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SUMMARY

A. Context

The Southern Ocean (S.0.) ecosystem plays a crucial in controlling global
biogeochemical cycles (C, N, Si, P, Fe, ..) and regulating climate notably through its
capacity to absorb atmospheric CO,, a major greenhouse gas, and re-distribute unused
nutrients to the adjacent ocean basins, sustaining production there. However, current
estimates of the contemporary S.O. contribution to the global oceanic CO, sink based
on global ocean biogeochemical models differ widely and are subject to large
uncertainties. Such differences between model results are attributed to the fact that
physical and biogeochemical processes are still inadequately resolved at present.

Focus therefore should be on improving our understanding of these complex physical
and biogeochemical processes controlling primary production and carbon uptake by the
Southern Ocean. The role of Fe, In particular, is still unsatisfactorily known. Fe is
commonly accepted to represent a necessary micro-nutrient for phytoplankton growth
but also shapes the microbial community structure, thereby impacting on the biological
carbon pump. Indeed today we still lack a detailed understanding of the natural complex
biogeochemistry of Fe in terms of sources, sinks, bio-availability and the effect of Fe on
the efficiency of the biological carbon pump. Such knowledge should stand central in
the debate about sense and non-sense of artificial ocean fertilization.

B. Objectives

The overall objective of the BELCANTO Il project was to conduct targeted process
studies and develop new proxies to construct and validate a realistic 3D ice-ocean
biogeochemical model for the area south of latitude 30°S, based on improved
understanding of the different factors regulating interactions between the atmosphere,
ocean circulation and biogeochemical cycles and on synthesis/collection of existing/new
data sets.

The specific objectives were:

- to improve our understanding about the iron cycling, with focus on the
significance of iron-organic matter interactions for iron bioavailability and the
efficiency of the biological pump (WP1)

- to quantify nutrient consumption, CO, uptake and C-export by assessing
seasonality and interannuality of nutrient (Si, N) uptake; reconstruct carbon
uptake and export from the surface layer via a multi-proxy approach; provide a
relevant data set for 3D-NEMO-SWAMCO model validation (WP2)

- to characterise the biogenic particles exported from the surface to the twilight
zone and study their fate by quantifying remineralisation rates (WP3)

- to model biogeochemical cycles in the modern Southern Ocean including sea-
ice biogeochemistry (WP4)

- to estimate impact of future climate change in the Southern Ocean through
process-studies and modelling approaches (WP5).

SSDDSciencefor a Sustanable DevelopmentDClimate - Antarctica 4
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C. Conclusions

The BELCANTO llI project yielded significant insights into the complex chemistry that
regulates Fe-availability to phytoplankton and the impact of artificial and natural Fe
fertilisation on carbon uptake and sequestration in the deep ocean. In particular, it
was shown that saccharides can play a pivotal role in Fe cycling in the Southern
Ocean, in that they act as an organic ligand that enhances Fe bioavailabity to
Southern Ocean phytoplankton.

The network developed a unique trace element and isotope (TEI) toolbox which
offers great potential for the study of the processes controlling seasonal utilisation of
Si, C and N as well as for paleo-productivity reconstructions. Combined with specific
microbiological and biomarker tools, this TEI toolbox has enabled to shed light on the
subsurface, mesopelagic processing of organic carbon exported from the surface

ocean, a crucial factorwhichset s t he oceands efficiency

the biological pump. It was shown that upper ocean ecosystem functioning, as tuned
to a large extent by the climate sensitive actor Fe but also by presence/absence of
sea-ice, stratification, grazing, .. controls the potential for carbon export to the deep
ocean. More particularly, results obtained with the TEI toolbox highlighted the
following points: (i) The difference in terms of carbon export as a function of
ecosystem structure and Fe stress. During a diatom bloom induced by artificial Fe
fertilization we indeed observed an enhanced deep carbon export (which, however,
did not exceed natural export events), though lasting only over a rather limited period
of time. However, in the case of a natural Fe fertilization with diatoms not being the
dominant phytoplankton group, the carbon export efficiency was reduced; (ii)
throughout summer period an upward nutrient (silicate) supply to the mixed layer
appears characteristic for several sectors of the Antarctic Circumpolar Current. For a
mesoscale structure like an eddy, such supply sustains up to 30% of the nutrients
used over the growth season.

Based on a compilation of data from several international groups we highlighted
inter-annual variability of CO, dynamics and air-sea CO, fluxes due to large scale
climatic oscillations in the Subtropical and Subantarctic Zones. Such time-series
analysis of natural inter-annual variability is crucial for predicting the future changes
of marine carbon biogeochemistry under global change. However, for extending such
analysis further, to the higher latitude regions of the Southern Ocean, a critical mass
of data is needed. Therefore it is crucial to continue field observations as well as the
further integration of data at the international level.

A further major achievement concerns the integration of the microbiological and
biogeochemical experimental outcomes into the coupled biogeochemical i ocean i
sea-ice 3D NEMO-LIM-SWAMCO model, a scientific tool built for testing our
understanding of the functioning of the contemporary Southern Ocean ecosystem
and predicting the impact of future climate change. Model simulations highlighted for
the first time the significance of seasonal sea ice and icebergs as Fe suppliers for
phytoplankton growth.

SSDDSciencefor a Sustanable DevelopmentDClimate - Antarctica S
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D. Contribution of the project in a context of scientific support to a
sustainable development policy

Spatial and temporal variability of carbon fluxes have been documented for different
functional entities of the Southern Ocean. Fieldwork, experimental work in controlled
laboratory conditions and modelling have provided new insights in the significance of
the micro-nutrient iron as a phytoplankton growth limiting factor and in the
mesopelagic heterotrophic processing which largely sets the Southern Ocean carbon
sequestration capacity. The BELCANTO Il project has thereby contributed to an
improved appreciation of the effects of natural vs. artificial fertilisation by iron.
Overall, the project outcomes improve our understanding about the mechanisms and
the significance of carbon uptake and sequestration by the open and sea-ice covered
Southern Ocean.

The results obtained by the BELCANTO partners have been included in the main
assessment reports devoted to recent and future changes in the Southern Ocean,
assessment reports which form the scientific basis for sustainable development
policies. In particular, some partners are contributing authors of the 4™ assessment
report (AR4) of the Intergovernmental Panel on Climate Change and of the Antarctic
Climate Change and of t he Environment o
Committee on Antarctic Research.

E. Keywords
Southern Ocean productivity i impact of Fe T carbon sequestration efficiency i

impact of climate change
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1. INTRODUCTION

The Southern Ocean (SO) ecosystem is crucial in climate regulation and element
cycles (C, N, P, Si, Fe). Based on in situ partial pressure of CO, (pCO,) and
dissolved inorganic carbon DIC measurements (Takahashi et al., 2002; Sabine et al.,
2004) and biogeochemical models (Watson and Orr, 2003), the modern SO has been
identified as a major player in the uptake of anthropogenic CO,. However, estimates
of the SO contribution to the global oceanic CO,-sink are subject to large
uncertainties and values vary from 20 to 30-50% when based on either pCO, data
(Takahashi et al., 2002, 2009) or model calculations (Watson and Orr, 2003). Model
results differ significantly and this has been attributed to physical and biogeochemical
processes being inadequately resolved. These models lack an explicit description of
Fe and do not consider links between community structure and biogeochemical
cycles. Furthermore, estimates of the SO sink, based on pCO, field data, clearly
suffer from insufficient geographical and seasonal coverage. Evidence exists that the
sink of anthropogenic CO, is mainly located in the Subantarctic region, associated
with subduction of Antarctic Intermediate Waters and Subantarctic Mode Waters
(Sabine et al., 2004), while the role of the deep water formation is still debated (Lo
Monaco et al., 2005). Nevertheless, recent time series analyses have provided clear
evidence for a decadal increase of CO, for the Southern ocean south of 20°S (Metzl,
2009). Moreover, summer and winter observations in the Indian sector indicate that
the S.O. is not acting as a year-round CO; sink or source (e.g., Metzl et al., 2006).
The observed seasonality of air-sea CO, fluxes calls for a revision of previous annual
carbon budget estimates obtained through indirect methods. In agreement with this,
air-sea CO; fluxes simulated by the complex biogeochemical SWAMCO-4 model
implemented in a vertical 1D frame fort h KERBIX6 t i mestasoa lodatedssouth
of Kerguelen (Jeandel et al., 1998) and the Ross Sea show seasonal modulations
from source to sink, with biology being responsible of the annual sink of atmospheric
CO, (Pasquer et al., 2005). These latter authors demonstrate that the magnitude of
the sink is linked to the concentration of bioavailable iron and point out ice cover as
an important reservoir, releasing iron to the water column after melting.

Increases of temperature, stratification and oceanic acidification are expected as a
consequence of raising atmospheric CO,. These changes will have different impact
on planktonic communities and hence on biogeochemical cycles. In regions such as
the SO which are presently characterized by deep mixing and light limitation,
increased stratification should favor algal growth, but since it reduces supply of
nutrients (including iron) to surface waters it could affect the efficiency of the
biological carbon pump due to a shift from diatoms towards pico-nanophytoplankton.
On the other hand, rising temperatures will increase remineralization efficiency,
thereby likely enhancing bioavailability of iron. Increased temperature and light will
also affect the biogeography of phytoplanktonic groups, and it is probable for
instance, that phytoplanktonic calcifiers, which usually thrive in warmer waters, will
spread southwards (Winter et al., 1999; Cubillos et al., 2007; Holligan et al., 2010).
The carbonate-forming organisms are important for their role in the downward
transport of particulate and inorganic carbon. However this transport by
coccolithophorids, foraminifera and potentially other pelagic organisms such as
peteropods, is likely to be affected by increased oceanic acidification (lowered pH
subsequent to increase of both atmospheric and oceanic CO, concentration) that will
decrease production of calcareous phytoplankton by lowering calcification rate
(Riebesell et al., 2000; Moy et al., 2009; Fabry et al., 2009), and also affect the

SSDDSciencefor a Sustanable DevelopmentDClimate - Antarctica 7
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plankton community structure (Tortell et al., 2002; 2008). Bottle and mesocosm
experiments indicate that main effects of oceanic acidification are: shifts in natural
assemblages; increased carbon export associated to coccolithophorids due to
increased production of transparent exopolymer particles (TEP) and changes in the
inorganic over organic carbon ratio of exported matter (e.g. Delille et al., 2005a).
Overall it is expected that carbon export to the deep sea will decrease (Laws et al.,
2000; Heinze, 2004).

Iron cycling and control of carbon and nutrient export: adding complexity to an
already complex scheme

The pivotal role of iron in regulating rates of primary production and the flux of carbon
and nutrients to the deep sea has become increasingly apparent in the past 15 years.
Significant improvements in our understanding of the role of iron in regulating
ecosystem processes have been made (see de Baar et al., 2005). The addition of Fe
stimulates the large class of algae, in particular chain-forming diatoms (de Baar and
Boyd, 2000; Boyd et al.,, 2007). Some species of diatoms and the non-siliceous
haptophyte Phaeocystis adapt their morphology in function of the available Fe, in
order to reduce surface to volume ratio and avoid diffusionlimited supply
(Timmermans et al., 2001). The response of heterotrophic bacteria to iron supply has
been shown to be indirect due to the supply of larger quantities and/or better quality
of organic substrates resulting from iron-enhanced phytoplankton production. (e.g.,
Church et al., 2000; Becquevort et al., 2007).

It is now known that >99% of the dissolved iron in the upper ocean is strongly
complexed by organic molecules (e.g. Wu and Luther, 1995). More evidence is given
that not only dissolved inorganic species of Fe are bioavailable but that dissolved as
well as colloidal organically-complexed Fe can be available and that the nature of the
ligands also plays an important role in controlling Fe bioavailability (e.g. Chen et al.,
2003). Phytoplankton and bacteria have a complex array of Fe acquisition systems
such as siderophores, membrane reductases, ligand production, and
mixotrophy/phagotrophy. Processes such as photochemistry clearly cause redox
cycling of iron between different chemical species, thereby increasing bioavailability.
Such processes are generally not included yet in biogeochemical models. Further, it
is recognized that organisms can increase their iron uptake capacity in response to
iron stress, and are capable of luxurious iron uptake. Some phytoplankton species
like Phaeocystis can accumulate Fe in their mucus, which may constitute storage of
Fe in case it becomes limiting (Schoemann et al., 2001, 2005).

Nowadays a better understanding of these processes is needed in order to evaluate
their implications in determining the planktonic community composition and the
associated biogeochemical cycles. It also is important to understand how climate
change will impact the processes acting on the Fe-cycle. Shi et al. (2010), for
instance, report a decline in Fe bio-availability to diatoms and coccolithophorids as a
result of ocean acifidification. Of further particular interest is the verification of the
silica leakage hypothesis (Matsumoto et al., 2002; Sarmiento et al., 2004) based on
the demonstrated ability of diatoms to silicify less in Fe-replete conditions (Takeda et
al., 1998; Hutchins and Bruland, 1998), resulting in an increase of the silicate:nitrate
ratio of subducting AAIW and SAMW carrying their unused nutrient load (N, P) into
the other major oceanic basins. This process makes the modern S.O. an important
nutrient provider sustaining production at lower latitudes (Toggweiler et al., 1991;

SSDDSciencefor a Sustanable DevelopmentDClimate - Antarctica 8
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Sarmiento et al., 2004), therefore impacting at a distance on the global ocean carbon
storage capacity.

Fate of exported carbon: the neglected twilight zone

Both dissolved (DOC) and particulate organic carbon (POC) exported from the mixed
layer to the deep ocean via the biological pump will be sequestered over time scales
of decades or centuries depending on mineralization processes during transfer from
surface ocean to the seafloor. Studies of carbon export generally focus on the upper
mixed layer (e.g., ?**Th-deficit; New Production) or on the deep ocean (fluxes from
sediment traps, sediment core tops), while processes in the intermediate waters
(Twilight Zone) have been much less investigated, mainly because of technical
limitations. Today there is a lack of information on the fate of organic carbon in
intermediate waters, and biogeochemical models seeking to develop a predictive
representation of the fluxes and material transformations in the mesopelagic layer
need to include information about the depth dependence of nutrient mineralisation
and the factors that control it (see IMBER Science plan). Improving the
characterisation of these processes should lead to a better estimation of the
responses of export production and deep ocean remineralisation to climate change.
Armstrong et al. (2002) proposed a model indicating that bio-minerals (opal,
carbonate) act as ballast of sinking particles and control mineralization length-scales
in the water column. Francois et al. (2002) and Klaas and Archer (2002) point out
carbonates as main controllers of deep ocean carbon export, while ballasting of
sinking aggregates by diatoms would lead to shallow mineralization. Deep POC
fluxes from the S.O. (WOCE SR3 line; Australian sector) corroborate this picture.
Deep fluxes were larger in the Subantarctic Zone (no diatom dominance) relative to
the Polar Front Zone (diatom dominance) (Trull et al., 2001) whereas export from the
surface exhibited the inverse pattern (Elskens et al., 2002; Savoye et al., 2004).
Particulate mesopelagic excess-Ba (meso-Bay), a proxy for mesopelagic
mineralization (Dehairs et al., 1997), showed that POC mineralisation is up to 4 times
higher in the PFZ where diatoms dominate, as compared to the SAZ, where other
phytoplankton, including coccolithophorids and dinoflagellates, were dominant
(Cardinal et al., 2005a). However, it is unclear to what extent conclusions drawn from
a single transect can simply be extrapolated to the whole S.O. . A multi-proxy
approach integrating physical and biogeochemical processes from surface to deep
ocean is therefore necessary to assess export and fate of carbon.

Physical and biological resolution of existing ice-ocean biogeochemical models:
success and caveats

To our knowledge none of the published models satisfactorily describes the cycling of

carbon and biogeochemical elements at the seasonal and circumpolar scale. A
comparative review of zonally-integrated air-sea fluxes of anthropogenic CO;

obtained by 12 Global Ocean Biogeochemical Models (Watson and Orr, 2003)

reveals large uncertainties in the magnitude of the S.0. CO, sink. These
uncertainties are partly due to insufficient description of some physical processes

(e.g. surface layer definition, tide effects, bottom topographyé) but
trophic resolution of biogeochemical models and insufficient description of the

processes involved in iron cycling.

Ice-ocean models are now able to simulate reasonably well the large-scale
characteristics of the SO. For instance, using the coupled ice-ocean model ORCALIM

SSDDSciencefor a Sustanable DevelopmentDClimate - Antarctica 9
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which results from the coupling of the Louvain-la-Neuve sea ice model (LIM)
(Fichefet and Morales Maqueda, 1997) with the hydrostatic, primitive equation ocean
model OPA (Océan PArallélisé; Madec et al., 1999) driven by NCEP/NCAR
reanalysis, we obtained a reasonable climatology of ice cover and surface oceanic
circulation. Interannual variability of ice cover is also in good agreement with
observations and the ice-ocean processes responsible for this variability appear
realistic (Timmermann et al., 2004; 2005; Lefebvre et al., 2004). Nevertheless, ice-
ocean models still have trouble to correctly represent ventilation processes, such as
formation of dense water over the continental shelf and its export to the deep ocean,
or the amplitude of the seasonal cycle of the mixed layer depth, with a potential
impact on the simulation of physical and biological mechanisms driving the ocean
carbon cycle. Current atmosphere-sea-ice-ocean general circulation models
(AOGCMb6s) appear t o hayv eSoolem®ceanrice oober and t
large differences are obtained when analyzing the results of different models (e.g.
Arzel et al., 2006). This is related to the fact that, in contrast to ice-ocean models
driven by reanalysis, the full atmosphere-ocean-ice system is now free to evolve and
any inaccuracies in the representation of the state of one of those three media has
an impact on the other ones and would trigger feedbacks that may lead to large
discrepancies between model and observations.

Biogeochemical models of higher complexity and including explicit or implicit iron
parameterizations have been developed specifically for the S.O. over the last
decade. These have been applied either locally in a 1D vertical frame (Polar Front:
e.g. Fennel et al., 2003; Permanently Open Ocean Zone: e.g. Moore et al., 2002;
Marginal Ice Zone: e.g. Lancelot et al., 1991, Hecq et al., 2000) or regionally (Ross
Sea: 3D CIAO model of Arrigo et al., 2003). These models are all bottom-up based,
closed at the level of mesozooplankton and consider light and iron co-limitation.
However, they are non-generic and differ in the number of biological variables,
biogenic elements and related parameterizations. Among those, only the SWAMCO-
4 model (Pasquer et al., 2005) which considers 4 phytoplankton functional groups
(diatoms, non-siliceous pico & nanophytoplankton, calcifying coccolithophorids,
Phaeocystis colonies) and describes the C, N, P, Si and Fe cycling between
aggregated biological and chemical compartments of the planktonic food web, will be
able to tackle expected shifts in species dominances and related biogeochemical
fluxes in response to a changing climate. However, iron parameterisation in the
SWAMCO model is rather crude and does not consider interactions between iron and
organic matter which are important for determining iron bio-availability. As a result,
the 1D application of this model in ice-free and ice-covered latitude reveals a high
sensitivity to iron concentration and parameterisation (Pasquer, 2005). There is need
to better parameterize these processes as in the CIAO model (e.g., Tagliabue et al.,
2005). Preliminary implementation of SWAMCO-4 in the ice-Ocean model ORCA-LIM
(Timmermann et al., 2005) for the area south of 30°S (Pasquer, 2005) also shows
that without an additional source of iron (either from above or from below) no bloom
can be simulated in regional seas and bays close to the continent. This result
highlights the importance of iron storage in the sea-ice resulting from the sea-ice
formation process itself and accumulation of atmospheric dust, during the period the
ice-cover lasted. With the onset of ice melting Fe is released in the water column,
boosting phytoplankton blooms at the ice edge.

Clearly, while over the past few years our general understanding of the processes
involved with ocean-atmosphere carbon redistribution in the Southern Ocean has
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significantly increased, there are still major knowledge gaps left. This situation
impedes the proper understanding, not only of crucial modern Southern Ocean
biogeochemical and physical processes which impact on climate, but also of mutual
feed-backs between them.

The BELCANTO network (BELgian research on Carbon uptake in the ANTarctic

Ocean) s e t out at i mproving the wunderstanding
climate system. Therefore we applied an integrated methodology that combined
process-level studies under laboratory-controlled conditions, field work in key S.O.

areas involving direct measurements of core biogeochemical parameters along with

an original use of multi-proxies and rate measurements and numerical development

and experimentation.
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2. METHODOLOGY AND RESULTS
List of the different expeditions involving BELCANTO partners:

EIFEX: The European Iron Fertilization Experiment (EIFEX) took place in late austral
summer (Jan.-Mar. 2004 - cruise ANT XXI/3 on board R/V Polarstern) to test the iron
hypothesis at the Antarctic Polar Front (APF).

KEOPS: The KEOPS cruise was conducted in the Kerguelen Plareau area (19 Jan.-
13 Feb. 2005, aboard R.V. Marion Dufresne II) to investigate the biological pump
under natural iron fertilization by the plateau using a multiproxy approach

ISPOL: The ISPOL (Ice Station POLarstern) cruise onboard the RV Polarstern took
place in the Western Weddell Sea (68°S, 55°W) near the Antarctic Peninsula in
November - December 2004 (spring-summer). During the ISPOL cruise, the RV
Polarstern 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.

SIMBA: The SIMBA (Sea Ice Mass Balance in Antarctica) drifting station experiment
was carried out onboard the RV N.B. Palmer between the 1%'and 23" October 2007
in the Bellingshausen Sea (69-71°S, 90-95°E).

ANT XXII/3: The FS Polarstern cruise ANT XXII/3 departed from Cape Town, South
Africa, 22 January and ended in Punta Arenas, Chile, 6 April 2005.

SAZ-Sense: The Sub-Antarctic Zone Sensitivity to Environmental Change (SAZ-
Sense) cruise (AAV0307 of R/V Aurora Australis; Jan. 17 to Feb. 20, 2007; mid-
austral summer) was carried out in the Australian sector of the Southern Ocean (43-
54°S; 140-155°E) in order to investigate the zonal variability of the productivity and
the carbon sequestration potential of the Subantarctic Zone (139-155°E and the
Polar Front (54°S).

BONUS-GoodHope: The MD166 BONUS-GoodHope cruise was conducted on
board R/V Marion-Dufresne Il from Febr. 8, to Mar. 17, 2008 in the Atlantic sector of
the S.0. (33.58°S 17.14 °E - 57.33°S 00.02°W).

1. Improved understanding of the iron cycling (WP1)

The synthesis of mesoscale iron-enrichment experiments from 1993-2005
highlights the crucial role of iron due to its control on the dynamics of plankton
blooms that subsequently impacts on the biogeochemical cycles of carbon, nitrogen,
silicon and sulphur and ultimately influence the earth climate system (Becquevort et
al., 2007; Boyd et al., 2007).

The episodic release of bio-available 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). In the East Antarctic,
pack ice (September-October 2003) reveals high Fe contents in the sea ice up to two
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orders of magnitude higher than those in the under-ice seawater (Lannuzel et al.,
2007, 2008). During the melting period, Fe inputs to surface waters from sea ice may
represent a significant daily total flux into surface seawater. The combined analysis
of the organic pools and iron in the sea ice environments give close relationships
between iron and organic carbon, showing that most of the Fe in the sea ice is likely
bound to organic matter (Schoemann et al., 2008). In oceanic surface waters, more
than 99% of dissolved Fe is strongly bound to organic ligands (FeBLs). These FeBLs
may increase Fe solubility, retain Fe in the upper ocean, and influence Fe
bioavailability. Only certain phytoplankton and bacteria species can develop efficient
organic Fe acquisition systems like siderophores, membrane reductases, ligand
production and mixotrophy/ phagotrophy. This will consequently confer a competitive
advantage to those species, having an impact on the microbial community. In turn,
the microbial community will determine Fe distribution, speciation and bioavailability.
An international workshop addressing the biogeochemistry of iron in the context of
global change across marine ecosystems was held in Gothenburg, Sweden (1471 16
May, 2008) conclude that future research directions should encompass further in
depth characterizations of the different phases (particulate, colloidal, soluble), which
may lead to a redefinition of the term dissolved iron. This will also lead to a better
structural definition of bioavailable iron (Breitbarth et al., 2010).

The general objective of this workpackage was to acquire a better knowledge of the
biogeochemical cycle of Fe and its controlling factors. Specific objectives were to
study the availability of different forms of Fe to the micro-organisms and its impact on
the microbial community structure and consequently on the biological carbon pump.
This was investigated through the set-up of methodology, field observations and
shipboard experiments on natural sympagic and planktonic communities.

Methodological developments

Measurement of dissolved iron

In collaboration with J. de Jong (IPE, ULB) a robust and simple method to determine
seawater dissolved iron (DFe) concentrations down to <0.1 nM was developed. The
method is based on isotope dilution multiple collector inductively coupled plasma
mass spectrometry (ID-MC-ICP-MS) using a **Fe spike and measuring the >’Fe/**Fe
ratio (de Jong et al., 2008). The protocol includes a pre-concentration step (100:1)
using micro-columns filled with NTA resin Superflow, which are loaded with 50 mL
seawater samples acidified to pH 1.9. NTA Superflow is demonstrated to
guantitatively extract Fe from acidified seawater samples at this pH. Blanks are kept
low (grand mean 0.045+£0.020 nM, n = 21, 3xS.D. limit of detection per session
0.02071 0.069 nM range), as no buffer is required to adjust the sample pH for optimal
extraction, and no other reagents are needed than ultrapure nitric acid, 12mM H-0,
and acidified (pH 1.9) ultra-high purity (UHP) water. We measured SAFe (sampling
and analysis of Fe) reference seawater samples Surface- 1 (0.097+£0.043 nM) and
Deep-2 (0.91+0.17 nM) and obtained results that were in excellent agreement with
their DFe consensus values: 0.118+0.028 nM (n = 7) for Surface-1 and 0.932+0.059
nM (n = 9) for Deep-2. We also present a vertical DFe profile from the western
Weddell Sea collected during the Ice Station Polarstern (ISPOL) ice drift experiment
(ANT XXII-2, RV Polarstern) in November 20047 January 2005. The profile shows
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Figure 1.1: Vertical profiles of total dissolved Fe (nM, black diamonds) measured by
ID-MC-ICP-MS and transmission (black dots) in the western Weddell Sea at Ice
Station Polarstern (ISPOL, ANT XXII/2, station PS67/06-142; Jan. 1st, 2005;
67U2206S,).55U2506W

Discriminating between intra- and extracellular metals using chemical extractions: an
update on the case of iron (Hassler and Schoemann, 2009)

Iron influences the climate system by limiting primary productivity. It is therefore
essential to accurately measure the iron fraction associated with phytoplankton in
aguatic systems. A washing procedure using EDTA, being efficient for numerous
trace metals, is not strong enough to remove iron adsorbed to the surface of
microorganisms. Stronger washing solutions are used for iron, but these have only
been assessed for a marine diatom. This study assesses the applicability of the
oxalate washing procedure for both fresh- and seawater aquatic systems. We
assessed iron solubilization as a result of oxalate washing in both synthetic and
natural freshwater and seawater, and we tested it on several model phytoplankton
and natural assemblages from Lake Champlain, the Southern Ocean, and the
Derwent River estuary. We report the effects of the oxalate solution contact time,
concentration, and amendment. Our study shows that 20-min washing provides an
efficient measurement of the intracellular phytoplanktonic pool of iron in both
freshwater and seawater. The direct amendment of oxalate in the experimental
solution presents many advantages that are critical for the measurement of size-
fractionated particulate iron. These include fine control of bioaccumulation
termination, a significant gain in time, and homogeneity of the washing treatment.
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Fe bioavailability and solubility

The impact of Fe bioavailability and solubility on the microbial community
structure and consequently on the biological carbon pump was investigated through
field observations and shipboard experiments on natural sympagic and planktonic
communities. The sampling was conducted in an open ocean area, in the Sub-
Antarctic and Polar Front zones, which are not directly influenced by sea ice (SAZ-
Sense cruise on board the R.V. Aurora Australis, 17 Jan-20 Feb 2007) and in the
pack ice zone (SIMBA cruise on board R.V. Nathaniel B. Palmer in the
Bellingshausen sea, Sept.-Oct. 2007). Additional laboratory controlled experiments
were carried out with monospecific cultures of Antarctic algae (diatoms and
Haptophyceae).

Field observations

During the SAZ-Sense cruise, 3 process stations were studied (P1, in the SAZ west
of Tasmania; SAZ-West; P2 in the Polar Front Zone and P3 in the SAZ east of
Tasmania; SAZ-East) characterized by contrasting Fe concentrations and
phytoplankton communities. Chl-a concentrations ranged from 0.09 to 0.77 pg L™ in
surface waters. Maximum surface Chl-a values were observed at P3, SAZ-East. At
P2, a Chl-a maximum (0.23 pg L™) was recorded below the surface, around 75 m.
Iron concentrations were higher in the SAZ-East than in the SAZ-West (Lannuzel et
al., 2011).

During the SIMBA cruise we sampled two ice stations, @Bruxelles70.24°S, 94.07°W)
and diegeb (70.05°S, 94.34°W) at 5 day intervals (Tison et al., 2008). Chl a
concentration ranged between 1.1 and 25.7 pg L. Large (>10 um) algae dominated
in sea-ice whereas small algae (0.8 i 10 um) contributed most to Chl a in surface
waters. Total Fe ranged between 2.54-54.74 nM, 0.77-18.65 nM and 0.43-2.20 nM,
in sea-ice, brines and water column, respectively. Dissolved Fe ranged between
0.82-30.22 nM, 0.41-12.06 nM and 0.18-0.63 nM in sea-ice, brines and water column
respectively. Particulate Fe ranged between 1.49-45.43 nM, 0.31-6.59 nM and 0.17-
1.57 nM in sea ice, brines and water column respectively.

Shipboard and laboratory experiments (see publications Hassler & Schoemann
2009, Schoemann et al. in prep.)

To study the impact of Fe bioavailability on plankton community structure and identify
functional groups of micro-organisms capable (or not) of utilizing the different forms
of Fe, we conducted, we conducted both, shipboard and laboratory experiments.
These experiments tested the availability of Fe bound to different types of organic
ligands to natural pelagic and sympagic communities and to characteristic Southern
Ocean phytoplankton. In parallel, the effect of organic ligands on iron solubility was
investigated. Radiotracer experiments using >°Fe (uptake of Fe) and *C (algal
production) and 3H (bacterial production) combined with model ligands were carried
out. During the SAZ-Sense cruise we studied contrasted natural assemblages from
the Chl-a maximum depth at the 3 process sites. , During the SIMBA cruise
(Bruxelles station) we studied phytoplankton assemblages from the interface
between surface water and sea-ice, and from the bottom of the pack ice during 3
successive days (Julian Day 284, 289, 294). For the latter study a 10 cm slice of
bottom ice was cut and melted in 15L of 0.2 pm filtered seawater (Sartorius
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membrane filter cartridge Sartobran 300) in order to avoid an osmotic chock.
Laboratory experiments were conducted on four characteristic Southern Ocean
phytoplankton species (Phaeocystis sp., Chaetoceros sp., Fragilariopsis kerguelensis
and Thalassiosira antarctica Comber).

Ethylenediamine tetraacetic acid (EDTA; not tested during SIMBA), desferrioxamine
B (DFB), protoporphyrin X (PIX), glucuronic acid (GLU) and alginic acid (ALG; not
tested during SAZ-Sense) were selected as model ligands for shipboard
experiments. In the laboratory experiments the organic ligands (L) were selected to
represent the groups of hydroxamate (desferrioxamine B, DFB) and catecholate
(Gallocatechin, CAT) siderophores, porphyrins (protoporphyrin 1X, PIX), organic
ami ne -i(Ahydtaxybenzyl)ethylenediamine-N , Miécetic acid
monohydrochloride hydrate, HBED) and saccharides (mono-saccharides: D-
Galacturonic acid (GAL), D-Glucuronic acid (GLU), Alginic acid from brown algae
(ALG); polysaccharides: Alginic acid from brown algae (ALG), dextran from
Leuconostoc ssp. (DEX). EDTA is a synthetic well characterized FeBL; DFB and CAT
are models for siderophores; PIX for ligands released following lysis and zooplankton
grazing; GLU, GAL, DEX and ALG are models for acid mono- and poly-saccharides
excreted by micro-organisms or released during lysis or grazing processes.

In order to reveal a potential limitation of iron on planktonic and sympagic
microorganisms, the intracellular uptake rates of Fe were compared for each size
class for the control and for samples with an Fe enrichment of 1 nM.

During SAZ-Sense the Fe intracellular uptake rates at all 3 process sites (after
addition of 1 nM Fe) were higher as compared to the controls (no Fe added) for large
and small phytoplankton and bacteria. These results reveal Fe limitation for the
whole plankton community, especially at site P1 in the SAZ-west (Figure 1.2).

>10 um 10-0.8 um 0.80.2 pum

Figure 1 (Fex) +Fe/  se cruise. Intracellular Fe uptake rates after addition of 1 nM Fe
at the 3 FémControl 5 rejative to controls (no Fe added) for large (> 10 pm) and
small phytoplankton (10-0.8 um) and procaryotes (0.8-0.2 pm).
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Contrasting with these findings, algae and bacteria in the pack ice zone did not
appear Fe limited at all times. For the large and small pelagic phytoplankton and
bacteria no significant difference in intracellular Fe uptake rate was noticed after
addition of 1 nM and sometimes uptake rates were even lower than controls, except
on JD 284 when a clear increase of uptake rate was observed for the large
phytoplankton (Figure 1.3a). On the other hand, for the sea-ice community similar Fe
uptake rates were observed for large, Fe supplied, cells compared to controls,
whereas for small algal cells and bacteria, Fe uptake rates increased when Fe was
added (Figure 1.3b).
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Figure 1.3: SIMBA cruise. Intracellular Fe uptake rates after the addition of 1 nM Fe
at 3 Julian days (Bruxelles station) relative to controls (no Fe added) for large (> 10
pum) and small phytoplankton (10-0.8 um) and prokaryotes (0.8 i 2 um). (A)
Planktonic organisms. (B) Sympagic organisms in filtered seawater.

In the growth experiments conducted on the four phytoplankton species (Phaeocystis
sp., Chaetoceros sp., Fragilariopsis kerguelensis and Thalassiosira antarctica
Comber), the bioavailability of organic forms of Fe appeared related to intracellular
Fe uptake rates. The addition of Fe (1 nM) resulted in increased bioavailability as
attested by higher intracellular and extracellular Fe for all strains. The intracellular Fe
uptake rates (0.4 to 3.3 x 1078 mol cell* h™') and the corresponding Feex: Fein ratio
(2.2 7 1.8) in S.O. seawater (control treatment) were similar to those reported by
others (e.g., Hudson and Morel, 1989; Hutchins et al., 1999). The increase in cellular
iron pools for a 1 nM Fe addition, also suggested that both transport and non-specific
cellular Fe sites were not saturated in the control treatment for all the studied strains
(e.g., Wilkinson and Buffle, 2004) (Figure 1.4).
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Figure 1.4: ISPOL cruise. Intracellular Fe uptake rates (A) and % of extracellular Fe
(B) for Phaeocystis sp., Chaetoceros sp., Thalassiosira antarctica and Fragilariopsis
kerguelensis in filtered water (CONTROL treatment) and with 1 nM Fe enriched
seawater (Fe treatment). Both intracellular and extra-cellular Fe is expressed on a
cellular basis. Error bars represent half of data interval (n=2).

The addition of various Fe - organic ligands had a different effect on the intracellular
Fe uptake rates compared to the enrichment experiment without organic ligands
(Figures 1.5, 1.6, 1.7 & 1.8). All natural microbial communities revealed that some
model Fe ligands resulted in decreased Fe bioavailability (i.e. EDTA, DFB), whereas
other ligands (PIX, GLU, ALG) favoured Fe bioavailability (Figures 1.5, 1.6 and 1.7).
However, the stimulation and/or inhibition by different ligands was not constant over
time, implying complex interactions between Fe, organic compounds and micro-
organisms. In general, the highest stimulation of Fe uptake after addition of Fe bound
to saccharides and protoporphyrin are observed for large (> 10 um) cells.
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Figure 1.5: SAZ-Sense cruise. Fe uptake rates of planktonic organisms after addition
of Fe bound to model ligands relative to control (addition of 1 nM of inorganic Fe) for
large (> 10 um) and small (10-0.8 um) algae and bacteria (0.38-0.2 um). Black = P1,
SAZ-West; red = P2, PFZ; green = P3, SAZ-East.
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Figure 1.6: SIMBA cruise. Fe uptake rates of microbial copummunities after addition
of Fe bound to model ligands relative to the control (the latter with addition of 1 nM
inorganic Fe without organic ligands) for large (> 10 um) and small (10-0.8 um) cells
and bacteria (0.8-0.2 pm).
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Figure 1.7: SIMBA cruise. Fe uptake rates of sympagic organisms after addition of
Fe bound to model ligands relative to the Control (the latter with addition of 1 nM
inorganic Fe without organic ligands) for large (> 10 um) and small (10-0.8 um) cells
and bacteria (0.8-0.2 pm).

Results of laboratory experiments show that for all strains studied Fe bioavailability
can be enhanced in the presence of porphyrin, cathecolate and saccharides whereas
it is decreased in the presence of hydroxamate (HBDE) and organic amine(DFB)
(Figure 1.8).
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Figure 1.8: Intracellular Fe uptake rates (A) and extracellular Fe (B) for Phaeocystis
sp., Chaetoceros sp., Thalassiosira antarctica and Fragilariopsis kerguelensis in
filtered seawater enriched with 1 nM Fe (Fe treatment) and 15 nM organic ligands
(desferrioxamine B = DFB; Gallocatechin = CAT; protoporphyrin IX = PIX;
N, N6Di (2hydr oxybenay IMaeticdcigd | e n endriolaydnochiogide
hydrate = HBED; D-Galacturonic acid = GAL; D-Glucuronic acid = GLU; Alginic acid
from brown algae = ALG; dextran from Leuconostoc ssp. = DEX). Both intracellular
and extracellular Fe was expressed in % of the Fe-only treatment (i.e., without
organic ligand addition) on a cellular basis. The dashed line represents results for the
Fe-only treatment (100%). Error bars represent half of data interval (n=2).

The addition of ligands will affect Fe bioavailability, but also its overall solubility. In
this study, Fe solubility was assessed by discriminating between particulate (>0.2
em) (not measured in field environments), colloidal Fe (0.021 0.2 em) and soluble Fe
(<0.02 em) following sequential filtration of the seawater (Figures 1.9 & 1.10) in the
absence of microorganisms.
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Figure 1.9: SIMBA cruise. Ratio of soluble Fe (Fe <0.02 um) to total dissolved Fe
(Fe < 0.2 um) after addition of iron and ligands.

Figure 1.9 shows the ratio of soluble Fe (Fe <0.02 um) to total Fe dissolved pool (Fe
< 0.2 um) for each addition of ligands in natural environments (SIMBA cruise). In the
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control treatment, most of the Fe is in the colloidal phase (0.2-0.02 pm). In both
environments (i.e., seawater and sea ice melted in filtered seawater) addition of 1 nM
Fe slightly decreased Fe solubility as compared to the control. In general, the
presence of the different ligands (except DFB ) resulted in Fe being mostly in the
colloidal fraction.

In the laboratory experiments the addition of the different ligands to ISPOL seawater
(without any micro-organisms) also controlled iron solubility (Figure 1.10). In the Fe
treatment, both soluble and colloidal Fe decreased as compared to the control. The
addition of 1 nM Fe increased the concentration of particulate Fe. For an addition of
1 nM Fe together with organic ligands, particulate Fe remains lower than in the Fe
treatment, except in the presence of ALG. In the presence of DFB and HEBD Fe is
fully relocated within the soluble phase. For the other ligands (except ALG) the
soluble and colloidal Fe fraction is increased as compared to the Fe treatment, to a
level close to what is observed in natural water (control).
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In conclusion, given the ubiquitous presence of saccharides in the ocean, these
compounds might represent an important factor controlling the basal level of soluble
and bioavailable Fe. Thus, the importance of saccharides on iron bioavailability in the
ocean needs to be investigated further, especially with natural plankton communities.
In addition, further studies are required to understand the mechanism by which
saccharides can promote iron bioavailability to phytoplankton. Results presented
here demonstrate that the use of model phytoplankton is promising for improving our
mechanistic understanding of Fe bioavailability (in presence of natural or model
organic ligands) and of primary productivity in HNLC regions of the ocean. This study
also formulates considerations about the controls that Fe might have on the species
distribution observed in the S.O. . The differential effect organic ligands have on the
solubility and the bioavailability of Fe shows that no direct link exists between soluble
and bioavailable Fe. In fact, colloidal Fe seems to be an important pool to sustain Fe
bioavailability.
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2. Nutrient consumption, CO, uptake and C export (WP2)

2.1. Seasonally integrated Si and N utilization

Methods

Some major methodological contributions have been carried out to improve the
measure of the isotopic signatures of Si (§°°Si) and N (5™°Nnoz and §'®0nos) which were
needed before we can apply these tools to quantify Si and N utilizations:

1/ For Si isotopes, an upgrade of the mass spectrometer and a new methodology
allows now measurement of the three Si isotopes (instead of 2 for the original method,;
Cardinal et al., 2003). This method, published in Abraham et al. (2008) improves the
sensitivity and the direct comparison of our results with other teams. This new method
has been used for EIFEX (Cavagna et al., 2011), KEOPS (Fripiat et al., 2011) and
BONUS-GoodHope samples. We also contributed significantly to the set-up and follow-
up of the first inter-comparison of §*°Si measurements in which eight institutions
worldwide participated. The results have show that all groups are able to determine
5*Sjaccuratelyat N 0.2 & (Reynolds et al. , ap@e07). T
for EIFEX (Cavagna et al., 2011), KEOPS (Fripiat et al., 2011) and BONUS-GoodHope
samples. We also contributed to a GEOTRACES intercalibration excercise.
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Figure 2.1.1: Schematic of the cryo-focusing system which was build for the analysis
of 8" Nnos, 5"°Onos
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2/ We implemented the denitrifier method for N and O isotopic composition of nitrate; a

method originally elaborated by Casciotti et al. (2002) and Sigman et al. (2001). PhD

student P. Mangion was trained in the laboratory of K. Casciotti at WHOI, and
subsequently M. Korntheuer, IRMS technician at VUB, built the necessary hardware,

consisting of an automatic sampler, the cryo-focusing system and the open-split

interface connecting the sampling line to the IRMS (see Figure 2.1.1). Method

validat i on was then completed on our analytical
bel ow 0 U3N&n=20pand below 0.43& f @®O (n=5), which is consistent with

standard deviations reported by others using this same technique. Accuracy obtained
ontheanal yses of | AEA N3 reference material wa:

Proxy calibration

The extent of Si isotopic fractionation during silicon uptake by diatoms is represented by
the fractionation factor, *%. From in vitro incubations of tropical diatoms De la Rocha et
al., (1997) estimated ¥sas1. 1 N 0.4 &. To i (mpichhasaquichi s es
large uncertainty) and to check its validity for the Antarctic Circumpolar Current we used
data from our three in situ studies (Cardinal et al., 2005; Fripiat et al., 2011, Cavagna et
al., 2011) and the work of Varela et al. (2004). The average *¢ value we obtained for
the ACCis1 . 2 N. Shhce thé data base used to deduce the latter *%¢ value includes
also data from the artificial Fe-fertilisation EIFEX experiment (Cavagna et al., 2011) we
can conclude that the fractionation factor is unaffected by iron availability. Moreover, our
results for the CLIVAR-SR3 cruise (SR-3 transect between Tasmania and Antarctica;
spring 2001) show there is no significant systematic variation of diatom §*°Si signature
with size (Cardinal et al., 2007), nor probably with species.

Low temperature (1, 3, and 7°C) growth experiments under different conditions of
Si(OH), availability (40 and 70uM) were carried out using three different Antarctic
diatom species (Chaetoceros brevis, Chaetoceros dichaeta, Thalassiosira antarctica).
The average *°% obtained wa s 1. 6 , $imild to 4he \&@lue reported by Milligan et
al. (2004). Though our value is larger, it is not significantly different from the one of De
La Rocha et al. (1997). Both in vitro *¢ averages have larger standard deviations than
the one besed on in-situ studies. The in-vitro results indicate thetre are no significant
effects of temperature, species or Si contents, so far (a remaining 6 of the 17
incubations have yet to be analyzed, along with some replicates). Once all the §*°Si
data will have been acquired we will discuss our results with regard to the Si cell cycle
(Martin-Jézéquel et al., 2000), influx vs. efflux, and dissolution which are the potential
key factors controlling Si isotopic fractionation (Milligan et al., 2004; Cardinal et al.,
2007; Demarest et al., 2009).

Identification of Si sources and quantification of Si fluxes
As a result of sustained efforts to improve calibration of the Si-proxy and further develop
analytical know-how we were able to achieve one of our main goals: the use of modern
ocean natural stable Si isotopic signatures for reconstructing seasonally integrated Si
utilization. We applied it in two case-studies in the High Nutrient Low Chlorophyll
(HNLC) waters of the Southern Ocean (Antarctic Zone):
- Indian Sector: HNLC area off Kerguelen Islands (KEOPS cruise, summer 2005,
~50°S T 75°E) (Blain et al., 2007)
- Atlantic Sector: in an eddy detached from the Polar Front with water masses
characteristic from the northern part of the AZ (EIFEX cruise, summer 2004 ~
50°S - 2°E) (Hoffmann et al., 2006; Cisewski et al., 2008)
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Si isotopic signatures of the HNLC stations from these two studies show that:

- The ultimate source of Si to the Mixed Layer is the Upper Circumpolar Deep
Water (UCDW), supplying Si to the Antarctic Surface Water (AASW) mainly via
winter mixing (Figure 2.1.2). During spring this layer subdivides through
stratification into the (summer) Mixed Layer and the Winter Water below.

- Summer ML, WW and UCDW fit perfectly the mixing line for each cruise (Figure
2.1.2) what is evidence for a WW supply of Si to the mixed layer.

- From Figure 2.1.2 the relative mass contribution of the UCDW to the AASW can
be estimated at 78 + 12 % of the Si(OH), standing stock for KEOPS and 79 + 16
% for EIFEX.

T

30 o
87 Slgyopya(%o)
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Si(OH). (umol Sil™)

Figure 2.1.2: U*°Sisjony Vs. [Si(OH)4] for the different Si-pools in the HNLC area
(x1sd) during KEOPS (Fripiat et al., 2011) and EIFEX for waters inside the eddy but
outside the fertilized patch (Cavagna et al., 2011). Mixing curves are drawn between
HNLC ML and UCDW. Squares = KEOPS; Circles = EIFEX; White = ML; Black =
WW; Grey = UCDW.

- For the HNLC waters of the Indian sector around Kerguelen (KEOPS) the
UCDW supply to the mixed layer via the AASW, is estimated to reach 4.0 = 0.7
mol Si m? yr!. Assuming steady state on an annual time scale this net annual
Si-supply should be equivalent to the net annual bSiO, production. This value is
higher than the seasonal depletion estimated from a simple mass balance
calculation for the mixed layer (2.5 + 0.2 mol Si m? yr). The difference between
the two fluxes provides an estimate of the Si-supply (1.5 + 0.7 mol Si m? yr?)
which likely occurs during the stratification period.

- For the eddy isolated from the Polar Front in the Atlantic sector (EIFEX) the
UCDW Si-supply to the ML is estimated at 2.9 + 0.6 mol Si m? yr', what is
significantly lower than observed during KEOPS. The seasonal Si-depletion is
estimated at 2.7 + 0.4 mol Si m? yr, what is not significantly different from the
annual UCDW Si-supply. So in the latter case seasonal Si-depletion seems to
agree well with net bSiO, production (equated to the UCDW supply of Si),
suggesting there was no significant Si-supply from upwelling or advection during
the stratification period.

- Nevertheless, based on the temporal 8*°Si variations of Si(OH), and bSiO,
during EIFEX (the experiment lasted 38 days) we calculate a small Si supply
from Winter Water to the ML. We used the steady-state model (Sigman et al.
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1999) and took initial conditions for WW which was considered the Si source
(Figure 2.1.3). From this temporal approach a supply of 6.5 + 1.1 mmol Si m? d’
! was estimated. However, such a small flux is not detectable using the annual
balance approach described above.

Biogeochemical cycle of Si in Fe-enriched Southern Ocean waters

Above we presented the main results for those EIFEX and KEOPS sites which are
characteristic for the HNLC Southern Ocean (i.e., where Fe is depleted). However,
EIFEX and KEOPS were actually designed to study the impact of Fe fertilization
(natural Fe supply for KEOPS, artificial Fe supply for EIFEX) on the carbon and silicon
cycles (Mosseri et al.,, 2008; Hoffmann et al., 2006). Below we present the main
features for the stations that were located within the bloom areas.

1me (IN-patch) 20
e (}) &

+ 16
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—ZElill8 '2IB' '38

time (days after fertilizatior
Figure 2.1.3: EIFEX cruise. Temporal variation of §*°Sipsi, §*°Sigs;, [BSi] and [DSi] in
the surface layer (0i 50 m) IN-patch. Filled diamonds = 8*°Sipsi ( &;)Empty squares =
8°°Sigsi (& )dashed line = [BSi] (uM) and indent line = [DSi] (uM). The bracketed

data point (= station 544/63) was not considered as part of the temporal trend.
(Cavagna, 2010; Cavagna et al., 2011).

- For both the KEOPS and EIFEX diatom blooms our results indicate that the pattern of
Si isotopic fractionation is consistent with an open system mode of operation regarding
Si supply and can not be reconciled with the one of a closed system (Rayleigh
fractionation). This is a firm evidence of continuous Si supply to the ML during the
growth season. It is also supported by physics showing that the Kerguelen plateau is a
highly dynamic system (Park et al., 2008) and by the fact that vertical diffusivity is
significant in a cyclonic eddy as studied during EIFEX (Cisewski et al. 2008). From
§%°Si, it appears clearly that HNLC WW represents the most likely Si source and the
initial conditions before the bloom started (not shown). Such type of continuous nutrient
supply during the stratification season is however often overlooked or not quantified.

- The Si sources could be identified based on the §*°Si signatures. For KEOPS, the
ultimate Si source for AASW both on and off plateau is UCDW. Noteworthy, for KEOPS
the AASW above the Kerguelen Plateau is ventilated at the seasonal time scale by
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AASW from the HNLC area. Therefore the AASW Si-composition prevailing at the
onset of the growth period must have been similar o the one in the HNLC area, in
agreement with the timescale of the prevailing hydrodynamic processes (Venchiarutti et
al., 2008; Park et al., 2008).

- Above the Kerguelen Plateau (KEOPS), we estimate a net integrated bSiO,
production of 10.5 + 1.4 mol Si m™? yr in the AASW with a significant contribution (max.
38%) of diatoms silicifying in the deep bSiO, maximum. Along with silicate pump and
iron-light co-limitation, and in agreement with recurrent observations of deep bSiO,
maximum, such deep silicification where no or less photosynthesis occurs, might
contribute to the enhanced depletion of Si(OH), compared to NO3, a characteristic
feature in the Antarctic Zone. Moreover, the decoupling between & Siysio2 and
63°Si5i(OH)4 (not shown) suggests that a significant part of the senescent bSiO, pool in
the Mixed Layer had already dissolved.

- Compared to previous estimates for the Antarctic Zone the Kerguelen Plateau
sustained an extremely high integrated net bSiO, production (Mosseri et al., 2008) in
the higher range of opal export estimates for the Southern Ocean reported by Jin et al.
(2006). Natural iron fertilization clearly boosts diatoms productivity as is observed for
artificial iron fertilization (see e.g., de Baar et al., 2005).

- For EIFEX, the &°Si values of bSiO, and Si(OH)., increase during the 37-day
monitoring along with a decrease of Si(OH), concentration and an increase of bSiO,
concentration, reflecting Si uptake by diatoms (Figure 2.1.3). Applying the open-system
rationale, we estimate vertical Si-supply (6.7 + 1.2 mmol Si m? d}) represents 30 + 5%
of the total amount of consumed dissolved Si. Overall, three processes were acting to
control dissolved silicon isotopic signature: biological uptake, Si-supply from a deeper
layer, and export of biogenic silica. We estimate the relative utilisation of Si(OH), by the
natural bloom prior to the start of the fertilisation at 49 + 4% of the initial, early spring
silicate stock. As a result of the Fe enrichment a further 31 + 4% of the Si(OH),
reservoir was consumed. We further estimate a bSiO, export of 644 + 61 mmol Si m?
what is in accordance with C-export calculated independently from the ?**Th deficit
(Jacquet et al., 2008). Such export of Si and C is actually in the average of natural S.O.
conditions (cf. § 2.3 and 3.2).

The sea-ice case study

We produced the very first results for Si isotopic composition in Antarctic Sea Ice. The
data indicate that diatom activity and the Si dynamics in sea ice vary significantly
between different brine structures. The brine channels, their feeder branches, and the
intracrystalline brine layers in the skeletal layer represent semi-closed systems where
diatoms consume a significant part of the Si(OH),4 pool (i.e., brine) which is only partially
replenished by convection or diffusion with the underlying seawater. The brine pockets
and the intracrystalline brine layers trapped in the ice structure behave as closed
systems, where a more significant part of the small Si(OH), pool is consumed. In snow
ice, the diatoms can be cut off from the nutrient supply initially provided by seawater
infiltration and will therefore use a large part of their available dissolved silicon pool. The
siliconi sot opi ¢ ¢ omp o,skripiat eb &l., 200¥)1of tRBe2seadce diatoms is
much heavier than the one of biogenic silica in the seasonal ice zone mixed layer (+0.2
a; Car di n2007). erhis paoteer work suggests that sea-ice diatoms either
contribute for only an insignificant part of the diatom biomass in the upper water layer,
or that they are directly exported below the mixed layer. We propose that the contrasted
Si-isotopic signature between sea-ice diatoms and surface seawater diatoms might be
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used to determine the relative contibutions of sea-ice diatoms and pelagic diatoms that
bloomed after the sea ice melting to the biogenic silica flux to the deep sea.

Conclusions and perspectives
More information regarding 8°°Si results can be found in the following papers:
- Cardinal et al. 2005, 2007 (Global Biogeochemical Cycles and Deep-Sea
Research) for CLIVAR-SRS;
- Fripiat et al., 2007 for the study on sea-ice;
- Fripiat et al. , 2011 for KEOPS (published in Marine Chemistry) ;
- Cavagna et al. 2011 for EIFEX (published in Limnology & Oceanography).

Overall, these results support the view that the Southern Ocean is a highly dynamic
system which strongly influences the Si biogeochemical cycle. Our results call for the
preferential use of open-system rather than closed-system approaches for quantitative
paleo-reconstructions based on §%°Si. Our results confirm that Si isotopic signatures
provide a powerful constraint for understanding the Si biogeochemical cycle and are
useful for the identification of sources and for quantifying fluxes. They largely contribute
to Deliverable # 2 (Sources and isotopic signatures of N and Si in surface waters) and #
3 (Time-dependent dynamics of nutrients in surface waters) of BELCANTO IlI.

5"°Nno3, 6°Onos

We implemented the WHOI method for nitrogen and oxygen stable isotope analysis
of nitrate (actually nitrate + nitrite). This method is based on the denitrifier approach
(Sigman et al., 2001; Casciotti et al., 2002). The method utilises specific strains of
denitrifying bacteria that lack nitrous oxide reductase activity and can convert nitrate
(and nitrite) into N,O. The produced N,O is subsequently analysed via isotope ratio
mass spectrometry. We used the Pseudomonas aureofaciens strain and prepared
working cultures following Casciotti et al. (2002). Analysis vials consisted of 20 mL
headspace vials to which 3 mL aliquots of the working culture were added. These
vials were then flushed for 3h with N,. Samples and/or standards were subsequently
injected in the vials and left incubating overnight. Volumes added were adjusted
according to the original nitrate concentration so that analysis of samples and
standards was done on a similar amount of nitrate. Final nitrate contents targeted
were 20 nmoles. This was achieved by adding variable sample volume to the
headspace vials. Several international references were prepared and analyzed within
the sample run. References materials were: IAEA N3, USGS 32, USGS 34 and
USGS 35. Bacteria blanks consisting of 3 mL bacteria culture without sample.

N.O analyses were carried out on an automated N,O purification and cryo-focusing
system connected to a Delta V IRMS (ThermoScientific) and operated under a
continuous flow of helium through an open split interface. A second open split is used
for injecting pulses of reference N,O from a gas cylinder before each analysis. Our
home-built analytical set up is similar to the one described by Casciotti et al. (2002).
Standard series were analysed at the beginning of the run and after every 10
samples. Blanks were rather small and constant: 0.04 + 0. 01 VvV (10) .
represented ~0.5% of the signals for the 20 nmol samples. Averages and
reproducibility of the IAEA-N3 reference are 4.68 + 0.04 a and 25.31 + 0.10 a for
0N a n O, tespectively. Such values reflect the usual reproducibility and
accuracy of our routine measurements.
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We participated in a GEOTRACES inter-calibration exercise and the outcome
presented by K. Casciotti at a GEOTRACES workshop (Old Dominion University,
Norfolk, Virginia; 8-10 March 2010) revealed we scored very well. A publication about
this intercalibration is in preparation by K. Casciotti.

First results for a few profiles for the BONUS GoodHope expedition (2008) are shown in
Figure 2.1.4.

d15NO3 in per mil
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Figure 2.1.4: BONUS-GoodHope. First results of the §"°Nyoz analysis via the denitrifier

method. Shown are 3 profiles for stations GUPER 36(47°33.2S, between SAF and PF);

OLARGE 76 (55A14S, between the Southern
Weddell Gyre).

400 A
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NN

Profiles clearly show *°N-enrichment in surface ocean nitrate while isotopic signatures
in deep water tend to more constant and lower values. This surface ocean enrichment
is due to nitrate consumption as indicated also by the inverse correlation between
8Nnos and nitrate concentration (Figure 2.1.5). A clear gradient is apparent in surface
waters, with N enrichment of nitrate increasing northward.
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Figure 2.1.5: BONUS-GoodHope: correlation between &®Nyoz and nitrate
concentration
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We only show values for 8*°*Nyos since seawater samples were acidified to pH 1-2 using
HCI. There is discussion as to the impact this acidification has on the §®0Oyo3 values.
Till 2008 literature results for 8™ Nyos and 8*®Onos were presented based on acidified
seawater samples (see e.g. Sigman et al., 2005; DiFiore et al., 2006), while more
recent literature mentions seawater samples are not acidified but preserved deep
frozen (e.g., Trull et al., 2008; Sigman et al., 2009). So at present we are unsure
whether or not the §'®0pnos values are valid. We do observe, however, a linear
correlation between N and O isotopic composition as expected in case uptake and
denitrification are the main processes acting on the nitrate pool (the other important one
being nitrification, which breaks down this linear correlation).

As for Si isotopic composition, such results will help in assessing nitrate uptake over
seasonal time scales (work in progress).

2.2. Instantaneous Si, N uptake and dissolution

Methods

Regional and seasonal variability of the Si dissolution / production ratios in the surface
ocean are but poorly documented (to date only 56 integrated values in ocean are
available), mainly mainly because of analytical constraints. Till recently the only way to
assess bSiO, dissolution in the open ocean was via the *°Si-isotopic dilution technique
developed by Nelson and Goering (1977a, b) using TIMS or IRMS. Briefly, the *°Si
enrichment of the biogenic silica from a *°Si-spiked, and incubated seawater sample is
used to estimate the production rate. The bSiO, dissolution rate is deduced from the
dissolved phase increase in #Si resulting from the dissolution of initial biogenic silica
(still havng the natural isotopic composition). We have developed a new analytical
method (Fripiat et al., 2009) for determining these rates with a high-resolution sector
field inductively coupled plasma mass spectrometer (HR-SF-ICP-MS; Element 2).
Relative analytical precision of the isotopic measurement is better than 1% (Table
2.2.1), similar to the one obtained by thermal-ionization-quadrupole mass spectrometry
(TIMS).

Table 2.2.1: Triplicates (analysed during the same run) of the same batch of a
solution spiked with increasing *°Si amounts. The relative difference between two
consecutive solutions prepared is 0.5% and the abundances measured follow this
trend as expected. The measurements are significantly different for a difference of
1%, e.qg., between solutions 1 and 3, 2 and 4, etc.. (data from Fripiat et al., 2009)

Atom %°3°Si  Atom % 28Si

8.04£0.03 87.52+0.04
8.07+0.05 87.50+ 0.05
8.11+0.03 87.44+0.01
8.16 + 0.03 87.40 + 0.03
8.21+£0.03 87.36 +0.02
8.29 +0.06 87.27 + 0.07
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Accuracy and reproducibility of the isotopic measurements have been checked on
artificial and natural solutions by inter-comparison between two HR-SF-ICP-MS
instruments (IUEM, Brest and RMCA, Tervuren) and one TIMS (IUEM). Measurements
of real Si production and dissolution rates were processed for two contrasted situations
with an average relative precision of 10%, including one from waters with low Si content
(2 pM), which required an additional purification step by cation exchange
chromatography. During the SAZ-Sense cruise a complete set of incubations (n = 36)
was combined with radiotracer **Si incubations (Tréguer et al., 1991; Brzezinski and
Phillips, 1997) to determine the bSiO, production rates (collaboration with K. Leblanc
and B. Quéguiner, COM, Marseille). The two methods agree ver well and results are
not significantly different from the 1:1 slope (R? = 0.9) (Fiqure 2.2.1).
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Figure 2.2.1: bSiO, production rates determined from *°Si and *?Si incubation; shown
are station averages. Line = 1:1 slope.

Our new method is 2-4 times faster and is also simpler than TIMS or isotope ratio mass
spectrometry (IRMS). It& sensitivity is more than one order of magnitude better than
TIMS, and it can cover the whole range of Si concentrations encountered in the ocean.
This new method constitutes Deliverable 3a of the project: Method for assessing 30-Si
uptake via HR-ICP-MS. It has been successfully developed at RMCA through a
collaboration between three BELCANTO partners (MRAC, ULB, VUB; making use of
the incubation expertise of the ULB group and the modeling expertise of the VUB
group; Elskens et al. 2007) and two foreign laboratories (IUEM, Brest and COM,
Marseille).

Coupled nutrient uptake (C, N, Si) in contrasting biogeochemical environments (SAZ-
Sense)

Combined N, *C (ammonium, nitrate, bicarbonate), *°Si (see above) uptake
experiments (using on-deck flow through incubators) were conducted during the
SAZ-Sense expedition (SAZ and PFZ south of Tasmania; Jan.-Feb. 2007, R/V
Aurora Australis) to assess spatial and temporal variability of primary production, new
production and diatom production.

SeaWIFs 8-day composite, 1 km resolution, pictures for the area south of Tasmania
reveal differences in the spatial distribution of chlorophyll-a distribution with evidence
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for higher phytoplankton biomasses in the eastern part of the SAZ relative to the
western part (Figure 2.2.2; Bowie et al., in review). Reasons for this could include
changing patterns of the East Australian Current (EAC) advecting warmer and saltier
stratified waters, (possibly enriched with Fe) to the south, changing patterns of
aeolian transport of Fe from the Australian continent (Mackie et al., 2008), and/or
advection of Fe from the Tasman Plateau. The main objectives of the SAZ-Sense
expedition were to identify these possible causes and to assess their impact on the
zonal variability of the carbon sequestration potential.

SAZ-SENSE voyage track and station locations
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Figure 2.2.2: SAZ-Sense cruise track and station locations. The background shows
chlorophyll (mg m~) from MODIS (courtesy of the Remote Sensing Group at the
Plymouth Marine Laboratory) and is a composite for the period 5 to 11 February
2007. A chlorophyll scale is given at the bottom of the image. The north-south and
east-west gradients in phytoplankton chlorophyll biomass are typical of the region in
summer. EAC = East Australian Current, STF = Sub-Tropical Front, SAF-N = Sub-
Antarctic Front North, SAF-S = Sub-Antarctic Front South, PF = Polar Front; STZ =
Sub-Tropical Zone, SAZ-N = Sub-Antarctic Zone North, SAZ-S = Sub-Antarctic Zone
South, PFZ = Polar Front Zone, AZ = Antarctic Zone.

Three AProcesso stations wer e s ehemicat and
ecosystem characteristics under different nutrient regimes. Process 1 site in the
Western SAZ was low in Fe, typical for the HNLC Sub-Antarctic Zone. In contrast,
Process 3 site in the eastern SAZ appeared to be Fe replete, probably as a result of Fe
supply via the East Australia Current and atmospheric deposition (Bowie et al., 2009;
Lannuzel et al., 2011). Process 2 site in the Polar Front Zone also had low Fe content

SSDDSciencefor a Sustanable DevelopmentDClimate - Antarctica 3z



Project SDCA/03 - Integrated study of southern ocean biogeochemistry and climate interactions in the anthropocene
S9ADKB@MSN HHHE

and a deep bSiO,-Chl-a maximum characteristic for this HNLC area. At all 3 stations
Si(OH)4 concentration was low (<2 pM), nitrate was low in the SAZ (mostly < 5 uM; but
up to 25 uM in the PFZ) while ammonium was substantial (up to 1.4 uM in subsurface
maxima) at each process station **C, '°N-nitrate, *N-ammonium and *°Si uptake
experiments were processed simultaneously using seawater from the same CTD casts
at four PAR depths (100, 50, 25 and 1%).

At the 3 Process stations we conducted short term incubations (6h) in parallel with
%si uptake incubations for assessment of diatom importance in the N, C uptake
experiments. C and N-translocation rates were calculated using the compartmental
model developed by Elskens et al. (2002, 2005). Primary production values were
equivalent to gross primary production (GPP). New production was calculated from
GPP and f-ratios (i.e., the ratio of nitrate uptake over the sum of nitrate and
ammonium uptake).

Table 2.2.2 compares the euphotic layer integrated gross primary production and
new production between the 3 areas investigated during SAZ-Sense and Figure
2.2.3 shows the depth profiles of the f-ratios at the 3 sites. Gross Primary Production
estimates from *C-uptake are in agreement with GPP estimates based on the **C
method (the latter data from Westwood et al., 2011).

Table 2.2.2 SAZ-Sense. Daily gross primary productiof-GPP); new production NP; export production from upper 100 m (Jacquet et al. accepted-b) an
mesopelagic remineralization in the 100-600 m mesopelagic layer (Jacquet et al. accepted-a).

#casts  Mixed layer  Euphotic c-GPP New production  Export production export ratio Meso-remin. remin. ratio
Site date C-GPP  depth (m) layer (mmol C m?d™) 3C-uptake > -ratio at 100 m (1) EP/°C-GPP (%)  (100-600 m) (I) ~ MR/EP (%)
uTC *N-upt. (1 depth (m) (mmol C ni*d?) (mmol C ni*d?) (mmol C ni?d?)
21-01-07 9 20 50 147.8 74.6 13%
Process 1 23-01-07 17 43 50 70.8 15.2 102+ 1.3 7 to 75% 21+04 21%
28-01-07 34 73 50 13.6 1.9 (highly variable)
01-02-07 42 57 80 36.8 7.2
Process 2 02-02-07 a7 a7 80 33.9 103 7.8£15 22% 5.0+1.6 64%
05-02-07 58 62 80 35.9 8.5
11-02-07 81 13 80 30 52.9 10.7
Process 3 12-02-07 85 15 80 30 51.2 13.4 4.1+£0.8 7% 3.7+04 90%
15-02-07 96 14 75 30 65.9 11.9
() Jacquett al.-a
(I) Jacqueet al.-b
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Figure 2.2.3: SAZ-Sense. Depth profiles of f-ratios observed in SAZ-West (Left: site
P1, casts #9, #17, and #34), PFZ (Middle: site P2, casts #42, #47, and #58), and
SAZ-East (Right: P3, casts #81, #85, and #96).
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f-ratios are mostly <0.3 and overall, recycled production, based on ammonium
uptake, appears to predominate in the investigated PFZ and SAZ areas.
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Figure 2.2.4: SAZ-Sense. Mean euphotic layer integrated gross primary production
(mmol C m* d%) and f-ratio for SAZ-West (Process I), PFZ (Process Il) and SAZ-East
(Process Ill) (Cavagna et al., 2011).

As appears from Figure 2.2.4 and as previously observed in this area, integrated GPP
in the SAZ area exceeded GPP in the PFZ. Mean integrated New Production estimated
from f-ratios was quite uniform across the study area and indicated that primary
production was mainly driven by regenerated production. This is in agreement with
Pearce et al. (2011) who report that a large fraction of the primary production is
reprocessed within the microbial loop (microzooplankton and heterotrophic
nanoflagellates). Interestingly, New Production, which is a proxy of potentially
exportable production, was closer to C export at 100m (as estimated from #**Th deficit;
see below) when the euphotic layer depth approached 100m (Jacquet et al., 2011).

Contrary to expectation, the Fe replete eastern SAZ and its higher phytoplankton
biomass did not sustain a significantly higher productivity compared to the western
SAZ. Furthermore, potential for carbon sequestration there was low, as confirmed by
low C-export fluxes (see below) and high mesopelagic remineralisation efficiency.

From the specific Si(OH), uptake rates (Figure 2.2.5), a gradient in diatom affinity for
Si(OH)4 appears, reflecting the high Fe-Si co-limitation in the PFZ and the Si-limitation
in the eastern SAZ. The western SAZ also appears to experience Fe-Si co-limitation but
to a lesser extent that the PFZ.
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Figure 2.2.5: SAZ-Sense. Specific Si(OH), uptake rates (d*%) in PFZ (grey dots),
western SAZ (black dots), and eastern SAZ (white dots) (data from Fripiat et al. in
review)

This Si(OH), affinity gradient could result from a gradient in Fe-Si colimitation exerting
significant control on the Si(OH),4 kinetic parameters (Leynaert et al., 2004). In contrast,
bSiO, production (Figure 2.2.6) and content (not shown) increased towards PFZ as
previously observed in this area.

I integrated production
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Figure 2.2.6: SAZ-Sense. Mean integrated bSiO, production, dissolution, and ratio
between dissolution and production rates for the SAZ-West, PFZ and ZAS-East.

Such a decoupling between growth rate and stocks could come from specific
differences in kinetics parameters and mortality pressures. As stated by Smetacek et al.
(2004) in iron-limited HNLC systems, GPP is mainly driven by regenerated pico-
nanophytoplankton under heavy grazing pressure but large or chain forming slowly
growing diatoms could escape grazing pressure and accumulate in the system (e.g. like
in western SAZ and PFZ). In contrast, in Fe-replete areas, large diatoms may grow
rapidly and drive large blooms with high carbon export efficiency. Hutchins et al. (2001)
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and Sedwick et al. (2002) show that low Si contents exert a control on microbial
community structure. This was probably the case for the eastern SAZ where Fe
availability and Si depletion favored small diatoms with high specific Si uptake rates,
preventing growth of large diatoms. These small species are more prone to be grazed
preventing diatom accumulation in the euphotic layer, consistent with low bSiO,
content. This is in agreement with a low contribution of diatoms to GPP and with Pearce
et al. (2011) who observed a high grazing pressure in the eastern SAZ.

As shown in Figure 2.2.6, bSiO, dissolution can sustain most of the Si(OH), uptake,
indicating an intense silicon loop in mid-summer PFZ and SAZ. bSiO, dissolution rates
in the euphotic layer are higher when bSiO, content is high (R? = 0.61). This is likely to
result from an accumulation of inactive/death diatoms at the end of the productive
period. Notwithstanding this, some difference in the efficiency of bSiO, dissolution
environment between PFZ and SAZ is observed. There is a coarse correlation between
specific dissolution rates and temperature (R?> = 0.43). bSiO, dissolution is strongly
facilitated when bacteria degrade the protective organic matrix coating around the
frustule. During SAZ-Sense a significant correlation between hydrolytic ecto-enzymatic
activity and temperature was observed (R® = 0.74). This complex interplay between
bacteria and temperature, which would also be influenced by the type of substrate and
species, could explain the relatively coarse correlation between specific bSiO,
dissolution and temperature. Indeed, C and Si regeneration rates show significant
variability (up to fourfold) among different bacterial assemblages and isolates (Bidle and
Azam, 1999; 2001) implicating species composition, colonization dynamics, metabolic
state and ecto-enzyme profiles as important variables.

Conclusions and perspectives

More information regarding these data can be found in the following papers:
- Fripiat et al. (2009), for *°Si methodology
- Cavagna et al. (2011) for GPP and NP
- Fripiat et al. (in review) for uptake ratios and Si-biogeochemical cycle

Instantaneous uptake rates provide important information about the functioning of the
ecosystems (new and regenerated production), and the degree of coupling of the major
nutrients (N, Si, C). Knowing how much of the N, Si, C gross uptake was sustained by
new and regenerated processes has I mportant
capacity to drive biogeochemical properties of the surface ocean and on its ability to
export organic or biogenic matter to the deep sea. Moreover, biogeochemical
processes occurring in the surface water of the Southern Ocean have significant impact
on the availability of nutrients in the surface water of the three-quarters of the global
ocean (Sarmiento et al., 2004). The data from SAZ-Sense have only been recently
completed for Si uptake i dissolution and in the near future these will be fully integrated
with the other SAZ-Sense data. In addition, data from the BONUS-GoodHope 2008
expedition are currently being processed. This work is a contribution to Deliverable #
3b- Time-dependent dynamics of nutrients in surface waters (uptake vs. dissolution;
inter vs. intra seasonal variation).

SSDDSciencefor a Sustanable DevelopmentDClimate - Antarctica 3€



Project SDCA/03 - Integrated study of southern ocean biogeochemistry and climate interactions in the anthropocene
S9ADKB@MSN HHHE

2.3. CO, uptake and C export

Air-Sea CO2 exchange

CO2 dynamics along the 0° meridian

During the BONUS-GoodHope cruise, pCO, ranged from 325 to 415 ppmV, and
exhibited significant changes across fronts and eddies whose position can be tracked
from step changes in SST (Figures 2.3.1 & 2.3.2). The subtropical area appeared to
be undersaturated in CO, while the Subantarctic and Polar Front Zones were below
or near saturation and the polar open oceanic zone was oversaturated. The
maximum pCO; was observed at the Southern Circumpolar Antarctic Front (SACCF).
Comparison with pCO, measurements carried out during the ISPOL cruise in spring
2004 and early summer 2004-2005 (data not shown) suggest that pCO, was
significantly higher during the Bonus-Goodhope cruise south of the subtropical front
(STF). At first sight this indicates that we encountered a late summer regime with
conjugated warming of surface water and remineralisation of organic matter that
increased pCO; in the subantarctic zone. South of the Polar Front (PF), upwelling of
CO;, rich subsurface waters (Figure 2.3.2) may contribute to the increase of CO, and
lead to the CO, oversaturation.

Significant increase of DIC over the upper 1000 m is related to mesopelagic
remineralisation (Figure 2.3.3). Below 1000 m, the imprints of main water masses of
the subtropical area and circumpolar current (e.g. North Atlantic Deep Water,
Circumpolar Deep Water, Antarctic Intermediate Water, among others) can be
discerned in the vertical DIC distribution. For instance, in the subtropical area a
tongue of Antarctic Intermediate Water with DIC ranging between 2210 and 2235
umol kg™ water is transported northward between 1000 and 1500 m. We observed
an overall DIC increase southwards. Between the STF and the Southern Boundary
(SBy) DIC increases with depth while south of the SBy the DIC increase with depth
correlated with an increase of dissolved oxygen (data not shown). The maximum of
DIC was observed south of the SBy in the upper 1000 m

- pco2 - ssT

420 - r 25

lk ,
= e, EARLA W
¥ ;W - Ay

360 —ii éﬁ AN
i 8
340 I(”‘M

£
¥ Ws
320 '

23/02 28/02 4/03 9/03 14/03 19/03

SST(°C)

10

pCO2 (ppmV)

Figure 2.3.1: BONUS-GoodHope. Sea surface temperature (SST) and pCO, along
the cruise track.
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Figure 2.3.2: BONUS-GoodHope: Distribution of sea surface temperature (SST) and
pCO, along the cruise track. Approximate positions of the subtropical (STF),
subantarctic (SAF), polar (PF), southern antarctic circumpolar (SACCF) fronts and
southern boundary (SBy) are indicated by the black dotted lines.
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Figure 2.3.3: BONUS-GoodHope. Vertical distribution of dissolved inorganic carbon
(DIC) along the section. Approximate position of the subtropical (STF), subantarctic
(SAF), polar (PF), southern antarctic circumpolar (SACCF) fronts and southern
boundary (SBy) are indicated.
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Assessment of the overall sink of CO2 of the Southern Ocean

One of the best approaches to budget air-sea CO, fluxes over the Southern Ocean
was to gather data collected in the frame of the project together with the large data
set of pCO, compiled by T. Takahashi. Underway pCO, measurement carried out
during this project and during previous BELCANTO | and Il projects (6 cruises) were
added to 3.0 million measurements of surface water pCO, compiled at the Lamont-
Doherty Earth Observatory to provide a climatological mean distribution for the
surface the surface water pCO,. BELCANTO results contributed to a doubling of
number of Southern Ocean data since the last climatology (Takahashi et al., 2002).
The Southern Ocean is a potentially significant contributor to the global air-sea CO,
fluxes, yet has been poorly sampled. A significant increase of data coverage was a
prerequisite to better constrain overall oceanic CO; fluxes.

The new climatology (Takahashi et al., 2009) shows large seasonal changes in the
seasonal ice zone. Phytoplankton blooms promote large decrease of pCO; in
summer, while vertical mixing of deep waters lead to significant winter increases of
pCO,. The subpolar Southern Ocean between 50° and 62°S (Fig.16D) has a net sea-
to-air CO; flux in winter and a net air-to sea fluxi n s ummer . I n Zidis zo
small in magnitude ranging between +12 patm in winter (enhanced vertical mixing)
and -12 patm in summer (biological drawdown). Although this region is mostly within
the high wind speed zone (40-60°S), the fux is moderate ranging between +1 (winter)
and -1 ton C month km? ( summer) because of the smal/l
seasonal ice covered zone (south of 62°S) acts as a moderate source of CO; to the
atmosphere as a result of the summer sink flux canceling with the winter source flux.
The sea-to-air CO; flux is very high per unit area of exposed water, but is small for
the ice covered area as a whole. As ice fields retreat in springtime, surface waters
become a strong sink due to locally intense phytoplankton blooms.

On the whole, the air-sea CO; fluxes over the Southern Ocean were estimated to
reach -0.06 Pg C y™* for the 50 - 62°S latitudinal band and +0.01 Pg C y™ south of
62°S. The overall flux for the Southern Ocean (area south of 50° S) is -0.05 Pg C y*,
what is rather small, mainly because of the large seasonal ice cover reducing gas
exchange.

pCO, in the Southern Ocean appears to increase at a rate of 2.13 patm y™*
exceeding the rate of change for atmospheric pCO,. This supports the idea that the
CO; sink south of 45°S is decreasing (Le Quéré et al., 2007)

Decadal changes

We compiled a large pCO,data-set for surface waters over the continental shelf (CS)
and the adjacent open ocean, south of Tasmania (22 cruises spanning the period
1991 to 2003).
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Figure 2.3.4. Map showing ship tracks, bathymetry based on the Smith and Sandwell
(1997) global seafloor topography, the climatological position of sub-tropical front
(STF) based on Belkin and Gordon (1996) and Hamilton (2006), grid nodes from the
Reynolds et al. (2002) sea surface temperature monthly climatology (squares), and
the grid nodes of the Kalnay et al. (1996) National Centers for Environmental
Prediction daily wind speeds (circles).

Climatological seasonal cycles of pCO; in the CS, the subtropical zone (STZ) and the
subAntarctic zone (SAZ) were described and used to determine monthly pCO,
anomalies. These are used in combination with monthly anomalies of sea surface
temperature (SST) to investigate inter-annual variations of SST and pCO,. Sea
surface temperature (SST) anomalies (as intense as 2°C) are apparent in the
subtropical zone (STZ) and subantarctic zone (SAZ). These SST anomalies also
propagate on the CS, and seem to be related to the Antarctic Circumpolar Wave
(ACW). The consistency in timing and amplitude of SST anomalies in the STZ and
SAZ can only be attributed to a large scale coupled atmosphere-ocean oscillation.
Overall, anomalies of 14°C normalized pCO, (pCO,@14°C) are negatively related to
SST anomalies in the CS, STZ and SAZ (Fig 2.3.5). This seems to be related to a
depressed winter-time vertical input of dissolved inorganic carbon during the ACW
phases of positive SST anomalies, in relation to a poleward shift of westerly winds,
and concomitant local decrease in wind stress.
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