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I. Zusammenfassung

I.1 Zusammenfassung

Die Ozeanoberfliche ist mit dem tiefen Ozean durch absinkende Partikel verbunden,
die Kohlenstoff in die Tiefe transportieren. Der abwirts gerichtete Export biogener Partikel
verteilt Kohlenstoff und Nihrstoffe im Ozean um und spielt eine wichtige Rolle bei der
Kontrolle des atmosphidrischen CO,-Gehalts (Volk und Hoffert 1985). Dieser
Transportmechanismus ist als Biologische Pumpe bekannt (Volk und Hoffert 1985; De La
Rocha 2007). Thre Stirke hidngt unter anderem von der Primédrproduktion (PP) und dem
Exportfluss im oberen Ozean ab (De La Rocha 2007). Nur ein kleiner Anteil (0.1-8.8%) des
durch Photosynthese in der Euphotischen Zone (der sonnendurchschienenen Schicht)
geformten organischen Materials erreicht den Meeresboden (Lutz et al. 2002). Die groBle
Mehrheit der absinkenden Partikel wird recycelt, z.B. veratmet, zersetzt oder gefressen — und
die Effektivitit der Biologischen Pumpe bestimmt den Anteil des primédr produzierten
Materials, der in die Tiefe abgelagert wird (De La Rocha 2007). Die Modifikation des
partikuldren Materials passiert groB3teils in der Mesopelagischen Zone, die direkt unterhalb der
Euphotischen Zone anschlieBt und bis in 1000 m Tiefe reicht (Boyd and Trull 2007). Die
Mechanismen, die die Verdnderung der absinkenden Partikel beeinflussen, sind kaum im
Detail bekannt, aber sie sind essentiell, um Exportflussprozesse und die Sequenzierung von
Kohlenstoff in der Tiefe zu verstehen.

Diese Dissertation fiihrt weitere Entwicklungen einer neuen Technik zur Untersuchung
intakter absinkender Partikel ein, um Riickschliisse auf den Exportfluss (basierend auf
einzelnen Partikeln) ziehen zu konnen. In drei Feldstudien werden diese Daten mit
Exportflussdaten verglichen, die mit anderen Methoden erzielt wurden. Die Feldstudien
fanden in verschiedenen Regionen des Siidlichen Ozeans statt. Im Fokus jeder Studie standen
die Untersuchung der absinkenden Partikel und die Identifikation der den Exportfluss
bestimmenden Prozesse.

Obwohl Bulksedimentfallen iiblicherweise benutzt werden, um die biogeochemische
Flusszusammensetzung zu untersuchen, sind sie nur begrenzt geeignet, die urspriingliche
Form des partikuldren Materials zu erhalten (z.B. Asper 1987; Gardner 2000). Daher bieten
frei treibende Sedimentfallen, die mit Polyacrylamid-Gel (PA-Gel) bestiickt sind, grofes
Potential, die Flussstruktur zu untersuchen (Manuskript 1). Erfolgreiche Beispiele des
Gebrauchs dieser Gel-Fallen werden in Appendix 1, Manuskript 1, 2 und 3 vorgestellt, und
die durch unpassendes Fallendesign entstehenden Probleme werden in Manuskript 1 und 4

demonstriert.



I. Zusammenfassung

Das SAZ-Sense Projekt fand im Siidlichen Ozean siidlich von Australien statt und
erforschte zwei Stationen in der Subantarktischen Zone (SAZ) und eine Station in der
Polarfrontzone (PFZ) (Griffiths et al. in prep.). Innerhalb der SAZ wurden zwei gegensitzliche
Stationen untersucht: Die Station mit der hoheren PP zeigt niedrigere Exportfliisse (von Fézies
dominiert), und die Station mit der geringeren PP verzeichnete hohe Exportfliisse (vorrangig
Fizies und zu einem kleineren Anteil auch Phyto-Detritus-Aggregate; Manuskript 2). Die
PFZ-Station war durch die geringste Oberfldchen-PP innerhalb von SAZ-Sense und mittlere
Exportfliisse (kleine Kotballen und Ketten stark verkieselter Diatomeen) charakterisiert
(Manuskript 2). Die absinkenden Partikel wurden aufgrund der guten Erhaltung in PA-Gelen
unterschieden, die es ermoglicht, einzelne unversehrte Partikel zu identifizieren. Die
GroBenordnung des auf den PA-Gelen basierenden Kohlenstoffflusses stimmte mit
biogeochemischen Daten iiberein, die von Bulkproben zweier anderer frei treibender
Sedimentfallen bestimmt wurden. Die insgesamt auftretende Dominanz von Fizies war mit
den hohen Fraraten wihrend SAZ-Sense konsistent (Manuskript 2).

KEOPS (KErguelen Ocean and Plateau compared Study) wurde im Indischen Sektor
des Siidlichen Ozeans durchgefilhrt und erforschte den Ursprung erhdhter
Phytoplanktonbiomasse in natiirlich eisengediingten Wassern iiber dem Kerguelenplateau im
Vergleich mit umgebendem HNLC-Wasser (Blain et al. 2007). Beruhend auf in Gel-Fallen
gesammelten absinkenden Partikeln, wurden die Merkmale des partikularen Flusses einer
Station mit hoher Biomasse iiber dem zentralen Plateau und einer Station mit moderater
Biomasse an dessen Peripherie erkundet (Appendix 1). Aggregate aus Fizies waren an beiden
Stationen am héufigsten. Daten des Unterwasser-Video-,Profiler (UVP) lassen erkennen, dass
der Anteil grofler Partikel mit der Tiefe zunimmt, was die Relevanz von FraBaktivitit und der
daraus folgenden Neuzusammensetzung des absinkenden Materials bestirkt. Aulerdem wurde
klar, dass die GroBenordnung des Exportflusses iiber dem Plateau entschieden hoher war als
auBerhalb des Plateaus, obwohl die Effektivitit des Kohlenstoffexports aulerhalb des Plateaus
grofer war.

Das Eisendiingungsexperiment LOHAFEX fand im Atlantischen Sektor des Siidlichen
Ozeans statt und untersuchte eine Phytoplanktonbliite, die durch Eisenzugabe hervorgerufen
wurde (Smetacek und Naqvi 2010). Das einzellige Plankton, das mit dichte-neutralen
PELAGRA-Fallen gesammelt wurde, zeigte einen geringen Diatomeenfluss (Manuskript 4).
Stattdessen bestand der Fluss von unizellularem Planktonkohlenstoff (UCP) aus
Dinoflagellaten, Flagellaten, kokkendhnlichen Zellen (2 um gro3) und zu einem geringen

Anteil auch aus Diatomeen; der Gesamtkohlenstofffluss war gering (Manuskript 4). Der
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relativ kleine Anteil von UCP bei gleichzeitig groBBer Bedeutung von Fizies in Bezug auf den
POC-Fluss deutet darauf hin, dass die Struktur der Gemeinschaft innerhalb der LOHAFEX-
Bliite als ein Recyclingsystem beschrieben werden kann (Manuskript 4).

Zusammenfassend wird deutlich, dass sich die hier prisentierte neue Methode der Gel-
Fallen (Manuskript 1) als ein angemessener, nutzbringender Ansatz bewiesen hat, absinkende
Partikel zu sammeln und zu untersuchen (Manuskript 2, 3, 4 Appendix 1). Auflerdem habe
ich gezeigt, dass die Identifizierung des partikuldren Flusses wertvolle Details iiber die
Zusammensetzung des Flusses und die Prozesse liefert, die den Exportfluss in drei

verschiedenen Regionen des Siidlichen Ozeans bestimmen.






1. Summary

1.2 Summary

The surface ocean is coupled with the deep ocean via sinking particles that transport
carbon to depth. The downward export of biogenic particles redistributes carbon and nutrients
in the ocean and plays a significant role in controlling atmospheric CO, levels (Volk and
Hoffert 1985). This transport mechanism is known as the biological pump (Volk and Hoffert
1985; De La Rocha 2007). The strength of the biological pump depends on factors such as
surface primary production (PP) and export flux in the upper ocean (De La Rocha 2007). Only
a small amount (0.1-8.8%) of the organic material being formed in the euphotic zone (the
sunlit surface layer) through photosynthesis reaches the seafloor (Lutz et al. 2002). The vast
majority of the sinking particles is recycled, e.g. respired, degraded or grazed upon — and the
efficiency of the biological pump determines the fraction of primarily produced material
settling to depth (De La Rocha 2007). Most of the modification of the particulate matter
occurs in the mesopelagic zone, which adjoins beneath the euphotic layer and reaches down to
1000 m (Boyd and Trull 2007). However, the mechanisms influencing alteration of sinking
particles are not known in detail, but they are essential to understand export flux processes and
the sequestration of carbon at depth.

This thesis introduces further developments of a novel technique to examine intact
sinking particles making it possible to draw conclusions on export fluxes on the base of
individual particles. In three field studies, these data were compared to export flux data
received with other sampling technologies. The field studies took place in different regions of
the Southern Ocean. The focus of all studies was to investigate sinking particles and identify
export driving processes.

Although bulk sediment samples are commonly used for studying the biogeochemical
flux composition, they are limited in terms of preserving the original forms of particulate
matter (e.g. Asper 1987; Gardner 2000). Hence, free-floating sediment traps equipped with
polyacrylamide gels (PA gels) provide great potential to examine flux structure
(Manuscript 1). Successful examples of using these gels trap are given in Appendix 1,
Manuscript 1, 2 and 3, and the problems that might arise due to unsuitable trap design are
demonstrated in Manuscript 1 and 4.

The SAZ-Sense project was situated in the Southern Ocean south of Australia and
studied two sites in the Subantarctic Zone (SAZ) and one site in the Polar Frontal Zone (PFZ)
(Grifiths et al. in prep.). Within the SAZ, two contrasting sites in terms of surface biomass

accumulation and export fluxes were investigated: The site with higher PP showed lower
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1. Summary

export fluxes (dominated by faecal material), and the site with lower PP had high export fluxes
(mainly faecal material and to a small extent also of phyto-detritus aggregates; Manuscript 2).
The PFZ site was characterised by the lowest surface PP within SAZ-Sense and intermediate
export flux (small faecal pellets and chains of heavily silicified diatoms; Manuscript 2). The
sinking particles were distinguished because of their good preservation in PA gels, which
allows identifying intact individual particles. The magnitude of the PA gel based carbon flux
agreed with biogeochemical data obtained from bulk samples of two other free-floating
sediment traps (Manuscript 2). The overall dominance of faecal material was consistent with
the high grazing rates detected during the SAZ-Sense study (Manuscript 2).

KEOPS (KErguelen Ocean and Plateau compared Study) was carried out in the Indian
Sector of the Southern Ocean and examined the origin of elevated phytoplankton biomass in
naturally iron-fertilised waters over the Kerguelen Plateau in comparison to surrounding
HNLC-waters (Blain et al. 2007). Based on sinking particles collected with gel traps the
characteristics of the particulate flux of a high biomass site over the central plateau and a
moderate biomass site at its periphery were ascertained (Appendix 1). Aggregates of faecal
material were most abundant at both sites. Data from the underwater video profiler (UVP)
revealed that the fraction of large particles increased with depth, supporting the relevance of
grazing and subsequent repackaging of the sinking material (Manuscript 3). Furthermore, it
became evident that the magnitude of export flux over the plateau is much higher than off the
plateau despite the fact that the efficiency of carbon export is higher off the plateau
(Manuscript 3).

The iron fertilisation experiment LOHAFEX was carried out in the Atlantic Section of
the Southern Ocean and investigated a phytoplankton bloom that was induced by iron addition
(Smetacek and Naqvi 2010). The unicellular plankton collected with neutrally buoyant
PELAGRA traps displayed low diatom flux (Manuscript 4). Instead, unicellular plankton
carbon (UCP) flux was provided by dinoflagellates, flagellates, coccoid cells (2 pm in size)
and to a small extent diatoms; overall C flux was low (Manuscript 4). Whereas the fraction of
UCP was relatively small, faecal material was highly important with regard to POC flux. This
indicates that community structure within the LOHAFEX bloom can be described as a
recycling system.

In conclusion, the presented novel technique of using gel traps has proved to be a
valuable, good approach to collect and investigate sinking particles. Moreover, I showed that
the identification of the particulate flux provides valuable details on flux composition and

export flux determining processes in three different regions of the Southern Ocean.
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II. General Introduction

I1.1 The role of carbon in the oceans

In the oceans, carbon is essential for life of any form. It enters the ocean as CO, at the
surface, where equilibrium between atmospheric (gaseous) CO, and aqueous (dissolved) CO,
is established through a steady exchange. In the oceans, CO, exists as free CO,, as bicarbonate
(HCO5) and as carbonate ion (COs”). Different phytoplankton species use different CO,
sources for primary production (PP), but they all need sunlight as energy source. Thus, in the
euphotic zone (the sunlit layer of the ocean) biomass is formed by primary producers and the
dissolved inorganic carbon (DIC) is converted into organic carbon.

This organic material is now part of the production and recycling system of carbon in
the water column where it is passed on into the food web. Only a small fraction of the carbon
that entered the ocean at its surface settles down to the seafloor as particulate matter. During
this transit through the water column particles undergo changes in form and composition.
However, little is known about modification processes of sinking particles.

The amount of particulate organic carbon (POC) that reaches the deep ocean varies
between 0.1 and 8.8% of PP (Lutz et al. 2002). The surface ocean, where CO, is taken up by
phytoplankton, is coupled with the deep ocean (>1000 m), where some of this carbon is
sequestered through the ‘biological pump’. This pump is essential to flux dynamics in the
mesopelagic zone (100-1000 m), which is also called the ‘twilight zone’ as it is located
directly underneath the euphotic zone. In order to better understand the mechanisms
determining the ocean’s uptake of CO, and the subsequent burial of carbon in the deep sea this
study will focus on export processes with a special emphasis on particulate fluxes in the

mesopelagic zone (e.g. Boyd and Trull 2007).
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II. General Introduction

Table 1. Nomenclature of abbreviations used in this thesis.

CO, carbon dioxide

HCOy bicarbonate

C032' carbonate ion

DIC dissolved inorganic carbon

DOC dissolved organic carbon

POC particulate organic carbon

BSi biogenic silica

UPC unicellular plankton carbon

OM organic matter

TEP transparent exopolymer particle

PP primary production

NP new production

RP regenerated production

NCP net community production

HNLC High-Nitrate-Low-Chlorophyll

Fe iron

D organic matter decomposition rate (d‘])
w particle sinking rate (m dh

r radius (m)

g acceleration due to gravity (m s-%)

Ap density difference (g m™)

U dynamic viscosity of seawater (Pa s)

Z depth (m or km)

Zo depth of the euphotic zone (km)

Cux sinking flux of POC (mmol C m?d” ormg C m?>d™)
Cprod primary production (mmol C m™? d" or mg C m>d™)
Cexport export production (mmol C m?2d” or mg C m?2d")
p partition coefficient

by and b, D/W (m™)

UvP underwater video profiler

NBST neutrally buoyant sediment trap

SAZ Subantarctic Zone

PFZ Polar Frontal Zone

SEM scanning electron microscopy

AUV autonomous underwater vehicle

SANT Subantarctic Water Ring Province
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II. General Introduction

The biological pump—At the ocean’s surface organic matter (OM) is formed through
photosynthesis by taking up CO, from the atmosphere (Fig. 1), leading to the utilisation of
nutrients und solar energy by primary producers. The availability of macro nutrients (nitrate,
phosphate and silicic acid) and micro nutrients (such as iron and zinc) therefore has to be
adequate for build-up of biomass. With respect to nutrient supply, new production (NP) is
distinguished from regenerated production (RP). NP is defined as phytoplankton production,
derived from nutrients having their origin outside the euphotic zone (supplied by upwelling,
atmospheric deposition or nitrogen fixation), while regenerated production is based on
nutrients recycled within the euphotic zone (Dugdale and Goering 1967). Net PP (NPP) is the
sum of new and regenerated PP minus the energy that is used for respiration.

The build-up of OM is therefore indirectly responsible for a drawdown of atmospheric
CO; by the ocean (Volk and Hoffert 1985). This carbon then reaches the ocean’s interior
imbedded in marine particles which consist of POC and biominerals (Fig. 1). Part of this OM
is further transported to depths by different mechanisms, such as the solubility pump, the soft-
tissue pump and the carbonate pump (Volk and Hoffert 1985). The solubility pump is driven
by the differences of CO; solubility in warm and cold water, such as surface water and deep-
water. This pump is only active in Polar Regions, where it is fuelled by the increased CO,
solubility of downwelling cold water. It is called the physical pump, which differentiates it

from the soft-tissue and carbonate pump (Volk and Hoffert 1985). These two pumps arise

—
Z \
- - e_ . — N
organic |° ~_-‘photosynthesis ¥ | €2 surface mixed layer
T | matter | e e nutrients

respiration, degradation, grazing
- @ —>
v regpiration mesopelagiczone
degradation

—  grazng

y—

upwelling /

CO,
nutrients

deep ocean

7
SURUIS

co,
remineralisation nutrients

—_ gedimentation

Fig .1. A simplified view of the biological pump: Surface mixed layer, mesopelagic
zone and deep ocean are connected through several cycles. The major direction of
transport is from the surface into the deep, although recycling occurs at any depth, and
only a small amount of primarily produced matter is deposited at the sea floor.

13



II. General Introduction

from biological fluxes of organic material and calcium carbonate (CaCOs3) and are referred to
as biological pump (Volk and Hoffert 1985; Ducklow et al. 2001; De La Rocha 2007). These
transport mechanisms apply for both pools, for particulate organic material (POM) as well as
for dissolved organic material (DOM).

The strength and efficiency of the biological pump is determined by several factors,
such as production of OM and biominerals at the surface, settling of particulate material into
the deep and remineralisation of these particles (De La Rocha 2007). The appearance of
particles formed at the surface is influenced predominantly by the plankton community in the
upper layer. On the one hand, phytoplankton composition regulates the original material,
which can vary from small picoplankton to large diatom cells, whereas, on the other hand, OM
provided by primary producers can be mediated by zooplankton. The particles supplying the
pool of potentially exported material can therefore either be amorphous and fluffy (e.g. phyto-
detritus) or compact and dense (e.g. faecal pellets) or anything in between (e.g. coagulation of
faecal matter and/or aggregates of phytoplankton material) (compare also I1.3.). If they survive
bacterial degradation or zooplankton and chemical dissolution on their way to depth, the
sinking particles might reach the bottom of the ocean and be buried or consumed by organisms
living at the seafloor. This certainly depends on their sinking velocity (w), which according to
Stokes law (equation (1)) depends on particle size (of the radius r) and density (Ap as density
difference between particle and seawater):

_ 2gr*(bp)
W = “on (D)

with g being the acceleration due to gravity and u the dynamic viscosity of seawater.
Large particles may sink at faster rates than smaller ones. However, this can be reversed by
taking into account their morphology because large particles might be very fluffy and less
dense, while small particles may be more compact and enser. Beside particle creation due to
plankton interactions, mineral availability also affects particle characteristics as they might
increase particle density (compare also I1.3).

The strength and efficiency of the biological pump depends on many more factors,
such as the level of photosynthetic production and nutrient limitation, the amount of
zooplankton grazing and the degree of oxidative mineralisation at different depths in the water
column, followed by aggregation and settling. Thus, it is indispensable to examine the
complex system of biogeochemical cycles in the ocean including its interactions in order to
receive a better picture of processes such as the biological pump. This was one of the major

reasons for creating JGOFS, the Joint Global Ocean Flux Studies (see below).
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II. General Introduction

Carbon cycle in the ocean—It was only in the 1980s when the term ‘biogeochemical
cycles’ became familiar among scientists as they tried to describe the complex set of coupled
processes involved in global change to policy makers. In 1987, JGOFS was approved as a
Large Scale Ocean Project by the Scientific Committee on Oceanic Research (SCOR). The
JGOFS program was developed creating a long term study that encompasses the world’s
oceans with international participation. The goals of JGOFS included the need ‘To determine
on a global scale the processes controlling the time varying fluxes of carbon and associated
biogenic elements in the ocean...’, and ‘To develop the capability to predict on a global scale
the response of oceanic biogeochemical processes to anthropogenic perturbations, in particular
those related to climate change’ (SCOR 1990).

One of the initiatives of JGOFS was AESOPS (Antarctic Environment and Southern
Ocean Study), which focussed on two distinct regions: the Ross-Sea continental shelf and the
southwest Pacific Sector of the Southern Ocean (Smith et al. 2000). Some of the AESOPS
results will be discussed in more detail in II.3. In the Atlantic Sector of the Southern Ocean,
JGOEFS projects were conducted by POLARSTERN (e.g. Dubischar and Bathmann 2002;
Rutgers van der Loeff et al. 1997; 2002). For a review of Southern Ocean JGOFS see
Bathmann et al. (2000).

Knowledge on biogeochemical cycles and interaction between particular processes has
increased enormously in the last 30 years. But some uncertainty, for instance on feedback
mechanisms between rising CO;-levels in the atmosphere and ocean uptake of COy, is left and
the debate about global change is ongoing. The beginning of interactions between science and
policy in the 1980s was followed by numerous meetings, workshops and conferences. The
International Panel for Climate Change (IPCC) was established in 1988. The 4™ and most
recent IPCC Assessment report, which is a result of a joined work program by the
international science community, was published in 2007 and has been widely discussed. Minor
differences of opinions and some uncertainties notwithstanding the overall picture of the
global carbon cycle is becoming clearer (Fig. 2). However, the role of anthropogenic input and

its relevance for global change is much less apparent and still heavily under debate.
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Fig. 2. The global carbon cycle for the 1990s (IPCC report, 2007). Numbers in black show reservoirs and fluxes prior to the
industrial revolution and red numbers indicate anthropogenic input (data from Sabine at al. 2004; Sarmiento and Gruber 2006).
GPP is annual gross (terrestrial) primary production.

Beside the land biosphere, the oceans make up for the largest carbon reservoir: they
have taken up more than 100 Gt C since the industrial revolution as a result of the unbalanced
CO;, fluxes between ocean and atmosphere (Fig. 2). Had the ocean not acted as a carbon sink,
CO; level increase in the atmosphere from pre-industrial times (value of 180 ppm) until today
would have been about three times higher (Sabine et al. 2004).

Marine productivity accounts for roughly half the global PP with the other half being
provided by the terrestrial biosphere (Fig. 2). However, within different marine ecosystems
and throughout different ocean basins, neither the PP nor the efficiency of the biological pump
and the subsequent export fluxes are in the same range.

One third of the global oceans are characterised as so called High-Nitrate-Low-
Chlorophyll (HNLC) areas (i.e. areas with marginal productivity). Despite high nitrate levels,
PP in HNLC-waters is comparably low. Large areas of the Southern Ocean, the equatorial
Pacific and the northern North Pacific Ocean are affected by this phenomenon. It became
obvious that in these regions the biological pump is not operating at its full capacity. Another
factor limiting build-up of biomass (i.e. being essential to PP) besides macro nutrients are
micro nutrients (compare II.1). It was therefore suggested that micro nutrients, in particular

iron, might be limiting for phytoplankton growth rates in HNLC-areas (Martin et al. 1991).
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I1.2 The role of iron in the oceans

In the late 1980s the trace metal iron (Fe) came into focus as the limiting factor for PP
in HNLC areas (Martin and Gordon 1988; Martin et al. 1989). As postulated by Martin (1990)
atmospheric Fe input via dust was much higher during the last glacial maximum, coinciding
with increased PP in vast regions of the ocean, more efficient CO, uptake by phytoplankton
and consequently lower CO, levels in the atmosphere. The so-called ‘iron hypothesis’ has
since been investigated in HNLC-waters, with bottle experiments as well as iron-fertilisation
experiments (for areas up to 300 km2) and modelling studies (see Boyd et al. (2007) for a
recent review).

Since the beginning of the 1990s several mesoscale iron addition experiments were
performed in waters from Equatorial to Polar Regions (Table 2), and have verified that iron
enrichment enhances PP (de Baar et al. 2005; Boyd et al. 2007). In spite of biomass
accumulation at the surface and CO, uptake of the growing phytoplankton community, the
response of export fluxes is less clear (Boyd et al. 2007). Thus, it is not proved that iron
induced blooms transport CO; to depth when these blooms decline. This topic is still heavily
under debate (Buesseler et al. 2008). Iron fertilisation has been proposed as one way to
sequester carbon and thus counteract the rising atmospheric CO, levels due to human impact
(Smetacek and Naqvi 2008), but has also been strongly disapproved (Chisholm et al. 2001).
However, the scientific as well as political interest has attributed a lot of effort to studying iron
limitation in-situ in the last 20 years by conducting multiple iron enrichment experiments in

different parts of the Ocean (Table 2).

Table 2. List of conducted iron fertilisation experiments performed in different ocean basins (see Footnotes for explanations

of abbreviations); modified after Boyd et al. (2007).
Year Study Region
1993 IronEX I open equatorial Pacific Ocean, south of Galapagos Islands
1995 [ronEX II open equatorial Pacific Ocean (multiple iron addition)
1999 SOIREE Pacific sector of the Southern Ocean
2000 EisenEx Atlantic sector of the Southern Ocean
2001 SEEDS 1 Northwest Pacific
2002 SOFeX-S, SOFeX-N  Southern Ocean southeast of New Zealand, South and North
2002 SERIES Northeast Pacific (Subarctic)
2004 EIFEX Atlantic sector of the Southern Ocean
2004 SEEDS II Northwest Pacific
2008 LOHAFEX Atlantic sector of the Southern Ocean

Explanation of abbreviations: IronEx (I andII): Iron Enrichment Experiment; SOIREE: Southern Ocean Iron Release Experiment; EisenEx: Iron Experiment;
SEEDS (I and II): Subarctic Pacific Iron Experiment for Ecosystem Dynamics Study; SOFeX: Southern Ocean Iron Experiment; SERIES: Subarctic Ecosystem
Response Iron Enrichment Study; EIFEX: European Iron Fertilisation Experiment, LOHAFEX: Iron (‘Loha’ is hindi for iron) Fertilisation Experiment
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This study focuses mainly on the Southern Ocean and therefore only experiments that
took place in this region (plus the two initial experiments that demonstrated feasibility) are
discussed in more detail. The phenomenon of natural iron fertilisation will be considered as
well — again concentrating on Southern Ocean sites.

Iron fertilisation experiments—In fall 1993, shortly after the ‘iron hypothesis’ was
established (Martin 1990), the first iron fertilisation experiment IronEx I was conducted in
HNLC-waters of the open equatorial Pacific Ocean near the Galapagos Islands (Martin et al.
1994, Coale et al. 1996a, 1998). The results demonstrated a direct and unequivocal biological
response to added iron: PP and Chla increased, biomass levels in all classes counted were
higher than in the non-fertilised surrounding waters and there was evidence for increased
grazing (Martin et al. 1994). During IronEx II, where multiple iron addition was performed in
waters somewhat west to the IronEx I side, massive blooms were produced and a large
drawdown in atmospheric CO; and nutrients was detected (Coale et al. 1996a). Furthermore,
the results indicated that iron enrichment favours diatoms — which are known to be the main
driver of POC export to depth in vast areas of the ocean. Taking into consideration that most
HNLC areas are situated in the Southern Ocean where diatoms also are a key species in regard
to PP and export fluxes, similar experiments in these regions were a desideratum (Coale et al.
1996a).

In late austral summer 1999, the meso-scale Southern Ocean Iron RElease Experiment
(SOIREE) took place in the Pacific sector of the Southern Ocean in a HNLC area and
examined a diatom bloom responding to iron addition (Boyd et al. 2000). Despite increased
growth rates and a shift towards larger cells IN-patch (with iron addition), no increasing export
in comparison to OUT-patch stations (without iron addition) was observed with sediment traps
deployed at 110 and 310 m, respectively (Boyd et al. 2000; Trull and Armand 2001; Trull et al.
2001; Waite and Nodder 2001). The positive response of the phytoplankton community to iron
addition but the absence of enhanced export during this first iron enrichment experiment in the
Southern Ocean was motivation to investigate other regions of the Southern Ocean. The goal
of the Southern Ocean Iron Enrichment Experiment SOFeX, which was conducted south of
New Zealand in austral summer 2002, was to compare two different regimes in regard to iron
fertilisations: SOFeX-North was characterised by high nitrate and low silicic acid and SOFeX-
South by high nitrate and high silicic acid (Coale et al. 2004; Buesseler et al. 2004). Although
PP in the north was dominated by nonsilicious phytoplankton, export fluxes increased (in both
patches, SOFeX-North and —South) after iron addition (Coale et al. 2004). This indicated that

iron-limited carbon removal from these waters played a strong role (Coale et al. 2004).
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Moreover, three iron enrichment experiments conducted by the Alfred Wegener
Institute for Polar and Marine Research (AWI, Bremerhaven, Germany) with RV Polarstern
were performed in the Atlantic Sector of the Southern Ocean: EisenEx in spring 2000 (Assmy
et al. 2007), the European Iron Fertilisation Experiment (EIFeX) in summer 2004 (Bathmann
2005) and LOHAFEX in summer 2008 (see Manuscript 4 and Chapter III). During EisenEx a
strong species-specific response of the iron induced diatom bloom was observed, but the fate
of the EisenEx bloom is not known (Assmy et al. 2007). The EIFex bloom showed a decline at
the end (Hoffmann et al. 2006) which was followed by a sinking event that was detected in the
water column as well as in the sediments (Peeken et al. 2006; Smetacek et al. in prep.). So far,
this experiment was the only one to observe enhanced export fluxes to depths associated with
iron addition. Due to ship time constraints it was only possible to partially investigate the fate
of these two stimulated bloom before their final decline. That is why LOHAFEX, a third iron
enrichment experiment, was designed to allow for a complete examination of the senescent

bloom (http://www.awi.de/en/home/lohafex/).

Natural iron fertilisation—Beside atmospheric input in form of dust it has also been
observed that surface water plumes off islands can be enriched in Fe (e.g. Martin et al. 1994)
or that upwelling water can have an impact on Fe levels (e.g. Coale et al. 1996b). In the
Southern Ocean, albeit being the largest HNLC area, several mechanisms such as upwelling of
iron-rich deep water, lateral advection of Fe from the continental shelf or the release of
dissolved Fe from ice melting can account for natural iron fertilisation (e.g. Karl et al. 1991;
Ishii et al. 1998). For instance, it has been documented that phytoplankton blooms do occur in
the vicinity of islands (Sullivan et al. 1993; Tyrell et al. 2005). Two studies on continuously
occurring natural iron fertilisation were performed in the Indian Sector of the Southern Ocean:
the CROZet natural iron bloom and EXport experiment (CROZEX) in austral spring to
summer 2004/2005 (Pollard et al. 2007) and the KErguelen Ocean and Plateau compared
Study (KEOPS) in austral summer 2005 (Blain et al. 2007). The naturally occurring bloom off
the Kerguelen Island was found to be contingent on persistent iron fertilisation but its duration
was due to the concomitant supply of macronutrients from surrounding waters and from below
(Blain et al. 2007). Within this bloom, a smaller increase in export flux than in PP was
observed (Blain et al. 2007, Trull et al. 2001). This may partly reflect greater biomass
accumulation over the plateau but also stronger recycling (Trull et al. 2001), which is
consistent with the faecal material dominated particle flux (Appendix 1). During KEOPS, the
surface phytoplankton community was dominated by diatoms (Armand et al. 2008), which

stands in contrast to CROZEX, where silicic acid concentrations were limiting diatom growth
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in some regions of the bloom (Poulton et al. 2007). Accordingly, phytoplankton community
structure showed significant differences within the iron stimulated bloom during CROZEX
and was dominated by Phaeocystis antarctica in regions of low silicic acid concentrations
(Poulton et al. 2007). Carbon export deeper in the water column revealed association with
biomass accumulation at the surface (Marsh et al. 2007) and Pollard et al. (2007) postulated

that deep POC export was clearly linked to Fe-fertilised productivity at the surface.

Piysical mining
of DOM

Fig. 3. Pathways of particle formation and processes that are
important for particle transport to depth
(http://cafethorium.whoi.edu/website/images/tzex_imgl.jpg). In
the upper layer, partices can form via aggregation and/or
ingestion by zooplankton. These particles are then either
transported downwards or degraded by bacteria and/or
zooplankton or fragmented. The major mechanisms important
for transport to depth are passive sinking, physical mixing of
POM and POM and active transport by zooplankton vertical
migration.

I1.3 Export of organic matter to depth

In the ocean, particles such as phyto-detritus or faecal pellets can be formed in the
entire water column: at the surface (mainly regulated through PP), in the mesopelagic and
deep ocean as well as on the seafloor (Fig. 3). During their transit towards depth, particles are
very likely altered and thus undergo changes in terms of size, shape and composition (e.g.
Iversen et al. 2010). Particles leaving the sunlit surface layer can appear in various forms
(Fig. 3). Therefore, they are variably prone to either sinking or being recycled and may change
their forms during passage through the water column (e.g. Iversen and Ploug 2010; Iversen et
al. 2010). Modification of the sinking particles at depth generally plays an important role as
most of the flux attenuation occurs in the mesopelagic zone, but the processes being

responsible for these dynamics are only poorly understood (Boyd and Trull 2007).
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Character of the vertical flux of organic matter—Although the shapes of particulate
matter vary enormously ( ), particles are commonly divided into fragile marine snow and
more compact faecal pellets (compare review of Turner (2002)). Faecal pellets can originate
from different zooplankton species and thus differ considerably in shape and size ( ).
However, they have always been discerned from marine snow particles ( ), which are
characterised as being larger than 0.5 mm and are very various in shape and appearance
(Alldredge 1992). Recently it became evident that even much smaller particles are playing an
important role for the vertical export (e.g. Guidi et al. 2008; Stemmann at el. 2008).
Observations of in-situ images from particulate flux in the upper 200 m revealed that the
particle assemblage is covering a size range from 3.5 to 2000 um (Stemmann et al. 2008).
This indicates that beside the relatively large marine snow particles and faecal pellets, small
particles such as fractions of larger particles (for instance resulting from degradation processes)

have to be taken into consideration to understand flux dynamics.
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Nonetheless, marine snow sized particles (>0.5 mm) are the key drivers for export flux
in large areas of the ocean due to their high abundance and relatively high carbon content (e.g.

Allredge and Silver 1988; Alldredge and Gotschalk 1989; Silver and Gowing 1991). During
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the past few decades a whole range of terms was used to describe sinking particles being in
general referred to as marine snow: ‘flocs’ (Pomeroy and Deibel 1980; Hill 1998), ‘flakes’
(Alldredge and Youngbluth 1985; Shanks and Trent 1980) or organic aggregates of faecal
origin (Waite et al. 2005). Kiorboe (2001) proposed to distinguish between aggregates that
were formed via physical coagulation or through zooplankton-mediated aggregation. In
general, two pathways to create marine snow are postulated — they are either produced by
zooplankton or by coagulation of smaller particles (Alldredge 1992). Examples for the second
pathway are the rare events of mass sinking of phytoplankton blooms that might lead to a
downward flux of coagulated phytoplankton cells (see review of Beaulieu (2002) and
references therein). More recently Lam and Bishop (2007) suggested a separation into ‘more
tightly packed faecal pellets’” and ‘looser and less dense aggregates of faecal matter and marine

snow’. However, it makes sense to adhere to the concept of marine snow and faeces in general.
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Fig. 5. POC flux attenuation with depth (adapted from De La Rocha 2007).

Attenuation with depth—Less than half the particulate matter produced in the surface
layer survives transit through the mesopelagic zone and only a small amount reaches the deep
ocean and sediments (Boyd and Trull (2007) and references therein), as shown in Fig. 5. A

common approach of estimating POC flux at depth is using an empirical relationship between
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surface POC and either surface PP (Suess 1980) or export flux (Martin et al. 1987), as

depicted in equation (2) or (3), respectively:

—_ Cprod
Caux(z) = (0.02382z+0.212) (2)

7 )—0.858

Chux(z) = Cexport (g 3)

POC flux (Cqyy) at depth z (in km) is defined as a function of PP of organic carbon in
surface waters or POC export from the base of the euphotic zone (zy (in km)). In many areas,
POC flux cannot solely be predicted based on PP values (e.g. Bishop 1989; Boyd and Newton
1995; Lampitt and Antia 1997), indicating that the magnitude of PP may not be the most
important factor in determining flux to depths (Boyd and Newton 1999). Buesseler (1998)
claimed that varying food web dynamics and species assemblages, rather than higher PP at the
surface, may lead to an increasing flux to depth. Thus, surface PP and export from the
euphotic zone are decoupled in most cases (Buesseler 1998; Boyd and Newton 1995, 1999). In
conclusion, variations in POC flux into the deep ocean cannot be described by variability in
PP or export from the surface layer alone (Lutz et al. 2002).

Lutz et al. (2002) also stated that constant power law relationships (such as equation
(3)) generally overestimate deep water POC fluxes and hence underestimate particle retention
in the water column. Instead, they recommend using a region-specific empirical flux algorithm
(equation (4), modified after Andersson et al. (2004)), where POC flux (Cp,y) at depth z (in m)
is partitioned into a pool of fresh, labile POC degrading rapidly relative to its sinking rate
((1 —p)e~?7) and a pool of rapidly sinking or very refractory POC without significant
decomposition during transit to depth (pe~?2%). The two relationships for D /W are b; and by,

where D is the organic matter decomposition rate (d™') and W the particle sinking rate (m d™h.
Caux(z) = Caux, (1 — p)e™ P17 4 peP27| “4)

Based on the comparison of PP and flux dynamics in the water column (from surface
traps and moored sediment traps at depth), it became obvious that conditions and forcings that
serve to create and attenuate variability in flux are concentrated within 1000 m below the
euphotic zone (e.g. Honjo 1996; Buessler 1998; Lutz et al. 2002). A compilation of AESOPS
surveys (see II.1) suggests that in the mesopelagic zone up to 90% of surface POC are
remineralised in the Southern Ocean (Honjo et al. 2000), whereas below 1000 m changes in

POC fluxes are not significant (Nelson et al. 2002).
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Regional variability on the Example of the Southern Ocean—In the global ocean, the
fraction of NPP that is sinking out of the surface ocean (POC surface export flux) generally
ranges between 2 and 20%, with values reaching 50% in some regions (Boyd and Trull (2007)
and references therein). The fraction that sinks beyond 1000 m ranges from 6 to 25%
(Berelson 2001; Francois et al. 2002; Martin et al. 1987).

Compilations of trap data showed that the annual average POC export to the deep
ocean varies more than 10-fold globally (see Boyd and Trull (2007) and references therein).
Fischer et al. (2000) for instance reported POC fluxes at 1000 m that ranged from 0.01 g m™ y’
"in the Northwest Weddell Sea to 5.15 gm™ y ' at Cape Blanc. In the Southern Ocean, POC
export at 1000 m can range from 0.01 to 2.53 g m” y’l, with fluxes at the Polar Front being the
highest (Fischer et al. 2000). This coincides with relatively uniform POC fluxes of 1.7-
23gm?y" at 1000 m depth within the Polar Frontal Zone (PFZ) and the Antarctic Zone
(Honjo et al. 2000) and POC fluxes at the same depth between 1.7 and 2.5 gm™y’, in the
Ross Gyre and PFZ or Antarctic Circumpolar Current (Nelson et al. 2002). Within the Atlantic
Sector of the Southern Ocean POC fluxes between 800 and 1600 m are in the range of 0.03
and 5.13 g m? y"' (Antia et al. 2001). According to Boyd and Trull (2007) remineralisation
length scales in the Southern Ocean may differ from those in other regions. Generally, the
Southern Ocean might be primarily affected by seasonal and interannual variability, rather
than being characterised by any regime of high or low export efficiency (Lampitt and Antia
1997).

Although the Southern Ocean is one of the oceans which has been studied the least,
several data sets on surface conditions and flux rates (including PP, surface POC export flux
and deep POC export flux) exist and demonstrate the specifics of this ocean basin. These
characteristics allow the Southern Ocean to be distinguished from other regions of the world’s
oceans in many respects. Deep surface mixed layers and only moderate seasonal warming and
stratification are characteristic for the open Southern Ocean (e.g. Trull et al. 2001). Compared
to lower latitudes POC surface export fluxes at 100 m are relatively high in the Southern
Ocean with 30-50% of NPP (e.g. Buesseler, 1998; Nelson et al. 2002; Pondaven et al. 2000).
Buesseler et al. (2001) therefore concluded that the Southern Ocean is characterised by one of
the most efficient biological pumps. This is also in agreement with the findings of several
other studies showing that high surface POC export fluxes are not necessarily associated with
high PP but could also follow moderate phytoplankton biomass accumulation at the surface

(e.g. Rutgers van der Loeff et al. 1997) like it is characteristic for parts of the Southern Ocean.
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However, especially in the Southern Ocean the POC surface export flux is positively
correlated to degradation rates in the mesopelagic zone (Berelson 2001). This means that high
POC surface export often translates into strong modification processes of the sinking particle
assemblage in the mesopelagic zone. Furthermore, it has been validated in previous studies
that remineralisation rates in the mesopelagic zone of the Southern Ocean are very high (e.g.
Berelson 2001; Buesseler et al. 2001; Fischer et al. 2000; Honjo et al. 2000, Nelson et al.
2002). However, the responsible processes were not known in detail (Boyd and Trull 2007;

Buesseler and Boyd 2009).

The role of minerals—For the deep flux of particulate matter, relatively constant ratios
of around 5% POC of the total flux were recorded using a compilation of deep sediment traps
(Armstrong et al. 2002). CaCO3; and POC fluxes appear to be strongly correlated, with the
correlation between opal and POC being significant as well, but somewhat less pronounced
(Francois et al. 2002; Klaas and Archer 2002). In conclusion, it has been suggested that
minerals, such as CaCOs, opal or clay may act as ‘ballast’ and thus drive the vertical export of
POC (Armstrong et al. 2002; Francois et al. 2002; Klaas and Archer 2002).

The reasons for this observation might be a protection mechanism of minerals against
degradation of organic matter or the effect of increasing sinking velocities due to higher
density (ballast) and it was postulated that minerals have a certain carrying capacity for POC
(Armstrong et al., 2002; Francois et al. 2002; Klaas and Archer 2002). Alternatively, the cause
for this correlation could be vice versa: on its way to depth POC scavenges particles that are
too small to sink on their own (Honjo 1982; Passow 2004). From this perspective the 5% ratio
reflects the capacity of POC to carrying minerals as shown by laboratory experiments (Passow
and De La Rocha 2006). A third possibility is that there is no direct connection between POC

and mineral flux despite the correlation (De La Rocha and Passow 2007).

I1.4 Techniques to study vertical particle flux

In order to study particle fluxes a variety of tools are used, depending on the particular

scope of the research question. These include for example sediment traps of different designs,

pumping and/or filtration systems that transport water including its particulate load to the

surface, optical methods such as camera systems, profilers or floats and remote sensing, and,
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last but not least, the classical approach of collecting sinking particles ‘by hand’ via SCUBA
diving.

Filtration systems—Pumps and filtration units have been widely used to collect large
volumes of water and separate the particles therein by size (e.g. Abramson et al. 2010; Bishop
et al. 1985; Lam and Bishop 2007; Waite et al. 2005). One example is the multiple unit large
volume in-situ filtration system (MULVFS; Bishop et al. 1985; Lam and Bishop 2007), which
allows biogeochemical investigations of two particle size classes (separated by a 51 pum filter).
Furthermore, the collection of POM and DOM using pump systems offers the possibility to
investigate sinking particles and dissolved material simultaneously, and hence to gain insights
on dynamics between the particulate and dissolved pool (Abramson et al. 2010; Waite et al.
2005). This is of particular interest for understanding the underlying transition processes
important for formation and degradation of POM, which can have an impact on export flux
(compare also II.2 and I1.3).

Optical methods—Technologies based on purely optic measurements overcome the
disadvantage of filtration systems, which are likely to damage particle structure through high
pressure. As optics are designed to trace particles without interacting with them, they are
considered to deliver a realistic view of in-situ particle flux. From the first cameras used in the
1980’s (e.g. Honjo et al. 1984; Asper 1987) until today’s underwater camera systems (e.g.
Guidi et al. 2008; Stemmann et al. 2008) technologies have improved immensely.
Technologies like the marine survey camera (Honjo et al. 1984), the marine flux camera
(Asper 1987), the Underwater Video profiler (UVP) in the first generation (Gorsky et al.
1992), the Marine Snow Profiler (MSP, Lampitt et al. 1993), the Particle Camera (ParCa,
Ratmeyer and Wefer 1996) generated astonishing images that helped improving to understand
particle dynamics. Only recently, the development of optic and in-situ imaging techniques
made recordings of the complete particle size spectra feasible: the newest UVP generation can
handle > 90 pm — 2 cm (Gorsky et al. 2000, Guidi et al. 2008; Stemmann et al. 2008).

Remote sensing—The just mentioned techniques, however, only create a snap-shot of
the global ocean at one specific time on a small regional basis — mainly depending on ship
time. The aim to collect data on wider spatial and temporal scales was partially satisfied by
remote sensing. Although this satellite-based technique only observes the ocean’s surface and
hence does not supply information on fluxes in the water column, it is a powerful tool for
gaining consistent time-series of surface PP, which can be of importance for flux studies

because it is indirectly related to export processes (Trull and Boyd 2007).
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The Coastal Zone Colour Scanner (CZCS), which was the first radiometer launched
and operated from 1978 to 1986, demonstrated that near-surface Chla measurement was
feasible over long periods and large areas (Longhurst et al. 1995). Today, for instance, the
Sea-viewing Wide Field-of-view Sensor (Sea WiFS) continuously provides surface Chla data
(O’Reilly et al. 1998) and POC distribution (Allison et al. 2010) of most parts of the global
ocean. The Moderate Resolution Imaging Spectroradiometer (MODIS) is also a prevalent
satellite based sensor that delivers ocean wide data on, amongst others, surface Chla, sea

surface temperature and sea surface height (http://modis.gsfc.nasa.gov/). Global Chla-maps

played a major role in discovering the HNLC areas such as large parts of the Southern Ocean.
Nevertheless, remote sensing suffers from one large disadvantage: cloud cover inhibits
operation, which is a major concern in the Southern Ocean.

Floats—ARGO (Array for Real-time Geostrophic Oceanography) floats, a measuring
system covering large areas of the ocean independent of ship time and cloud cover are
beneficial for ocean wide observations. Moreover, they are programmed to dive to 2000 m
depth collecting depth profiles (in contrast to being restricted to the surface) and send their
data to a satellite when they surface (once every 10 days). Starting in 2000 the international
program ARGO deployed about 3000 long-lived autonomous profiling floats — for temperature,

salinity and mid-depth circulation — (http://www-argo.ucsd.edu/).

The Carbon Explorer, a faster derivate of the ARGO-style float has been equipped to
measure POC, describing the vertical structure of the water column and co-locating multiple
measurements using physical and bio-optical sensors (Bishop et al. 2002; 2004). Even though
it i1s not capable of measuring particle fluxes (Bishop et al. 2002) and it thus has limited
applicability for process flux studies, it provides valuable additional information on POC
distribution over wide depth ranges that can be referred to for comparison.

Gliders, autonomously diving and slowly moving platforms for measurements, belong
to the newest developments of oceanographic instruments. In principle they are ARGO floats
with small wings and a compass, which can be steered (in contrast to ARGO-floats that are
floating with ocean currents). Travelling for several months over distances of several thousand
kilometres, gliders continuously perform measurements along their characteristic zigzag dive
path (from the surface down to up to 1000 m depth). When they are at the surface they sent
their data to a satellite through which they can also be reprogrammed (http://www.ifm-

geomar.de/index.php?id=1241&1.=1).

Sediment traps—Although the above mentioned tools are subtle and beneficial for their

specific task, they all suffer from one major disadvantage: they do not return intact sinking
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particles. Sediment traps offer the possibility to directly collect and examine sinking particles
even though several problems are known to influence the reliability of sediment trap records
(for a recent review see Buesseler et al. (2007) and references therein). It has been challenged
whether or not particles settle vertically and whether or not different techniques (including
differently designed traps, time scale and oceanographic setting) are comparable. In particular,
two issues have to be considered: i) the aspect of quantitatively exact collection, and ii) the
representative character of the collected material.

As for 1) geometry of the trap and deployment conditions play an important role in trap
efficiency. It has been suggested to use cylindrical traps with aspect ratios of 3-5 (e.g. Gardner
1980a/b; Hargrave and Burns 1979) — generating a tranquil zone at the bottom of the trap,
which is essential for collecting sinking particles (Gardner 1980a/b). Hydrodynamic effects,
such as current velocities which can create turbulence, might result in a tilt of the trap and are
likely to lead to under- or overcollection (Gardner 1985). In order to reduce hydrodynamic
biases, free-floating sediment traps that are coupled with the water motion — in contrast to
moored sediment traps — were considered to be favourable (Staresinic et al. 1978). Although a
perfect coupling is virtually impossible (Gardner 1985), the development of neutrally buoyant
sediment traps (NBSTs) has been recommended as a step forward (Gardner 2000). They
present the least biased form of sediment traps in terms of hydrodynamics as they are free
vehicles that flow with the current and thus minimise internal flow (Valdes and Price 2000).
This technology has been approved in comparison with free-floating sediment traps (Stanley et
al. 2004). Beside the cylindrical NBSTs (e.g. Buesseler et al. 2000; Stanley et al. 2004; Valdes
and Price 2000), a trap design with funnel shaped collection devices was also used
successfully (Lampitt et al. 2008). Apart from the hydrodynamic bias, swimmers (metazoan
zooplankton and occasionally small fish that are thought to actively enter the trap) can have a
strong impact on collection efficiency (see review and comment from Lee et al. (1988)). Their
uninvited presence in sediment traps can either account for additional mass (mainly in
poisoned traps) or reduce the collected material through flux feeding (compare Lee et al.
(1988) and references therein). The development of the Intended Rotating Sphere (IRS) trap
was an improvement to avoid swimmer (Peterson et al. 1993; 2005). In addition, swimmer
picking is a common and essential way to correct for introduced errors (see Buesseler et al.
2007 for recommendations).

Concernig ii), swimmers also have a large effect as they can alter particle forms via
ingestion and/or disaggregation (Lee et al. 1988 and references therein). Furthermore,

swimmers can alter particle shape, size and composition through their swimming behaviour
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(Dilling and Alldredge 2001; Goldthwait et al. 2004). Another point is the disintegration of
marine snow by the collection devices of the sediment traps (Gardner 1985). Due to shear
motion in the vicinity of the deployed sediment trap the fragile material might easily be
destroyed during collection making it difficult to determine the original shape of the sinking
particles. Already at the very beginning of sediment trap studies the validity of collected
material was doubted: Within the trap new aggregates may potentially be formed from
particles that sank into it (as observed with a camera attached to a sediment trap by Asper
(1987)). Another concern for particle preservation within the trap is the effect of processes
such as chemical solution and/or bacterial degradation of the collected material (compare

Gardner (2000) and references therein).
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I1.5 Aims of the thesis

The main focus of this thesis is to investigate particle flux in the mesopelagic zone by
introducing free-floating gel traps and to compare results of this novel technique with other

sampling technologies as they were assessed in three different regions of the Southern Ocean.

The following hypotheses will be tested in this study:

I Structure and composition of sinking particles provide information on the

mechanisms of particle flux and modification.
IT Free-floating gel traps are well suited to collect intact sinking particles.

III Different magnitude and composition of biogenic particle fluxes in different

regions of the Southern Ocean can be categorised as biogeochemical provinces.

Much is known about processes at the surface ocean, where DIC is converted into
organic carbon through photosynthesis, leading to a build-up of biomass. It is also known that
only a small amount of carbon that is fixed during PP settles at the seafloor where it is buried
for thousands of years and that the biological pump can act as a mechanism to transport carbon
to depths. Taking into consideration that the vast majority of the initially produced POC is lost
during transit through the water column, it becomes clear that processes which determine the
efficiency of the biological pump are essential to understand flux dynamics in the oceans. Due
to most of the flux modification occurring in the mesopelagic zone, it is necessary to ask the
question of what is happening to sinking particles within this zone. In order to address this
question, a technique is required that allows studying the flux on the base of individual

particles.

The aim of this study is to test a novel technique, consisting of the combination of free-
floating sediment traps and polyacrylamide gels (PA gels), which will be referred to as gel
traps. Beside other tools such as ‘normal’ free-floating sediment traps, NBSTs and camera
systems, these gel traps were