103 54.447 PFZ 72 - 31.2
7.1-120.3

13.4
3.2-53.4

44.7
10.3-173.7

SS9 148.650 50.875 E-SAF - 6.4 14.5
3.3-56.1

12.4
2.9-48.7

26.9
6.2-104.8

SSIO 149.423 49.989 E-SAF - 7.1 16.9
3.9-65.4

12.5
2.9-48.4

29.3
6.7-113.7

SS12 151.194 48.058 E-SAZ - 6.3 26.7
6.1-103.3

9.4
2.6-43.6

36.1
8.7-146.9

P3 dl 153.176 45.548 E-SAZ 141 3.2 74.5
17.1-288.9

12.0
3.1-51.8

86.5
20.2-340.7

P3 d3 153.349 45.465 E-SAZ 117 6.5 47.6
10.9-184.5

15.6
3.9-61.1

63.2
14.8-245.6

P3 d5 153.678 45.590 E-SAZ 80 6.5 92.1
23.4-354.5

19.5
6.4-73.4

111.5
29.7-428.0

SS21 152.493 44.934 E-SAZ - 5.9 76.7
17.6-297.4

8.8
2.0-34.0

85.5
19.6-331.5

SS24 148.581 43.687 EAC/STZ “ " 90.9
20.9-352.3

14.8
3.4-57.3

105.7
24.3-409.6

6. Conclusions and leads for future
[0]
The Figure D.l tries to regroup the main conclusions 

of this Work, by pointing the important mechanisms or 
factors which has been found to be essential to further 
model the sea ice and associated pelagic ecosystem.

Firstly, we observed that the algal community was 
typically composed of flagellâtes (dinoflagellates and 
Phaeocystis sp.) in surface ice layers and of large 
diatoms in bottom ice layers (Chapters 1, 3 and 4). The 
brine volume i.e. the space available for microorganisms 
Controls the accumulation of algae in end of winter-early 
spring (Chapter 1). The distribution of algae was rather 
controlled by the light (Chapter 3) and major nutrients 
(Chapter 3 and 4) availability in spring/summer.

Secondly the présent thesis provided new data sets on 
dissolved and particulate organic carbon (DOC and

POC) in Antarctic pack ice from 3 locations. We 
observed large concentrations of DOC and POC in sea 
ice, enriched as compared to underlying seawater from 
end of winter until early summer (Chapters 1, 2 and 3). 
Especially the sea iee OM was in the form of saccharides 
and transparent exopolymeric particles (TEP). The 
partition between DOC and POC was different than in 
océan likely because of the transformation and 
coagulation between fractions. So, the transparent 
exopolymeric particles (TEP) were a key substanee for 
biogeoehemistry of sea ice and océan. Indeed we point 
out that the high accumulation of OM in particular TEP 
induces the formation of a biofilm (involved in the 
attachment of cells to the walls of the brine channels). 
The gel properties of this biofilm influenced the prey- 
grazer interactions, the rétention of nutrients and 
accumulation of toxins around cells (Chapter 1). We also
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suggest that TEP were involved in the timing of release 
of organic components during the ice melting and in the 
complexation or aggregation (Chapter 4).

We found that the OM production was related to 
algae. The composition as well as the vertical 
distribution of OM in sea ice was linked to algae. A 
fraction of the OM seems freshly in situ produced by 
algae (Chapter 2). The contribution of saccharides in the 
OM pool increases with stronger presence of algae. We 
observed an unusual accumulation of monomeric, likely 
labile, substrates (dissolved free amino acids and 
monosaccharides) up to 100 pM C as compared to 
nanomolar concentrations typical of oceanic Systems. 
The higher accumulation of monomers was observed in 
winter. We proposed that the consomption of OM by 
bacteria was limited by environmental conditions such as 
température, salinity or presence of toxic compounds 
(e.g. acrylic acid from breakdown of DMSP) rather than 
by the nature of the substrate. This pool of OM was 
indeed consumed when the environmental conditions of 
spring alleviated the limitation of bacteria. Besides the 
OM originating from sea ice was able to sustain bacterial 
growth in the water column (Chapter 4).

We also observed the strong influence of the physical 
évolution of sea ice (température, brine volumes and 
movement) on the microbial community and organic 
matter. The évolution of the distribution of the organic 
parameters was influenced during end of spring-early 
summer by the melting of the ice cover and associated 
brine movement (Chapters 2 and 4) as it is also the case 
during a flood-freeze cycle in spring (Chapter 3).

At the time of melting, sea ice was a major supply of 
iron, organic nutrients and microorganisms (algae, 
bacteria and protozoa) for the water column and 
influences the carbon rétention in and/or export below 
the surface waters. Small microorganisms (< 10 pm) 
Corning from sea ice were able to thrive and grow once 
in the water column. Dissolved organic and inorganic 
nutrients from sea ice hâve a positive effect on the 
growth of pelagic microorganisms. Furthermore the 
temporal sequence of release of each of these 
components during melting supports the seeding 
hypothesis of sea ice algae for phytoplanktonic blooms.

Finally we highlighted the importance of taking into 
account the bacterial remineralization of OM in the 
mesopelagic zone when estimating the efficiency of the 
biological carbon pump.

Clearly additional studies of the reasons and 
conséquences of accumulation of OM in sea ice would 
be very helpful to confirm our assumptions and conclude 
about complementary subjects not studied here. It first 
involves going on with the spatial and temporal 
inventory of OM in Antarctic pack ice by collecting 
samples in a multidisciplinary approach involving 
glaciologists, chemists and biologists. We indeed 
showed that to fully understand the biogeochemistry of 
the sea ice it is essential to integrate the observations. 
The présent work proved the importance of determining 
the Chemical nature of the OM pool with e.g. the TEP or 
biofilm formation or the monosaccharides accumulation. 
It would be interesting to further study the 
characterization of the OM pool e.g. presence/absence of 
humic substances to decipher the biological processes 
involved in its production and consomption. Moreover 
measurements of bacterial activities inside sea ice would 
inform about their ability to consume the OM présent or 
the limitation of their activities as we assumed. 
Laboratory experiments (such as in Kâhler et al. (1997) 
or Pusceddu et al. (2009)) studying the bacterial 
dégradation of the OM originating from sea ice would 
also give information about its lability.

The accumulation of OM in sea ice results from a 
disconnection of the production and consomption 
pathways (Thomas and Papadimitriou 2003) and we 
gave here some hypothèses conceming in situ production 
and limited consomption of OM. Still the large 
concentrations of OM could also partly origin from the 
initial enrichment during ice formation but little 
information is available. It would be a key subject to 
investigate the mechanisms of OM incorporation in sea 
ice. It could be achieved by laboratory experiments using 
tanks and ice formation device, following the method 
designed by Giannelli et al. (2001) or Grossmann and 
Gleitz (1993). The délicate step to handle would be the 
maintenance of an organic and trace-metal clean device 
to avoid contamination of the experiment.

Similarly to the microcosm experiments performed in 
the présent work, other experimental melting 
experiments could be set up to study e.g. the sequential 
release of ice components with or without TEP.
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DEEP
WATERS

Figure DI : Main mechanisms or factors which hâve been found to be essential in the sea ice and pelagic ecosystems 
from the présent thesis.
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Twilight zone organic carbon remineralization in the Polar 
Front Zone and Subantarctic Zone south of Tasmania
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Deep-Sea Research II, submitted
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26 Abstract

27 We report on the distribution of excess, non-lithogenic particulate

28 barium (Baxs), a proxy for twilight zone remineralization of organic matter, in

29 the Australien sector of the Southern Océan during the mid-austral summer

30 2007. This study was part of a broader investigation focusing on macro- and

31 micronutrient availability controlling ecosystem functioning in this area.

32 Particulate excess Ba in the twilight zone (100-600 m depth layer) proved to

33 be significantly controlled by the vertical distribution of bacterial activity, with

34 higher particulate Ba contents in situations where significant bacterial activity

35 extended deeper in the water column. However, despite this covariation the

36 magnitudes of the carbon fluxes as estimated from particulate Ba content and

37 bacterial activity did not match, with carbon demand based on bacterial

38 activity largely exceeding organic carbon remineralization estimated from

39 Baxs. Possible reasons for this discrepancy are discussed, but it appeared that

40 the magnitude of the mesopelagic carbon remineralization flux obtained from

41 Baxs was realistic when weighted against primary, new and export production.

42 Overall mesopelagic Baxs contents increased from SAZ (flagellate and

43 cyanobacteria dominance) to PFZ (diatom dominance), confirming earlier

44 results obtained in spring 2001 and summer 1998 for the same general area.

45 These results reflect aiso increasing mesopelagic C remineralization toward

46 the Polar Front. We observed furthermore that the Fe-replete Subantarctic

47 Zone east of the Tasman Plateau (SAZ-East) had higher mesopelagic Baxs

48 contents and aIso a higher remineralization efficiency (on average 77%

49 carbon exported from the upper 100 m) than the SAZ area west of the

50 plateau (SAZ-West) where the remineralization efficiency was on average

51 43%. However, unexpectedly, despite these différences in export and

52 mesopelagic remineralization, SAZ East and SAZ West sites were equally

53 efficient in transferring part of the net primary production to the deep océan

54 beyond 600m. This corroborâtes earlier results which indicated that Fe-replete

et
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blooms (which was the case for SAZ East) are more efficient in transferring 

surface layer-exported particulate organic carbon through the mesopelagic 

into the bathypelagic water column (>1000 m). It is likely that next to Fe 

availability aiso différences in community composition and trophic structure 

are important control factors that set the system's efficiency for deep océan 

carbon séquestration.

Keywords: Particulate biogenic barium, mesopelagic C mineralization,

Southern Océan, C transfer efficiency

1. INTRODUCTION

The efficiency of the biological pump in transferring carbon to the deep 

sea with the potentiel for longer-term séquestration is strongly influenced by 

the Processing of organic matter in the mesopelagic zone, aIso called twilight 

zone (~100-1000 m) [see e.g. Buesseler et al., 2007]. One of the different 

possible approaches to study mesopelagic organic matter breakdown consists 

in assessing the excess particulate biogenic barium Ba (Baxs) stocks in this 

depth zone [e.g. Cardinal et al., 2005; Jacquet et al., 2007a, 2008a, 2008b; 

Dehairs et al., 2008]. In the twilight zone particulate biogenic Ba is présent 

mainly as micro-crystalline barite (BaSO^) [Dehairs et al., 1980; Jacquet et al., 

2007b]. The link between barite and C remineralization résides in the fact that 

this minerai précipitâtes inside oversaturated micro-environments (biogenic 

aggregates) during the process of bacterial (prokaryotic) dégradation of 

sinking particulate organic matter [Collier and Edmond, 1984; Bertram and 

Cowen, 1997; Dehairs et al., 1980, 1992, 1997, 2000; Ganeshram et al., 

2003; Bishop, 1988]. Carbon remineralization fiuxes are assessed via a 

transfer fonction relating Baxs with oxygen utilisation rate [Shopova et al., 

1995; Dehairs et al., 1997]. However, direct compensons between Baxs and 

mesopelagic bacterial activity hâve been few [Dehairs et al., 1997; Jacquet et

O
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84 al. 2008a; Dehairs et al., 2008]. Recently we reported a convergence between

85 the organic C remineralization rate (based on the Baxs-barite proxy), bacterial

86 C demand (based on bacterial production) and particulate organic carbon

87 (POC) flux atténuation (from C fluxes sampled by neutrally buoyant sédiment

88 traps deployed over the upper mesopelagic layers) [Dehairs et al., 2008;

89 Buesseler et al., 2007]. This corroborated earlier statements that seasonally

90 accumulated suspended barite reflects an intégral of past organic C

91 remineralization [Dehairs et al., 1980, 1997; Stroobants et al., 1991].

92 The Baxs-barite proxy approach was aiso applied during an artificial

93 iron fertilization experiment in the Polar Front Zone (PFZ) (EIFEX; 2004;

94 Strass et al., 2005) as well as during a study on natural iron fertilization in

95 the Subantarctic Kerguelen area (KEOPS; 2005; Blain et al., 2007). It

96 appeared that the efficiency of C-transfer through the mesopelagic layer

97 under conditions of Fe-repleteness was increased compared to Fe-depleted

98 environments [Jacquet et al., 2008a, 2008b; Savoye et al., 2008; Blain et al.,

99 2007]. Investigating whether a similar situation prevailed in the SAZ areas

100 supposedly influenced by the Tasman Plateau was part of the objectives of the

101 présent study.

102 Aithough significant progress has been made in the assessment of

103 twilight zone C remineralization [see e.g. Boyd and Trull, 2007; Buesseler et

104 al., 2007], we are still far from being able to predict C transfer efficiency to

105 the deep water column at the global scale, because of régional différences in

106 the factors controlling export of biogenic material and its remineralization.

107 These factors need to be better constrained.

108 The présent work was conducted as part of the SAZ-SENSE (Sub-

109 Antarctic Zone Sensitivity to Environmental Change) expédition (Jan.-Feb.

110 2007, R/V Aurora Australis). The general objectives were to assess the zonal

111 variability of the C séquestration potentiel in the Subantarctic Zone (SAZ)

112 southeast and Southwest of Tasmania and the Polar Front Zone (PFZ), during

A
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mid-summer and to identify possible causes inducing this variability. The PFZ 

and SAZ merit particular attention because these represent a key interface 

that médiates the global influence of the Southern Océan through CO2 uptake, 

intermediate water mass formation (i.e. Sub-Antarctic Mode Water- SAMW 

and Antarctic Intermediate Water- AAIW) redistributing nutrients to lower 

latitudes. Moreover, there is evidence that the SAZ east of the Tasman Rise 

exhibits relatively higher phytoplankton biomass in contrast to the area west 

of Tasman Rise [see Chl-a satellite image in Griffiths et al., this issue]. 

Possible causes for this condition could include, amongst others: changing 

patterns of the East Australia Current advecting warmer stratified waters 

(possibly enriched with Fe) to the south or changing patterns of eolian 

transport of dust from the Australien continent. The rationale guiding the 

sampling pattern at sea was therefore to evaluate the possible zonal 

variability in the SAZ région as a proxy for long-term temporal évolution, 

potentially ongoing with climate change.

Our contribution to SAZ-SENSE consisted in studying the variability of 

organic C export [see contributions by Cavagna et ai. and Jacquet et al. b, 

both this issue] as well as the fate of exported C in the mesopelagic waters. 

The présent work mainly focuses on the latter issue. The objective aiso was to 

shed further light on the relationship between Baxs-barite and bacterial 

activity in the mesopelagic water column. Therefore, we systematically 

compared the Baxs-barite proxy with bacterial production measurements 

[Dumont et al., this issue]. Calculated remineralization rates are compared 

with new production [Cavagna et al., this issue] as well as export production 

[Jacquet et al. b, this issue].

2. EXPERIMENT AND METHODS 

Study area and sampling
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141 The Sub-Antarctic Zone Sensitivity to Environmental Change (SAZ-

142 SENSE) cruise (AAV0307 of R/V Aurora Australis; Jan. 17 to Feb. 20, 2007;

143 mid-austral sommer) was carried out in the Australian sector of the Southern

144 Océan (43-54°S; 140-155°E) (Figure 1). Sampled zones and fronts were from

145 north to south: the SubTropical Zone (STZ), the SubTropical Front (STF), the

146 SubAntarctic Zone (SAZ), the SubAntarctic Front (SAF, northern and Southern

147 branch), the Polar Front (PF, northern branch), the Polar Front Zone (PFZ)

148 and the Inter Polar Front Zone (IPFZ). Detailed descriptions of the complex

149 physical structure of the area, circulation, water masses and fronts are given

150 in Rintoul and Bullister [1999], Sokolov and Rintoul [2002], Flerraiz-

151 Borreguero and Rintoul [this issue], Griffiths et al.[this issue] and Mongin et

152 al. [this issue].

153 A total of 17 CTD casts (surface to 800-1000 m) was sampled for

154 particulate barium (Table 1). Four further CTDs casts were sampled down to

155 2500 m depth. Seawater was sampled using 10 L Niskin bottles mounted on a

156 rosette. Two types of stations were occupied: (i) Process stations (PI, SAZ-

157 West: CTD casts #11, 19, 30; P2, PFZ: CTD casts #40, 44, 51, 58, 59; P3,

158 SAZ-East: CTD casts #78, 79, 86, 104), repeatedly sampled for Ba and

159 bacterial production over a period of 4 to 6 days, and (ii) Transit stations

160 (CTD casts #3, 5, 36, 61, 64, 66, 71, 93, 108) where a single cast for Ba was

161 sampled (Figure 1 and Table 1). Usually 20 depths were sampled between

162 surface and 1000 m. Four to seven L of seawater were filtered onto

163 polycarbonate membranes (diameter usually = 47 mm, but = 90 mm for

164 surface samples; ail 0.4 pm porosity). Filter membranes were subsequently

165 rinsed with Milli-Q grade water (<5 mL) to remove sea-salt, dried (50°C) and

166 stored in pétri dishes for later analysis in the home-based laboratory.

167

168 Analysis

n
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We performed a total digestion of samples using an HF/HCI/HNO3 acid 

mixture and analyzed for Ba and other major and minor éléments (Al, Sr and 

Ca) by ICP-AES (inductively coupled plasma- atomic émission spectrometry; 

Thermo Optek Iris Advantage) and ICP-QMS (inductively coupled plasma- 

quadrupole mass spectrometry; VG Plasma Quad 2+). The detailed protocol is 

described in Cardinal et al. [2001]. Average détection limits (DL) equal 0.18 

nM for Al, 0.4 nM for Ca, 0.4 pM for Sr and 1 pM for Ba. DL were calculated as 

3 times the standard déviation on the blank and then normalized to an 

average factor dilution factor of 415 as for the samples (i.e. particles from ~5 

L of seawater, dissolved in a final volume of ~12 mL).

Biogenic barium (hereafter called excess-Ba or Baxs) was calculated 

normatively as the différence between total particulate Ba and lithogenic Ba 

using Al as the lithogenic reference element [Dymond et al., 1992; Taylor and 

Mc. Lennan, 1985]. Al concentrations range between few nM and 35.5 nM 

(Table 2). At most sites and depths particulate biogenic Baxs represented 

>96% of total particulate Ba. The standard uncertainty [Ellison et al., 2000] 

on Baxs data ranges between 5 and 5.5%.

Organic carbon remineralization in the mesopelagic layer was 

estimated using an algorithm relating mesopelagic Baxs contents to the rate of 

oxygen consomption obtained from a 1-D advection diffusion model 

established for the Southern Océan [Shopova et al., 1995; Dehairs et al., 

1997]. These mesopelagic Baxs inventories build up over the growth season 

thereby integrating past activity (see Discussion section below and Figure 6). 

The range of oxygen utilization rates resulting from this model approach are 

similar in magnitude as Apparent Oxygen Utilisation Rates (AOUR) based on 

Apparent Oxygen Utilisation (AOU) and âge models [see e.g., Feely et al., 

2004; Nakayama et al.,2008; Karstensen et al., 2008]. Relative standard 

uncertainties [Ellison et al., 2000] on C remineralization range between 15 

and 68% (see further Table 4). We compare organic C remineralization

r7
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198 deduced from Baxs-barite inventories with bacterial production (BP) and

199 bacterial carbon demand (BCD) as well as with new production (NP) and C

200 export production (EP). BP was calculated from [methyl-^H]-thymidine (TdR)

201 incorporation using a conversion factor of 0.86x10^® cells mol'^ [Ducklow et al.,

202 1999] and a C conversion factor of 12 fg C cell'^ [Fukuda et al., 1998]. BCD

203 was estimated assuming bacterial growth efficiency (BGE) was = 0.15 [del

204 Giorgio and Cole, 2000]. For full details concerning the assessment of BP and

205 BCD we refer to the paper by Dumont et al. [this issue]. The methods for new

206 production (NP; ^®C-, ^®N-uptake experiments) and export production (EP;

207 ^^''Th-deficit method) are discussed in Cavagna et al. and Jacquet et al. b,

208 respectively [both this issue].

209

210 3. RESULTS

211 3.1. Particulate biogenic Baxs profiles

212 Baxs data at process, transit and deep stations are given in Table 2.

213 Process stations were sampled repeatedly (PI: 3 CTD casts, P2: 5 CTD casts

214 and P3: 4 CTD casts) over periods of 4, 6 and 6 days, respectively. Figure 2

215 shows the average Baxs profile for each process station. At PI in the SAZ-West

216 Baxs contents are low and variable (Figure 2-a; Table 2), with concentrations

217 ranging from a few pM to 280 pM, with a few peak values reaching up to 395

218 pM (CTD #11; 450m). At station P2 in the PF Baxs contents are higher with

219 maxima of 500 to 600 pM between 150 and 800 m depth (Figure 2-b; Table

220 2). Furthermore, P2 is the only site with very high Baxs contents in the shallow

221 subsurface waters. AIso, these high surface values increased between the first

222 and third CTD cast, reaching up to 1600 pM. Subsequently, for CTD #58 and

223 #59 Baxs values decreased again to 564 pM and 217 pM, respectively. We aiso

224 observed some very high Baxs concentrations in the deeper water column

225 (CTD #40; Baxs values up to 792 pM at 700m and 735 pM at 800 m). At

226 station P3 in the SAZ-East a consistent Baxs maximum is présent between 100
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and 400 m (Figure 2-c; Table 2), but maximum Baxs contents at P3 (369 to 

453 pM) are lower than those reached at P2. Ba^s concentrations at stations 

PI and P3 are similar, except for the 100 to 400m depth interval where P3 

values exceed those at PI (Figure 2-a, -c). Note aiso the deep extension (to 

700 m) of high Baxs values at P2 (Table 2) compared to PI and P3.

Transit CTD #5 (STZ), process station PI (SAZ-West) and transit CTD 

#93 (SAZ-East, north of P3) hâve Baxs profiles similar in shape and values, 

with values increasing between surface and 200 m and staying relatively 

constant deeper (Figure 2-d). Transit CTD #108 located north-west of P3 in 

the STZ displays the lowest mesopelagic Baxs contents (Figure 2-d; 70 to 325 

pM), but surface values are relatively high (reaching 428 pM) even exceeding 

mesopelagic values, as was observed aIso at P2 (Figure 2-b).

Characteristic mesopelagic Baxs maxima are observed at transit CTD 

#64, #66 and #71 located on the section from P2 (PF) to P3 (SAZ-East, 

Figure 3-a), as well as at process station P3 (Figure 2-c). We note aiso that 

these mesopelagic Baxs maxima tend to increase and to shoal in north 

easterly direction (Baxs maxima reach 416, 444 and 540 pM for CTD #64, #66 

and #71 respectively; Figure 3-a).

3.2. Depth-weighted average Baxs contents in the mesopelagic

Table 3 shows the mesopelagic depth-weighted average (DWAv) Baxs 

values, i.e. Baxs inventories divided by the height of the considered water 

column (100-600 m). Overall, values range from 146 to 515 pM. At PI and P3 

in the SAZ, DWAv Baxs content remains relatively constant over the duration 

of station occupation (DWAv Baxs: 199±21 pM and 279±19 pM, respectively). 

The highest and most variable DWAv Baxs values are observed at P2 in the PF. 

DWAv Baxs increases from about 340 pM for the two first repeat CTD casts to 

440 pM (#51) and 515 pM (#58) but decreases again to 463 pM for the last 

CTD (#59). Baxs averages for the different repeat CTD casts at the process

r\
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256 stations show P2 (PFZ; 421±76) and P3 (SAZ-East; 279±19) to exceed PI

257 (SAZ-West; 199±21) by a factor 2.1 and 1.5, respectively.

258 After an initial decrease of DWAv Baxs between P2 and the first CTD

259 (#64) on the section between P2 and P3, a steady increase in northward

260 direction is observed: #64 (280 pM), #66 (306 pM), #71 (395 pM) (Table 3).

261 However, further north at P3 and aiso at transit stations beyond P3, DWAv

262 Baxs concentrations decrease again (e.g., #104, 259 pM; #93; 244 pM) with

263 the lowest value (146 pM) recorded for STZ CTD #108 located in the Southern

264 extension of the East Australia Current.

265

266 4. DISCUSSION

267 4.1. BBxs distributions in the STZ, SAZ and PFZ

268

269 Surface waters

270 At P2 in the PFZ and to a lesser extent for CTD #108 in the STZ east of

271 the Tasman Rise we observe high Baxs contents in the upper 80 m, with

272 values reaching up to 1600 pM (CTD #44). The occurrence of quite high

273 surface océan Baxs contents is not unusual and similar or even higher Baxs

274 contents hâve been reported earlier for the PFZ in the Atlantic sector [Dehairs

275 et al., 1997], Indian sector [Jacquet et al., 2005, 2008a] and Atlantic sector

276 [Jacquet et al., 2007b]. Previous studies showed that Baxs in the surface layer

277 is mainly incorporated into or adsorbed onto biogenic particles with barite

278 being a minor component [Dehairs et al., 1980; Cardinal et al, 2005; Jacquet

279 et al., 2007b]. This situation contrasts with the one at mesopelagic depths

280 where Baxs appears mainly composed of barite micro-crystals as linked to

281 remineralization processes.

282 Surface Baxs contents do not appear to follow primary production (PP),

283 as reported in Jacquet et al. [2008b]. Indeed, surface Baxs values are highest

284 at P2 in the PF (up to 1600 pM) where primary production in the euphotic
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layer ranges between 34 and 38 mmolC m'^ d'^ (Cavagna et al., this issue and 

Table 4) while they are low (<200 pM) at PI and P2, where PP values reach 

up to 88 mmolC m'^ d'^ (Cavagna et al., this issue and Table 4). However, it 

is likely that phytoplankton community composition, besides primary 

production is an important factor controlling surface water Baxs content. 

Indeed, while diatoms dominated at P2 and cyanobacteria and flagellâtes 

dominated at PI and P3 [Armand et al., pers. comm.; Wright et al., this 

issue], other plankton organisms could be involved. We observed that 

particulate Ca and Sr contents in the upper 150m were highest and rather 

similar at P2 and P3 (average [Ca]: 120±70 and 129±33 nM, respectively; 

average [Sr]: 1106±591 and 926±287 pM, respectively; Table 2), while at PI 

Ca and Sr concentrations reached only 71±25 nM and 539±385 pM, 

respectively (Table 2). During the EIFEX expédition (PFZ, Atlantic sector) high 

surface Baxs contents (up to 2000 pM) were observed to coïncide with high 

Sr/Ca mole ratios (50 to 164 mmol moF^) related with the presence of SrSÛ4 

secreting acantharia [Jacquet et al., 2007b]. Flowever, in the présent study 

Sr/Ca mole ratios at sites with highest surface water Baxs are lower, ranging 

between 8 and 22 mmol moF^ (CTD #108 and P2 CTD #44, respectively) and 

overall no particularly high Sr values were observed (Table 2). Présent Sr/Ca 

ratios are doser to values reported for phytoplankton (10 to 40 mmol moF^) 

[Martin and Knauer, 1973] and aiso suspended matter (2 to 35 mmol moF^) 

from the same SAZ sector investigated here [Cardinal et al., 2001]. Therefore, 

in the présent study there is no compelling evidence for an important 

contribution of acantharia to the high surface Baxs values we observed at P2 

and CTD #108.

Mesopelagic waters

We now focus on the mesopelagic zone where most of the 

remineralization of exported C is taking place [Martin et al., 1987; Sarmiento
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314 et al., 1993; Buesseler et al., 2007] and where Baxs mainly consists of barite

315 micro-crystals [Dehairs et al., 1980; Jacquet et al., 2007b]. Stations located

316 along the SAZ-East transect (P2, CTD#64, #66, #71 and P3) are

317 characterized by relatively high mesopelagic Baxs contents, the highest being

318 observed at P2 in the PF . This contrasts with stations in the SAZ-West and in

319 the STZ north of P3 where mesopelagic Baxs contents are lower and no clear

320 maximum is présent. Thus our Baxs data point to the P2 - P3 transect (section

321 between 54.01- 45.55°S) as the area where mesopelagic remineralization is

322 most intense (Figure 4). In previous work the PFZ along WOCE SR3 line

323 (~145°E) was aiso identified as an area of more intense mesopelagic

324 remineralization compared to the STZ and SAZ [Cardinal et al., 2001, 2005;

325 Jacquet et al., 2007a] (Figure 5). Furthermore, this earlier work highiighted

326 the occurrence of a seasonal increase in mesopelagic Baxs from late-spring

327 (Nov. 2001; CLIVAR-SR3) to late-summer values (Feb.-Mar. 1998; SAZ-98)

328 (Figure 5). The N-S trend of mesopelagic Baxs values for the présent early

329 summer cruise are intermediate between these late spring and late summer

330 trends, corroborating the observed seasonal trend and highiighting the

331 consistency of the Baxs signal over the past decade (Figure 5).

332 While the Baxs content in the upper 100 m and at depths >400 m, are

333 similar between SAZ-West (PI and transit CTD #5) and SAZ-East (P3 and

334 transit CTD #93) (Figure 2-d), a salient feature of our data is the presence of

335 a clear mesopelagic Baxs maximum between 100 and 400 m at P3 in the SAZ-

336 East, while this is absent in the SAZ-West (PI and CTD #5) but aIso at the

337 northernmost SAZ-East CTD #93. Such différences suggest a more intense

338 remineralization east as opposed to west of the Tasman Rise, but aiso that

339 sub-mesoscale variability exists in the P3 area (no mesopelagic Baxs

340 maximum observed at CTD #93), possibly related with the strong gradients in

341 phytoplankton biomass indicated by the patchiness and filamentous structure

342 of Chl-a distribution in the area [Griffiths et al., this issue].
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We aiso observe that the mesopelagic Baxs maximum shoals from 

stations P2 to P3 along the SAZ-East transect (Figures 3 and 4). This shoaling 

actually follows a decrease in thickness of the upper mixed layer, from about 

103 (CTD #64) to 71 m (CTD #71) (Figure 3-b). Moreover, a steady increase 

of DWAv Baxs in northward direction appears associated with this shoaling of 

the upper mixed layer (Table 3; Figure 3-b). The higher DWAv Baxs value at 

CTD #71 (395 pM) coïncides with a stronger density gradient at the bottom of 

the mixed layer (Figure 3-b), and since sharp density gradients hâve been 

reported as sites of organic aggregates and floc formation [e.g., Macintyre et 

al., 1995] it is possible that these conditions hâve led to enhanced barite 

formation.

Some particularly high Baxs values were observed at CTD #40 (site PI) 

between 700 to 800 m (up to 792 pM at 700 m) and CTD #3 (SAZ-West; 

1991 pM at 800m) (see Table 2). Occasionally peak values of Baxs may aIso 

occur deeper in the water column, below 1000 m (1453 pM at 1750 m; CTD 

#3). High Baxs values in the deep water column are not unusual and hâve aiso 

been reported for the Kerguelen-Crozet Basin during the ANTARES 4 cruise, 

with values reaching up to 1700 pM at 1000 m [Jacquet et al., 2005]. This 

suggests that remineralization is still continuing in the bathypelagic water 

column confirming recent observations by van Beek et al. [2007]. This 

indicates barite formation is not limited to the upper mesopelagic but does 

aiso take place deeper in the water column, probably associated with bacterial 

dégradation of faster sinking fecal pellets and large aggregates. However, for 

the deep CTD #3 cast we aiso note that the Baxs peak values at 797 and 

1748m are associated with high Al contents (up to 35.5 nM; see Table 2). 

Thus we can not exclude the possibility of an advective input of particulate 

Baxs together with lithogenic material for the northern SAZ-West. A similar 

conclusion was reached by Cardinal et al. [2001] who suggested that east to 

West currents around 45°S advect material from the Tasmanian continental
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372 shelf and margin to the SAZ-West. Such currents are likely associated with

373 the Tasman outflow described by Ridgeway and Dunn [2007] and Speich et

374 al. [2002, 2007], evidence for which was aiso revealed by the track of Argo

375 floats [Herraiz-Borreguero and Rintoul, this issue].

376

377 4.2. Twilight zone BBxs and bacterial production

378 Previous studies revealed that mesopelagic Baxs is closely related with

379 the vertical distribution of bacterial production. During the KEOPS (Kerguelen

380 Plateau) and VERTIGO (stations ALOHA, North Pacific and K2 Subarctic

381 Pacific) expéditions, it appeared that the shape of the water column

382 integrated bacterial production (BP) profile is important in setting the Baxs

383 signal in the mesopelagic [Jacquet et al., 2008b; Dehairs et al., 2008]. These

384 previous studies indicated mesopelagic Baxs content was lower when most of

385 the column integrated bacterial productivity was restricted to the upper mixed

386 layer, compared to situations where a significant part of integrated BP was

387 located deeper in the water column. Our results from the présent study

388 corroborate these earlier findings. Figure 6 shows the ratio of mixed layer

389 integrated BP over BP integrated over the upper 600 m (BPML/BP600) vs.

390 mesopelagic DWAv Baxs (100 to 600 m depth interval). Excluding a single

391 outlier (CTD #58), a significant inverse corrélation is apparent between

392 BPML/BP600 and the mesopelagic (100-600 m) DWAv Baxs maximum (R^ =

393 0.59; p<0.01). Thus, for SAZ-SENSE as well, increased mesopelagic Baxs

394 contents reflect the fact that significant bacterial activity extends deeper in

395 the water column beyond the upper mixed layer. The outlier (#58) is the

396 highest DWAv Baxs value recorded during this cruise (515 pM). While such

397 value is well within the range we reported for earlier expéditions in this area

398 [Cardinal et al., 2001, 2005], the corresponding BPML/BP600 ratio (0.71) is

399 high compared to other CTD casts from the same station (P2), due to unusual
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high BP values between 150 and 200 m for this particular cast [Dumont et al., 

this issue].

We aiso compared BP integrated between ML and 600 m with DWAv 

Baxs in the 100 to 600 m mesopelagic depth interval. The régression (not 

shown) is poor, though significant (R^ = 0.40, p<0.01) when calculated 

without the outlier (i.e. cast #58 at P2). Several reasons can be invoked to 

explain why this particular corrélation is poor, while ratios of mixed layer 

integrated BP over 600 m integrated BP correlate well with mesopelagic Ba. 

First of ail, it should be kept in mind that processes with quite different time 

scales are being compared. Indeed, while formation of mesopelagic Baxs is a 

rather slow process with a time scale of a few days to weeks or so [Jacquet et 

al., 2007a; Dehairs et al., 1997], the time scale of bacterial activity is rather 

of the order of a few hours, at most. Secondly, conversion factors (i.e. TdR 

CF; cell C content) used to calculate BP were kept constant at ail sites and 

depths [see Dumont et al., this issue], while it is likely that these vary with 

pressure, température, food suppiy, ... [see e.g., Tamburini et ai., 2003; 

Moran et al., 2007]. The fact that the corrélation between the BPML/BP600 

ratio and DWAv Baxs proved significant (Figure 6), while BP integrated 

between ML and 600m vs DWAv Baxs did not, suggests that varying ambient 

conditions indeed had an effect, which by taking the ratio of integrated BP 

was, at least partiy, eliminated.

Despite increasing evidence for the existence of a causal relationship 

between bacterial activity and mesopelagic Baxs content, the question about 

how well both proxies reflect twilight zone organic carbon remineralization is 

stiil not fully resolved. This is discussed in the next section.

4.3. Estimâtes of organic remineralization

The carbon remineralization rate deduced from Baxs is based on an 

empirical relationship between Baxs and oxygen consumption established for
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429 BaS04 saturated ACC waters [see discussions in Dehairs et al., 1997; 2008].

430 For zéro oxygen consumption (i.e. in winter, when primary production and

431 bacteriai activity are minimal) this relationship indicates a Baxs intercept of

432 180 pM, representing for BaS04 saturated waters, a background Baxs signal

433 carried over between successive seasons. For the PF station P2 located in

434 BaS04 saturated waters, we kept 180 pM as the background Baxs value. Since

435 the area north of the PF is known to be undersaturated for BaS04 over the

436 whole of the water column [Monnin et al., 1999; Monnin and Cividini, 2007],

437 we arbitrarily choose a lower intercept value of 100 pM for ail stations north of

438 the PF in order to account for possible dissolution of barite (see aiso

439 discussion in Dehairs et al., 2008). In Table 4 we compare organic C

440 remineralization deduced from Baxs'barite inventories with bacteriai carbon

441 demand (BCD; Dumont et al., this issue), primary and new production (PP,

442 NP; Cavagna et al., this issue) and C export (EP; Jacquet et al. b, this issue).

443 Note that Baxs (and BCD), PP, NP and EP were not aiways analyzed for the

444 same CTD cast, but casts used for comparison were taken close by in time

445 and space, limiting possible naturel variability.

446 Overall C remineralization fluxes calculated from DWAv mesopelagic

447 Baxs contents and integrated over the 100-600 m water column, range from 1

448 to 7 mmol C m'^ d'^ (Table 4). Largest remineralization rates are observed at

449 P2 in the PF with values ranging between 3.2 and 7.0 mmol C m‘^ d'\ Such

450 values exceed those we reported for the WOCE SR3 transect (spring 2001)

451 and the Crozet-Kerguelen Basin (1999) during summer [Cardinal et al., 2005;

452 Jacquet et al., 2005, 2007a, 2008a]. Remineralization rates in the SAZ-West

453 (1.8 to 3.1 mmol C m'^ d‘^) are lower compared to the SAZ-East (3 to 6.1

454 mmol C m'^ d‘^) (see Table 4) but are similar to values reported by Cardinal

455 et al. [2005] for the SAZ along WOCE SR3 line (1.2 to 2.5 mmol C m'^ d'^).

456 Taking one step further we now compare the organic carbon

457 remineralization rates based on mesopelagic Baxs with bacteriai carbon
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demand (BCD) in the 100 to 600m depth layer (Table 4). BCD was calculated 

from BP considering a BGE value of 0.15 (see methods and Dumont et al., 

this issue). While the trend is of course the same as for the régression 

between BP and Baxs, results indicate that BCD exceeds the organic carbon 

remineralization rate based on Baxs by five-fold on average. We note however 

that our Baxs-based remineralization rates are in the same range (but usually 

lower, as expected) than new production and aiso C-export (estimated via 

^^N-uptake experiments and the ^^"*Th-deficit method, respectively), while 

BCD values are clearly in excess of carbon export (Table 4). Furthermore, our 

Baxs-based remineralization rates are within about a factor 2 of the POC flux 

sampled by drifting sédiment traps deployed at 150m (see Ebersbach et al., 

this issue), giving further credence to the order of magnitude of the calculated 

carbon remineralization rates.

Several reasons can be invoked to explain the fact that BCD values are 

systematically greater than estimâtes based on the different other approaches. 

It is possible that BCD is in fine satisfied by dissolved organic C (DOC) 

availability [e.g. Azam and Malfatti, 2007]. If this DOC does not originate 

from sinking particulate organic carbon but is directiy advected from the 

surface [Carlson et al. 1994] or from nearby régions [Bauer et al., 2002; 

Aristegui et al., 2003], or is actively exported via zooplankton migration 

[Ducklow et al., 2001; Steinberg et al., 2008] such discrepancies could arise, 

since the approach based on particulate Baxs does not take advection of DOC 

into account. On the contrary, if ail mesopelagic DOC finds its origin in sinking 

POC traced by the ^^''Th method, this would suggest bacterial carbon demand 

to be overestimated. A better matching of BCD and Baxs-based 

remineralization would require a BGE value larger than 0.15. While the latter 

value is in agreement with available data in the literature, as discussed in 

Dumont et al. [this issue], it is nevertheless a fact that most of the BGE 

values reported in literature concern the efficiency of free-living bacteria and
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487 assume a homogenous dissolved organic matter (DOM) distribution. However,

488 aggregates are reported to carry a very high interstitial DOC load [Alldredge,

489 2000] and to host significant bacterial hydrolytic activity which converts

490 particulate organic matter into non-sinking DOM which forms plumes in the

491 wake of the sinking particles [Azam and Malfatti, 2007]. Azam and Long

492 [2001] report that bacteria associated with these plumes probably hâve a

493 higher growth efficiency. Likewise, laboratory studies on aggregates hâve

494 revealed BGE values as high as 0.50 [Grossart and Ploug, 2001]. Such large

495 BGE values, if realistic for the oceanic environment, would decrease our BCD

496 values by a factor 3.3, bringing these close to organic carbon respiration

497 estimated from mesopelagic Baxs- We remind aiso that the mesopelagic Baxs

498 proxy is the reflection of processes integrated over a period of a few days to a

499 few weeks [Cardinal et al., 2005; Jacquet et al., 2008b] while BCD is based

500 on <8h incubations, though day-to-day variation between repeat CTD casts at

501 process stations appears limited (Table 4). Therefore, part of the discrepancy

502 may aIso resuit from these différences in time scales between both processes.

503 The largest mesopelagic remineralization (up to 7.0 mmol C m'^ d‘^) is

504 observed for the less productive P2 site (PP ranging from 34 to 37.7 mmol C

505 m'^ d'^), while the more productive PI and P3 sites (PP up to 87.9 mmol C m"^

506 d'^) are characterized by lower remineralization rates (from 1.8 to 2.6 mmol C

507 m'^ d'^) (Table 4). It is aiso worth noting that carbon fluxes related with

508 production, export and remineralization, while showing internai consistency in

509 general, do not necessarily co-vary on a cast by cast basis (see process

510 stations in Table 4). For instance, at PI the decrease of NP over time is not

511 accompanied by a similar change in EP and remineralization rate. Aiso, while

512 EP at P3 doubles between repeat stations (from 3.2 to 6.5 mmol C m'^ d"^),

513 the remineralization rate remains quite constant (3.3 to 4.1 mmol C m'^ d'^).

514 In contrast, the doubling of EP at P2 (from 2.9 to 6.6 mmol C m'^ d'^) is aiso

515 seen for the remineralization rate (from 3.2 to 7.0 mmol C m'^ d'^). Again
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such mismatches may be related to the large différences in time scales 

characterizing the different processes that are compared.

We defined the twilight zone remineralization efficiency (r-ratio in % in 

Table 4) as the ratio of mesopelagic C remineralization (based on Baxs) over C 

export from the 100 m horizon (the latter obtained via the ^^'’Th-deficit 

method; see Jacquet et al. b, this issue). PI and P3 are quite different in 

terms of r-ratio in mesopelagic waters, which was smaller, reaching 26-68% 

at PI (average = 43%) compared to 48 to >100% at P2 and P3 (averages = 

106 and 77%, respectively). The deep extension (to 1000 m) of high Baxs 

values at P2 (Table 2) reflects remineralization of OM to extend deeper in the 

water column compared to P3. CTD casts #64, #66, #71 along the SAZ-East 

transect between P2 and P3 aiso exhibit important mesopelagic 

remineralization efficiencies, reaching 60, 61 and 98 % respectively. Overall, 

remineralization rates are consistent with values reported for a previous 

cruise in the région [Cardinal et al., 2005], but rates in the PFZ and SAZ-East 

(P2, #64, #66, #71, P3) exceed those in the SAZ-West (PI, Table 4). 

Bacterial abundances and activities are aIso higher in the SAZ-East as 

potentially linked to higher iron concentrations [Lannuzel et al., this issue], 

availability of organic substrates [Dumont et al., this issue] and grazer plus 

viral activities [Evans et al., this issue; Thomson et al., this issue].

The fate of matter exported from the upper surface layer is different 

between SAZ-West, SAZ-East and PFZ. This can be visualized (Figure 7) by 

plotting the ratio of POC flux at 100m (from ^^"'Th déficit; Jacquet et al.-b this 

issue) over Net Primary Production (i.e., EPlOO/NP; NP as integrated over the 

euphotic zone; data from Cavagna et al., this issue) vs. the fraction of POC 

flux at 100m that exits the mesopelagic through the 600m horizon (i.e. T600 

= EP600/EP100 = 1-(MR/EP100), with MR/EPlOO = r-ratio; see above).

Hereby we follow an idea developed by Buesseler and Boyd [in review for 

Limnology and Oceanography]. The graph highiights that the P2 site in the
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545 PFZ, while having the highest fraction of NP (55%) exported from the upper

546 100 m, has ail exported POC remineralized within the mesopelagic zone. This

547 feature is remarkable and indicates the poor capacity of PF-PFZ waters for

548 deep océan (bathypelagic) carbon séquestration via the biological pump.

549 Further appréciation of the zonal extension of this condition is required, since

550 important for refining global carbon balance calculations. P3 is the site with

551 the next highest fraction of NP (50%) exported out of the surface water, but

552 in contrast to P2 about 20% of this POC is exported to depths >600 m, the

553 rest being remineralized in the mesopelagic zone. At the PI site only 20% of

554 NP is exported from the upper 100 m, but close to 60% of that POC is

555 exported to the water column water >600 m. Despite these différences

556 between SAZ-East and SAZ-West concerning the fraction of NP that is

557 exported from the surface waters and remineralized in the mesopelagic,

558 interestingly, both SAZ sites exhibit the same efficiency in exporting

559 autotrophic fixed carbon to the deep océan, with about 10% of NP reaching

560 beyond 600 m. Ebersbach et al. [this issue] report on the morphology of

561 sinking particles captured in free floating gel-traps deployed between 140 and

562 290 m at the process stations. It appears that particles at P2 in the PFZ were

563 smaller but denser compared to PI and P3, and were more of the aggregate

564 type, possibly produced by fragmentation of original silica-rich fecal pellet

565 material. Significant fragmentation of sinking pellets could explain the

566 successfui rétention of the organic C and its subséquent re-oxidation in the

567 mesopelagic waters. At PI and aiso P3 in the SAZ captured sinking particles

568 are larger and more of the intact zooplankton fecal pellet type. At PI these

569 apparently transit the mesopelagic zone more efficiently thereby avoiding

570 complété remineralization.

571 We now investigate how the studied SAZ System, with its eastern part

572 reported as being Fe-replete [Lannuzel et al. this issue], compares with Fe-

573 replete areas eisewhere (KEOPS, a natural iron fertilization study above the
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574 Kerguelen Plateau; Jacquet et al., 2008a; EIFEX an artifidal iron fertilization

575 study in a mesoscale eddy detached from the Polar Front, Atlantic sector;

576 Jacquet et al., 2008b). Mesopelagic POC remineralization of exported carbon

577 from Fe replete surface waters during KEOPS and EIFEX was observed to be

578 relatively less efficient compared to HNLC reference stations [Jacquet et al.,

579 2008a,b] and this implied a more efficient transit of exported carbon through

580 the mesopelagic into the bathypelagic. To some degree our présent results

581 corroborate these earlier findings, since they indicate that a larger fraction of

582 primary production ended up in the deep (>600 m) water column in the SAZ

583 (with the SAZ-East reported to be Fe replete) compared to the Fe depleted

584 HNLC PFZ area, where remineralization of organic matter exported to the

585 mesopelagic water column (100-600 m) was essentially complété. However,

586 the phytoplankton community composition of the SAZ environment studied

587 here differs from those prevailing during EIFEX and KEOPS. Indeed, in the

588 présent study flagellâtes and cyanobacteria were dominant both in the SAZ-

589 East and SAZ-West area, while diatoms were dominant during KEOPS and

590 EIFEX.

591

592 Conclusions

593 This Work investigated particulate excess Ba contents (Baxs), a proxy

594 for mesopelagic organic carbon remineralization, in the upper 1000 m of the

595 water column in the SAZ-East, SAZ-West, PFZ and PF areas south of

596 Tasmania which contrast strongly in terms of C production and export. The

597 vertical distributions of Baxs in the water column aiso were quite different

598 between these régions, with higher mesopelagic Baxs contents in the SAZ-East,

599 PFZ and PF.

600 Overall we confirm earlier results for the same sector indicating that

601 mesopelagic remineralization efficiency increases from SAZ to PFZ, following a
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602 general trend of southward decreasing deep water column (> 800m) POC flux

603 [Cardinal et al., 2001; 2005],

604 We observed mesopelagic Baxs contents to be related with bacterial

605 activity, with higher mesopelagic Baxs contents in situations where significant

606 bacterial activity extended deeper in the water column. Our findings indicate

607 that the SAZ-East and PFZ are régions of relatively more important

608 remineralization of exported organic matter in the mesopelagic water column

609 (100-600 m) as compared to the SAZ-West, with PFZ even showing complété

610 mesopelagic remineralization of exported POC. The latter feature is

611 remarkable and indicates the poor capacity of PF-PFZ waters for deep océan

612 (bathypelagic) carbon séquestration via the biological pump. However, both

613 SAZ régions, showed a similar efficiency regarding deep export of autotrophic

614 fixed carbon, with about 10% of NPP being exported deeper than 600m.

615 Further appréciation of the zonal extension of these conditions is required,

616 since important for refining global carbon balance calculations.

617
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870 Figure Captions

871 Figure 1: Map of the SAZ-SENSE cruise in Australian sector of the Southern

872 Océan area showing location of process and transit stations. STZ =

873 Subtropical Zone; STF = Subtropical Front; SAZ = SubAntarctic Zone; PFZ =

874 the Polar Front Zone; SAF-N and SAF-S = SubAntarctic Front northern and

875 Southern branch; PF-N = Polar Front northern branch, IPFZ = InterPolar Front

876 Zone.

877

878 Figure 2: Average profiles of particulate excess Ba (Baxs; pM; 0-1000 m) at

879 process stations (a) PI (SAZ-West), (b) P2 (PFZ), (c) P3 (SAZ-East) and at

880 transit stations (d) #5 (SAZ-West), #93 (SAZ-East) and #108 (STZ).

881

882 Figure 3: Profiles of (a) particulate excess Ba (Baxs; pM; 0-600 m) and (b)

883 potential density (kg/m^; 0-200m) at transit stations #64, #66, #71.

884

885 Figure 4: ODV plot showing the depth distribution of particulate excess Ba

886 (Baxs; pM; 0-1000 m) vs. longitude (°E). Note that the southernmost station

887 (P2) is located in the middie of the panel, with the SAZ-West profiles to the

888 left and the SAZ-East profiles to the right. Graph constructed using Océan

889 Data View (Schlitzer, 2003; Océan Data View; http://www.awi-

890 bremerhaven.de/GEO/ODVT

891

892 Figure 5: Latitudinal distribution of depth weighted average (DWAv)

893 mesopelagic Baxs (pM) vs. salinity at 150 m; salinity is taken here as a proxy

894 for latitudinal position eliminating temporal and spatial variability in position

895 of the fronts and water masses. Shown are data for the CLIVAR-SR3 cruise

896 (squares, late-spring; Baxs values for the 100-450 m depth région; Cardinal et

897 al. 2005); the SAZ-SENSE cruise (triangles, mid-summer; 100-600 m depth
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898 région; this study) and the SAZ-98 croise (circles, late-summer; Baxs values

899 for the 100-450 m région; Cardinal et al., 2001, 2005); régression lines

900 (power functions) are shown to highiight the trend; IPFZ = Inter Polar Frontal

901 Zone; PFZ = Polar Frontal Zone; SAZ = Subantarctic Zone; PF = Polar Front;

902 SAF = Sunantarctic Front; STF = Subtropical Front.

903

904 Figure 6: Régression of the ratio of mixed layer (ML) integrated BP over upper

905 600 m integrated BP versus depth weighted average (DWAv) mesopelagic Baxs

906 (pM; 100-600 m).

907

908 Figure 7: Y-axis: POC flux from upper 100 m as a fraction of NP; X-axis: POC

909 flux at 600 m as a fraction of POC flux at 100 m. Isolines represent the

910 modeled 1, 5, 10, 20 and 30% of NP export to depths >600 m.

911

912 Table Captions

913 Table 1: Station location and sampling depth range.

914

915 Table 2: Excess particulate biogenic Ba (Baxs; pM), Ca (nM), Sr (pM) and Al

916 (nM) and Sr/Ca (mmol moF^) at process and transit stations.

917

918 Table 3: Depth-weighted average values of mesopelagic Baxs (pM; 100-600

919 m).

920

921 Table 4: Comparison of Baxs based mesopelagic organic carbon

922 remineralization (MR) with gross primary production (GPP), new production

923 (NP), bacterial carbon demand (BCD) and export production (EP); r-ratio

924 (in %) = ratio of MR over EP. AH fluxes in mmol C m'^ d'^
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• Process stations

EP600/EP100

Figure 7

Table 1
station CTD cast # Longitude, °E Latitude, °S Location Depth range, m

Process station 1
4 11 140,56 46.32 SAZ-West 0-1000
4 19 140.31 46.50 SAZ-West 0-1000
4 30 140.64 46.58 SAZ-West 0-1000

Process station 2 
6 40 145.87 54.01 PFZ 0-1000
6 44 146.13 54.02 PFZ 0-1000
6 51 146.30 54.14 PFZ 0-1000
6 58 146.12 54.45 PFZ 0-800
6 59 147.10 54.45 PFZ 0-800

Process station 3
17 78 153.18 45.55 SAZ-East 0-1000
17 79 153.18 45.56 SAZ-East 800-2500
17 86 153.35 45,47 SAZ-East 0-900
17 104 153.68 45,59 SAZ-East 0-900

Transit stations
2 3 142.98 45.01 SAZ-West 800 - 2250
2 5 143.05 44.89 SAZ-West 0-1000
5 36 143.01 48.99 SAF-West 800 - 2250
8 61 147.71 52.01 SAF-East 800 - 2500
g 64 148.65 50.88 SAF-East 0-1000
10 66 149.42 49.99 SAF-East 0-1000
12 71 151.19 48,06 SAF-East 0-10M
21 93 152.49 44.93 SAZ-East 0-1000
24 108 148.58 43.69 STZ 0- 10(M
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PTOCMSl CTDfll 
Mafekt Oaptt

» 223 -4X 102

123 13S 4.1

201 3fi 43
13 250 130

350 211 28
400 lae 7.4
450 305 5.3
SCO 303 3.7
550 137 4.0
SCO 106 3.8
702 153 52
7M 113 1.0
aco <OL 27
OM 135 32

134
106.1
230
87.2
13.8
17.0

Table 2
Procoss 1 CTD»19
NsUn DmpU Bm A

tlU fi

100 147 0 7 25 330
100 221 <OL 11 430
120 187 OS 10 SOI
MO 180 130 13 300
201 212 1 7 18 212
240 144 <OL 0 110
300 170 33 13 lis
352 204 2.2 23 190
388 280 <OL 27 ISO
460 164 0.1 25 123
488 213 <OL 18 112

801 ^ 0 8 28 200

133 
113 
130 
403 
32.2 
18 1

Process t CTD330
OtfOt Ban A

40 133 180 1150 
84 53 86 884

100 102 53
1.1 18 147

160 108 03 10
0.4 20 283

250 152 0 3 23 270
274 258 2.1 33 232
300 371 0.6 34 45

10 373 244 3.0 18 iœ
8 388 174 <Oi. 18 <OL
B 448 303 13 28 350
7 486 108 0 4 5 <OL
e 553 206 <OL 12 <0.
5 000 220 03 17 30
4 ese 102 <Ot 13 86
3 001 273 3 3 24 235
2 801 220 2.8 37 53

Procès* 2 CTD #40

320 451 «O.
352 398 13

4(» Ot 11

450 303 <Ot.

6S2 433 «CL 17

792 <OL 30

208 53 107 1017
534 03 158 626
745 33 232 1950

182 0.0 21

<DL 18 
«OL 17 
«OL 18 

404 0.6 23

1.0 21 «OL

442 «CL 17

Proceso2CTD#44 Process 2 CTD #51 Process 2 CTD #58 Process 2 CTO #59
Nskat 0«pOi1 Ban 

pM
A4
nM

Ca
nU

5r
pM

SnC«
mnoVmol

Nikiur Bar»
pM

Al
r4t(

Ca
nM

Sr
pM

SiiCa
mmoMnd

Nolun Depii iBan
F**

A4
nM

Ca
nM

Sr
pM <

Sr/Ca Sofcvi OapOi Bax» 
m pM

Al Ca 
nU nM

Sr
oM mmoMnol

24 20 358 78 141 803 08 22 20 1020 32 205 1331 05 21 20 285 3.0 181 1411 1 a 22 49 184 89 57 700 12.3
23 50 048 16 7 123 874 79 21 40 905 25 102 734 45 13 30 552 83 350 2251 64 20 78 217 8.2 61 870 19.8
22 05 1900 100 114 2519 22.0 19 74 588 3.8 122 015 50 9 71 904 0.2 213 2100 10.1 19 87 173 6.7 20 470 23.0
18 100 308 06 48 530 10 0 17 100 338 23 117 817 70 8 1D0 420 «OL 278 2890 10.B 16 126 343 4.3 SS 704 12.6
18 141 285 1.2 31 483 10.2 10 124 384 1.7 0 50 00 7 148 358 4.3 18 272 19.1 te 174 428 3# 208 3413 11.4
16 180 246 2.8 0 50 7.9 15 140 456 3.8 30 101 48 6 200 501 0.8 36 270 7.6 14 224 405 1.1 64 385 7.4
14 200 255 0.1 0 64 11.4 13 201 335 <OL 10 «OL / 3 301 576 10 10 283 17.5 12 278 458 oe 10 29 3.0
13 225 779 18 4 54 130 12 251 484 <OL 21 3 02 4 367 529 04 20 182 00 10 348 521 72 183 2503 13.6
12 275 337 1.0 3 45 13.2 10 300 370 17 11 22 1 9 3 500 595 08 16 200 13.2 8 4SI 556 80 17 538 38.9
11 300 350 1.5 0 02 11.1 8 340 387 <OL 4 «OL 1 3 588 528 2.5 17 150 8.8 9 980 383 Z8 15 00 4.0
10 xo 308 <tx 3 31 10 3 B 401 510 <OL 10 «OL t 1 803 320 58 42 414 6.8 4 802 292 2.8 29 378 148
8 400 3n 34 4 33 09 7 440 417 «CL 5 34 00
7 451 304 30 7 28 42 0 500 515 <OL 0 <3L /
6 SCI 281 1.0 4 34 88 5 560 473 <DL 10 «OL /
5 551 400 <OL 5 38 52 3 002 488 1.1 14 84 59
4 002 415 38 4 34 83 2 700 278 <DL 11 58 9.9
3 702 358 2.7 0 33 59 1 000 387 2iJ 8 02 70
2 800 244 1.3 4 28 73
1 9M 180 24 3 24 8.2

Process 3 CTD #78 Process 3 CTD #79 Process 3 CTD #86 Process 3 CTD #104
NBkin 0«pth Ban Al Ca Sr Stic» Niakin Depot Bais Al Ca Sr 8r/Ca IMon Deplh Bau Al Ca Sr SrfCa Nnkin Depth Bax» Al Ca Sr SrfCa

m pM nU nM pM rrvnol/mol m pM lAI nM pM mmeVmol m pM nM nM pM nwnot'moi m pM nM nM pM mmolfrwel
34 8 83 02 291 3423 12 0 500 289 5.2 19 134 7.1 24 B 17 50 01 400 50 24 10 69 OJ 263 1406 9.3
22 18 53 18 237 1344 57 0 1248 174 08 12 58 55 23 22 137 54 337 2405 7 1 22 48 107 35 258 1486 68
20 40 234 1.0 13 49 3.7 4 1749 315 0.0 14 102 7.3 20 50 80 1.7 103 978 5.0 20 74 78 3.6 154 1308 8.0
te 75 148 18 105 1390 7.1 1 2S01 321 3.0 15 104 6.0 15 75 108 3.2 98 403 68 18 toi 127 2.3 38 323 6.5
17 M 211 10 11 04 87 17 M 85 «CL B 88 88 10 124 240 2.0 17 215 12.9
te 124 332 0 1 18 238 13.5 te 140 245 1.7 18 201 19.8 19 190 327 0.8 15 230 14.0
15 148 318 <OL 14 106 70 13 201 430 4.7 13 105 15.2 14 109 320 1.8 25 188 7.0
14 200 308 05 26 131 50 11 248 430 4.7 24 250 toe 12 250 407 2.7 32 253 8.0
13 349 305 <OL 28 254 8.6 10 300 350 2.0 18 202 11.4 11 275 453 «OL «DL 245 /
12 301 213 02 21 71 33 0 351 238 4.1 8 108 12.3 10 298 332 1.1 34 267 78
11 360 210 <OL 20 81 52 7 400 <OL 10 4 0 1 5 8 340 256 1-8 31 181 9.8
10 4C0 235 05 28 «DL 1 5 452 283 2.1 16 101 10.0 7 401 177 24 18 146 7.8
8 448 ZTO 02 30 107 42 5 SOI 228 2.8 te 178 11.1 0 490 183 2.2 24 138 9.8
6 500 233 24 21 50 26 4 550 210 2-0 20 202 10.0 9 501 211 0.8 23 162 7.1
7 550 322 12 39 251 04 3 001 378 r.7 38 304 78 4 600 147 3.0 17 104 0.1
5 588 331 17 30 220 58 2 700 2S0 6.0 28 225 8 1 2 700 211 4.8 34 106 4.8
S 051 254 1.7 32 146 40 1 801 217 3.2 17 148 8.7 1 000 254 3.8 43 184 4.3
4 688 23C 2.6 31 291 9.4
3 788 252 04 35 82 1.8
2 880 242 07 33 01 1 8 Transit CTD #64 Transit CTO #66 Transit CTO #71
t 1M0 317 2.4 47 124 2.0 Niskin 0*pth Ban Al Ca Sr SnCa rLskir Oepth Baxs M Ca Sr SnCa Niskin OcMh Bax> Al Ca Sr SrC»

ir pM r*A nM pM m pM nM nM pM #wwfiiaiiËii m P« nM nM pM mmOVmol
Tr*»sit CTD #5 24 33 105 0.0 103 804 45 24 20 39 2.7 104 812 7.6 24 10 158 4.8 218 3«< 10,7
Nnkin Ocplh Ban Al Ca Sr SnCa 22 50 88 1 8 284 1005 56 23 50 01 1.5 113 726 04 22 40 82 2.8 128 1150 8.0

m pM nM nM pM rmeà/moi 20 70 112 25 285 1812 54 22 75 28 2.4 80 408 4.8 20 74 131 4.7 111 867 70
24 13 107 21 S 307 2704 58 18 102 82 1 6 212 730 34 21 IM 30 0.4 33 204 78 18 90 367 6.2 51 437 89
22 24 120 21 S 128 1022 78 10 125 146 0.1 81 eoc 74 20 124 237 2.5 41 273 67 16 125 378 32 28 320 119
20 90 04 58 54 304 7.1 15 150 173 3.4 32 212 0.6 19 152 247 <OL 45 228 5 1 15 140 458 1.8 35 320 6.2
17 73 210 80 98 535 0.1 14 108 222 «OL 38 144 30 18 176 218 334 38 214 30 14 201 470 3.8 35 375 105
10 88 73 8.8 15 160 11.3 12 240 186 <OL 23 «OL 1 17 200 273 1.7 48 307 7S 12 250 540 1.5 34 302 8.0
15 88 130 18 20 297 11J 11 275 224 <OL M <OL 1 15 224 428 0.1 50 305 8.1 11 276 453 09 35 200 75
14 124 03 23 48 000 18.5 10 300 220 1.3 21 10 0.5 15 251 361 1.0 45 274 6.1 10 300 413 IJ) 31 244 73
13 140 103 26 22 221 10.2 e 350 418 <OL 173 1224 7.1 14 274 394 3.5 51 258 9 1 8 340 M4 1.4 29 225 7.7
12 188 181 10 7 37 207 72 7 400 304 0 1 47 145 31 13 300 417 5.0 71 420 58 7 401 270 2.4 22 228 10 4
11 248 282 86 17 107 02 e 452 307 2.1 50 48 1 0 12 325 444 4 7 77 350 40 0 450 334 1-4 31 277 88
10 300 187 21.8 98 377 0.4 s 500 337 «OL 31 152 50 11 348 303 2.8 5B 318 9.5 9 502 332 2.6 40 278 7.0
8 401 388 52 24 187 78 4 598 338 15 30 20 05 10 388 278 20 28 183 03 4 601 398 1-5 40 297 0.9
7 449 242 35 30 724 24.5 3 701 232 52 819 5728 70 8 461 275 55 53 242 46 3 703 356 40 45 244 9.3
5 488 228 48 22 158 73 2 804 320 04 31 88 2.0 a 501 238 2.8 40 217 48 2 801 207 1.8 34 220 69
5 561 314 6.1 30 170 57 1 1C02 380 20 30 21 05 7 549 203 2.7 44 212 48 1 eoo 378 23 48 272 S.S
4 580 289 8.8 19 112 5.8 5 eoo 418 1J) 63 345 5.5
3 050 582 10.1 34 183 54 5 550 209 0.9 42 252 00
2 703 228 48 05 641 53 4 701 205 20 42 214 52
1 800 232 3.4 26 107 7.6 3 801 285 90 52 244 4 7

2 600 281 3.0 40 242 50
1 1001 218 2 1 37 184 48

Transit CTD #93 Transit CTD #108 Trwisit CTD #3 Transit CTD #36
Ocpth Ban Al Ca Si SrC* M.gur Ceppt Bavs A4 Ca Sr Stic» DepOi Ban AJ Ca Sr SriCa Nnkir> Dm»1 Baxa Al Ca Sr SrfCa

m P« nM rM pM nvnoVmol rr pM iM nM pM mmoOmot m pM nM nM pM mmol^nal m pM nM rM pM mrtoiffnol
24 15 48 «Du 227 t 036 72 24 9 428 34 1 008 7436 02 8 707 1891 35.5 57 020 1V0 9 800 453 3 9 85 801 0 4
22 24 93 14 256 1 240 40 20 88 387 13 310 3418 11 0 5 1248 341 15 46 398 74 0 1247 552 68 55 458 00
20 52 82 «De 238 1003 38 18 123 322 1.5 200 3855 13 J 4 1746 1453 189 217 1235 57 4 1750 430 11.8 78 511 5.0
18 79 71 <Dl 103 309 35 18 150 71 2-0 i5ô 702 50 2 2248 338 7.7 26 438 17.2 2 2240 475 11.2 72 588 52
17 100 84 <OL 25 83 33 17 200 70 3 1 100 854 08
15 124 53 <dl 13 «OL 1 15 Ml 109 4.7 18 218 12 1
15 150 134 «Du 41 202 50 14 349 151 2.5 21 278 133 Transit CTD #81
14 180 103 «De 10 70 44 13 4C1 80 11 10 150 78 Nsion Depih Ban Al Ca Sr SrtCa
13 250 252 238 88 12 409 188 2.8 38 250 08 m pM nM nM pM mwoymol
12 301 566 04 11 000 228 3.7 67 930 os 8 788 380 1 7 109 1304 12.5
11 346 200 <OL 17 20 1 0 10 580 100 34 28 157 50 5 1252 287 0.0 71 1328 180
10 401 268 «DL ! 0 800 325 23 47 302 55 4 1750 370 0.8 44 151 3.5ft 449 208 1 e 35 136 39 6 000 307 4.5 44 295 57 t 2500 490 3.5 28
8 500 381 04 78 685 76 7 1001 281 2 1 41 280 60
7 560 257 00 52 298 58 5- 1248 223 1 4 34 255 77
5 902 270 06 38 140 37 6 1248 172 4.3 47 042 137
5 540 271 <Dl 43 303 70 9 1M0 277 56 44 256 55
4 700 254 02 48 101 40 4 1760 201 20 38 246 00
3 788 277 19 40 110 25 3 1888 293 24 30 243 58
2 801 244 10 41 220 59 2 2248 217 45 33 202 53

1 X06 236 50 30 ISO 50
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Table 3
Station type CTD cast# Lonqitude.*E Latitude. '*S DWAV'Ba„|

Process 7 11 140.56 46 32 188
Process 1 19 140.31 46.50 223
Pmcess 1 30 140.64 46.58 187

199±21

Process 2 40 145.87 54 01 354
Process 2 44 146.13 54 02 333
Process 2 51 146.30 54.14 440
Process 2 58 146.12 54.45 515
Process 2 59 147.10 54.45 463

42U76

Procès 3 78 153.18 45 55 282
Process 3 86 153.35 4547 296
Process 3 104 153.68 4559 259

279±19

Transit 5 143.05 44.89 249
Transit 64 143.65 5088 280
Transit 66 149 42 4999 306
Transit 71 151.19 48.06 395
Transit 93 152.49 44 93 244
Transit 108 148.58 43.69 146

OWAV*= Depÿit we^ted average value htegr^ed between 100-600 m n üie twtllght zone

Table 4
AM fluxes in mmolC/m*/d

Station
_______tyi»

CTD# Longitude
’E

Latitude
«S

GPP™ 
euphobc laver

NP
euphotk laver

BCD"^
100-600m

EP" 
100 ni

MR
100-600 m

Aff? Strxi Uncertainty 
%

r-ratio^®’
%

Process 1 7 140.65 46.39 7.0
Process 1 9 140.65 4632 87.9 44 - -
Process 1 11 140.56 46.32 - - - 1.8 40
Process 1 15 140.50 46.44 - - - 4.8 - -
f^ocess 1 17 140.40 46.47 44.2 9.5 - - - 26-68
P-ocess 1 19 140 31 46.50 - - 111 26 29
Pocess 1 30 140.64 46.58 . - 16.9 - 1.8 38
Pocess 1 31 140 34 46.48 - - - 41
Pocess 7 33 140.20 46.71 - - - 3.8 -
Pocess 1 34 14029 46.65 9.4 1.3 - - -

9.4-87.9 1J-9.5 14i4.1 4.9±1.4 2.U0.4 43

Pocess? 40 145.87 54.01 16.6 3.6 21
Pocess 2 42 146 17 54.05 340 67 . .
Pocess? 44 146.13 54.02 - . 19.6 - 3.2 24
Pocess? 47 146.32 54.13 34.0 10.3 . - .
Pocess ? 49 146.31 54.15 - - - 29 . . 40->100
Pocess 2 61 14630 54.14 . . 589 54 17
Pocess 2 58 146.12 54.45 37.7 9.0 13.2 - 7.0 16
Pocess 2 59 147.10 54.45 - - - 6.6 5.9 16

35.2 ±2.1 8.7±1£ 27.1*21.4 4.7*2.6 5.0*1.6 >100

Pocess 3 78 153.18 45.55 , 12.4 3.8 21
Pocess 3 81 153.23 45.52 39.8 8.1 . . .
Pocess 3 84 153.28 45.45 - . . 3.2 . .
Pocess 3 85 153.34 45.45 43 11.3 . . .
Poœss 3 86 153.35 45.47 - . 15.3 . 4.1 20 51->100
Pocess 3 96 153.62 45.60 65.2 11.3 . . -
Pocess 3 97 153.51 45.61 . . 6.5 - -
Pocess 3 104 153.68 45.59 - - 19.9 3.3 23

49.3±13.8 7 0211.8 15.9*3.8 4.8±2.3 3.7 ±0.4 77
Transit 4 143.02 44.92 . . 4.3 -
Transit 5 143.05 44.89 - - 10.7 - 3.1 25
Transit 64 148.65 50.88 - - 13.7 6.4 3.7 21 60
Transit 66 149.42 49.99 - - 12.2 7.1 4.3 19 61
Transit 71 151.19 48.06 - . 13.6 6.3 6.1 16 98
Transit 93 15249 44.93 - - 88 59 30 25 51
Transit 108 148 58 43 69 - 158 - 10 66 -

1 GPP - Gross Primary Production based on ’^C-uptake; NP = rww production based on '®N-uptake; from Cavagna et al. (this issue)
2 BCD= Sacterial Carbon Demand; from Dumont et al (this issue)
3 EP= Export Production, based on “^h-deficit data; from Jacquet et ai.b (this issue)
4 MR= Mesopelagic remineralization, based on meso-Ba^ data, this work 
6 r ratio: ratio MR to EP
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Isabelle Dumont

Interactions between the microbial network and the organic 
matter in the Southern Océan: impacts on the biological 
carbon pump

The Southern Océan (ca. 20% of the world océan surface) is a key place for the régulation of Earth 
climate thanks to its capacity to absorb atmospheric carbon dioxide (CO2) by physico-chemical and 
biological mechanisms. The biological carbon pump is a major pathway of absorption of CO2 through 
which the COj incorporated into autotrophic microorganisms in surface waters is transferred to deep 
waters. This process is influenced by the extent of the primary production and by the intensity of the 
remineralization of organic matter along the water column. So, the annual cycle of sea ice, through its in 
situ production and remineralization processes but aiso, through the release of microorganisms, organic 
and inorganic nutrients (in particular iron) into the océan has an impact on the carbon cycle of the 
Southern Océan, notably by promoting the initiation of phytoplanktonicblooms attime of ice melting.

The présent work focussed on the distribution of organic matter (OM) and its interactions with the 
microbial network (algae, bacteria and protozoa) in sea ice and océan, with a spécial attention to the 
factors which regulate the biological carbon pump of the Southern Océan. This thesis gathers data 
collected from a) late winter to summer in the Western Pacific sector. Western Weddell Sea and 
Bellingshausen Sea during three sea ice cruises ARISE, ISPOL-drifting station and SIMBA-drifting 
station and b) summer in the Sub-Antarctic and Polar Front Zone during the océanographie cruise SAZ- 
Sense.

The sea ice covers were typical of first-year pack ice with thickness ranging between 0.3 and 1.2 m, 
and composed of granular and columnar ice. Sea ice température ranging between -8.9°C and -0.4°C, 
brines volume ranging between 2.9 to 28.2% and brines salinity from 10 to >100 were observed. These 
extreme physico-chemical factors experienced by the microorganisms trapped into the semi-solid sea 
ice matrix therefore constitute an extreme change as compared to the open océan. Sea ice algae were 
mainly composed of diatoms but autotrophic flagellâtes (such as dinoflagellates or Phaeocystis sp.) 
were aIso typically found in surface ice layers. Maximal algal biomass was usually observed in the 
bottom ice layers except during SIMBA where the maxima was localised in the top ice layers likely 
because ofthe snowand ice thickness which limitthe lightavailable in the ice cover. During early spring, 
the algal growth was controlled by the space availability (i.e. brine volume) while in spring/summer 
(ISPOL, SIMBA) the major nutrients availability inside sea ice may hâve controlled algal growth. At ail 
seasons, high concentrations of dissolved and particulate organic matter were measured in sea ice as 
compared to the water column. Dissolved monomers (saccharides and amino acids) were accumulated 
in sea ice, in particular in winter. During spring and summer, polysaccharides constitute the main fraction 
of the dissolved saccharides pool. High concentrations of transparent exopolymeric particles (TEP), 
mainly constituted with saccharides, were présent and their gel properties greatly influence the internai 
habitat of sea ice, by retaining the nutrients and by preventing the protozoa grazing pressure, inducing 
therefore an algal accumulation. The composition as well as the vertical distribution of OM in sea ice was 
linked to sea ice algae. Besides, the distribution of microorganisms and organic compounds in the sea 
ice was aiso greatly influenced by the thermodynamics of the sea ice cover, as evidenced during a 
melting period for ISPOL and during a flood-freeze cycle for SIMBA. The bacteria distribution in the sea 
ice was not correlated with those of algae and organic matter. Indeed, the utilization ofthe accumulated 
organic matter by bacteria seemed to be limited by an external factor such as température, salinity or 
toxins rather than by the nature ofthe organic substrates, which are partiy composed of labile monomeric 
saccharides. Thus the disconnection ofthe microbial loop leading th OM accumulation was highiighted in 
sea ice.

In addition the biofilm formed by TEP was aiso involved in the rétention ofcells and other compounds 
(DOM, POM, and inorganic nutrients such as phosphate and iron) to the brine channels walls and thus in 
the timing of release of ice constituents when ice melts. The sequence of release in marginal ice zone, as 
studied in a microcosm experiments realized in controlled and trace-metal clean conditions, was likely 
favourable to the development of blooms in the marginal ice zone. Moreover microorganisms derived 
from sea ice (mainly <10 pm) seems able to thrive and grow in the water column as aiso the suppiy of 
organic nutrients and Fe seems to benefit to the pelagic microbial community.

Finally, the influence of the remineralization of organic matter by heterotrophic bacterioplankton on 
carbon export and biological carbon pump efficiency was investigated in the epipelagic (0-100 m) and 
mesopelagic ( 100-700 m) zones during the summer in the sub-Antarctic and Polar Front zones (SAZ and 
PFZ) of the Australian sector (Southern Océan). Opposite to sea ice, bacterial biomass and activities 
followed Chl a and organic matter distributions. Bacterial abondance, biomass and activities drastically 
decreased below depths of 100-200 m. Nevertheless, depth-integrated rates through the thickness of 
the different water masses showed that the mesopelagic contribution of bacteria represents a non- 
negligible fraction, in particular in a diatom-dominated System.


