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Zusammenfassung

Aufgrund seines limitierenden Einflusses als N&hrstoff ist reaktiver Stickstoff von grol3er
Bedeutung fir die biologische Produktivitat. Reaktiver Stickstoff kommt hauptsachlich in
oxidierte Form (Nitrat und Nitrit) oder reduzierter Form (Ammonium) vor. Die Oxidations-
stufen des Stickstoffs und die Umsatzprozesse hangen stark vom Redoxzustand des
aquatischen Milieus und damit vom Sauerstoffgehalt ab. 30 bis 50% des Verlusts an
reaktivem Stickstoff erfolgen in den Sauerstoffminimumzonen der Ozeane. Alle biotischen
Stickstoffumsétze, die nicht vollstdndig ablaufen, sind mit einer Isotopenfraktionierung
verbunden und die *°N/**N-Isotopenverhaltnisse der geldsten anorganischen Stickstoff-
verbindungen oder des partikuldren Materials tragen wichtige Informationen uber die
Stickstoffquellen und -senken sowie Uber die Umsatzprozesse selbst.

Diese Dissertation befasst sich hauptsédchlich mit dem Stickstoffkreislauf in den
Sauerstoffminimumzonen des Arabischen Meeres und des Benguela-Auftriebsgebiets vor der
Kiste Namibias. Die grofle Sauerstoffminimumzone des offenen Arabischen Meers ist
rdumlich  getrennt von der hochproduktiven  Auftriebszone vor Oman. Die
Sauerstoffminimumzone des Benguela Auftriebsgebiets ist dagegen um einiges kleiner und
auf dem ebenfalls hochproduktiven Schelf gelegen. Gemeinsam haben beide, dass alle
Stickstoff-Umsatzprozesse, die mit sauerstoffarmen Bedingungen einhergehen, auftreten —
wenngleich in unterschiedlicher Gewichtung. Das Hauptaugenmerk dieser Dissertation liegt
auf der Identifikation der innerhalb des Stickstoffkreislaufs stattfindenden Prozesse in beiden
Arbeitsgebieten. Dazu nutze ich Daten zu den Verhaltnissen der stabilen Stickstoffisotopen in
geléstem und partikuldarem Stickstoff sowie Né&hrstoffdaten. Im Arabischen Meer liegt der
Fokus auf der rdumlichen Verteilung des Stickstoffdefizits und der Quantifizierung der
Nitratreduktion und Nitritoxidation. Im Benguela-Auftriebsgebiet liegt das Augenmerk auf
der Generierung und dem Ausgleich des Stickstoffdefizits. Ein weiterer Aspekt meiner
Dissertation befasst sich mit der Frage, ob sich die in der Wassersaule identifizierten Prozesse
und Mechanismen in den stabilen Stickstoffisotopenverhéltnissen der Sedimente des
Benguela-Auftriebsgebiets widerspiegeln. Deshalb wurden Aminosaurezusammensetzungen
der Suspensionsfracht und der Oberflachensedimente analysiert, um die Herkunft sowie die
Auswirkungen des  Abbaus von organischem  Material auf die stabilen

Stickstoffisotopenverhaltnisse zu untersuchen.

Im Arabischen Meer werden ungewdhnlich hohe N-Isotopenverhéltnisse in partikularem

Stickstoff und im Nitrat der Nitratreduktion und Denitrifikation zugeschrieben, die in einer



ausgedehnten Sauerstoffminimumzone (200-1500 m Wassertiefe) stattfinden. Dabei wird
frisches absinkendes organisches Material durch heterotrophe denitrifizierende Bakterien
besiedelt, die aus Mangel an geldstem Sauerstoff Nitrat verwenden, um das organische
Material zu oxidieren. Wie unsere Untersuchungen an stabilen Nitrat- und Nitritisotopen
zeigen, finden Denitrifikation und Nitritoxidation (NO,” —> NOj3") hauptséchlich zwischen
100 und 400 m Wassertiefe statt, wo sich das Nitrit bis zu einer Konzentration von 6 uM/I als
Zwischenprodukt der Denitrifizierung anreichert. Etwa 50% der Ausgangsmenge des Nitrats
wird in der Denitrifikationszone bis 400 m Wassertiefe reduziert. Nitritoxidation findet am
oberen und unteren Rand der Denitrifikationszone statt, da sich dort die Stickstoff- und
Sauerstoffisotopenverhaltnisse des Nitrats und Nitrits nicht parallel verdndern. Basierend auf
Isotopen- und Stoffbilanzrechnungen schétzen wir, dass 25% des als Zwischenprodukt der
Denitrifikation akkumulierten Nitrits zu Nitrat rickoxidiert werden, wahrend etwa 40% des
akkumulierten Nitrits weiter zu N denitrifiziert werden. Obwohl anoxische Bedingungen
auch unterhalb von 400 m Wassertiefe vorherrschen, finden wir dort nur rdumlich sehr
begrenzte Anzeichen fur Denitrifikation — maoglicherweise aufgrund von mangelnder

Verfugbarkeit von geeignetem organischem Material.

Die stabilen Stickstoffisotopenverhéltnisse des Nitrats aus dem Benguela-
Auftriebssystem zeigen, dass der jahrliche Stickstoffverlust aufgrund der Denitrifikation etwa
150 Mal niedriger ist als im Arabischen Meer. Denitrifikation, anaerobe Ammoniumoxidation
und Phosphatfreisetzung aus den Sedimenten in der Sauerstoffmimimumzone erzeugen
jedoch ein erhebliches Stickstoffdefizit relativ zu Phosphat in der Kiistenauftriebszone. Sowie
das Oberflachenwasser mit dem windinduzierten Ekman-Transport von der Kiste wegtreibt,
verringert sich das Stickstoffdefizit, obwohl wir nur ambivalente Anzeichen fiir No-Fixierung
aus der Atmosphére finden und die entsprechende Stickstoffzufuhr durch N,-Fixierung sechs
Mal niedriger ist als der Stickstoffverlust durch Denitrifikation. Schelfkantenauftrieb und
turbulente Mischung (ber die Thermokline hinweg gleichen das Stickstoffdefizit
hauptsachlich aus. Das Brechen interner Wellen und Tiden an den Schelfkanten mischt
Wasser mit Stickstoffuberschuss ein, das bis hinauf an die Basis des durchmischten

Oberflachenwassers gelangt und somit als Stickstoffquelle fungiert.

Ein weiteres Kapitel meiner Dissertation befasst sich mit den Wechselwirkungen
zwischen Suspensionsfracht und Sedimenten sowie dem Abbau von organischem Material

und dessen Auswirkungen auf die stabilen Stickstoffisotopenverhaltnisse im Sediment. Im



Benguela-Auftriebsgebiet werden hohe Stickstoffisotopenverhéltnisse in den kistennahen
Sedimenten  der Nitratreduktion und der Anammox-Reaktion innerhalb  der
Sauerstoffminimumzone zugeschrieben. Durch den Einfluss interner Wellen und Tiden
werden Sedimentpartikel stellenweise umgelagert und dabei diagenetisch umgewandelt. Die
Aminosaurezusammensetzungen der Sedimente zeigen, dass das organische Material
innerhalb der Sauerstoffminimumzone besser erhalten ist als auf3erhalb. Entsprechend werden
die hohen Stickstoffisotopenverhaltnisse entlang der Kiste nicht durch verstarkten Abbau
organischen Material verursacht, sondern sind Ausdruck der in der Sauerstoffminimumzone
stattfindenden Prozesse im Stickstoffkreislauf. Eine Hauptkomponentenanalyse mit den
Aminosduredaten  zielte darauf ab, die Herkunft und Wechselwirkungen von
Suspensionsfracht und Sedimenten zu erfassen. Dabei stellte sich heraus, dass die
Suspensionsfracht nicht wie erwartet aus einer Mischung von frischen planktonischen Partikel
und resuspendierten Sedimenten besteht, sondern einen eigenstédndigen Partikeltyp darstellt,

der nur untergeordnet im Austausch mit den Sedimenten steht.



Summary

Reactive nitrogen plays a key role in biogeochemical cycling, because it is a limiting
nutrient for biological productivity. Reactive nitrogen mainly occurs in forms of oxidized N
(nitrate and nitrite) or reduced form (ammonium). The redox state and oxygen level of the
aquatic environment are crucial for the oxidation state of nitrogen and thus for nitrogen
cycling processes. 30 to 50% of the oceanic reactive nitrogen loss is estimated to occur within
oxygen minimum zones. All incomplete biotic nitrogen turnover processes are associated with
an isotope fractionation and the **N/**N isotope ratios of the dissolved inorganic nitrogen
forms or the particulate matter carry important information about nitrogen sinks and sources.

The dissertation mainly focusses on nitrogen cycling in the oxygen minimum zones of the
Arabian Sea and the Benguela upwelling system off Namibia. The Arabian Sea hosts a large-
volume oxygen minimum zone that is spatially decoupled from the highly productive
upwelling zone off Oman. The oxygen minimum zone in the Benguela upwelling system is
much smaller and situated on the shelf. Both have in common that all N turnover processes
that are associated with oxygen depleted conditions occur — albeit in different proportions.
Here, | use nutrient data and data sets of dissolved and particulate stable N isotopes to
elucidate nitrogen turnover processes in both study areas. In the Arabian Sea, | focus on the
spatial distribution of the N-deficit as well as on the quantification of nitrate reduction and
nitrite oxidation. One main focus of my work in the Benguela upwelling system lies on the
formation and balancing of the generated N-deficit. Another key aspect of the thesis deals
with the question whether the N-cycling processes identified in the water column are reflected
in the stable N isotope ratios of surface sediments. Thus, amino acid compositions of
suspended matter and surface sediments were analysed to investigate the origin and cycling of

particles and the effects of organic matter degradation on stable N isotope ratios.

In the Arabian Sea, unusually high particulate N and nitrate isotope ratios were attributed
to nitrate reduction and denitrification that occur in the comprehensive oxygen minimum zone
(200 to 1500 m water depth). Sinking organic matter is populated by heterotrophic
denitrifying bacteria that use nitrate to oxidize organic matter due to the lack of molecular O.
As our investigations on stable nitrate and nitrite isotopes show, denitrification and nitrite
oxidation (NO,” —> NOj3’) mainly occur between 100 and 400 m water depth, where nitrite
accumulates up to <6 UM as an intermediate product of denitrification. About 50% of the
initial nitrate is being reduced in the denitrification zone down to 400 m water depth. We
identify nitrite oxidation at the upper and lower margin of the denitrification zone by a
v



decoupling of nitrogen and oxygen isotopes in nitrate and nitrite. Based on mass balance
calculations, we estimate that 25% of the nitrite accumulated as an intermediate of
denitrification is reoxidized to nitrate while about 40% of the accumulated nitrite is denitrified
to N,. Although anoxic conditions prevail below 400 m water depth, we find only spatial
indications for denitrification there - probably due to the paucity of suitable organic matter

availability.

Stable N isotope ratios of nitrate from the Benguela upwelling system reveal that the
annual N-loss due to denitrification is about 150 times less than in the Arabian Sea.
Denitrification and phosphate release from sediments in the oxygen minimum zone create a
significant N-deficit over phosphate in the coastal upwelling zone. The N-deficit diminishes
as surface water moves offshore with the Ekman transport although indications for No-
fixation are ambiguous and the corresponding N supply by fixation is six times less than the
estimated N-loss due to denitrification. Shelf break upwelling and turbulent mixing across the
thermocline mainly balance the N-deficit offshore the inner shelf break. The breaking of
internal waves and tides at the shelf breaks entrains water with N-excess to the base of the

mixed layer and thus acts as an N-source.

Another chapter of this thesis deals with the interaction between suspended matter and
surface sediments and with the degradation of organic matter and its impact on sedimentary
stable N isotope ratios. High sedimentary N isotope ratios near the coast off Namibia are
commonly attributed to nitrate reduction and anammox within the oxygen minimum zone.
Organic matter is degraded during the resuspension of sediments which is caused by the
effects of internal waves and tides. The amino acid compositions of surface sediments shows
that organic matter is better preserved within the oxygen minimum zone than outside. Thus,
high stable N isotope ratios in surface sediments along the coast are not caused by enhanced
degradation. In fact, they are induced by N turnover processes within the oxygen minimum
zone. A principal component analysis carried out with the amino acid data aimed to identify
the origin and cycling of suspended matter and surface sediments. Contrary to my
expectations, suspended matter was not a mixture of fresh phytoplankton and resuspended
surface sediments. The results reveal that suspended matter is a discrete type of particulate
matter which is hardly in exchange with surface sediments.
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Introduction

1. Introduction

1.1. Oxygen minimum zones

Oxygen minimum zones (OMZs) or oxygen depleted zones (ODZs) are often found in
wind-driven upwelling systems where aged oxygen-deficient and nutrient-rich water masses
fuel primary production in the euphotic zone. The combination of high organic matter export
and subsequent oxic decomposition together with poor ventilated mid-depth water masses
leads to permanently oxygen-depleted or anoxic conditions in subsurface waters (Wyrtki,
1962).

Oxygen depleted conditions in the water column are frequently caused by a combination
of low O, supply from oxygen-deficient deep- or intermediate water masses, and high
productivity in surface water in combination with oxygen-requiring respiration processes
(Deutsch et al., 2001). Upper oxygen thresholds to define OMZs depend on the context of the
study and range from <2 uM to ~90 uM (Karstensen et al., 2008; Lam and Kuypers, 2011;
Paulmier and Ruiz-Pino, 2009). In ~1% of the global ocean volume, oxygen concentrations
drop below 20 uM (Fig. 1.1.) and microorganisms exploit alternative electron acceptors than
oxygen for the respiration of organic matter and carbon fixation (Lam and Kuypers, 2011;
Smethie, 1987). Oxygen concentrations in the oceans have varied widely in the geological
past and oceanic anoxic events caused ocean-wide black shale deposition and extinction
events for instance in the Jurassic and Cretaceous (Jones and Jenkyns, 2001) and at the end of
the Permian (Benton and Twitchett, 2003). Models and observations indicate recently
decreasing O, concentrations in subsurface waters including an expansion of the major
oceanic OMZs (Oschlies et al., 2008; Shaffer et al., 2009; Stramma et al., 2008).
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Fig. 1.1: Mean annual dissolved O, concentrations at 400 m water depth (World Ocean Atlas, 2009).
Oxygen minimum zones that are discussed in this thesis are marked on the map (1, Arabian Sea
oxygen minimum zone; 2, Benguela Upwelling System off SW-Africa). Note that the cores of
different OMZs are located in different water depths and that the core of the Namibian OMZ is
situated on the shelf (<300 m).

1.2. Nitrogen deficits in oxygen minimum zones

Nitrogen is a key nutrient of life on Earth and is thought to limit primary production in
much of the world’s oceans (McCarthy and Carpenter, 1983). Nitrogen has a direct influence
on the radiative properties of the atmosphere, because nitrous oxide (N.O), an intermediate
gaseous component of nitrogen cycling, is a greenhouse gas and increases in the atmosphere
(Kahlil and Rasmussen, 1992). However, more important with respect to climate change is the
impact of nitrogen as a nutrient to fix carbon and sequester atmospheric CO; due to the tight
coupling between the oceanic N and C cycles (Gruber and Galloway, 2008).

Primary producers require reactive nitrogen (reduced and oxidized forms of nitrogen) in
stoichiometric proportions to carbon and phosphorus for growth. The so-called Redfield Ratio
of 106C:16N:1P on a mol:mol basis characterizes marine phytoplankton grown under optimal
nutrient conditions as well as dissolved nutrients in seawater, and the expression of long-term
regulation by assimilation and remineralisation. Removal of reactive nitrogen from the
oceanic pool mainly occurs in OMZs due to heterotrophic denitrification and anammox. Both
reactions convert reactive nitrogen into N, that escapes to the atmosphere, and thus produce
an N-deficit over phosphorus. Redfield ratios decrease to below 16 and reactive nitrogen
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becomes a limiting nutrient in the OMZ, and in upwelling systems, where these waters reach
the euphotic zone.

The nutrient-derived tracer N* (Fig. 1.2; Gruber and Sarmiento, 1997) represents a
method to analyze the impact of N-loss (denitrification and anammox) and N-excess (N
fixation; Fig 1.3) on the oceanic NO3" distribution by focussing on deviations from the overall
Redfield stoichiometry. N* is defined by the linear relation of nitrate and phosphate, where
2.9 pmol/kg were added to obtain a global mean of zero (Gruber, 2008; Gruber and
Sarmiento, 1997).

N*=NO, —16P0O,” +2.9umol /kg (1)

Negative values indicate an N-deficit over phosphate and are caused by either N-loss
processes like heterotrophic denitrification and anammox in the OMZs or in sediments, or by
efflux of phosphate from sediments. The N-deficit is more pronounced in the Arabian Sea
than in the Benguela Upwelling System (Fig. 1.2). Positive N* values are caused by
diazotrophic N fixation in surface waters from atmospheric dinitrogen and mostly occur in

the subtropical gyres.

N* [umol/kg] @ Depth [m]=400

180°W 90w 0° . 90°E

Fig. 1.2: N* in 400 m water depth (World Ocean Atlas, 2009). Major oceanic OMZs can be identified
by N-deficits (negative N* values) that are again situated in different water depths. Excess N relative
to phosphate (positive values of N*) is found in areas where particulate N from diazotrophic N,-
fixation is remineralised and adds to the dissolved nitrate pools.
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1.3. Nitrogen cycling in oxygen minimum zones and adjacent ocean regions

The oceanic N-cycle (Fig. 1.3) is highly dependent on redox conditions since nitrogen
can be easily oxidized and reduced by marine organisms, and the prevailing form of nitrogen
is mainly controlled by oxygen concentrations. Nitrogen has five relatively stable oxidation
states. Nitrate (NO3’) is the most oxidized form of nitrogen and the first preferred alternative
electron acceptor for respiration of organic matter within the electrochemical series. It yields
almost as much energy as oxic respiration of organic matter (Froelich et al., 1979) and thus

occurs in sediments and water column OMZs.

Atmosphere

P

assimilation’

A
=
I

-+

org ammonification? > 4

\uonejiwisse

omz

> |NO

heterotrophic denitrification

Fig. 1.3: The oceanic N-cycle in OMZs and the adjacent ocean. Decreasing O, concentrations are
indicated by intensifying colour shading. Anammox and heterotrophic denitrification produce N, and
cause an N-deficit over phosphorus. Nitrate reduction and DNRA are remineralisation processes that
produce NO, and NH,". Nitrification consists of two individual steps: ammonia oxidation seems less
tolerant towards low O, concentrations than nitrite oxidation.

! these assimilatory processes as well as diazotrophic N, fixation are mostly carried out by

photoautotrophs that are restricted to the euphotic zone.

2 Ammonification is not restricted to certain O, concentrations. Adapted from Lam and Kuypers
(2011).



Introduction

1.3.1 Heterotrophic denitrification

During heterotrophic denitrification (Fig. 1.3) organic matter is respired with NOj" that is
reduced to N; via several intermediate products (NO,’, NO and N,O). The complete reaction
is considered as (Richards, 1965):

(CH,0),4s(NH,), H,PO, +84.8HNO, — 106CO, +42.2N, +148.4H,0 + 16NH, + H,PO,

where (CH,0)106(NH3)16H3PO, represents the average composition of organic matter. Nitrate
reduction (Fig. 1.3) — the first step of heterotrophic denitrification — releases nitrite (NO,") and
ammonium (NH;"), which accounts for roughly 10% of the produced nitrite (Lam et al.,
2009). Nitrite often accumulates in oceanic OMZs within the secondary nitrite maximum
(Fiadeiro and Strickland, 1968; Naqvi, 1991) because nitrate reduction is carried out more
commonly and by more bacterial species than the reduction of nitrite to N, (Zumft, 1997).
Heterotrophic denitrification is reported to occur between O, concentrations of <2 uM and 25
MM (Devol, 1978; Kalvelage et al., 2011; Smethie, 1987). But as being facultative anaerobes,
denitrifying bacteria are able to survive higher oxygen concentrations in dormant stages and
thus play an important role in structuring the microbial diversity in the OMZs (Jones and
Lennon, 2010; Lam and Kuypers, 2011).

1.3.2 Anammox

During the chemoautotrophic anammox reaction, ammonium is oxidized with nitrite to
N (Fig. 1.3):
NO,” + NH,” — 2N, +2H,0

Anammox is more oxygen-tolerant than denitrification and is not fully inhibited in seawater
up to oxygen concentrations of ~20 uM (Jensen et al., 2008; Kalvelage et al., 2011).
Anammox occurs in OMZs at zones where NOj concentrations decrease and NO;
accumulates. Interestingly, anammox is found over a wide range of NH," concentrations from
micromolar levels to below the detection limit (Kuypers et al., 2005; Lam and Kuypers, 2011,
Thamdrup et al., 2006). Ammonium availability is the major limiting factor for anammox
since low ammonium concentrations induce low anammox rates. Thus, anammox often is
associated with ammonium producing processes, such as dissimilatory nitrate reduction to

ammonium (DNRA), or nitrate reduction (Lam et al., 2009).
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1.3.3 Dissimilative nitrate reduction to ammonium (DNRA)

DNRA is also known as nitrate/nitrite ammonification and occurs in the water column
and sediments. As during nitrate reduction, organic matter is respired in the absence of
oxygen for carbon fixation (Fig. 1.3). The DNRA electron potential is slightly below that of
denitrification, but nitrate/nitrite ammonifiers have competitive advantages under NOj™-
limited conditions, since denitrifying bacteria consume more NO3; per mole of organic
substrate (Strohm et al., 2007). DNRA often is linked to other nitrogen cycling processes and
elemental cycles since nitrate ammonifiers are able to use alternative respiratory pathways,

such as sulphate reduction.

1.3.4 Nitrification

During nitrification, nitrate is produced by the oxidation of ammonium via two
independent steps: oxidation of ammonium to nitrite and nitrite oxidation to nitrate (Fig. 1.3).
During the first step of nitrification, NH,;" has to be converted into NH3 for further enzyme-
catalyzed reactions in order to form NO,. Therefore, this step is called ammonia oxidation.
Most ammonia-oxidizing bacteria (AOB) are lithoautotrophs that require molecular oxygen,
ammonia as an electron acceptor, and CO; as a carbon source (Ward, 2008). But AOB have
developed several pathways to grow under oxygen-deficient conditions, for instance by using
the nitrifier denitrification reaction, where organic compounds are used to reduce NO, to N,
or N,O under anoxic conditions to oxidize ammonia (Bock et al., 1995). Apparently,
ammonia oxidizers are well-adapted to oxygen-deficient conditions, probably because of
higher ammonium availability in suboxic environments (Lam and Kuypers, 2011). **N tracer
studies carried out in the eastern tropical south and north Pacific OMZs observed significant
ammonia oxidation rates (Lam et al., 2009; Lipschultz et al., 1990; Ward et al., 1989; Ward
and Zafiriou, 1988) that can account for 6-33% of the total NO,™ production in the Peruvian
OMZ (Lam et al., 2009). Ammonia oxidation also contributes significantly to the secondary
nitrite maximum in the upper boundary of the Arabian Sea OMZ (Lam et al., 2011) that was
formerly thought to be a result of nitrate reduction alone (Naqvi, 1991).

Nitrite oxidation is the second step of nitrification and is mainly a chemolithoautotrophic
process that produces NOs™ (Fig. 1.3):

NO, +0.50, - NO,"

To a lesser extent also chemo-organotrophic and mixotrophic organisms occur that use

simple organic compounds (Bock, 1976; Daims et al., 2001; Freitag et al., 1987) or they are

6
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able to respire NO3" in the absence of oxygen (Bock et al., 1988; Freitag et al., 1987). Nitrite
oxidation is apparently less sensitive to low oxygen concentrations compared to ammonia
oxidation (Lam and Kuypers, 2011) and penetrates deeper into OMZs. Nitrite oxidation is
even found under anoxic conditions (Fussel et al., 2011) in the Namibian OMZ. Studies from
the Pacific OMZs and the Namibian OMZ report that nitrite oxidation rates exceed ammonia
oxidation rates due to an additional NO, source from nitrate reduction (Fussel et al., 2011,
Lipschultz et al., 1990; Ward et al., 1989). Thus, re-oxidation of NO;, seems an effective

process in OMZs to dampen the N-loss caused by heterotrophic denitrification or anammox.

1.3.5 Assimilation

During assimilation, nitrate, nitrite and ammonium are utilized mostly by
photoautotrophs in conjunction with photosynthetic carbon assimilation (Fig. 1.3). Carbon,
nitrate or ammonium and phosphate are taken up in Redfield stoichiometry as indicated by the

stoichiometric ratios (Andersen, 1995):
106CO, +16NO,” + HPO,” +78H,0 +18H " — C,, H,,.0,,N,;P + 1500,
or

106CO, +16NH," + HPO,” +48H,0 +140H ~ — C,,,H,,.0,,N,,P +1180,,

where CiosH175042N16P is the average composition of organic matter. NH;  is the
energetically most preferred source of reactive nitrogen for phytoplankton (Zehr and Ward,
2002). The assimilation of NO3;™ and NO," involves the reduction to NH," by assimilatory
NOs and NO;" reductase before it can be converted into biomass (Falkowski, 1983). Thus, it
is not surprising that more phytoplankton species assimilate NH," instead of more oxidized

forms of nitrogen.

1.3.6 Ammonification

Ammonification is the release of NH," from organic matter (Herbert, 1999) during
remineralisation (Fig. 1.3) and is mostly carried out by bacteria in sediments and in the water-
column. Thus, microorganisms responsible for DNRA and nitrate reducers are considered as
ammonifiers. Ammonification rates depend on the quality of organic matter, e.g. whether it is
labile or highly refractory (Buchsbaum et al., 1991). Thus the reaction can either be a simple
deamination or a complex series of metabolic steps involving several hydrolytic enzymes. The

overall reaction can be summarized as (Herbert, 1999):
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Protein POeinases  pentides PeRUdSEs  Aming acids MmN Organic acid + NH, "

Recycling and ammonification of organic matter accounts for 20 to 80% of the N-
requirements of phytoplankton in shallow coastal waters (<50 m; Hansen and Blackburn,
1992; Jensen et al., 1990).

1.3.7 Diazotrophic N-Fixation

Diazotrophs can grow without sources of reactive nitrogen due to their ability to fix
atmospheric dinitrogen (Fig. 1.3). Most research on pelagic N, fixation has focused on the
filamentous cyanobacterium Trichodesmium since it is the most common pelagic bloom-
forming species. But also unicellular coccoid cyanobacteria and cyanobacterial
endosymbionts in diatom and flagellates exist, as well as diazotrophic bacteria and archaea.
N, fixation mainly occurs in subtropical and tropical latitudes. Maximum growth rates and N,
fixation rates in surface waters were measured between 24°C and 30°C (Breitbarth et al.,
2007), but low activity has been observed down to water temperatures of 18.3°C (McCarthy
and Carpenter, 1979). Co-limiting factors on growth rates and N fixation rates are iron and
phosphorus availability (Rueter, 1988; Sanudo-Wilhelmy et al., 2001). Low N:P ratios of
available nutrients - like in surface waters adjacent to OMZs - promote N, fixation (Niemi,
1979). Based on geochemical estimates, observations and field studies, N:P ratios of
diazotrophs are between 125 and 40 and are thus much higher than the Redfield ratio (Karl et
al., 1992; Letelier and Karl, 1996, 1998). Once a bloom of N,-fixing organisms is established,
the N:P ratio of the ambient dissolved and particulate matter pools increases dramatically
(Karl et al., 2002). N, fixation is the only natural biological source to balance N-deficits and
to sustain the net oceanic productivity by supplying reactive nitrogen to the oceanic N-pool

via ammonification and nitrification.



Introduction

1.4. Stable nitrogen and oxygen isotopes in marine environments

1.4.1. Basics and background information

Isotopes of an element share the same number of protons, but have different numbers of
neutrons. **N and °N are the only stable nitrogen isotopes containing 7 and 8 neutrons in their
nucleus, respectively. ®N is the less abundant stable nitrogen isotope constituting only
0.365% of the global nitrogen pool (Nier, 1950). Oxygen has three stable isotopes: *°0, 1’0
and 20 containing 8, 9 and 10 neutrons in their nucleus, respectively. Stable oxygen isotopes
naturally occur in relative atom abundances of 99.759%, 0.0374% and 0.2039% for *°0, 'O
and 80, respectively (Nier, 1950). Since absolute isotope abundance quantities of different
samples are confusing, it is more practical to quantify the isotope ratio (e.g. >N/**N or
80/1°0) between the sample and an international reference standard. The &-notation gives the
natural isotope abundances in a sample in per mil relative to the isotopic composition of a

standard reference material:

5N [%o] = (M—lj x 1000 (2),

standard

15 18
with R = % for stable nitrogen isotopes and R = % for stable oxygen isotopes.

8N values represent the “per mil”-difference between the isotope ratio of a sample and that
of atmospheric N, which is zero by definition (Montoya, 2008). For oxygen isotopes, standard
reference material is VSMOW (Vienna Standard Mean Ocean Water) with §*%0 = 0%o.

1.4.2. Isotope fractionation

Biologically mediated reactions of the nitrogen cycle that are incomplete (e.g. water-
column denitrification and nitrification) are associated with a kinetic fractionation of stable
isotopes. In most cases, the lighter **N preferentially reacts to the product and the heavier *°N
isotope is enriched in the residual nitrogen pool. The fractionation factor ¢ (also called
discrimination factor or isotope effect) is expressed as the difference between the 5'°N of the

substrate and the product:

~ <15 15
€ = 0 Nsubstrate - 0 Nproduct (3)
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The variability in fractionation factors of different N-cycling processes derives from physical
parameters like diffusivity and exchange rates and from enzymatic effects during biological
uptake. Preferential removal of the lighter isotope from the substrate (normal fractionation)
yields positive fractionation factors. But note, that also the inverse expression is used by
Mariotti et al. (1981) that give negative fractionation factors for normal fractionation. During
the less common negative or inverse fractionation, the heavier isotope preferentially reacts to
the product and the lighter isotope accumulates in the residue.

An example for fractionation during progressing assimilation is illustrated in Fig. 1.4.
During progressing nitrate assimilation of a nitrate pool with initial 8"Nnos = 6.0% in a
closed system, N is preferentially removed from nitrate with a fractionation factor of 5%o
and incorporated into the phytoplankton biomass. This leads to a progressive increase in 8N
of the residual nitrate pool, of the accumulated and instantaneously produced phytoplankton
biomass. But the mean 8"°N of nitrate and phytoplankton biomass must remain constant for
reasons of mass and isotope conservation in a closed system. Thus, when nitrate is completely
consumed, the accumulated phytoplankton biomass has a §*°N of the initial nitrate pool.

Fractionation during nitrate assimilation

25

residual nitrate
instantaneously produced phytoplankton biomass
accumulated phytoplankton biomass

20 A

5N [%0]

'5 T T T
20 15 10 5 0

residual NO,™ [uM]

Fig. 1.4: Changes in 3N of nitrate and phytoplankton biomass during phytoplankton growth in a
closed system — the so-called Rayleigh fractionation. Initial nitrate concentration was 20 uM with a
8"°Nnos of 6%o. Nitrate consumption occurs with a fractionation factor of *°¢ = 5%.. The dashed line
gives the initial nitrate isotope signature that the accumulated phytoplankton biomass reaches, when
nitrate is completely consumed. The example is calculated after Mariotti et al. (1981) and Montoya,
(2008).
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1.4.3. The use of stable N and O isotopes as a proxy for N turnover processes

Nutrient-derived tracers like N* have been established to indicate N-sources and sinks by
the deviation from the classical Redfield stoichiometry (Deutsch et al., 2007; Gruber and
Sarmiento, 1997). However, signals from N fixation that balance the N-deficit in the vicinity
of denitrification zones are masked by the dominance of heterotrophic denitrification and
anammox. N* cannot distinguish between physical mixing and biological processes balancing
the N-deficit at the edges of an OMZ, nor can it identify or quantify complex interactions in
N-cycling. Therefore, paired measurements of N and O isotopes in nitrate (815NN03 and
88 0nos), nitrite and particulate matter (5°Npy) have been established to differentiate between
the reactions of the nitrogen cycle (Bourbonnais et al., 2009; Casciotti and Mcllvin, 2007;
Casciotti et al., 2008; Knapp et al., 2008; Sigman et al., 2005; Sigman et al., 2009a). Isotope
fractionation during N-cycling modifies the isotope ratio of the dissolved inorganic N-source
(Fig. 1.4). But since more and more is known about fractionation (Table 1.1), measurements
of N (and O) isotopes in nitrate and in particulate matter can be used to identify and quantify

different N-sinks and sources.
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Process ¢ [%o] References ¢ [%0]  References

Nitrate reduction +13to +30 Barford et al. (1999),
Delwiche and Steyn (1970),
Granger et al. (2008)

Heterotrophic +22 to +30 Brandes et al. (1998), Granger +5 to +23 Granger et al. (2008)
denitrification et al. (2008)

N, fixation -2t0+2 Delwiche and Steyn (1970),
Hoering and Ford (1960),
Meador et al. (2007)

Ammonification 1 to +10 Prokopenko et al., 2006Y,
Sigman et al. (2009b), Mdbius
(2013)
Ammonium +6 to +27 Hoch et al. (1992), Waser et
assimilation al. (1998a), Wankel et
al.(2007)
Nitrate +5 to +10 Granger et al. (2004), Needoba +21 to +5 Granger et al. (2004)
assimilation and Harrison (2004), Waser et
al. (1989a)
Ammonia +14t0 +38  Casciotti et al. (2003), Mariotti +18to +38  Casciotti et al. (2010)?
oxidation et al. (1981), Yoshida (1988),

Delwiche and Steyn (1970)

Nitrite oxidation -12.8 Casciotti (2009) -10to -1 Buchwald and Casciotti (2010)

Y Fractionation factors for ammonification depend on the metabolic pathway. If DNRA is involved, *°¢ can be as
high as +10%o, otherwise ¢ is considered to be 2%o to 3%o.

2) combined isotope effect for incorporation of oxygen from H,0 and dissolved O,

Table 1.1: List of fractionation factors °c and **¢ for major N-cycling processes. Normal fractionation
is expressed as positive values and inverse fractionation as negative values.

N-cycling not only comprises turnover processes of dissolved inorganic nitrogen forms
but also the build-up and fate of particulate organic matter. Living primary producers from
upwelling systems that are situated above OMZs thus carry the heavy N isotope signal from
mid-water denitrification (Altabet et al., 1999b; Naqvi et al., 1998; Voss et al., 2001).
Recycling and remineralisation in the euphotic zone are relevant for the maintenance of
primary productivity and only 5 to 10% of the phytoplankton produced in the surface water
sink out of the euphotic zone (Wakeham and Lee, 1989). During the fate of particulate

organic matter, reactive carbohydrates and proteins are preferentially consumed so that
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recalcitrant components remain on the residual sinking particles. Lam et al. (2011) and
Kalvelage et al. (2013) emphasized the importance of adequately preserved OM for the
occurrence of heterotrophic N-cycling processes in OMZs. But to date, this aspect is mainly

neglected in investigations about N-cycling activity.

1.5. Particle cycling and amino acids as indicators of organic matter sources and

preservation states

1.5.1 Amino acids as indicators of organic matter (OM) sources

Amino acids (AA) are building blocks of protein molecules and are found in all living
organisms. The bulk AA compositions of bacteria, phytoplankton and vascular plants are
quite similar (Cowie and Hedges, 1992; Lee and Wakeham, 1988) with some minor
differences in AA compositions of bacteria and frustule-bearing organisms. Peptidoglycan
from bacterial cell walls is enriched in Gly compared to phytoplankton OM (Bidle and Azam,
1999; Keil et al., 2000). Diatoms cell walls are enriched in Gly, Ser and Thr whereas
calcifying plankton is associated with an enrichment in Asp and to a lower extent in Glu
(Hecky et al., 1973; Ingalls et al., 2003; King, 1977). The AA composition of frustule-bearing
detritus pretends to be less degraded since frustules protect OM from degradation (Ingalls et
al., 2003). Diatom frustules additionally act as ballast and provide excess density for fast
sinking particles by excreting transparent exopolymer particles that enable the formation of
large aggregates (Alldredge and Gotschalk, 1989).

1.5.2 Particle cycling and its impact on protein degradation

Particulate matter comprises several types of particles that are mainly characterized by
their particle diameter. For this dissertation, | concentrate on suspended particles with a
diameter <10° um and on sinking particles (10 to 10* um; Fowler and Knauer, 1986;
Wakeham and Lee, 1989). Suspended particles are sampled by Niskin bottles and mainly
consist of free-living microbes, phytoplankton detritus and their degradation products
(Sheridan et al., 2002). Horizontal transport of suspended matter (SPM) dominates over
vertical transport in the water column (McCave, 1984). Sinking particles are caught with
sediment traps and are formed by physical aggregation and biological repackaging mainly in
the euphotic zone (Knauer et al., 1979; Lee and Wakeham, 1988). 90 to 95% of the OM
produced in surface water is remineralised and consumed in the euphotic zone (Wakeham and

13
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Lee, 1989). Further OM degradation of sinking particles is characterised by a decrease of
reactive AA proportions with increasing water depth (Gaye-Haake et al., 2005; Wakeham et
al., 1984). Proteins are preferentially decomposed compared to bulk organic carbon during the
remineralisation of OM and the residual OM gets enriched in recalcitrant AA monomers.
Several degradation indices have been developed to evaluate the degradation state of sinking
particles and sediments in different environments (e.g. Dauwe and Middelburg, 1998;
Jennerjahn and Ittekkot, 1997; Menzel et al., 2013). They rely on the decrease of reactive
AAs like Leu, Tyr, Ala, Val, lle and Phe as well as the increase of recalcitrant AAs (B-Ala, y-
Aba, Gly, Ser) during OM degradation. The degradation indices do not distinguish between
the respective influence of sources and degradation that differ depending on the sampling
environment (Ingalls et al., 2003). Qualitative differences in OM preservation can be
observed during degradation under different oxygenation levels: Oxygen deficiency reduces
degradation rates so that AA compositions of sediments beneath OMZs contain more reactive
AAs (e.g. Menzel et al., 2013; Nguyen and Harvey, 1997). Accumulation rates additionally
affect the preservation state of OM in sediments, because fast particle burial reduces the O,
exposure time with the (generally more oxygenated) water column. Thus, high-accumulative
sediments are generally less degraded (Muller and Suess, 1979).

Surface sediment and sinking particles are distinct in their OM composition from
suspended particles that are collected at comparable water depths (Repeta and Gagosian,
1984; Sheridan et al., 2002; Wakeham and Canuel, 1988). The degradation state of suspended
matter is not depth-dependent (Gaye et al., 2013) and investigations about OM preservation of
suspended matter show contradictory results (Abramson et al., 2010; Gaye et al., 2013; Goutx
et al., 2007; Rontani et al., 2011; Sheridan et al., 2002).

1.6. Thesis outline

The main focus of this thesis lies on the complex interactions in water-column N-cycling
of the Arabian Sea OMZ and of the OMZ on the Namibian shelf. Both systems exhibit all N-
cycling processes that are known to occur within OMZs (Fig. 1.3), although they are caused
by completely different hydrodynamic regimes, have different thicknesses and spatial extents,
and differ in their variability through time. OMZs are the main sites of N-loss in water-
columns of the world’s oceans, and the Arabian Sea alone is responsible for 30 to 50% of the

N-loss in the oceanic water-column. Upwelling and strong diapycnical mixing were
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considered to be the only important sources of NO3™ in surface water. Recently, evidence
increases that recycled NO3™ from nitrification considerably contributes to the NO3™ pool in
surface water — even in nutrient-replete regions like upwelling systems.

A second focus is set on particle cycling within the Namibian OMZ because the breaking
of internal waves and tides complicates the sedimentation on the shelf and upper slope due to
resuspension of surface sediments. The aim of tracing particle cycling in the Benguela
upwelling system was to find out which N turnover processes or particle cycling mechanisms
are preserved in the 5'°N ratios of surface sediments. Initially, this study was designed to
investigate the influence of OM degradation on the "N ratios of surface sediments and to
evaluate sedimentary &'°N ratios as a proxy for N turnover processes in the Benguela
upwelling system. The results show that besides from the determination of the degradation
state of OM, amino acid data can be used to trace the origin and cycling history of different

particle types.
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Chapter 2

Evidence of parallel denitrification and nitrite oxidation in the ODZ of the Arabian Sea
from paired stable isotopes of nitrate and nitrite

Birgit Gaye, Birgit Nagel, Kirstin Dahnke, Tim Rixen and Kay-Christian Emeis

Published in December 2013 in: GLOBAL BIOGEOCHEMICAL CYCLES

Stable N and O isotope ratios in nitrate and nitrite as well as in nitrate alone were used to trace
N-transformation processes. Isotope ratios increase significantly in the upper OMZ from 100
to 400 m water depth due to nitrate reduction, heterotrophic denitrification, and to a lesser

extent probably due to anammox. Isotope data and a box model show in agreement that
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significant amounts of accumulated nitrite from nitrate reduction are reoxidized under suboxic
conditions in the upper part of the OMZ. The data further indicate that nitrate reduction in the
northwestern Arabian Sea is as effective as in the rest of the OMZ. Nitrite does not
accumulate in the western Arabian Sea because of enhanced activity of nitrite oxidation
possibly due to better ventilation of the western part of the basin under the influence of
Persian Gulf Water and Red Sea Water — and possibly due to enhanced anammox activity.
My contribution to this chapter was:

- Most analysis of 8*°N and 80 of nitrate and nitrite, and interpretation of nitrate and

nitrite isotope data especially in context of the hydrography of the Arabian Sea

- Co-work in manuscript preparation and discussion.

Chapter 3

N-cycling and balancing of the N-deficit generated in the oxygen-minimum zone over the
Namibian shelf — an isotope-based approach

Birgit Nagel, Kay-Christian Emeis, Anita Flohr, Tim Rixen, Tim Schlarbaum, VVolker
Mohrholz and Anja van der Plas

Published in March 2013 in: JOURNAL OF GEOPHYSICAL RESEARCH - BIOGEOCHEMISTRY

Variations in nutrient and oxygen concentrations, stable N and O isotopes of nitrate and stable
N isotopes of particulate matter were used to describe N-cycling processes on the Namibian
shelf. Dissolved N:P ratios in the water column decrease in the OMZ on the inner shelf due to
denitrification, anammox and phosphate release from sediments. Thus, N-deficit hosting
water masses well up at the coast and propagate offshore with the Ekman transport. On its
way offshore, the N-deficit diminishes to usual Redfield stoichiometry most likely due to
external sources like shelf break mixing that transfers subsurface waters with N excess into
surface water. Isotope data give indications for a contribution of N, fixation offshore the shelf
break. Data from different seasons reveal that the Benguela Upwelling system is highly
dynamic since seasonal changing water mass distributions determine the N:P ratios and
oxygenation on the shelf and thus influence N transformation processes.
My contribution to this chapter was:

- Complete analysis of 8"Npy and particulate organic carbon content as well as most

analyses of 8°Nnos
- Conceptual design came from Birgit Nagel and Prof. Emeis

- Elaboration of the manuscript
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Chapter 4

Effects of current regimes and oxygen deficiency on particulate matter preservation on
the Namibian shelf: insights from amino acid biogeochemistry

Birgit Nagel, Birgit Gaye, Niko Lahajnar, Ulrich Struck and Kay-Christian Emeis
Submitted to: LIMNOLOGY AND OCEANOGRAPHY

Amino acid compositions of suspended matter from the water column and the underlying
sediment were compared to elucidate the impact of organic matter degradation on stable N
isotope ratios of surface sediments on the Namibian shelf. The data reveal that sedimentary
organic matter from the inner shelf has a higher protein preservation state due to direct
particle sedimentation from the water column under oxygen-depleted conditions. Thus,
degradation of organic matter accounts for minor N isotope shifts within the OMZ and high
8N ratios of surface sediments from the inner shelf are an expression of N turnover
processes that occur in the OMZ. Distinctly different amino acid compositions in suspended
matter and sediments indicate only subordinate exchange between both sample types. The
interaction between internal waves and tides with the shelf break is of great importance for
particle cycling. It causes an uplift of suspended matter from <600 m water depth to the base
of the mixed layer. Resuspension and transport within the benthic boundary layer increases
the degradation state of sedimentary organic matter on the outer shelf break.
My contribution to this chapter was:
- Analyses of particulate organic carbon content from suspended matter samples and
surface sediments retrieved during M76-2.
- Analyses of 8N ratios in surface sediments retrieved during M76-2 and MSM17-3
- Elaboration of the manuscript except the performance of the principal component
analysis that was done by Birgit Gaye

- Conceptual design came from Birgit Nagel and Prof. Emeis
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Parallel denitrification and nitrite oxidation in the Arabian Sea

2 Evidence of parallel denitrification and nitrite oxidation in
the ODZ of the Arabian Sea from paired stable isotopes of

nitrate and nitrite

Birgit Gaye, Birgit Nagel, Kirstin Dahnke, Tim Rixen and Kay-Christian Emeis

Published in December 2013 in: GLOBAL BIOGEOCHEMICAL CYCLES

Keywords: Nitrogen Cycle, §™°N, 820, Arabian Sea, nitrification, denitrification, anammox

ABSTRACT

The Arabian Sea is a major oceanic nitrogen sink and its oxygen deficient zone extends
from 150 m to 1200 m water depth. To identify the dominant transformation processes of
reactive nitrogen and to quantify the amounts of nitrogen turned over in the different reactions
of the nitrogen cycle, we use paired data on stable isotope ratios of nitrogen and oxygen in
nitrate and nitrite measured at four near coastal and five open ocean stations in the Arabian
Sea. We find significant nitrate reduction and denitrification between 100 m and 400 m in the
open Arabian Sea, which are most intense in the eastern and northern part of the basin, and
estimate that about 50% of initial nitrate is being reduced either to dinitrogen gas
(denitrification) or to nitrite (nitrate reduction) in the core zone of denitrification. Nitrite
accumulates in concentrations above 4 uM in the water column of the eastern and northern
Arabian Sea. Large differences in isotopic ratios of nitrate and nitrite and a decoupling of
their stable nitrogen and oxygen isotopes can be explained by the re-oxidation of nitrite. The
observed decoupling of the paired isotopes may be due to the exchange of oxygen of nitrite

with oxygen from ambient water. In agreement with model estimates from the literature,
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about 25 % of the nitrate initially reduced to nitrite is returned to the nitrate pool by
nitrification in the upper and lower denitrification layer while 40 % is denitrified.

2.1. INTRODUCTION

The main reactive nitrogen source to the ocean is diazotrophic N, fixation and the major
sink was thought to be heterotrophic denitrification (Brandes and Devol, 2002). During the
last years, nitrogen transformation processes known to occur in the sediments were detected
in oxygen depleted zones (ODZs, Fig. 2.1) such as dissimilatory nitrate reduction to
ammonium (DNRA; Lam et al., 2009) or anaerobic ammonium oxidation (anammox), which
produces dinitrogen gas from nitrite and ammonium (Kuypers et al., 2003).

Atmosphere N,
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=
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- 0"\
e

{{\0“\

e
Nitrite oxidation heterotrophic denitrification

Fig. 2.1: Processes of nitrogen cycling in the ocean showing oxic and suboxic transformation
processes. Nitrate and ammonium assimilation are restricted to photic zones. Ammonia and nitrite
oxidation occur in oxic to even anoxic environments. Suboxic processes taking place in oxygen
depleted zones (ODZs) are nitrate reduction (the first step of heterotrophic denitrification),
denitrification and dissimilatory nitrate reduction to ammonium (DNRA). Chemolithotrophic bacteria
use anaerobic ammonium oxidation (anammox) as an energy source and remove nitrite and
ammonium as N, in the suboxic environment. The figure is adapted from Lam and Kuypers (2011).
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Until recently it was assumed that the combined oceanic nitrogen losses were larger than
the total reactive nitrogen gained by the global ocean from N, fixation and other external
sources (Codispoti, 2007). This may, however, be due to an underestimation of diazotrophic
dinitrogen-fixation by the method used previously. New results with a modified methodology
supply much higher nitrogen fixation rates and suggest that the nitrogen budget has been
balanced for the last 3.000 years (Gro3kopf et al., 2012). ODZs at mid-water depths in the
oceans are prominent sinks, where an estimated 1/3 of the loss occurs; the remainder is
eliminated in sediments (Brandes and Devol, 2002). Evidently, most ODZs expanded and
deepened in the world’s oceans during the last decades (Stramma et al., 2008).

Whereas anammox appears to be the dominant process of nitrogen loss in the Peru
upwelling system (Lam et al., 2009; Thamdrup et al., 2006), the main nitrogen sink in the
Arabian Sea is heterotrophic denitrification (Bulow et al., 2010; Ward et al., 2009).
Anammox may be significant in the Oman upwelling region, if coupled with DNRA to supply
sufficient amounts of ammonium (Jensen et al., 2011). Nitrite accumulates in the so called
secondary nitrite maximum (SNM) between 150 m and 400 m water depth in the central to
northeastern Arabian Sea to concentrations >5 uM (Nagvi, 1991). This accumulation may be
due to the fact that nitrate reduction is more common and carried out by more bacterial
species than the reduction of nitrite to dinitrogen gas (Naqvi et al., 2008; Zumft, 1997). The
temporally accumulating nitrite can further be completely denitrified to dinitrogen gas (Fig.
2.1; Ward et al., 2009). Alternatively, it is used in the anammox reaction to oxidize
ammonium or is reduced to ammonium by DNRA (Jensen et al., 2011). Nitrite may also
become re-oxidized to nitrate at the upper or lower fringe of the ODZ at appropriate oxygen
concentrations (Anderson et al., 1982). Other ODZ studies from the eastern tropical South
Pacific (ETSP) and the Benguela upwelling system detected nitrite oxidation even at low
oxygen concentrations (<2.5 uM; Fussel et al., 2011; Lipschultz et al., 1990). Dominant
processes and rates of N-elimination in the ODZ of the Arabian Sea appear to vary on short
temporal and spatial scales as N incubation techniques suggest (Jensen et al., 2011; Ward et
al., 2009), and the regulating environmental influences on dominance of either denitrification
or anammox are unresolved.

Most incomplete reactions in the nitrogen cycle, such as water-column denitrification,
and probably also anammox, are associated with a kinetic fractionation of stable isotopes N
and N, so that the lighter **N is preferentially found in the reaction product and the heavy
isotope is enriched in the residual substrate pool (Cline and Kaplan, 1975; Mariotti et al.,

1981). The degree of fractionation is expressed by the isotopic effect (¢) as the difference
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between the &-values of the source and the product (Mariotti et al., 1981). Nitrate reduction to
nitrite has an isotopic effect of ¢ = 20-30%o (Altabet et al., 1999a; Brandes et al., 1998;
Cline and Kaplan, 1975). Laboratory experiments show that during assimilation of nitrate
¢ = ~5%0) as well as during heterotrophic denitrification the ratio of N and O enrichment
factors °¢/*% is ~1 (Granger et al., 2008; Granger et al., 2004). It can thus be assumed that if
only these two processes were responsible for any change in nitrate concentrations the
preformed offset in the original water mass between &°Npoz and 8'®Onos would be
maintained. Deep water nitrate has an average 8"°Nyos value of ~5%o (Sigman et al., 2005)
whereas its 8**0Onos should be close to 0%o. Both values can deviate locally and studies have
reported average values between 4.8 to 5%o for §°Nyos and, respectively, 1.8 to 2.4%o for
5" 0no3 (Bourbonnais et al., 2009; Sigman et al., 2005).

Several processes can lead to a decoupling of §°Nyoz and §'®Onos. Remineralisation and
nitrification of organic matter from N fixation for instance produce nitrate with low §°Nyos
compared to &®Onos (Sigman et al., 2005). A second process decoupling 8*°Nos and
8*80nos is the nitrification of ammonium or nitrite in ODZs as it is associated with the uptake
of oxygen from either the dissolved oxygen pool or ambient water (Casciotti and Mcllvin,
2007; Sigman et al., 2005). The isotopic effect “exu4 associated with ammonia oxidation to
nitrite (Fig. 2.1) is between 14 and 19%. for common oceanic nitrifiers and can be much
higher for some species (Casciotti et al., 2003). Theoretically, half of the oxygen used for
ammonia oxidation stems from ambient water and half is taken from dissolved oxygen, which
has a §'®0 value of up to 40%o in ODZs (Bender, 1990; Levine et al., 2009). The second step
of nitrification (nitrite oxidation to nitrate, Fig. 2.1) was found to be associated with a
negative kinetic effect on stable nitrogen and oxygen isotopes of, respectively, about -13%o
and about -7%. (Buchwald and Casciotti, 2010; Casciotti, 2009). The reason is that nitrite
takes up water and forms an intermediate with a bound water molecule. The heavier isotope
preferably reacts to nitrate, whereas the lighter isotope is more likely to again lose the water
molecule (Casciotti, 2009). According to stoichiometry, 1/3 of the oxygen taken up during
ammonia oxidation to nitrate should stem from dissolved oxygen whereas 2/3 are taken up
from ambient water. However, in reality the exchange of oxygen with water may result in a
dissolved oxygen contribution of less than 1/6 (Sigman et al., 2005). Moreover, any uptake of
oxygen from water or the dissolved molecular oxygen pool is associated with considerable
positive isotopic effects difficult to distinguish even experimentally (Buchwald and Casciotti,
2010; Casciotti, 2009).
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In addition to the decoupling of 8™ Nyos and 8Onos (Sigman et al., 2005) a strong
depletion of nitrite in *°N (Casciotti et al., 2007) suggests that denitrification is not the only
significant process in ODZs. This highlights the importance to analytically differentiate
between nitrate and nitrite in regions of nitrite accumulation (Casciotti et al., 2007).

In this work we use water column data on oxygen and nutrient concentrations as well as
paired isotope measurements of nitrate and nitrite in vertical profiles from the Arabian Sea to
identify the predominant processes of nitrogen transformation in the ODZ. Using the
fractionation factors, the difference between isotopic ratios of nitrate and nitrite and paired
isotope measurements we attempt to quantitatively estimate the relevance of the various

processes of the nitrogen cycle.

2.2.STUDY AREA

The Arabian Sea is one of three major sinks of reactive nitrogen in the world’s ocean due
to widespread reduction of nitrate in its mid-water ODZ; the two other are the eastern tropical
north and south Pacific. High sinking fluxes of organic matter result from monsoonal
upwelling of nutrients and conspire with poor ventilation of intermediate waters to cause low
oxygen concentrations in the water depth interval from 150 m to >1000 m. Most intense
upwelling and primary production occur along the Arabian Peninsula during the SW monsoon
(Banzon et al., 2004; Marra and Barber, 2005). The oxygen deficit is stronger in the NE basin
due to poorer ventilation and is spatially decoupled from the western Arabian Sea upwelling
area (Nagvi, 1991). The main water mass in the ODZ is the Indian Central Water (ICW; oy =
26.7 kg m®) that combines Subantarctic Mode Water (SAMW), Antarctic Intermediate
Waster (AAIW), and Indonesian Intermediate Water (1IW) (Boning and Bard, 2009;
Morrison, 1997; Morrison et al., 1998). Already depleted in oxygen, the ICW enters the
Arabian Sea in its western part at a core depth of 300 m and continues to lose oxygen while
accumulating nutrients from mineralisation of sinking organic matter on its way to the
northern and eastern parts of the basin. Effective nitrate loss occurs mostly between 150 m
and 400 m (Naqvi et al., 2008).

The inflows of intermediate water masses from the Persian Gulf (PGW) and Red Sea
(RSW; Shailaja et al., 2006) locally modify the water mass structure of the western Arabian
Sea. These water masses are surface-derived and thus oxygen-rich and nutrient-poor
(Morrison et al., 1998). Their admixture contributes to the nitrate deficit at depth intervals
situated at 200-400 m (PGW; o = 26.2-26.8 kg m™) and 500-800 m (RSW; o = 27.0-27.4 kg
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m™®), respectively, and cause better ventilation of the western part of the basin (Mantoura et
al., 1993; Prasad et al., 2001).

O, concentrations below ~5 pM in the mid-water ODZ trigger denitrification (Cline and
Richards, 1972; Devol, 1978) which creates a nitrate minimum and high §°Nyos values of the
residual nitrate (Naqvi et al., 1998). Upwelling and assimilation of that enriched nitrate
transfers the high "°Nnos values into biomass, sinking particles of export production and
eventually to the sediment record, which evidences large changes in regional denitrification
intensity on glacial/interglacial time scales (Altabet et al., 2002; Mobius et al., 2011; Suthhof
etal., 2001).

2.3. MATERIALS AND METHODS
2.3.1. Sampling

Water was sampled at nine stations during the cruise Meteor 74/1b in September/October
2007 (Fig. 2.2; Supplement tsO1). The open ocean stations had been occupied repeatedly in
1995 to 1997 during the JGOFS cruises (Codispoti, 2000; Morrison et al., 1998). Samples for
stable nitrate and nitrite isotopes measurements were taken between 0 and 400 m water depth
at four stations on the shelf and slope off Oman (#944 to #947) in coarse vertical resolution
(three to four samples). At five stations in the open Arabian Sea (#949, #950, #953, #955,
#957; Fig. 2.2), the denitrification zone was sampled every 25 m down to 400 m. The
sampling intervals increased from 50 to 200 m between 400 m to 1200 m water depth.
Ancillary water samples from the denitrification zone were taken for stable isotope analysis of
only nitrate (8"°Nnos and &'®0nos) by removing nitrite with ascorbate treatment onboard
(Granger et al., 2006). Samples for stable nitrite and nitrate isotopes (5™°Nnossnoz and
5" 0no3+n02) Were kept frozen until analyses in the home laboratory. Nutrient analyses were

carried out onboard for every 25 m at all of these stations.
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Fig. 2.2: Sampling locations in the Arabian Sea along the coast of Oman and in the open Arabian Sea.

2.3.2. Analyses
CTD, Oxygen, Nutrients

The CTD used was a SEABIRD electronic underwater unit equipped with pressure,
temperature, conductivity, oxygen, and fluorescence sensors attached to an OCEANIC rosette
water sampler with 18 bottles. Raw CTD data were post-processed with the SEABIRD data
processing tool (data conversion, wild edit, split, window filter and bin average).

Nutrients (NO3, NO2", PO4*) were measured with a SKALAR autoanalyser directly after
sampling onboard RV Meteor. Oxygen concentrations in discrete samples were measured by
using Winkler methods and were further used to calibrate oxygen data obtained from the
CTD.

Nitrate and Nitrite Isotopes

8'°N and 5'°0 of nitrate and nitrite (5" Nnoz+noz and 3*Onos«no2) Were determined using
the “denitrifier method” (Casciotti et al., 2002; Sigman et al., 2001a). Based on nitrate and
nitrite concentrations, sample volumes calculated to yield 10 nmoles N,O were injected into
suspensions of Pseudomonas aureofaciens (ATCC#13985) for combined analysis of *°N and

5'80. The resulting N,O gas in the headspace was purged into a GasBench Il (Thermo
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Finnigan), and analysed in a Delta Plus XP mass spectrometer. Isotope ratios are reported in
%o using the delta-notation:

8" Nsample=(("°"N/**N)sampte/ ("N/*N)reference—1)*1000 (4)
and 5" Osampte=(("*0/*°0)sampte/ (**07*°O)reference—1)*1000 (5)
with air N, and VSMOW as reference for °N/**N and *20/*°0, respectively. The values were
calibrated using IAEA-N3 (8"°Nnos = +4.7%o and % 0Onos = +25.6%0) and USGS-34 (5"°Nnos
= -1.8%o and 8" 0no3 = -27.9%0; Bohlke et al., 2003). A further internal potassium nitrate
standard was measured twice within each run for quality assurance. Isotope values were
corrected using the “bracketing scheme” from Sigman et al. (2009a) for §*®Onos and the
single point correction referred to IAEA-N3 for 5> Nnos. The standard deviation for IAEA-N3
was 0.2%o for 8"°Nnos and 0.3%. for 8'®Onos which is within the same specification for

8" Nnos and 8*®0nos for at least duplicate measurements of the samples.

2.4. RESULTS
2.4.1. Nutrient and oxygen concentrations

The surface mixed layer of 10-50 m is saturated with oxygen (Fig. 2.3a and 2.3Db).
Suboxic conditions with oxygen concentrations <5 UM were generally encountered between
100 m and 1025 m water depth, except at nearshore stations #944 and # 947 (Fig. 2.3a;
Supplement fs01). The most intense ODZ was found at station #957 (Fig. 2.3b). Station #950
had the thickest oxygenated surface layer due to the influence of a mesoscale eddy that also
caused enhanced mixing of nutrients into surface waters.

Ratios of nitrate to phosphate decrease in the ODZ as a consequence of denitrification or

anammox. Usually, the amount of nitrate removed by denitrification in the ODZ is calculated
by using an empirical relationship of nitrate to phosphate molar concentrations of 16:1 in
ocean waters (Redfield, 1934). More specific, however, are regional N:P ratios. In the
Arabian Sea, the nitrate deficits are best calculated from a stoichiometric relationship
established from Arabian Sea JGOFS data (Codispoti et al., 2001):
NOsger = (4.89*([PO4>1-0.28)—([NO5 J+[NO, J+[NH,4*))*0.86 (6)
Ammonium contents are below the detection limit of 20 nM in the ODZ (Lam et al., 2011)
and were thus not included in the calculation. The NOgzget is most pronounced in the core of
the ODZ between 125 m and 400 m with considerable variations among the stations (Fig.
2.3b; Table 2.1) and vanishes at 1200 m water depth.
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Fig. 2.3: Depth profiles of oxygen, nitrate deficit, nitrite, 3"°N [%o], 8'°0 [%o], and A(15,18) at the near
shore locations #944-#947 (2.3a), and the offshore locations #949, #950, #953, #955 and #957 (2.3b).
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Depth range of oxygen minimum and nitrate deficiency Total from 100-1100m water depth
Station No. 0,<4.5 uM 0,<1 uM NO,>0.5 uM NOuger5 uM | NO, Molm™ | NO; Mol m™ | NOsger Mol m™
M 74-1 949 150-625m 150-425m 300-350m 150-625m 0.09 34.2 6.4
M 74-1 950 175-775m 225-525m 225-375m 175-875m 0.70 346 6.4
M 74-1 953 175-850m 425-600m 125-400m 150-475m 0.94 34.0 34
M 74-1 955 100-850m 125-575m 125-325m 125-600m 0.71 355 4.4
M 74-1 957 125-1025m 125-700m 125-575m 125-775m 1.13 34.3 56

Table 2.1: Depth ranges of oxygen concentrations <4.5 uM, <1 uM, nitrite concentrations >0.5 uM,

and a nitrate deficit (NOsqr) >5 uM. Nitrite and nitrate concentrations, nitrogen deficit (NOsqef) are
given in Mol m™

Primary nitrite maxima (PNM) occur within the nutricline (at about 10 m at the near
coastal stations and at 50 m at the offshore stations) under oxic conditions (Fig. 2.3a, 2.3b;
Supplement fs01). In a global review on PNM occurrences, Lomas and Lipschultz (2006)
concluded that PNM most likely originate from the release of nitrite by phytoplankton due to
incomplete assimilation of nitrate under conditions of light limitation. A minor amount of
nitrite in the PNM may also be an intermediate product of dissimilatory nitrification (Lomas
and Lipschultz, 2006). In accordance with a general link to phytoplankton biomass, the most
pronounced PNM of our study occur at those stations where plankton counts suggest the
highest primary productivity (Kate Darling, personal communication). These were the near
shore stations #944 and #945, both influenced by active late SW monsoon upwelling, and the
offshore station #950, where a mesoscale eddy mixed nutrients into the euphotic zone (Fig.
2.33, 2.3b).

SNM that always coincide with nitrate concentration minima were recognised at all five
offshore stations. Nitrite concentrations vary between 1.5 pM (#949) and 5.8 uM (#950) in
the core of the denitrification zone (Fig. 2.3a, 2.3b). The other three offshore stations had a
broad nitrite layer with maximum concentrations >4 uM at the top and bottom. The SNM
occurred only at two of the near coastal stations (#945 and #946) and had nitrite
concentrations <1.0 uM (Fig. 2.3a)

2.4.2 5N ratios and 820 ratios of nitrate and nitrite

Nitrate and nitrite are both reduced to N,O when analysing stable N and O isotopes by
the denitrifier method so that results represent the stable isotopic N and O ratios of total
nitrate plus nitrite (subsequently named 8" Nnos+noz and 8180N03+N02)). Due to different
fractionation processes within the nitrogen cycle, nitrate and nitrite can have significantly
different stable isotopic ratios (Casciotti, 2009; Casciotti and Mcllvin, 2007). To get an
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estimate of these differences, 8 °Nnos and 5'®Onos (after treatment with ascorbate) were
determined in two to five samples at each of the five offshore stations.

Maximum 8™ Nyoz+no2 and 82 Onossnoz generally correspond to the core depth of nitrite
accumulation at 200-300 m water depth (Fig. 2.3b; Supplement fs01). Highest values at
depths of the nitrite maximum for both 8" Nnos+noz and. 5®Onos+no2 Were found at stations
#953 and #957 (19.2%o for 8°Nnos+noz and 16.5%o for 8*°Onoasnoz, respectively) whereas
lowest values (14.1%o and 15.0%o for 5> Nnos+no2 and. 8*°Onos+no2, respectively) occur in the
western Arabian Sea at station #949.

Nitrate concentrations <2 UM prevented accurate measurements of nitrate isotope
composition in most mixed layer samples. In the subsurface layer between the ODZ and the
mixed layer, we determined 8" Nos+no2 Values between 7.4 and 8.1%o (Fig. 2.3b). Minimum
8"®0nos+no2 Values of this subsurface layer range between 3.9 and 5.3%o. 5"°Nyos+no2 and.
88 0nos+no2 Sharply decrease above and below their maxima in the nitrite accumulation zone
(Fig. 2.3b).

8" Nnos and 8'®0nos are generally low in deepest samples below the ODZ (6.1 to 8.0%o
and 3.6 t0 5.7%o, respectively) with average §°Nnog of 7.2+0.6%o and §"®Onos of 4.620.6%o,
respectively (nitrite was not present below 650 m water depth). We use these values as source
nitrate stable isotope ratios in the ODZ (ICW) rather than the lower values from other deep
oceanic areas, as intermediate water masses entering the Arabian Sea have a preformed nitrate
deficit (Mantoura et al., 1993) so that nitrate isotopic values may already be elevated.

Differences between 8°Nyos and §20nos compared with 8 Nnoz+no2 and 820noznoz IN
samples with trace amounts of nitrite are within or very close to the error range of the
815NN03+N02 and 8180N03+N02 method. In samples with higher nitrite concentrations, 815NN03
and 68003 are higher by 4-9%o compared to the 8™ Nnos+noz and 30noz+n02 (Table 2.2).
Maximum 8°Nyos and ®Onos values occur in the SNM corresponding to the most

pronounced NOj deficit.

29



Chapter 2

Sample Depth 5""Nyosimoz 8" Onosimioz 5""Nos 5" Onos 5""Nyoz 500z NO; (uM) AN A8"°0 A(15,18)
949 25 14.59 12.56 17.21 16.59 0.56 -0.38
125 7.75 6.20 826 7.08 0 -0.84

175 11.56 12.73 11.69 12.95 0 -3.57

300 14.11 14.95 16.77 17.52 -23.90 -21.68 1.45 40.67 39.20 -3.24

400 12.91 13.82 12.80 14.27 0 =33

950 250 15.59 15.01 20.59 18.72 -10.87 -4.63 3.52 31.46 23.34 -2.42
300 14.55 13.52 23.31 20,82 -14.69 -10.86 5.68 38.00 31.68 -1.97

350 13.02 13147 17.86 17.30 -21.62 -16.45 3.28 39.48 33.75 -3.14

400 11.96 11.34 11.71 11.78 0.19 -2.39

450 11.10 10.55 10.67 10.22 0.01 -2.45

953 150 12.18 12.70 19.36 19.16 -19.72 -14.97 4.47 39.08 34.13 =312
200 17.86 1517 26.16 2311 -15.14 -16.37 4.1 41.30 30.48 0.09

248 17.25 1577 20.33 18.92 2.35 0.56 an 17.98 20.05 -1.13

298 17.32 16.33 23.98 2264 -14.44 -13.81 413 38.42 24.24 -1.60

350 14.38 14.99 18.54 18.85 -23.11 -19.85 2.56 41.65 38.70 -3.21

955 175 14.99 14.84 22.48 21.25 -16.17 -11.80 419 38.65 33.05 -2.55
200 15.36 14.76 21.47 19.40 -15.93 -9.02 3.60 37.40 28.42 -2.10

225 15.29 14.94 21.18 19.62 -16.85 -9.88 361 38.03 29.50 -2.35

300 12.99 14.64 16.92 17.03 -26.18 -9.42 2.38 43.10 26.45 -4.35

350 11.48 12.74 12.26 13.29 0.39 -3.97

a57 325 15.68 15.69 20.83 20.32 -22.12 -18.33 2.78 42.95 38.65 -2.90
375 14.06 15.45 17.40 18.08 0.74 -4.29

z 15.04 14.75 20.7 19.62 -17.03 -12,61 37.73 31.47
stdev 1.69 1.65 4.2 3.53 7.09 5,67 6.58 6.23

Table 2.2: Measured 3"’ Nyossnoz and 8 °Onogsnoz, 8 Nios and 8'°*Oos, and calculated §°Nyo, and
8"®0no2 in %o, Nitrite concentrations in uM. AN and A8™0 are the differences between stable
isotopic values of nitrate and nitrite. A(15,18) is the difference between 8" Nyossnoz and 8**Onozsnoz
corrected for the offset between both stable isotopic ratios at 1000-1200 m water depth. 615NN03+N02,
8" 0N03+n02, 0 Nios and 880y are shown in italics when 8*°Nyo, and §®Ono; are not calculated in
samples with nitrite <1 uM. Numbers in italics were not included in the average values (3°) and
standard deviations (Stdev).

8N and &'20 values of nitrite (§™°Nno, and §*Onoz) may be calculated for samples with

nitrite concentrations >1 uM according to equations 4 and 5:

5"°Nno2=(([NO37 + [NO>1)*8"° Nnoz+no2)~([NO3 T*3*Nno3)/NO, (7)
and
5'%0n02=(([NO3T+[NO2 1) *8'*Onosz+n02)~([NO3 *5"°Onos)/NO, (8).

With one exception, calculated 5"°Nyoz and §**0Onop are negative and range from -11 to -26%o
and from -5 to -22%o, respectively (Table 2.2). Samples with nitrite concentrations <1 uM
were excluded from nitrite isotope calculations because in these cases the propagating error
becomes much larger than 10%o.

Nitrite can exchange up to 50% of its oxygen with ambient water in stored samples
depending on pH, temperature and storage time. This exchange can lead to a strong
enrichment of %0y, as oxygen in water has a 5'80h20~0%0 and the isotopic effect of this
equilibration is ~11-14%o. (Casciotti et al., 2007). We thus have to take into account that
8% 0Onos+no2 Was enriched prior to analyses so that calculated 8*®Opno; are too high and any

decoupling between 8 Nnoz+noz and 58 0noz+noz iS partly due to this exchange.
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2.5. DISCUSSION
2.5.1 Nitrite accumulation and nitrate deficit

In essence, the entire depth interval below 100 m and extending to our deepest sample at
1200 m potentially was a sink for nitrate, nitrite, and ammonium. Based solely on oxygen
concentrations, heterotrophic denitrification may occur in the interval from 100-175 m down
to 625-1025 m (Table 2.1). Anammox could occur roughly from 100 m down to 1200 m at
our study sites as oxygen concentrations in that interval are below the anammox threshold of
0,~10 pM (Jensen et al., 2008) and seems to be limited mainly by the availability of
ammonium.

A plot of phosphate concentrations versus nitrate concentrations (Fig. 2.4) shows that
our samples have excess phosphate compared to the global average (Gruber and Sarmiento,
1997) and that most samples are nitrate deficient compared with the regional Redfield ratio
adjusted for the preformed nitrate deficit of the Arabian Sea (Codispoti et al., 2001). The
nitrate deficit of virtually all samples illustrates that denitrification has depleted nitrate
relative to phosphate in the entire water column down to our deepest samples at 1200 m.

There are local deviations in the extent of the ODZ and of the nitrate deficient depth
interval: Oxygen supply by the PGW entrained into the ODZ water depth interval is very
likely responsible for the elevated oxygen concentrations of >10 uM and the suppression of
denitrification between 200 m and 350 m water depth at stations #944 and #947 (Fig. 2.3a).
O, concentrations are between 30.5 and 0.7 uM in the PGW (Morrison et al., 1999) and a
branch of this water mass has been observed to flow along the coast of Oman and to spread
eastward into the central basin (Morrison, 1997; Prasad et al., 2001). Furthermore, the NO3ger
IS greater at the western and northwestern stations (#949, #950, #957) than in the eastern part
of the Arabian Sea (stations #953 and #955) (Table 2.1). The main reason for this difference
is the larger nitrate deficit in the water masses below 300 m of the western stations, which is
probably preformed (Mantoura et al., 1993). Only a small amount of nitrite builds up at
station #949, whereas it comprises more than 20% of the NOsger at station #957 (Table 2.1).
Low nitrite concentrations have previously been reported from the western Arabian Sea,
although oxygen concentrations are below the threshold for denitrification (Mantoura et al.,
1993). The virtual absence of nitrite in the western region (in which #949 is situated) may be
due to either complete denitrification, which would then increase the NOgsgs, Or to

nitrification/re-oxidation to nitrate, or else to continuous consumption of nitrite by anammox.

31



Chapter 2
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Phospate [uM]

Ocean Data View
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Fig. 2.4: Correlation of nitrate vs. phosphate concentrations. All samples plot above the mean oceanic
ratio of [NOs] = 16 [PO,>]+2.9 (dashed line; Gruber and Sarmiento, 1997) and most samples above
the ratio of [NO;]=14.89 ([PO,*] -0.28)*0.86 typical for the Arabian Sea (solid line; Codispoti et al.,
2001). Colour coding of dots indicates the potential density o, [kg m™]. Strongest nitrate deficiencies
are observed in PGW, ICW and part of the RSW.

2.5.2. Isotopic evidence for heterotrophic denitrification and parallel nitrite oxidation

Denitrification is indicated by nitrite accumulation and by maxima of the two stable
nitrate isotope ratios between 150 m and 400 m water depth. Mid-water denitrification is a
process acting on the **0/*°0 and *N/**N mixtures in source nitrate with similar fractionation
factors °¢ and ‘®¢ which are between 20 and 30%o (Altabet et al., 1999a; Barford et al., 1999;
Granger et al., 2008; Sigman et al., 2009b; Voss et al., 2001). The “Rayleigh” fractionation
model is often used to calculate apparent fractionation factors from 5°Nyogz values (Altabet et
al., 1999a; Brandes et al., 1998). This model assumes that the nitrate pool is advected into the
ODZ and is not replenishment via isopycnal mixing. The fractionation factors obtained by the
Rayleigh model are generally lower than by models taking diffusive replenishment of
nutrients into account (Brandes et al., 1998). Highest isotopic effects are obtained by the so

called “open system model” (Supplements text01, ts02, fs02). When using the Rayleigh
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fractionation (described in Mariotti et al. (1988)) the stable isotope value of the substrate

increases according to:
15 — <15 15
d Nsubstrate =9 Ninitial.substrate' € {|I’](f)} (9)7

with 8°Niniiar being the stable isotope value of the initial product and f being the fraction of

the original substrate remaining. The instantaneous product is calculated as:

815Ninst.product = 815Nsubstrate'158 (10),
and the accumulated product is calculated as:
815Nacc.product: 615Ninitial.substrate+158 {f/(l'f)} In(f) (ll).

The same equations can be used for 8*®Onos measurements, but they are not applied to
5" 0no3+no2 due to the sample storage artefact discussed above. Values for f are calculated

according to:

f = (INO3]+[NO2])/([NO3]+[NOsqet]) (12)
when using 5*Nos+noz and according to:
f = (INO3])/([NO3s]+[NOgdet]) (13)

when using §'®0nos and 8*°Nos.

The ¢ and % are obtained from the slope of In(f) plotted against 8'*Ogubsuate OF
8™ Ngupstrae. The € values obtained in our study are mostly higher than those found in
incubation experiments (Barford et al., 1999; Granger et al., 2008; Table 3). Most differences
between &°Nnos and calculated °Nnoo (AS°N; Table 2.2) are even higher than our
calculated °¢ (Table 2.3). Moreover, the ¢/*%¢ of 1.2 is higher than the expected value of 1
(Table 2.3). Nitrate and nitrite isotopic compositions in the ODZ are thus not consistent with a
sole denitrification effect and imply fractionating reactions other than or additional to
denitrification as well as reactions that decouple nitrogen and oxygen isotopic compositions in
nitrate and nitrite. The only process known to date which could explain, both, the low nitrite
N-isotope values and a decoupling of N and O isotopic fractionation in nitrate is nitrite
oxidation. This process shows a rare inverse isotope fractionation, with initial products being
isotopically enriched relative to their source signature, depleting the source nitrite of heavy
isotope species. A decoupling of oxygen versus nitrogen isotope signatures can occur due to
different isotope effects for N and O during nitrite oxidation and due to the incorporation of
oxygen from external sources (Buchwald and Casciotti, 2010; Casciotti and Mcllvin, 2007,
Sigman et al., 2005).
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100- Nitrate + Nitrite
1200m Pe B 15¢/18¢

949 17.9 - -
950 311 - -
953 34.8 - -
955 29.3 - -
957 26.7 - -

949-957 25.6 - -

Nitrate
949-957 345 | 288 | 1.2

Table 2.3: Fractionation factors ¢ by the Rayleigh fractionation model derived from the slope of a plot
of In(f) against 8" Nozno2 8 °Onos OF 8" Nyos, respectively (see text for explanation of the Rayleigh
model).

Plots of paired 5" Nnoz+no2 and 8'°Onos+noz Values for depths >100 m, as well as 8" Nyos
and 5'®0no3 reveal a deviation from the expected 1:1 line at intermediate values (Fig. 2.5a and
2.5h).

A term to express this decoupling of nitrate N and O isotopes was defined by Sigman et
al. (2005) as:

A(15,18) = (5"°N-8"Ngeep)-"¢/"°e#(8'°0-5"°Ogeep) (14).

15,18 1
g/

For the ratio ¢ the isotopic effects of denitrification with ¢ =% are inserted so
that °¢/*%¢ is about one and any deviation of the A(15,18) from 0 should reflect processes
during which 8N and &0 ratios are affected differently. We used the average deep water
nitrate stable isotope ratios from the individual stations, as we have no end member of source
waters, and can assume that their stable isotope ratios are elevated above the oceanic average
(see above). Most A(15,18)no2+n0s and A(15,18)no3 are negative in the interval from 100 m to
1000 m water depths, meaning that O isotope values are relatively more enriched than N
isotope values. In the case of A(15,18)no2+n03 this is partly an artefact of oxygen exchange of
nitrite with water during sample storage, which can lead to elevation of §®Oyo, towards and
above the isotope value of ambient water due to equilibrium fractionation (Casciotti et al.,

2007).
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Fig. 2.5: 8 Nnos+noz [%o] plotted against 3**Oyoginoz [%0] (a) and §°Nyog [%o] plotted against §'*Oyog
[%o] (b). Colour coding of dots indicates the potential density o, [kg m®]. The 1:1 line corrected for
the deep water offset between paired isotopes of 2 %o is indicated.

To attain negative A(15,18)nos, an external oxygen source is required. One important
source of isotopically enriched oxygen is the exchange of oxygen between *20-depleted nitrite
and ambient water. This is an abiotic process depending on temperature, pH and the residence
time of nitrite, and it leads to a convergence of 500, with the 820 of water (Kool et al.,
2007; Snider et al., 2010). Recent experiments indicate that oxygen equilibration with water
can affect 25% of nitrite (Buchwald and Casciotti, 2010; Casciotti et al., 2010). This relative
enrichment of 8'®0no; in relation to §*>Nno can be transferred into the nitrate pool if nitrite is
reoxidised.

Differences in the negative kinetic effects on nitrogen and oxygen isotopes during nitrite
oxidation, with N and O isotope effects of, respectively, ~ -13%o0 and ~ -7%. (Buchwald and
Casciotti, 2010; Casciotti, 2009) would further deplete both nitrite isotopes and, additionally,
increase 8'*Ono relative to 8*°Nyoz.

In our setting, however, values for A(15,18)nos, Where nitrite was removed by ascorbate
treatment, are also negative and mostly close to A(15,18)no2+no03. We consequently surmise
that, barring some uncertainty regarding the abiotic equilibration of nitrite oxygen with
ambient water, the two isotopes are truly decoupled (Fig. 2.3b) owed to differences in

biological processes. In the centre of the nitrite maximum the A(15,18) values are close to 0
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suggesting that denitrification is the only significant process affecting A(15,18) and
nitrification is virtually absent (Fig. 2.3b, Table 2.2).

The four stations with significant nitrite accumulation >1 uM in the SNM (Fig. 2.3b)
show minimum A(15,18)nos+noz and A(15,18)nos Values at 150 m and 400 m water depth, i.e.
above and below the zone with highest isotope values in the core of the denitrification
maximum. We interpret this as a nitrification signal, which, as discussed above, differentially
modifies nitrite oxygen and nitrogen isotopes, promoting a deviation of A(15,18) from zero.
This observation agrees with the model of Anderson et al. (1982), who assumed that
nitrification occurs adjacent to the zone of denitrification, i.e. between 300 m and 400 m
water depth and above 150 m, producing nitrate that diffuses back into the denitrification zone
and further fuels denitrification. The tight spatial coupling of nitrification and denitrification
may be due to the presence of microenvironments with locally higher oxygen concentrations,
or due to oxygen diffusion across the oxycline. The lower boundary of the denitrification zone
coincides with a small but distinct oxygen peak at 400 m at all stations (Fig. 2.3b), which we
attribute to lateral advection of a relatively more oxygenated water mass such as PGW.
Furthermore, little oxygen is needed for nitrification to occur: direct measurements of nitrite
oxidation rates from the ETSP and the Benguela upwelling system reveal significant nitrite
oxidation at O, concentrations below 2.5 uM (Fussel et al., 2011; Lipschultz et al., 1990).
Nitrite oxidation is independent of prior ammonia oxidation if nitrite is provided by nitrate
reduction.

The production of low A(15,18) by nitrification under suboxic conditions helps to
interpret the deviating nitrite concentration profiles at stations #949 and #950 (Fig. 2.3b).
Nitrite concentration in the SNM at #949 is very low and the ODZ maximum values of §°N
are significantly lower than at the other locations. But the NOggef is up to 11 uM (Supplement
fs01), indicating that denitrification has been equally effective as at the other locations. The
low nitrite concentrations and relatively depleted 815NN03 and 8180N03 between 150 m and
500 m water depth indicate that intense nitrification has indeed taken place as suggested by
Lam et al. (2011), and that the complete oxidation of depleted nitrite has lowered the S™Nno3
and 8*®0nos. This unusual pattern may be due to better ventilation of the western part of the
basin by PGW or ICW (see above). At station #950, where a mesoscale eddy has eroded the
thermocline and mixed oxygen down to 220 m, the layer affected by the eddy is nitrite free
and has relatively low isotope values, but a pronounced A(15,18) minimum as a legacy of

nitrification under initially suboxic conditions.
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Fig. 2.6: Schematic picture of the processes in the water column using station # 953 as an example.
The PNM is at the base of the mixed layer. The oxycline is the zone of sharply decreasing oxygen
concentrations and of the upper 8°Nyossnoz and 8®Oposino2 Minimum. The zone dominated by
denitrification is evident from nitrite accumulation, maxima of 515NN03+N02 and 5180N03+N02 as well as
high A(15,18). Denitrification is coupled to anammox to remove the ammonia released during organic
matter oxidation. Above and below this are zones dominated by nitrification indicated by minima of
the A(15,18) which may co-occur with denitrification. The bimodal nitrite maxima may be a product
of both nitrite accumulation during incomplete denitrification and nitrification. Removal of nitrite by
anammox in the core of the denitrification zone could also explain the small nitrite minimum at 250 m.
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Based on the concept that low A(15,18) thus mark zones of ongoing nitrification, Figure
2.6 is a schematic plot of variables and processes in the ODZ. Denitrification dominates in the
zone between about 200 m and 300 m water depth, where nitrite accumulates and nitrate
isotopic ratios attain maxima. This process may also be coupled to the anammox reaction,
because ammonium produced by heterotrophic denitrification does not accumulate to any
extent. Removal of nitrite by anammox explains the bimodal nitrite peak at locations #953-
957, where we observe a relative concentration minimum in the core of nitrite accumulation
and a slight isotopic enrichment of nitrate at about 250 m (Table 2.2). Nitrification is
indicated by declining A(15,18)n0z and low 8"°Nno values in the upper ODZ just below the
oxycline and below the core of the denitrification zone. Nitrification probably also adds to the
bimodal pattern of nitrite accumulation that has maxima on either side of the denitrification
layer. Because nitrite is an intermediate of both nitrification and denitrification, it may
accumulate where microenvironments and diffusion allow close coupling of the two
processes. Whereas the oxygen concentrations show a steep increase above 100 m, they drop
to almost 0 uM below the small oxygen peak at 400 m. We believe that nitrification occurs
only in a small layer around 400 m where oxygen remains available. Mixing and diffusion

lead to the linear increases of A(15,18) above and below the two nitrification layers.

2.5.3 Box model-derived mass balance and stable isotopic ratios in the ODZ

In order to obtain a rough estimate of the amounts of reactive nitrogen taking part in
nitrate reduction, denitrification and nitrite oxidation, we produced a box model for the upper
part of the ODZ (Fig. 2.7, Supplement text02). It encompasses the secondary nitrite maximum
and ranges from a water depth of 125 m to 350 m. The areal extend of the secondary nitrate
maximum is 1.95x10™ m? (Naqvi, 1987,) so that the box volume becomes 4.38x10** m®. The
in- and outflow of water is calculated by dividing the volume of water by the mean residence
time of water within the ODZ. As an estimate of the residence time of ODZ water, we used an
estimate of 10 years (Olson et al., 1993). Nitrate inputs are calculated by multiplying the total
inflow with a nitrate concentration of 34 uM; the 8"°Nnog is assumed to be 7%o. The second
source of nitrogen is organically bound nitrogen exported from the euphotic zone. There are a
variety of equations allowing a calculation of the organic carbon (OC) flux at all water depths
if the primary production (Pp) is known. Based on satellite-derived data on primary

production and results derived from sediment trap experiments such an equation was adapted
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to the condition found in the Arabian Sea (OC = 0.01 Pp®/water-depth®®?: Rixen et al., 2002).
The mean primary production in the Arabian Sea of 180 g C m? yr is used to calculate the
organic carbon flux at the top (125 m) and the bottom (350 m) of the modelled box. The
difference between these fluxes is the amount of organic matter remineralised within the box.
This number is converted into nitrogen by using the Redfield ratio. Two different
remineralisation processes are considered (i) nitrification which is a chain of reactions in the
course of which NH," is converted via NO, (ammonia oxidation) to NO3™ (nitrite oxidation)
and (ii) heterotrophic denitrification which can be described by two reactions which are the
NO;3 reduction (eg. 12) followed by the NO, reduction to N,O and N (eq. 13):

(CHzo)loe(NH3)16(H3PO4)+260 HNO3—106 CO,+276 HNO,+H3;PO4+122 H,O
(CHQO)loe(NH3)15(H3PO4)+100 HNO,—106 CO»+54 No+4 N,O+H3P0O,4+90 H,0O

Euphotic Zone Pp 180 g C m? yr?
(NO,),eq: 7.0; 5°N=-4.5 [%o]
A
: (Ngrg)int 3.8; 3'°N = 7 [%o]
(NO3);, :
(NO3;2) o
(Ngrg)out: 2.0; 3*°N = 8.8 [%o]
Mass balance: 0=(N0O;);,-(NO3/2)ou-(NO2) req+ (Norglin=(Norg)our Unit: 10**mol N yr?

Fig. 2.7: Box model of N-cycling in the Arabian Sea ODZ (see further explanation in the text and in
supplement text02). Unitless numbers are fluxes in 10" moles N yr™. Nitrogen sources are advection of
nitrate and sinking organically bound nitrogen. Nitrogen sinks are heterotrophic denitrification and
lateral export of nitrate and nitrite (all in blue). Red colours indicate concentrations of nitrate and
nitrite in the ODZ and their stable isotopic values and correspond with measurements at location #953.
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The formation of N, as well as the outflow of reactive nitrogen, are the two sinks balancing
the nitrogen inputs. The N,O formation during denitrification is ignored because NO, in spite
of being an important greenhouse gas, is quantitatively of low importance for the nitrogen
budget in the ODZ.

All together 1000 model years were calculated to get the model into equilibrium whereby
the conditions were changed in five steps after steady state was reached for the set conditions
(Figure 8, Supplement text02). For the first 200 model years there was no remineralisation of
organic nitrogen and the mean NOj; concentration attained a value of 31 uM, NO;
concentrations were 0 uM and 8°Nnoz Was 7%o as prescribed. In the second step after the
model year 200 the entire organic nitrogen was decomposed and converted into NO3™ via
complete oxidation of organic nitrogen (complete nitrification). Accordingly, the NOs
concentration increased by approximately 4 uM and the 8"*Nnos was reduced slightly, as the
lighter *N is preferentially decomposed. An isotopic fraction factor of °¢ = 2%o (Mdbius,
2013) was used as the isotopic effect of ammonification. In a third step nitrification was
reduced and the remaining organic nitrogen was remineralised by denitrification.
Consequently the NOj3; concentration decreased and the NO, concentration increased.
Assuming a fractionation factor of *°¢ = 25%. for denitrification which is in the range of those
determined experimentally and empirically (Altabet et al., 1999a; Barford et al., 1999;
Granger et al., 2008; Sigman et al., 2009b; Voss et al., 2001), the residual nitrate became
heavier and reached values around 20%. as measured in profile #953 (Table 2.2). Assuming
furthermore that approximately 24% of the produced NO, is not reduced to N, the
accumulating NO,™ attains concentrations of around 5 uM which also agrees quite well with
measurements of profile #953. However, the resulting §°Nyo2 is -6%o which is much higher
than the measured §°Nyoz of ~ -16%.. Assuming, in a fourth step that the entire available
organic nitrogen was utilized by denitrification, the 8*°Nno; further increases. Considering in
the fifth step that 60% of the produced NO; is not reduced to N, and that 40% of the
accumulated NO, is reoxidized to NO3z™ with an isotopic effect of -13%. (Buchwald and
Casciotti, 2010; Casciotti, 2009), the resulting 8*>Nnoz values are similar to the ones measured
in profile #953. Thus, a reoxidation of 24% of initial nitrite appears to be the process

explaining the low 8*°No, values in the upper part of the ODZ.
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Fig. 2.8: Model run of 1000 years changing the conditions in 200 year steps:

I —accumulation of nitrate concentrations by advective inflow

Il — nitrification of settling organic matter so that the remineralised organic nitrogen is added to the
nitrate pool is reactive nitrogen

I11 — denitrification starts; part of the organic nitrogen is oxidised by nitrification and part of it is
respired by denitrification; 24 % of the nitrite accumulating is not further denitrified to dinitrogen but
accumulates in the water column

IV — the entire organic matter decomposition is carried out by heterotrophic denitrification; nitrite is
allowed to accumulate as in step 111
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V - 40% of the nitrite produced during nitrate reduction is denitrified and released as dinitrogen gas
and 40 % of the remaining nitrite is reoxidised to nitrate (i.e. 24 % of initially produced nitrite).
Concentrations of nitrate and nitrite (in uM) are shown in black; their respective stable isotopic ratios
are shown in red. The assumed nitrification, denitrification and nitrite oxidation rates are shown in Tg
Nyrt,

2.5.4 Processes in the lower ODZ

There is no nitrite accumulation below 400 m at most stations except at #957, although
oxygen concentrations are <1 uM down to ~600 m (Fig. 2.3b; Table 2.1) and would thus
promote both denitrification and anammox. Although observations suggest that denitrification
occasionally and locally extends down to 600 m (Brand and Griffiths, 2008; Morrison et al.,
1999), we observe a gradual decrease of the NOsger, 8°Nnos and 8*°Onos suggesting linear
mixing of intermediate and deep water masses. The zone of iron reduction, indicated by
maxima of dissolved Fe(ll), is equivalent to the nitrite accumulation zone in the Arabian Sea
(Moffett et al., 2007). Manganese (Lewis and Luther, 2000) and iodate reduction (Farrenkopf
and Luther, 2002) apparently extend to greater depths than denitrification, so that oxidation of
organic matter in the lower ODZ is probably mediated by manganese and iodate reduction.
Our oxygen measurements with a conventional electrode on a SEABIRD CTD are by a factor of
10 higher than oxygen concentrations simultaneously measured with the more sensitive
STOX microsensor (Revsbech et al., 2009) at some stations. Observed thresholds of
denitrification or anammox in the oxygen profiles at our stations are thus likely too high.
Denitrification is linked to very low oxygen concentrations and depends on sufficient supply
of organic substrate. It is possible that denitrification ceases below approximately 400 m in
the Arabian Sea, despite low but persistent oxygen concentrations. We attribute this to a
limitation by organic substrate caused by rapidly sinking aggregates, reduced suspended

matter concentrations, and lower quality of organic matter.

2.6 SUMMARY AND CONCLUSIONS

Oxygen, nutrients and paired stable isotope ratios of nitrate and nitrite as well as the
major nitrogen transformation processes in the ODZ of the Arabian Sea were investigated
during the late SW monsoon of 2007. The near coastal stations off Oman revealed little nitrite
accumulation and sporadic ventilation of the upper ODZ by intrusion of oxygenated waters,

probably from the Persian Gulf outflow. All five offshore stations have low oxygen
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concentrations below 5 uM so that denitrification and anammox are feasible between 100 and
1200 m water depth. However, active denitrification is restricted to the upper ODZ indicated
by the accumulation of nitrite and peaks of *Nyoz+no2 and 8'*Onoz+noz. 8 °Nioz and 8'%Onos
measured in selected samples are elevated compared to *Nyos:no2 and 2Onosnoz SO that
calculated 5 Nno2 and 8800, are negative. As the apparent fractionation factors are higher
than those commonly assumed for nitrate reduction and the difference between nitrate and
nitrite stable isotopic values are much higher than feasible with nitrate reduction, additional
transformation processes of reactive nitrogen are evidently significant in the ODZ of the
Arabian Sea. The decoupling of the 8™Nyosz and 8'®0Onos, furthermore, suggests that
nitrification is an important process. The smaller inverse isotopic effect on oxygen compared
to nitrogen during nitrite oxidation, as well as the exchange of oxygen between the strongly
depleted oxygen in nitrite with the heavier oxygen of ambient water are responsible for the
relative enrichment of oxygen isotopes compared to nitrogen isotopes. Negative A(15,18)
values indicate two nitrification layers at 150 m and 400 m, i.e. at the upper and lower margin
of the zone of denitrification. We propose that the core of the ODZ is dominated by
denitrification, during which dinitrogen gas is released and nitrite is produced. Ammonium
produced by organic matter remineralisation is most likely removed by anammox bacteria.
Bimodal nitrite peaks result not only from nitrite removal, but also from coupled
denitrification and nitrification at the upper and lower margins of the denitrification zone.
Coupled nitrification and denitrification has been proposed by (Anderson et al., 1982) with
nitrate from nitrification fuelling denitrification by diffusion or mixing processes. With a
simple box model the §°Nnos and 8*°No, found in the ODZ could be reproduced if 40% of
the nitrite of nitrate reduction is further reduced to dinitrogen, 24% are reoxidising to nitrate
and 36% accumulate as nitrite in the ODZ.

Below 400 m oxygen concentrations <1 uM prevail, but denitrification occurs only
scarcely in the Arabian Sea. The lower margin of the denitrification zone is probably
determined by the paucity of organic substrate rather than by low oxygen concentrations. At
the lower boundary of the ODZ other electron acceptors such as iron, manganese or iodate

govern organic matter remineralisation.
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SUPPLEMENT

Supp ts01:

Sampling locations:

Station No. Latitude Longitude
944 21°55.96'N 59°48.15'E
945 20°43.73'N  59°23.89'E
946 20°06.11'N  58°44.37'E
947 18°00.00'N  59°00.00'E

949 16°26.00'N 61°15.00'E
950 15°15.00'N 63°30.00'E
953 17°00.00'N 68°00.00'E
955 19°06.00'N 67°06.00'E

957 20°34.00'N  64°40.00'E

44



Parallel denitrification and nitrite oxidation in the Arabian Sea

Supp fs01:

Cross-sections of oxygen (a) nitrate (b), nitrite (c), nitrate deficit (d), 8" Nnoz:no2 (€) and 8**Onozsnoz
(f) along the cruise track of Meteor 74/1. The horizontal distance is given in km from station 944,
Units in Figs. a-e are uM and units in Figs. e and f are %o.
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Nitrate deficit [uM/I]
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Supp text01:

Fractionation factors ¢ obtained by the steady state (open system) model plotting 1-f against
8" Nnos+no2: 8 °Onos+noz OF 8°Nnos, respectively, are given in table supplement ts02 for
comparison with the results of the Rayleigh model in Table 3 of the manuscript. The open
system assumes that the substrate is replenished constantly (Sigman, et al., 2009a) so that:

8" Naupstrate = 8" Ninitiat substrate = - &(1-F) (15)
with f being the proportion of the original fraction of the substrate remaining. The stable
isotopic ratio is calculated according to:

8" Nproduct = 8™ Niitial substrate = () (16).
Using the regressions obtained from the Rayleigh and, respectively, the steady state (open
system) model, the stable isotopic values increase with ongoing denitrification along the
curves shown in figure supplement Figure fs02. Clearly, the values from the ODZ of the

Arabian Sea are in an f range in which both models produce very similar results.
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Sigman, D., K. L. Karsh, and K. L. Casciotti (2009), Ocean process tracers: Nitrogen isotopes
in the ocean, in Encyclopedia of Ocean Sciences (update from 2001), edited by J. H.
Steele, et al., pp. 4138-4153, Academic Press, London.

Supp ts02:

100-1200m Nitrate+Nitrite
Station No. 15e 18e 15e/18e

949 21.7 -

950 40.8 - -

953 400 - -

955329 - -

957 431 - -
949-957 307 - -
Nitrate
949-957 478 406 1.2
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Supp fs02:
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Supp text02:

Model description:

d(NO3)/dt = [(NO3)in - (NO3z)out + (NO3)nit - (NO3)red + (NO,)ox]/Volume a7
d(NO2)/dt = [(NO3)red - (NO2)ox - (NO)red - (NOy)out]/Volume (18)
both equations were solved for >N and **N.

Isotopic fraction was considered during nitrification ((NOg)nit), nitrate reduction ((NOs3)red)

and nitrite oxidations ((NO)ox) and is described below.

(NO3)in/(NO3)out/(NO,)out:

In order to test our assumption we produced a small model for the upper part of the OMZ
(Fig. 7 in manuscript). The box encompasses the secondary nitrite maximum and ranges from
a water-depth of 125 m to 350 m as seen in profile 953 (Fig. 2.3 in the manuscript). The
spatial expansion of the secondary nitrate maximum accounts to 1.95%10* m? (Naqvi et al.,
1987) suggesting a volume of 438.75*10% m®. The in- and outflow of water was calculated by
dividing the volume of water by the mean residence time of water within the OMZ. Although
estimates of the residence times vary between 1 and 50 years, we used 10 years because it is
widely believed to be the most appropriate estimate. Nitrate inputs were calculated by
multiplying the inflow with a nitrate concentration of 34 mmol/m°.

The 8*°N of incoming nitrate (deltal5NNO3) was assumed to be 7 permill.

(NO3)in = (438.75 10712 /10)*0.034 = 1.49 [10"12mol/yr ] (19)
(NO3)out = (438.75 10712 /10 )*(NO3 concentration in the box) [10712 mol/yr ] (20)
(NO2)out = (438.75 10712 /10 )*(NO2 concentration in the box) [10712 mol/yr ] (21)

(Norg)in/(Norg)out/(Norg)rem:

The second source of nitrogen is the import of organically bound nitrogen that was exported
from the euphotic zone into the OMZ. There are a variety of equations that allow to calculate
the organic carbon (OC) flux at all water depths if the primary production (Pp) is known.
Based on satellite-derived data on primary production and results derived from sediment trap
experiments such an equation was adapted to the condition found in the Arabian Sea (Rixen et
al., 2002):

OC = 0.01Pp2/water-depth”~0.628 (22)
The mean primary production in the Arabian Sea of 180 gC m? yr'* was used to calculate the

organic carbon flux at the top (125 m) and the bottom (350 m) of the considered box. The
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difference between these fluxes indicates the amount of organic matter that was remineralised
within the box, which was converted into organic nitrogen by using the Redfield ratio.
(Norg)in = (0.01 Pp2/water-depth”~10.628)/(atomic weight of carbon)/(Redfield C/N ratio)

[mol N/yr] (23)
(Norg)out = (0.01 Pp2/water-depth~20.628)/(atomic weight of carbon)/(Redfield C/N ratio)
[mol N/yr] (24)
(Norg)rem = (Norg)in-(Norg)out (25)

Three different remineralisation processes were considered: (a) nitrification in the course of
which N is converted to nitrate (eq. A) and the heterotrophic denitrification which is a chain
of reactions starting with nitrate reduction (eq. B) followed by the nitrite reduction to N, (eq.
C).

Nitrification (Norg -> NO3):

(CH20)106(NH3)16(H3PO4) + 138 O,->106 CO, + 16 HNO3 + H3PO,4 + 122 H,0 (eq. A)
Denitrification:

1.: (Norg + NO3 -> NOy):

(CH20)106(NH3)16(H3PO4) + 260 HNO3->106 CO, + 276 HNO; + H3PO,4 + 122 H,0 (eqg. B)
2.: (Norg + NO; -> Ny):

(CH,0)106(NH3)16(H3sPO4) + 158 HNO,->106 CO2+ 86 No+1 N,O + H3PO4 + 209 H,0 (eq.
C).

In order to balance denitrification (the amount of HNO, that is produced during the first and
consumed during the second step) the eg. C has to be multiplied by 1.74. This results in the
following net equation:

1.74 (CH,0)106(NH3)16(H3PO4) + 276 HNO,-> 185.17 CO, + 149.64 N, + 1.74 N,O + 1.74
H3PO, + 365.089 H,O (eq. D)
adding egs. B and D and dividing it by 2.74 results in (eq. E):

(CH,0)106(NH3)16(H3sPO4) + 94.65 HNO3->106 CO; + 54.69 N, + 0.63 N,O + H3PO, +
177.32 H,0 (eq. E)

The amount of Ny that was decomposed by the three mechanisms was determined as
follows:

Nitrification (Norg -> NO3)

(Norg)rem1 = (Norg)rem*(Fac10) (26)
Denitrification (1): (Norg + NO3 -> NOy)
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(Norg)rem2 = ((Norg)rem™ (1-Fac10))*(2.74-Fac11)/2.74 (27)
Denitrification (2): (Norg + NO2 -> Ny)
(Norg)rem3 = ((Norg)rem * (1-Fac10)) *(Fac11/2.74) (28)

(NOg)nit is the amount of nitrate produced during the nitrification. An isotopic fractionation
factor (*°¢) of 2 permill was considered for this reaction.

deltal5SN(NOg3)nit = deltal5N(Norg)rem1-2 [%o] (29)
The produced ®NO; and **NO; were added to the ®NO3 and **NO; pool in the box and
subtracted from N and **N of organic nitrogen (Nor) that continues to sink through the
OMZ.

(NOg)nit = (Norg)rem1 [mol/yr ] (30)
(NOg)red is the nitrite produced during the first step of denitrification (see eq. 2). An isotopic
fractionation factor (*°¢) of 25 permill was considered.

(NOg)red = [(Norg)rem2] + [(260/16)* (Norg)rem2)] [mol/yr ] (31)
where (Norg)rem2 is the amount of organic N that is first converted to NO, considering a B of
2 %o:

deltal5N(NO,-rem2) = deltal5N(Norg)rem?2 - 2 [%o] (32)
and [(260/16) * (Norg)rem2)] is the respective amount of nitrate taken from the pool (NO3
pool) (see eq. B) considering a *°¢ of 25 %o.

deltal5N(NOy)red = deltal5N(NO3 pool) — 25 [%o] (33)
The produced ®NO, and **NO, were added to the ®NO, and **NO, pool in the box and

subtracted from the pool of NO3 and the sinking organic N.

(NOy)red is the N, formation during the second part of denitrification (see eq. C).
(NO2)red = [(Norg)rem3] + [(100/16)*(Norg)rem3)] [mol/yr ] (34)

(NO2)ox :We assume certain fraction (Fac12) of the nitrite which accumulates within the box

during the oxidation of nitrite to nitrate.

(NO)ox = (amount of NO; in the box)*fac 12 [mol/yr ] (35)
An isotopic fractionation factor (*°c) of -13 permill was considered.
deltal5N(NO3)= deltal5N(NO, 0x) +13 [%o] (36)

The produced *®NO; and **NO; were added to *NO3 and *®NOjs in the pool and subtracted
from the 1*NO, and *°NO, pool in the box.
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Model run:
Each step was run for 200 years to make sure that steady state was reached. Accordingly, the
model was running for 1000 years whereby the conditions were changed five times (Fig. 2.8

in manuscript).

(1) No import of Ngrg/no biology:
For the first 200 model years there was no remineralisation of organic nitrogen and the mean
nitrate concentration reached a value of 31 mmol/m; nitrite concentration were 0 mmol/m?®

and deltal5NNO3 was 7 permill as prescribed.

(11) No denitrification:

In the second step after the model year 200 the entire organic nitrogen was decomposed and
converted into nitrate via nitrification. Accordingly, the nitrate concentration increased by
approximately 4 mmol/m® and the deltalSNNO3 was reduced slightly as the lighter *N is
preferentially decomposed.

(111) Denitrification:

In the third step the nitrification was reduced and the remaining organic nitrogen was
remineralised during denitrification. Consequently the nitrate concentration decreased and the
nitrite concentration increased. Due to the strong discrimination against the heavier °N during
nitrate reduction (*°¢ = 25 permill) the remaining nitrate within the box became heavier and
reached values around 20 permill as measured at the profile 953 (Fig. 2.3). Assuming
furthermore that approximately 24% of the produced nitrite is not reduced to N, leads to
nitrite concentrations of around 5 mmol/m® which also agrees quite well with measurements
at profile 953 (Fig. 2.3). However, the resulting deltal5SNNO2 ratios with values of -6 permill

are much higher than the calculated ratios of -16 permill.

(V) No nitrification/100% denitrification:
Assuming in a fourth step that the entire organic nitrogen was decomposed during the
denitrification further increases the deltal5SNNO?2,

(V) 100% denitrification and nitrite oxidation:
Considering in the fifth step that 60% of the produced nitrite is not reduced to N, and that

40% of the accumulated nitrite is oxidized to nitrate leads to deltal5NNO2 values
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similar to the ones measured at profile 953. The decrease in deltal5SNNO?2 is caused by the
negative isotopic fraction during nitrite oxidation (*°¢ = -13 permill), which appears to be a
process explaining the low deltalSNNO2 values in the upper part of the OMZ in the Arabian
Sea. The respective mass balance is given in Fig. 2.7 of the manuscript.

Model run/factors:

(1) No biology no factors

(11) No Denitrification Fac 10 = 1.00

(111) Denitrification Fac10 = 0.08; Facll = 2.55; Fac12 = 0.00

(1V) 100% Denitrification Fac10 = 0.00; Facll = 2.55; Fac12 = 0.00
(V) Nitrite oxidation Fac10 = 0.00; Fac11 = 2.00; Fac12 = 0.40
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ABSTRACT

The northern Benguela upwelling system is a nutrient-replete region with high plankton
biomass production and a seasonally changing oxygen minimum zone. Nitrate:phosphate
ratios in fresh upwelling water are low due to denitrification in the near-seafloor oxygen
minimum zone and phosphate efflux from sediments. This makes the region a candidate for
substantial dinitrogen fixation, for which evidence is scarce. Nutrient and oxygen data, N
isotope data of nitrate, nitrogen isotope ratios of particulate matter, particulate organic carbon
content and suspended matter concentrations on a transect across the shelf and upper slope at
23°S illustrate N-cycling processes and are the basis for estimating the contribution of N-
sources and N-sinks to the reactive nitrogen pool. It appears that N-removal due to
denitrification exceeds N gain by N fixation and physical mixing processes by a factor of >6,
although inorganic N:P ratios again increase as surface water is advected offshore. Nitrate and
ammonium regeneration, nutrient assimilation with N:P < 16, shelf break mixing, atmospheric
input and N, fixation all contribute to the restoration of inorganic N:P ratios back to Redfield
conditions, but in seasonally changing proportions. The Benguela upwelling system thus is a
nutrient source for the oceanic mixed layer where N-sources and N-sinks are not in balance
and Redfield conditions can only re-adjust by advection and mixing processes integrated over

time.
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3.1. INTRODUCTION

Upwelling systems are the largest marine source of CO, to the atmosphere and their
immense primary production fueled by upwelled nutrients far outweighs their modest regional
extent (Watson, 1995; Wetzel et al., 2005). Productivity eventually re-captures the outgased
CO; by phytoplankton assimilation. But it is questionable if CO, outgassing and uptake are in
direct balance in individual upwelling systems. Because they often tap oxygen-deficient
intermediate water masses, upwelling shelves are prone to oxygen deficiency aggravated by
very high oxygen demand generated by remineralisation of sinking organic matter (Monteiro
et al., 2006). Oxygen-deficient coastal upwelling often does not supply nutrients into the
euphotic zone in Redfield ratios, but with surplus of phosphate over nitrate (termed P* by
(Deutsch et al., 2007)), because either is nitrate used to oxidize organic matter in the absence
of dissolved O, (Lipschultz et al., 1990), or phosphate is added from anoxic sediments high in
organic carbon and phosphorus overlying the shelf (Bailey, 1991). In the case that inorganic
N:P ratios of upwelled waters are smaller than 16, current understanding is that there will be a
zone at the fringes of the high productivity belt where nitrate is depleted by assimilation, and
phosphate remains in aged upwelling waters, triggering the “Redfield homeostat” of
diazotrophic N, fixation until the nitrate deficit is filled (Rixen et al., 2005; Rixen et al., 2009;
Tyrrell, 1999). If this basic concept is true, the CO, budget of an upwelling system remains
constant on time scales of years to decades and on spatial scales far beyond the immediate
coastal upwelling area, since the N deficits produced in hypoxic water masses are balanced by
N fixation at the fringes of the upwelling region and the hemipelagic ocean.

One example of such a system is the Benguela upwelling system (BUS) where several
upwelling cells exist along the Namibian and South African coast due to the interaction of
trade winds with coastal topography (Shannon and Nelson, 1996). The northward component
of the Southeast Trades drives upwelling and causes offshore Ekman transport in the surface
mixed layer. Near-seafloor onshore transport and upwelling from 50 to 200 m water depth
compensate for the wind-driven water deficit. The BUS is part of the eastern boundary current
system of the south Atlantic. Off central and northern Namibia, the confluence of the
northward flowing Benguela Current and the poleward Angola current form a transition zone
between central water of tropical and subtropical origin. Eastern South Atlantic Central
Water (ESACW; Fig. 3.1a) is advected within the Benguela current from the Agulhas region
equatorwards as far as the Angola Benguela Frontal Zone at 17°S (Mohrholz et al., 2001).
The Angola current and its subsurface extention, the poleward undercurrent (PU), transport

nutrient-rich and oxygen-depleted South Atlantic Central Water (SACW) from the Angola
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Gyre along the shelf break (Fig. 3.1a). Its proportion in the upwelling water controls the
intensity of the oxygen minimum zone (OMZ), which is most pronounced on the northern
Benguela shelf (Inthorn et al., 2006a; Mohrholz et al., 2008; Monteiro et al., 2006).
Upwelling mainly occurs at the coast (Mohrholz et al., 2008), but also over the shelf due to a
belt of negative wind stress curl (Fennel et al., 2012). Also shelf break upwelling was
observed (Barange and Pillar, 1992).

15°S

20°S

25°S

10°E 12°E 14°E 16°E 1

Fig. 3.1a: Map of the study area showing nitrate concentrations in surface water (0-5 m, data taken
from the Namibia National Collection of Bottle Data, 1906-1990). Red line labels 23°S-transect where
detailed sampling was carried out during the three cruises in 2008, 2010 and 2011. Dashed line
indicates location of the shelf break and arrows mark the Benguela Coastal Current (BCC) and the
Poleward Undercurrent (PU) supplying ESACW (Eastern South Atlantic Central Water) and SACW
(South Atlantic Central Water), respectively.

Water mass composition and thus oxygenation on the shelf vary throughout the year
owing to seasonal changes in the wind-driven Ekman regime (Fig. 3.1b). High SACW
contributions (80 to 100%) are found along the 23°S transect off Walvis Bay in austral

summer (February/March) when the PU is most active and the cross-shelf circulation is weak,
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so that ventilation of the bottom water is impeded (Mohrholz et al., 2008). The cross-shelf
circulation is strongest in the peak upwelling season in August/September and brings oxygen-
rich ESACW from the shelf break onto the shelf (Mohrholz et al., 2008). Hypoxia and anoxia
on the shelf are thus mainly controlled by the water mass composition, but oxygen demand
from high organic matter fluxes and degradation reduce original O, concentrations (Monteiro
and Van der Plas, 2006) and create conditions conducive for anaerobic pathways of organic
matter degradation. Oxygen concentrations below 10 uM and ~5 uM stimulate anammox and
heterotrophic denitrification, respectively (Cline and Kaplan, 1975; Jensen et al., 2008), and
cause nitrate deficits over phosphate in OMZs that are transferred into surface waters by

upwelling (Tyrrell and Lucas, 2002).
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Fig. 3.1b: Water mass distribution (% SACW, colours) and temperature (contours) on the transect at
23°S during expedition M76-2 (May-June 2008).

Nitrate reduction in the water column — the first step of heterotrophic denitrification - and
presumably also anammox are associated with kinetic fractionation of stable N isotopes
causing an enrichment of the heavier N isotope in the residual nitrate pool (Konovalov et al.,
2008; Sigman et al., 2005). The fractionation factor (¢) is the difference between the isotopic
composition of the source and the product (Mariotti et al., 1981). Heterotrophic denitrifying
bacteria and nitrate assimilating phytoplankton discriminate against the heavier *°N isotope
with a fractionation factor of 25%. and 5%o, respectively (Granger et al., 2008; Granger et al.,
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2004). Although large reactive nitrogen deficits over phosphate occur in upwelling water,
there is no experimental evidence for significant N, fixation in the BUS (Sohm et al., 2011);
Wasmund, pers. comm., 2011). This is puzzling, because inorganic N:P ratios are evidently
restored to Redfield ratios in modified upwelling water advected offshore (Wasmund et al.,
2005) and seem to exemplify the P*-concept (Deutsch et al., 2007) that links N, fixation in
time and space to the denitrification zones of the ocean. In the absence of evidence for N,
fixation several alternative processes have been invoked, such as shelf break upwelling in a
second upwelling cell (Barange and Pillar, 1992; Emeis et al., 2009), or non-Redfield
assimilation stoichiometry (Weber and Deutsch, 2010).

Here, we use data of oxygen and nutrient concentrations as well as stable isotope
compositions of nitrogen in nitrate (8"°Nnos) and 8™N ratios of particulate nitrogen (8"°Npy)
as well as particulate organic carbon content (POC) to investigate N-cycling processes in the
BUS and the isotopic composition of nitrate as a fingerprint of its origin. With the data, we
quantify the nitrate deficit generated by denitrification and phosphate release, estimate how
much denitrification contributes to the regional nitrate deficit, and identify mechanisms that

restore the inorganic N:P ratios in the mixed layer of the adjacent South Atlantic.

3.2. MATERIALS AND METHODS
3.2.1. Sampling

Water samples were taken with a CTD/rosette sampler during cruises M76-2 (May/June
2008), D-356 (August/September 2010) and MSM17-3 (February/March 2011) and were
filtered over pre-combusted GF/F Filters onboard. Filtrates were stored frozen in acid-washed
polypropylene bottles for nutrient analysis and isotope analysis. Since the main focus of all
cruises was on the 23°S transect and sampling was most detailed there, we concentrate on this
transect.

Particulate matter sampling was carried out by filtration onboard. Water was filtered over
pre-weight and pre-combusted (450°C) GF/F Filters (Whatman). Filters were dried
immediately after filtration at 40°C for 48h.
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3.2.2. Analytical Methods

Nutrients of M76-2 samples were measured with a BRAN & LUEBBE autoanalyser in the
home laboratory in Hamburg by applying standard methods. Nutrient analyses of D-356 were
carried out onboard and samples of MSM17-3 were measured in the home laboratory in
Bremen. Standard methods and a SKALAR autoanalyser were used for the samples of D-356
and MSM17-3. Oxygen concentrations in discrete samples were measured by using Winkler
methods and were further used to calibrate oxygen data obtained from the CTD.

POC was measured using a Thermo Flash EA 1112. Briefly, homogenized samples were
weighed into silver capsules and inorganic carbon was removed by adding 1M HCI suprapur
prior to analyses. All POC data are given in weight-%.

8N of nitrate was determined using the “denitrifier method” (Casciotti et al., 2002;
Sigman et al., 2001a) and are reported in %o using the delta-notation
8" Nsample = (°N/**N)sampte / (“°N/**N)reference — 1) * 1000 (37)
with air N, as reference for *>N/**N. The values were calibrated using IAEA-N3 (5"*Nnog =
+4.7%0) and USGS-34 (5°Nnos = -1.8%0; Bohlke et al., 2003). A potassium nitrate standard
was measured twice within each run for quality assurance. Isotope values were corrected
using the single point correction referring to IAEA-N3 for 8*°Nnos. The standard deviation for
IAEA-N3 was 0.3%o, which is within the same specification for 5®Nos for at least duplicate
measurements of the samples. Since nitrite was not removed prior to isotope analyses and
since Pseudomonas aureofaciens used for the “denitrifier method” consume both nitrate and
nitrite, we have to perform a nitrite correction of 5°N values in samples with significant
nitrite concentrations (more than 1 uM). The correction was done using the equation:
5"°Nno2 = (NO3 + NO2) * 8"°Nnos+no2) — (NO3 * §"°Nnos) / NO, (38)
for samples from the bottom water of station #206 and #252. Because we lack genuine nitrite
8N values for the BUS, we have to resort to literature data. In the Arabian Sea OMZ 815NN02
values are calculated from equation (2) to average -18.1%o (Gaye, B., B. Nagel, K. Dahnke, T.
Rixen, and K.-C. Emeis, Evidence of coupled denitrification and nitrification in the ODZ of
the Arabian Sea from paired stable isotopes of nitrate and nitrite, resubmitted to Global
Biogeochemical Cycles.) which is in accordance with nitrite isotope data from the Eastern
Tropical North Pacific OMZ (Casciotti and Mcllvin, 2007).

8"Npy ratios were measured using a Thermo Delta Plus XP mass spectrometer after
combustion in a Thermo Flush EA 1112. A single-point calibration was performed with
IAEA-N1 standard (Bahlmann et al., 2010). Within each run IAEA-N2 and IVA Sediment

standards have been measured to assure measurement quality and to assess the laboratories
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long-term measurement performance. The standard deviation for IAEA-N1 was less than 0.2
%o and duplicate measurements of suspended matter samples differ less than 0.3%. due to
inhomogeneous particle coverage of filters.

3.3. RESULTS

We concentrate on the data obtained for the sampling period in May/June 2008, when the
shelf was partially anoxic, and use nutrient data from D-356 and MSM17-3 to demonstrate the
high seasonal variability on the Namibian shelf. In May/June 2008 moderate coastal
upwelling of water from 100 to 150 m water depth occurred at 23°S. On the shelf, the
subsurface SACW contribution (Fig. 3.1b) was highest (< 85%, 50 m) on the inner shelf in
the coastal upwelling region and decreased towards the outer shelf (< 65%, 200 m). A patch
of low SACW fraction (<40%) was found above the bottom at the shelf break (station #202).
A distinct thermocline was present within the upper 50 m above the shelf break and further
offshore. We found suboxic conditions (< 20 uM) in the bottom water of the inner shelf at
23°S and even surface waters near the coast were oxygen depleted (O,< 80 uM; Fig. 3.2a).
The subsurface OMZ spread into the hemipelagic ocean where minimum O, concentrations
ranged between 40 and 60 pM.

Nitrate concentrations (Fig. 3.2b) in the mixed layer were lowest near the coast and at the
offshore station #201 (< 2 uM). A “nitrate plume” above the shelf break with significantly
elevated concentrations by > 5 puM compared to the adjacent stations lifted the nitracline up
into the thermocline. A similar pattern was observed for phosphate (Fig. 3.2c): elevated
concentrations occurred above the shelf break, but differing from nitrate, highest
concentrations (> 1.5 uM) were found near the coast. Nitrite concentrations (Fig. 3.2d) above
1 UM were restricted to suboxic bottom water on the inner shelf with a maximum of 4.4 yM
at 60 cm above the seafloor at station #252. Ammonium concentrations (Fig. 3.2e) were
above 1 UM throughout the inner shelf, with maximum values in coastal surface water
between 6 and 7 puM, and above 8 uM at the seafloor (#206).
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Fig. 3.2: Interpolated concentrations during M76-2 (May-June 2008) on the 23°S transect normal to
the coast. a) oxygen; b) nitrate; ¢) phosphate; d) nitrite and €) ammonium. Numbers mark individual
concentrations that deviate from the colour code due to steep concentration gradients.

Suspended matter concentrations (SPM, see supplement S1) and particulate organic
carbon content (POC, see supplement S2) correlated near the seafloor. Both increased in
bottom water towards the inner shelf from 4.9 mg/l to ~30 mg/I in the bottom nepheloid layer
and from 2.8% to 6.0%, respectively. SPM concentrations were high in surface water near the
coast (~19 mg/l) at co-occurring low POC concentrations of 2.7% to 2.9%. SPM
concentrations decreased in surface water in offshore direction to 4.2 mg/l at the most
offshore station. POC content in surface water was high at stations #206 and #198. Further
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offshore, high POC contents in surface waters were observed at co-occurring low SPM
concentrations and vice versa. At offshore station #201 a pronounced deep surface SPM
maximum (18 mg/l) occurred at 17 m water depth at a remarkably low POC content of 1.2%.
Bottom waters at the shelf break were rich in SPM (12.5 mg/l at 5 m above seafloor) and POC
(4%) compared to the surrounding waters.

Bottom waters at the shelf break had excess reactive nitrogen with respect to phosphate.
DIN/P ratios (see supplement S3) were calculated as (NOs + NO, + NH,")/PO,> and ranged
between 21 and 16 at the outer shelf stations. DIN/P ratios decrease on the inner shelf down to
3.4 in coastal surface water.

The 5°Nnos of water at the shelf edge — the source for upwelling waters over the shelf -
ratios ranged from 5.7%o to 6.7%o (Fig. 3a). These values are slightly higher than deep ocean
nitrate originating from subduction around the polar front (5.5%o0; Sigman et al., 2001b). By
contrast, bottom water nitrate on the inner shelf OMZ was most enriched in >N (6™°Nyos
values between 28 and 29.6%o) at station #252. The nitrite correction (eq. 2) was performed
for these samples because nitrite content was 32% of the combined NO, + NO3 pool. High
8" Nnos Values (< 13.9%o) were also found within the mixed layer at the most distal station
#201 on the 23°S transect, where nitrate concentrations dropped below 2 uM. Stable nitrogen
isotope ratios of particulate nitrogen (8"°Npy) ratios ranged between 3.0%o in the surface water
at the most distal station (#201) and 11.0%. in intermediate water (50 m) at nearshore station
#252 (Fig. 3b). 8"°Npn were low (< 5.5%o) in surface waters at the outer shelf and upper
slope. High 8°Npn (> 7%o) characterised all suspensions in intermediate and bottom water
with the exceptions of shelf break bottom water (6.2%o0) and bottom water at station #206
(6.7%o).
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Fig. 3.3: Interpolated isotopic compositions in %o during M 76-2. a) 5™°Nyos; b) 8N py

3.4. DISCUSSION

N-loss processes such as heterotrophic denitrification and anammox are known to occur
in the Benguela OMZ (Kuypers et al., 2005; Tyrrell and Lucas, 2002), but there is only little
experimental evidence for N fixation balancing the N-loss, and the rates observed were too
low to compensate the N-loss (Sohm et al., 2011). Despite a pronounced N-deficit on the
inner Namibian shelf, however, we find a balanced inorganic N:P ratio ((NOs + NO; +
NH4")/PO,*) of ~ 16 in surface water offshore the shelf break in May/June 2008. This
suggests a source of inorganic N in surface water advected from the shelf to the open ocean.

65



Chapter 3

Below we address the question if the BUS is a closed system in which N-losses are
compensated by N-supply restoring Redfield conditions. If this is not the case and N-losses
exceed N-supply, the BUS would be a sink of fixed N, thus weakening the CO, uptake
capacity of the regional biological pump. We then investigate seasonal variability linked to
water mass and oxygen dynamics, and attempt to quantify the deficit of inorganic N

transferred into the adjacent hemipelagic ocean.

3.4.1. Processes of N-Cycling on the Namibian Shelf

Our discussion of data and transformations of reactive N follows mainly a 2D cross shelf
circulation model view. This is applicable to the circulation on the shelf, but has some
weaknesses for the shelf break and adjacent oceanic stations. Mohrholz et al. (2008) have
shown that the cross shelf circulation on the shelf is controlled by upwelling dynamics with
offshore Ekman transport in the mixed layer and an onshore compensation flow below the
thermocline. Offshore of the shelf edge and below the surface layer the circulation is
dominated by meridional currents, namely the Benguela current and the poleward
undercurrent. Although the meridional flow on the shelf is prominent (Monteiro and Van der
Plas, 2006; Monteiro et al., 2008), one can interpret the conditions observed on the transect
off Walvis Bay as a projection of the 3D picture onto a 2D transect. This is because the
meridional extent of the upwelling area is large compared to the shelf width. Further assuming
that processes are uniform along the coast, a 2D transect depiction is mainly controlled by
cross shelf dynamics. This assumption is also applicable for the surface mixed layer beyond
the shelf edge, because the Ekman offshore transport dominates the flow on longer time
scales.

Phosphate and ammonium concentrations (Fig. 3.2c and 3.2e) increase in bottom water
from the outer shelf towards the coast. The increase is caused by intense remineralisation of
organic matter in sediments of the inner shelf. Ammonium and phosphate diffuse out of the
sediments under low oxygen conditions (Neumann, 2012). The benthic ammonium supply is
entrained into the cross shelf flow and wells up near the coast.

Significant amounts of nitrate in sub-thermocline water on the shelf are consumed within
the OMZ on the inner shelf (Fig. 3.2b) as soon as decreasing oxygen concentrations reach the
threshold of ~ 5-10 uM for heterotrophic denitrification and anammox (Cline and Kaplan,
1975; Jensen et al., 2008). In sub-thermocline water on the outer shelf and at station #206

8"Nnos and 8®0Onos (data not shown) change in parallel. This pattern is consistent with

66



N-cycling and balancing of the N-deficit over the Namibian shelf

nitrate reduction (the first step of heterotrophic denitrification; Granger et al., 2008), which
was detected in the bottom nepheloid layer throughout the OMZ in low rates (Fussel et al.,
2011). The 5°Nnos and 5'®0Onos values continue to rise towards the inner shelf while the
nitrate deficit (Ngr, See supplement S4) increases. This indicates progressive nitrate
consumption by nitrate reduction. Other nitrate and nitrite consuming processes which could
account for the evolving nitrate deficit in the deep water over the shelf at 23°S are anammox
and dissimilative nitrate reduction to ammonium (DNRA). Anammox is possibly the
dominant reason for the N-deficit on the Namibian shelf (Kuypers et al., 2005) and anammox
rates exceed nitrate reduction rates at station #252 (Flssel et al., 2011). Nitrate ammonifiers
were not evident at station #252 (Fussel et al., 2011) and not responsible for decreasing nitrate
concentrations in waters of the OMZ. From our data we cannot definitely state which process
is the most effective in eliminating reactive N before the water upwells into the euphotic
mixed layer.

As the upwelled water moves across the shelf, the 8®Nnogvalues in surface waters
decrease from the stations closest the coast to roughly the shelf break. Near the coast,
particulate matter that is apparently produced in the surface layer by phytoplankton has higher
8"°Npy values than 8*°N of the ambient nitrate. This suggests that a relatively **N-enriched N-
source is assimilated by phytoplankton, whereas a relatively *>N-depleted source adds to the
dissolved nitrate pool. For both, the branching of high ambient ammonium concentrations into
either biomass (ammonium assimilation) or nitrate (nitrification) is a good candidate (Wankel
et al., 2007).

High ammonium concentrations (Fig. 3.2e) in coastal surface water most likely originate
from two sources. The first is benthic remineralisation of organic matter, because both
ammonium and phosphate concentrations are elevated in freshly upwelled waters near the
coast. In addition to the benthic source, an ammonium source from ammonification of
particulate nitrogen in the water column is indicated by a vertical decrease of SPM
concentrations from the mixed layer (~ 10 mg/l) to 50 m water depth (~ 5 mg/l; see
supplement S1). Additionally, POC content decreases in the upper 50 m of station #252 (see
supplement S2). At the same time, the average 8*°Npy ratio of the sinking material increases
from 7.8%o in the mixed layer to 9.5%0 at 50 m water depth (Fig. 3.3b), indicating a
preferential release of N depleted ammonium during ammonification. The ammonium
mixture produced is partly assimilated and causes the mismatch between 8*°Nyos and 8"°Npy
seen at station #252. Here, particles in the surface water have higher "N ratios than ambient

nitrate (8"°Npy = 8.3%o versus 5 °Nnos = 7.5%o and 7.8%o), whereas biomass from assimilation
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of that nitrate should have a §"°Npy that is 5%o more negative than ambient 5"’ Nyos (Granger
et al., 2004). This implies that assimilation of isotopically enriched ammonium — associated
with a fractionation factor of 6 to 27%o (Hoch et al., 1992; Wankel et al., 2007; Waser et al.,
1998) - raises the 8"°Npy.

Additions from nitrification of ammonium on the other hand decrease the 8*°N of the
nitrate pool, because marine nitrification discriminates strongly against *°N (*°c between 14
and 19%o; Casciotti et al., 2003). The branching of ammonium fluxes to either nitrification or
ammonium assimilation, associated with different fractionation factors, thus leads to nitrate
that is more **N-depleted than the suspended matter produced by ammonium assimilation of
the residual (Wankel et al., 2007).

8" Npy ratios (Fig. 3.3b) decrease in offshore direction from 7.2%o at station #206 to
values between 5.5%0 and 3.8%. at the shelf break (station #198) coincident with decreasing
ammonium concentrations (Fig. 3.2e). Nitrate rather than ammonium is the predominant N-
source for primary production offshore of station #206 and low 8"°Npy ratios mimick low
8" Nnos ratios of newly produced nitrate (see also Granger et al., 2011). The production of
nitrate in the oxygen gradient of OMZs is a typical feature also known from the Eastern
Tropical North Pacific (Ward and Zafiriou, 1988), the Eastern Tropical South Pacific
(Lipschultz et al., 1990; Ward et al., 1989) and from the Arabian Sea (Gaye, B., B. Nagel, K.
Dahnke, T. Rixen, and K.-C. Emeis, Evidence of coupled denitrification and nitrification in
the ODZ of the Arabian Sea from paired stable isotopes of nitrate and nitrite, resubmitted to
Global Biogeochemical Cycles.). As surface water moves offshore with the Ekman transport,
decreasing primary production at decreasing nitrate concentrations causes decreasing SPM
concentrations (see supplement S1). A contribution of N, fixation is seen in the oceanic end
member (station #201), where nitrate is almost completely consumed (Fig. 3.2b), but SPM
concentration is high and has a low §°Npy value of 3.0%o (Fig. 3.3b). Nitrate in surface water
of station #201 is almost consumed (0.14 uM at 11 m water depth) and 815NN03 and 815NpN at
17 m water depth are 13.9%. and 3.0%o, respectively. Beyond the shelf break, Trichodesmium
occasionally occurs and one to ten Trichodesmium colonies per m® were encountered in

plankton nets in February 2011 in the northern BUS (H. Auel, pers. comm., 2011).
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3.4.2. Seasonal Variability of Water Masses and Nutrient Composition on the Namibian
Shelf

Nutrient concentrations and nutrient ratios in the northern BUS are highly variable due to
the seesaw of two distinct water masses caused by physical processes. Nutrient-depleted and
oxygenated ESACW mixes on the shelf with nutrient-rich and oxygen-depleted SACW
between the Lideritz upwelling cell (26°S) and the Angola-Benguela-Frontal-Zone at 17°S
(Mohrholz et al., 2008). Since ESACW and SACW have completely different oxygen and
nutrient concentrations (as well as differing nitrate/phosphate ratios), prevailing upwelling
conditions control oxygenation and nutrient conditions over the shelf. This is illustrated in
Fig. 3.4 that depicts two different situations on the 23° transect. In August/September 2010
(cruise D356), DIN/P ratios on the shelf ranged between 13.6 and 22.8 (Fig. 3.4b) when
intense upwelling occurred in the northern BUS. In this season, a weak poleward undercurrent
and strong cross-shelf compensation currents transported waters with high ESACW
proportions onto the shelf (Mohrholz et al., 2008). This mixture had high inorganic N/P
ratios. Poole and Tomczak (1999) propose low N:P ratios of ~ 9 for the ESACW in their
water mass definitions of the Atlantic Ocean. But they define the core depth of ESACW
between 350 and 600 m, which is below our sampling depths. Because oxygen concentrations
on the shelf are > 30 uM (Fig. 3.4a) denitrification and release of ammonium and phosphate
from sediments were inhibited so that the high inorganic N:P ratios of upwelling source
waters reached the surface. Bottom water DIN/P ratios increased from the outer to the inner
shelf, where sulphur bacteria abundantly inhabiting the benthic boundary layer take up
phosphate during oxic periods to store it within the cells as polyphosphate (Brock and Schulz-
Vogt, 2011). Consequently, arriving high DIN:P ratios further increase and are transported
into surface water by upwelling and Ekman transport. By contrast a weak cross-shelf
compensation current and strong poleward undercurrent activity controlled the water mass
composition in the northern BUS during cruise MSM17-3 in February/March 2011. ESACW
had retracted to the South and the dominance of oxygen-poor SACW (with DIN/P ratios
around 16:1) promoted the development of suboxic conditions on the shelf (Fig. 3.4c). This
stimulated heterotrophic denitrification and anammox and created an N-deficit by either
denitrification or phosphate release from sediments leading to lowered DIN/P ratios (Fig.
3.4d). Phosphate can be released from the seafloor under anoxic conditions from internal
sources from the inner-shelf organic-rich diatomaceous mud (Bailey, 1991). Under changing
oxic/anoxic conditions, phosphate-sequestring bacteria play a role in generating recent
concretionary phosphorites on the landward flank of the diatomaceaous mudbelt and in
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releasing mediate phosphorous from sediments (Nathan et al., 1993). This source likely
contains a contribution from large sulphur bacteria inhabiting the diatomaceous mud on the
inner shelf: Under anoxic conditions and sulphide exposure, intracellular polyphosphate
stored under oxic conditions is decomposed and released to pore water (Brock and Schulz-
Vogt, 2011). Because sediment pore water and ambient bottom water are in isotopic
disequilibrium regarding oxygen isotopes of phosphate (5'°0p), the imprint of regenerated
phosphate is evident under anoxic conditions (Goldhammer et al., 2011) and further decreases
the DIN/P ratio in the water column on the inner shelf. Phosphate concentrations in pore
water of the diatomaceous mud reach up to < 500 uM in 10 to 20 cm below seafloor
(Goldhammer et al., 2011) and increase to > 1000 uM during prolonged suboxic periods over
the central Namibian shelf (Bartholomae and van der Plas, 2007; van der Plas et al., 2007).
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Fig. 3.4: O, concentrations on the 23°S transect (3.4a) show enhanced oxygenation during Aug/Sep
2010 that was caused by strong upwelling and cross-shelf currents transporting ESACW with elevated
DIN/P ratios (3.4b) onto the shelf. In February/March 2011 the OMZ (3.4c) covered almost the entire

shelf and molar DIN/P ratios (3.4d) decreased from 17.5 above the upper slope to 5 in coastal surface
water.

3.4.3. Quantification of the Nitrate Deficit and Denitrification

N loss or P gain both affect the local deficit of inorganic N (Ngef) in the system. Devol et
al .(2006) defined Nger as the difference between the preformed N:P conditions (NP and the
measured inorganic N-pool (NOz", NO, and NH,"):

Nger = NP'ef - NMeas (39),
To estimate the local NP we plotted DIN ([NOs] + [NO,] + [NH4']) versus [PO,>] from

water samples that were not affected by denitrification and phosphate release (O, > 65 uM)
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nor by assimilation processes (50 — 500 m water depth). The slope of the regression in Fig.
3.5 is 18.22 and the intercept on the PO,>-axis is 0.01, so that:
NP*f = 18.22 * (PO,> - 0.01) (40).

M76-2: O,> 65 uM, 50-500 m
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Fig. 3.5: Linear correlation between dissolved inorganic nitrogen (NO;” + NO,” + NH,") and phosphate
of sampling sites from M76-2 on the 23 °S-transect between 50 and 500 m water depth and O, > 65
MM,

Offshore of the shelf break Nger (See supplement S4) is negative between 100 and 650 m
water depth and mirrors a slight N excess over phosphate. Nges increases towards the mixed
layer and laterally towards the shelf, to maximum values in coastal surface water at station
#192 (27.2 uM) and within the bottom nepheloid layer at #252 (28.6 uM).

During the expedition M76-2 in May/June 2008, upwelling source water at the shelf
break had DIN:P ratios ~20:1 (see supplement S3) that correspond to a Nge of ~ -2 UM. This
IS in accordance with nutrient data for SACW of van der Plas et al. (2007). During onshore
advection with the cross-shelf compensation current, O, concentrations decrease from 70 pM
to 0 UM in inner shelf bottom water. Assuming a threshold for heterotrophic denitrification of
~5 UM and of ~10 uM for anammox (Cline and Kaplan, 1975; Jensen et al., 2008) both
processes are feasible on the inner shelf below 70 m water depth. There, heterotrophic
denitrification, anammox, and phosphate release decrease the inorganic N:P ratio to 7.1 (see
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supplement S3) and cause a Ngs Of 28.6 uM in the bottom water of station #252 (see
supplement S4). Integrated over the water column at 23°S and at O, concentrations below 10
UM a cumulative Nger of 3 M N per m? is generated by all three processes. Taking into
account that the OMZ is roughly situated above the diatomaceous mud belt, which has an
extension of 18 000 km? (Emeis et al., 2004), we calculate an Nges amounting 0.75 Tg N for
that area in May/June 2008. Water on the shelf moves eastward at a rate of 550 km per annum
(Mohrholz et al., 2008), so that water in the OMZ is completely exchanged 4.5 times a year.
Assuming that the lower 30 m of the water column are suboxic for 9 months per year
(Bartholomae and van der Plas, 2007; Joubert, 2006) our estimate for the inorganic N deficit
relative to phosphate amounts 2.5 Tg N per annum for the water column above the
diatomaceous mud belt. This is in the same range of calculations by Kuypers et al. (2005)
who attributed a loss of fixed N of 1.4+1 Tg on an area of 100,000 km? to anammox.

To calculate the contribution of heterotrophic denitrification to Ngs, We use the stable
nitrate isotope data set. Heterotrophic denitrification is associated with a fractionation factor
of 25%o for stable N and O isotopes of nitrate (Granger et al., 2004; Sigman et al., 2009b;
Voss et al., 2001), leaving the residual nitrate isotopically enriched. In an upwelling system
nitrate is supplied constantly to the OMZ so that heterotrophic denitrification follows the
“open system model” rather than the “Rayleigh closed system” model (Sigman et al., 2009a).
Using the equation:

8" Nreactant = 8" Ninitiat + € (1-f) (41)
for nitrate N isotopes, we calculated the contribution of denitrification to the Nger. Source
nitrate at the shelf break had a 8*°Nyos of 6.1%o, and f was calculated according to Mariotti et
al. (1981):

f=(NO3) / (NO3 + Ngef) (42).
The observed depth-integrated and nitrite-corrected average 8*°Nnos Of 18.1%0 within the
OMZ requires that ~ 48% of the nitrate arriving at the core of the OMZ have to be eliminated
by heterotrophic denitrification. Looking at the nitrate concentrations (Fig. 3.2b), we find that
this isotope-based calculation underestimates the nitrate elimination due to heterotrophic
denitrification: water enters the OMZ containing ~18 UM nitrate and lowest nitrate
concentrations in the core of the OMZ are 7.0 uM. Annual heterotrophic water column
denitrification above the diatomaceous mud belt amounts 0.25 Tg N assuming an average
suboxic depth interval of 30 m (O, <10 uM) for nine months per year and a mean residence
time of water of 80 days. According to this calculation only 10% of the total Nges Were due to

heterotrophic denitrification during M76-2 in May/June 2008. Other candidates causing the
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Nges are phosphate release from sediments and anammox that is thought to eliminate the

majority of reactive N within the northern BUS (Fussel et al., 2011; Kuypers et al., 2005).

3.4.4. Restoration of Surface Water N:P Ratio

The N-deficit in surface water is advected offshore from the coast by the Ekman transport
and decreases successively from 27.2 uM to 0.2 uM at station #201 (see supplement S4).
Possible N-sources for filling the N-deficit in the Benguela region are: (1) atmospheric or land
input, (2) N, fixation, (3) assimilation of nutrients with N:P ratio <16, (4) nitrification or (5)
shelf break upwelling or mixing.

Atmospheric dry deposition in the Atlantic Ocean between 30°S and 10°S has N:P ratios
much above 16 and therefore is a potential N-source. The atmospheric nitrate input in the
open Atlantic Ocean between 25 and 17°S is relatively low (< 20 pM m d™*; Baker et al.,
2003). Many arid environments have highly alkaline soils where ammonia is emitted to the
atmosphere (McCalley and Sparks, 2008). Dry deposition of ammonium is unlikely since
NH," and organic N are associated with fine mode aerosols (< 1um; Baker et al., 2003) but
fine sands dominate the sediments immediately along the Namibian coast where elevated
ammonium concentrations occur. Ammonium concentrations in coastal surface water range
between < 7 uM in May/June 2008 (Fig. 3.2e) and 0.7 uM in February/March 2011 (data not
shown) during times of weak trade wind and upwelling activity. We attribute changing
ammonium concentrations in surface water to remineralisation processes at the sediment-
water interface and the upwelling intensity rather than to atmospheric inputs.

N, fixation rates in the BUS or the adjacent South Atlantic Gyre are generally low.
Highest N, fixation rates (<8 nmol N I d™) were found within or near the BUS where high
nitrate concentrations did not exclude N, fixation (Sohm et al., 2011). This agrees with our
data from May/June 2008 where patches of negative 8°Npy (-1.8%0) occurred on the
Namibian shelf at 20°S (data not shown). We find no isotopic indication of N, fixation in
surface water above the shelf at 23°S in either 8'°N of nitrate or in 8™ Npy. Over the
continental slope at the most offshore station #201, however, we find balanced N:P ratios
where nitrate is almost completely consumed in the mixed layer (Fig. 3.2b) and particulate
matter has a 8"°N of 4.9%. (Fig. 3.3a). Suspended matter concentrations in the deep mixed
layer (17 m water depth) are high and comparable to those in surface water near the coast (18
mg/l; see supplement S1). This indicates stimulated phytoplankton activity in surface water.

Intense remineralisation reduces POC content (see supplement S2) from surface water (4.3%)
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to the deep mixed layer (1.2%). Summarizing, we find nutrient-depleted surface water at
station #201 (Fig. 3.2), a deep-surface SPM maximum, and low 8"°Npy values of 3.0%o at co-
occurring high 8™°Nyos values of 13.9%.. This pattern is consistent with N, fixation. If it is
indeed present, this is likely a small contribution, because the Nges in surface water (0-20 m)
drops by only 0.05 M/m? between stations #202 and #201.The corresponding N-supply by
fixation to the BUS at 23°S is 6 times less than the N-loss estimated from nitrate isotopes.

Another mechanism for N:P ratio restoration is the consumption of nutrients with N:P
<16 under nutrient-replete conditions (Geider and La Roche, 2002; Weber and Deutsch,
2010). In our study area, diatoms dominate phytoplankton on the inner shelf and nutrient-
replete conditions favour nutrient assimilation with N:P <16.

Even if organic matter N:P ratios are below Redfield, remineralisation releases nutrients
with proportional N:P of ~16 and thus helps to increase the initially low inorganic N:P ratio at
the coast. Nitrification of ammonium from benthic and water-column sources plays an
important role in the surface water of the inner shelf (see discussion above). Although the
supply of preformed nitrate in upwelling systems is large, evidence for quantitatively
significant nitrification within OMZs is accumulating (Fussel et al., 2011; Lam et al., 2011;
Gaye, B., B. Nagel, K. Dahnke, T. Rixen, and K.-C. Emeis, Evidence of coupled
denitrification and nitrification in the ODZ of the Arabian Sea from paired stable isotopes of
nitrate and nitrite, resubmitted to Global Biogeochemical Cycles.), and recycling of
ammonium from particles and sediments contributes to the increase of N:P ratios offshore.

Finally, shelf break upwelling and turbulent mixing across the thermocline are episodic
processes that dilute and mask the N-deficit in modified upwelling water because inorganic
N:P ratios in subsurface waters at the shelf break are above 16. Shelf break upwelling is
reported to be active during high wind speed periods (Barange and Pillar, 1992; Pichevin et
al., 2005) and is caused by negative wind stress curl that roughly coincides with the shelf
break. Using an analytical model Fennel and Lass (2007) and Fennel et al. (2012) have shown
that the structure of the wind field off Namibia forces curl-driven upwelling on the entire
shelf. This process supplies nutrients from the subsurface layers into the euphotic zone.
Additionally, the breaking of internal waves and tides at the shelf edge increases the turbulent
diapycnal mixing and also contributes to the entrainment of nutrients into the upper layer
(Mohrholz and Heene, 2011). Elevated SPM concentrations (supplement S1) and high §"°Npy
ratios (Fig. 3.3c) in warm stratified surface water at the 23°S transect image a recent shelf
break upwelling phase and a late stage plankton bloom due to an uplift of the nitracline (Fig.

3.2b) and 8" Nyos isolines (Fig. 3.3a). Shelf break mixing thus is an episodic phenomenon,
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but elevated biomass concentrations in surface water above the shelf break have been
encountered on other cruises (N. Wasmund, pers. comm., 2011). The water mass analysis
(Fig. 3.1b) illustrates a dominating ESACW-portion at station #201. As shown above,
ESACW imports nutrients with elevated inorganic N/P ratios and thus contributes to balance
the Nger.

The N-deficit generated in the OMZ cannot always be balanced as suggested by inorganic
N/P ratios in surface water encountered during expeditions D356 and MSM17-3 (Fig. 3.4).
During late austral summer (MSM17-3; February/March 2011), when the OMZ spreads over
the entire shelf (Fig. 3.4c), DIN/P ratios in surface water were constantly < 7.5 at nitrate
concentrations offshore the inner shelf break < 1.5 pM. Even surface water temperatures
around 20.5°C apparently did not stimulate N, fixation anywhere on the transect. DIN/P ratios
in surface water from September 2010 (expedition D356; Fig. 3.4b) drop from ~22 to ~6 in
offshore direction at surface water temperatures of 16.6°C at the most offshore station. This
implies that the modified upwelling water still hosted the N-deficit generated during times
when the water parcel was situated in the OMZ weeks to months before.

3.5. SUMMARY AND CONCLUSIONS

The northern BUS is a highly variable system, because it depends on the seasonally
changing water-mass mixture over the shelf. This creates conditions leading to rapidly
changing nutrient supply to surface waters over the shelf and in the adjacent hemipelagic
ocean, to highly variable nutrient ratios in the modified upwelling waters, and to seasonally
changing oxygenation on the shelf. Owing to the seesaw of two distinct water masses, N-
cycling processes change or shift spatially. In May/June 2008 denitrification occurred in the
moderately extended OMZ. Ammonium produced during benthic remineralisation and during
ammonification of organic matter in the water column accumulates in the OMZ and welled up
near the coast. The branching of ammonium to either ammonium assimilation or nitrification
leads to °N-enriched particulate matter and replenishes the nitrate pool. Nitrate assimilation
dominated primary production above the outer shelf.

In the BUS we calculate that the total N-deficit of 2.5 Tg N per year is created in the
oxygen deficient water column overlying the shelf. Using the isotope-based “open system
model” from Sigman et al. (2009a), we calculate that only 0.05 Tg N of this deficit is
generated by denitrification of preformed nitrate. The global annual N-loss due to water-

column denitrification matches 150 Tg (Codispoti et al., 2001). About one half of reactive N
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is removed in the three major OMZs located in the Arabian Sea (about 50 Tg N a™*; Devol et
al., 2006), in the Eastern Tropical North Pacific and in the Eastern Tropical South Pacific (25
to 50 Tg a* in each region; Codispoti et al., 2001; Devol, 2008). Compared to these large-
volume OMZs the Benguela OMZ is only a minor sink of oceanic reactive N.

The P*-concept of Deutsch et al. (2007) links oceanic N, fixation with zones of reactive
N removal in time and space. Possibly due to the intense seasonal variability, the BUS N,
fixation rate is low and differs from other upwelling areas (e.g. Deutsch et al., 2007
Fernandez et al., 2011), although conditions of modified upwelling water advected into the
adjacent hemipelagic ocean are conducive for N, fixation. Our isotope-based estimate and
mass-balanced calculation illustrate that denitrification in the OMZ exceeds N, fixation
offshore by a factor of 6. In spite of this, the N-deficit generated in the OMZ was filled in
offshore surface waters in May/June 2008 most probably due to physical mixing of sub-
thermocline water with surface water at the shelf-break that diluted the N deficit. The BUS is
a dynamic system where N-loss and N-supply are temporally and spatially decoupled. The
associated variability in nutrient ratios exported to the hemiplegic ocean may be the reason

why diazotrophic N, fixation is a sporadic and subordinate N-source in the system.
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SUPPLEMENT

Samples were taken during expedition M76-2 in May/June 2008.
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4  Effects of current regimes and oxygen deficiency on
particulate matter preservation on the Namibian shelf:

insights from amino acid biogeochemistry
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ABSTRACT

Many reconstructions of past biogeochemical states rely on proxies such as 8°N that reflect
the origin and preservation state of particulate organic matter. In this study, we aim to test if
sedimentary 5™N ratios are a suitable proxy for N-turnover processes in the upwelling system
on the Namibian shelf, where lateral particle advection and differential degradation under oxic
to anoxic conditions complicate source assignments of proteins in suspended matter and
surface sediments. Surface sediments contain more reactive amino acids than the suspended
matter pool, and the preservation state of organic matter in surface sediments within the
oxygen minimum zone is generally better than on the oxic outer shelf, where organic matter
preservation depends on water depth. A principal component analysis of the amino acid
composition of suspended matter and sediments suggests that both pools have taken different
diagenetic pathways and that there is only limited exchange between them. Amino acid
monomer patterns of suspended matter imply significant onshore transport of suspended
matter from the mesopelagic ocean across the shelf break, induced by the effects of internal
waves and tides. Thus, 5*°N ratios of sediment cores from the inner shelf are unbiased and
depict the N-cycling history of the coastal upwelling system, whereas those from the outer
shelf integrate depth-dependent lateral transport from the upper continental slope, progressive
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degradation during organic matter spiralling on the shelf, and an admixture of fresh organic

matter from the high productivity in the surface created by shelf-break upwelling.

4.1. INTRODUCTION

The Benguela upwelling system is one of the most productive coastal upwelling systems
on earth (Carr 2002). Diatomaceous and organic-rich shelf sediments accumulate at high rates
in that part of the shelf where oxygen concentrations at the sea floor are low. Remineralisation
and degradation of organic matter (OM), vertical and lateral transport of particles, and
resuspension of sediments control the amount and preservation state of organic carbon stored
in mud belts of the shelf and upper continental slope (Inthorn et al., 2006; Mollenhauer et al.,
2003) and affect the 5'°N signature of sediments (Emeis et al., 2009; Mobius et al., 2011;
Pichevin et al., 2005).

Sedimentation on the Namibian and South African shelf is defined by the combination of
three effects (Giraudeau et al., 2000; Jahnke and Shimmield 1995; Monteiro et al., 2005): (1)
primary and secondary production rates that are controlled by nutrient supply, (2)
hydrological processes (currents and internal waves and tides) that transport, resuspend or
deposit particles and thus influence the location of depositional centres, (3) diagenetic
processes within the water column, at the sediment-water interface and in the sediment. Of
these three aspects, the energy regime is the dominant factor for sedimentation and sediment
type on the Namibian shelf and upper continental slope. The interaction between the shelf
shape (double shelf break) with the barotrophic-baroclinic energy of internal tides and waves
determines where resuspension of sediment (high energy regime) and sedimentation
(quiescent zones) take place (Mollenhauer et al., 2003; Monteiro et al., 2005).

Deposits of the shelf and the upper slope have been the targets for paleoenvironmental
reconstructions from dated sediment cores (Emeis et al., 2009; Pichevin et al., 2005). But the
quality of these records is questionable. Lateral advection of resuspended sediments and
differential deposition of particulate matter of different grain sizes cause discrepancies
between foraminifera-ages and alkenone-ages in surface sediments on the SW African shelf
(Mollenhauer et al., 2003). Progressive degradation during repeated cycles of resuspension
and deposition causes differences in OM preservation of surface sediments and particulate
matter from the benthic boundary layer (BBL,; Inthorn et al., 2006). The mode and degree of
OM degradation depends on the oxygenation of bottom water and has an impact on the

sedimentary 8"°N record (Mébius et al., 2011). It is still a matter of debate if the spatial
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distribution of 5'°N ratios in surface sediments reflects the isotope signature of the consumed
N-source, or is affected by patterns of OM degradation (Emeis et al., 2009; Pichevin et al.,
2005).

The degradation state of OM in suspended particulate matter (SPM) and surface
sediments is mirrored in amino acid (AA) composition that tracks origin and protein alteration
during spiralling of particulate OM (Ingalls et al., 2003; King 1977). Concentrations of
reactive AAs such as Tyr, Met, Glu, Phe, lle, and Leu generally decrease from preferential
consumption by microbes during diagenesis. The non-protein AAs B-Ala, y-Aba and Orn
increase in relative abundance, because they are either refractory, or are degradation products
of decarboxylation or dehydration of other amino acids, or are newly produced by bacteria
(Ingalls et al., 2003; Lee and Cronin 1982).

We here assess the degradation state of OM in surface sediments and in SPM on the shelf
and upper continental slope off SW Africa by AA composition. Because they are the building
blocks of proteins, the alteration of AA during OM spiralling and diagenesis affects 8°N

ratios that are key for reconstructions of past environmental conditions in the upwelling area.

4.2 METHODS

Sampling

Sediments were retrieved during cruises of R/V Alexander von Humboldt in 2004
(AHAB4 and AHABS), R/V Meteor (cruise 76-1 in May/June 2008), and R/V Maria S.
Merian (cruise 17/3 in Jan/Feb 2011) using a multicorer and a box corer at stations depicted in
Fig. 1A. Both samplers yielded intact sediment/water interfaces, and 0-1 cm slices were
processed for the determination of carbon and nitrogen contents, &°N, and the AA
composition.

Water containing SPM was sampled with a CTD/rosette sampler during M76-2 in
May/June 2008 (Fig. 4.1A and 4.1B). Two to twelve litres of water were filtered over pre-
combusted (450°C) and pre-weighed Whatman GF/F-Filters onboard and were dried
immediately after filtration at 40°C for 48h before storage. The benthic boundary layer at
#206 and #252 was sampled using a bottom water sampler. Filtrated volumes from bottom

water sampler were between 1 and 2.5 litres.

83



Chapter 4

I

50 m

100 m

. 250m

500 m

1000 m

2000 m

3000 m

4000 m

an Data View

Oce:

10°E 12°E 14°E 16°E
Oxygen [uM]
2 2 Vv
%’P@ &V@ & N @Q& xza’f’b o
0 Vi iy i 4 r 250

100 200
E 150
—

g
100
[-¥]
2 100
=
2 . 50
500 E
_ _ M,
12.5°E 13°E 13.5°E 14°E
3 o] o D ] -3 ] T 2 2
& & & ¢ 9 P P v & &
&P

Fig. 4.1: A) Map of sampling locations of SPM and surface sediments on the Namibian shelf and
continental slope. Sites of sediment sampling are indicated by blue dots and SPM sampling stations by
red dots. B) Interpolated oxygen concentrations on the 23°S transect perpendicular to the coast in
May/June 2008 (color code) superimposed with symbols for different sample types at sampled depths.
Black and blue station numbers indicate SPM and surface sediment sampling locations, respectively.
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Analyses

Particulate organic carbon (POC) and total nitrogen (TN) concentrations (%weight) of
sediments and SPM were measured after flash combustion (1020°C) using a Carlo Erba
Nitrogen Analyser 1500. For the determination of organic carbon, samples were repeatedly
treated with 20 pl of 1 M HCI suprapur in order to remove carbonate prior to combustion.
The standard deviation of duplicate measurements is 0.05% for carbon and 0.005% for
nitrogen.

Total hydrolysable amino acids were analysed after hydrolysis with 6 M HCI suprapur
for 22 h at 110°C under argon atmosphere using a Biochrom 30 Amino Acid Analyser.
Duplicate measurements of individual monomers have a relative error of 0.02 — 1.32% for
standards and 0.03 — 2.66% for surface sediments (Table 4.1). Due to inhomogeneous particle
coverage of filters, SPM samples can have slightly higher relative errors. For abbreviation of
monomers see Table 1.

The stable nitrogen isotope data set of surface sediments combines published data from
(Emeis et al., 2009) and new own data from sediments that were retrieved during M76-2 and
MSM 17-3. The "N ratios of surface sediments from M76-2 and MSM17-2 were analysed
with a Thermo Delta XP mass spectrometer after combustion in a Thermo Flash EA 1112,
IAEA-N1, IAEA-N2 and IVA sediment standards have been measured every eight to ten
samples during each sequence run to assure measurement quality and to assess the long-term
analytical performance. The standard deviation for IAEA-N1 was less than 0.2%. and
duplicate measurements of surface sediments differ less than 0.2%.. A single-point calibration
was performed with IAEA-N1. Oxygen concentrations, POC and TN content from suspended
matter have been published elsewhere (Nagel et al., 2013).
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Monomer Abbreviation  relative error relative error relative error
[%6] for [%] for [%] for SPM
standards sediments
protein AA
Aspartic acid Asp 0.33 0.47 0.02
Threonine Thr 0.25 0.29 0.12
Serine Ser 0.97 0.61 0.16
Glutamic acid Glu 1.32 0.29 0.10
Glycine Gly 0.74 0.09 0.04
Alanine Ala 0.38 0.22 0.05
Valine Val 0.13 0.03 0.30
Methionine Met 0.07 0.31 1.98
Iso-Leucine lle 0.79 0.45 1.12
Leucine Leu 1.02 0.03 0.08
Tyrosine Tyr 0.30 0.04 2.05
Phenylalanine Phe 0.15 0.49 0.10
Histidine His 0.20 0.91 0.27
Lysine Lys 0.23 0.48 1.37
Arginine Arg 0.17 0.33 0.21
non-protein AA
Ornithine Orn 0.06 2.66 2.02
B-Alanine B-Ala 0.29 1.10 1.78
y-Aminobutyric
acid v-Aba 0.28 2,01 0.08

Table 4.1: Amino acids analysed in this study, their abbreviations and relative errors.

4.3 RESULTS

Sediments

The different origins, transport and remineralisation histories of particulate matter in the
very turbid water column and surface sediments in the system are reflected in distinct
sediment types emplaced in bands parallel to the coast and shelf breaks (Bremner 1983). The
diatomaceous mud-belt roughly coincides with the extent of the OMZ (Emeis et al., 2004)
and is emplaced within a low-energy water depth interval between gravity-wave stresses
above 50 m and the baroclinic turbulent energy dissipation zone above the inner shelf break at
~150 m water depth (Monteiro et al., 2005). Bordering the mud belt seaward is an erosional,
or non-depositional high energy zone, where sedimentation does apparently not occur (Emeis
et al., 2004). Calcareous mud is the dominant sediment facies on the adjacent upper

continental slope.
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POC concentrations of sediments were highly variable on the shelf off Walvis Bay and
ranged between 3.1 and 12.1% (Fig. 4.2). The ranges and patterns agree with previous
compilations (Mollenhauer et al., 2003) in that POC contents are low at the shelf breaks and
high on the inner shelf. Seaward of the outer shelf break POC concentrations increased again
from 900 m to 1640 m water depth. Conspicuous patches of high POC concentrations in SPM
of surface water from May/June 2008 (#198 and #206) corresponded with zones of high
surface sediment POC content on the shelf. The distribution pattern of TN concentrations in

surface sediments corresponded to that of POC concentrations (Fig. 4.2).

TN [%] POC [%]

Depth [m]

‘Ocean Data View

Fig. 4.2: Interpolated POC (color code) and TN content (isolines) of SPM on the 23°S transect in
May/June 2008. Numbers in white and black squares represent POC and TN contents of surface
sediments.

Spatial distribution of 8N in surface sediments and OM preservation

The banding of different sediment types on the Namibian shelf parallel to the coast is
reflected in their *°N ratios (Fig. 4.3A). The diatomaceous mud on the shelf extends from
20°S to 26°S and has 8™°N ratios >7.5%o in the central sector and near the coast. Residual
sediments from the outer shelf have lower "N ratios that range between 5.5 and 6.5%o. Slope
sediments again have slightly elevated 8"°N ratios (around 7.0%o) at 23°S. North of 18.5°S,
the 8™°N ratios are low near the coast (4%o) and increase in offshore direction to 5.2%o on the
upper continental slope.

The “Degradation Index” (DI) that describes the OM preservation state in sediments is
calculated by a Principal Component Analysis (PCA) in which recalcitrant AAs (Gly, Arg,
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Asp, Thr and Val) have negative factor loadings and reactive AAs (Tyr, Leu, His, lle Met,
Phe) have positive factor loadings (Dauwe et al., 1999). High DI values thus indicate good
preservation of OM. Surface sediments off SW Africa show high DI values in a band near the
coast (Fig. 4.3B). DI values decrease in offshore direction and suggest that OM becomes more

degraded.

SN [%o] _7 O, [umol L] DI

18°S 18°S

20°S 20°8
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22°8 22°8

24°S 24°8

26°S - = 26°8 - —
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Fig. 4.3: A) Distribution of "N ratios in surface sediments with high ratios in the diatomaceous mud
decreasing in offshore direction. "N ratios of surface sediments in the northern sector are generally
lower than in the southern study area. B) The preservation state of OM is indicated by the DI (color
code) that shows good preservation (DI values> 0.25) on the inner shelf. Isolines mark the mean
annual bottom water oxygen concentration taken from the Namibian Bottle Collection data set. DI and
bottom water oxygen concentration do not co-vary on the inner shelf.

Suspended matter

POC and TN concentrations in SPM ranged between 0.9% and 10.9% and 0.1% and
3.0%, respectively (Fig. 4.2). Patches of high POC and TN concentrations (> 8% and > 0.6%)
were located in the mixed layer at stations #200, #198, and #206. A second POC and TN
maximum (> 7% and > 1%, respectively) was consistently situated within the BBL on the
inner shelf. In between these two maximum layers, POC concentrations ranged between 6.1
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and 2.2% above the inner shelf and between 5.4 and 0.9% above the outer shelf and upper

continental slope.

4.4 DISCUSSION

Our investigations aimed to identify the origin and cycling history of organic matter
suspended in the water column and in surface sediments. We expected that SPM essentially
was a mixture of fresh phytoplankton material variably admixed with resuspended surface

sediments. Interestingly, this is not the case, and a third source of organic matter comes into

play.

4.4.1 Indicators for sources of OM and OM degradation

Fresh OM from primary production is best identified on the basis of individual AA
monomers. Diatoms — the main primary producer in the Benguela upwelling system — have
elevated proportions of Ser, Gly and Thr in proteins of their cell walls (Hecky et al., 1973;
King 1977), and we expected that contributions of these monomers to total AA co-varied and
dominated amino acids in suspended matter and surface sediments. However, Gly, Thr and
Ser proportions in SPM and surface sediments (Fig. 4.4A, 4.4B and 4.4C) did not co-vary and
their distribution patterns were not consistent with this expectation. Due to elevated
contributions of reactive AAs in SPM, Gly proportions (Fig. 4.4A) were lowest both in the
mixed layer and in the BBL over the diatomaceous mud at 23°S. The Thr contribution to total
AA was indeed high in mixed-layer SPM and in the BBL over the mud belt (Fig. 4.4B) and
indicate good OM preservation (Gaye et al., 2013). Ser proportions of SPM (Fig. 4.4C)
increased with water depth in off-shore direction in a similar way to Gly (Fig. 4.4A). In
surface sediments, Gly contributions to total AA increased in offshore direction on the 23°S
transect (Fig. 4.4A) because of its unreactive behaviour in high-productive environments
(Cowie and Hedges 1992). Thr proportions in surface sediments decreased continuously in
offshore direction which illustrates that Thr is rather a preservation indicator than an indicator
for diatom-derived material. Ser proportions are the best diatom indicators in surface
sediments as they decreased abruptly at the offshore zone of the diatomaceous mud from 7.7
mol-% to 6.2 mol-% (Fig. 4.4C). Since the distribution patterns of Gly, Thr and Ser differ in
SPM as well as in surface sediments, we suggest that other factors besides diatomaceous

primary production determine the AA composition of OM.
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Fig. 4.4: Interpolated distributions of A) Gly, B) Thr and C) Ser on the 23°S transect in May/June
2008. Numbers in white squares represent the respective AA proportions from surface sediments.
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High POC and TN concentrations (up to 12.1% and 1.6%, respectively) in sediments
from the inner shelf (station #205; Fig. 4.2) are well in the range reported for the diatom mud-
belt (POC <15%, e.g. Summerhayes et al., 1995). General trends of decreasing POC and TN
concentrations (Fig. 4.2) and DI (Fig. 4.3B) in sediments in offshore direction roughly mirror

decreasing primary production and increasing degradation of OM.

4.4.2 Compositional differences between SPM and surface sediments

SPM is generally defined by its diameter (smaller than 10*> pm) and originates from
disaggregated sinking particles, free-living microbes or self-assembled dissolved material
(Burd and Jackson 2009; Chin et al., 1998). Horizontal transport of SPM dominates over
vertical transport in the water column (McCave 1984). To examine the AA characteristics of
SPM and sediments, and to investigate possible interaction mechanisms, we carried out a
PCA. Because the SPM data suggest different AA characteristics of OM in plume-like
features (Fig. 4.4A, 4.4B, 4.4C), SPM data were further subdivided into SPM from the mixed
layer (0 to 11 m water depth), SPM from the shelf break plumes (station #202-100m, -200m, -
308m and station #204-80m), SPM from the BBL, and “other” SPM samples (Fig. 4.1B). AA
data for plankton biomass were taken from (Gaye et al., 2013) because the AA composition of
phytoplankton is independent of the sampling area (see Ingalls et al., (2003) and references
therein). All available surface sediments between 22.5 and 23.5°S were chosen for the
comparison between SPM and sediments (Fig. 4.1A).

Factor F1 is defined by high positive loadings on non-protein AAs like 3-Ala, y-Aba and
Orn as well as Lys, and high negative loadings on Glu, Leu, and Arg. It explains 45% of the
variance in the combined data set (Fig. 4.5) and distinguishes SPM from surface sediments.
There is some overlap between the SPM and the sediment pools in particulate matter from the
BBL that has slightly lower F1 scores and plots around reactive AAs like Thr, Val, Phe and
Asp which are abundant in fresh plankton (Gaye et al., 2007; Ingalls et al., 2003). The AA
composition thus indicates that particulate matter in the BBL from the inner shelf is a
precursor of or in exchange with surface sediments and principally derives from fresh biomass
produced in the euphotic zone.

Factor F2 has positive loadings on Ala, Asp, Val and Thr and negative loadings on Ser
and Gly. It explains 18% of the total variance and is related to water depth. Plotted on this
factor, SPM from the surface mixed layer is distinct from plankton biomass which is thought
to be the precursor for the formation of SPM (Burd and Jackson 2009). Gly and Ser define
negative F2 loadings and separate two SPM classes (A and B in Fig. 4.5). SPM from the
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Fig. 4.5: The results of the PCA from different groups of SPM and surface sediments reflect the
subdivision into a sediment-type branch and a SPM-branch. Individual AA monomers and their factor
loadings multiplied by 10 are given by red abbreviations. Coloured numbers give the water depth
range of each sample type and their location within the PCA. The subdivision in two clusters (A and
B) on the SPM branch may be due to differences in water mass composition (see text for detailed
information).

mixed layer clusters with “other” SPM samples from down to 233 m water depth (Fig. 4.5)
and plots between cluster B and fresh phytoplankton. SPM from 500 to 2000 m water depth
and SPM from the shelf break plumes (308 to 80 m water depth) form cluster B on the SPM
branch that has high negative F2 scores due to the dominance of Gly and Ser.

Three end-members thus emerge from the statistical treatment of AA data: The apex is
marked by fresh phytoplankton biomass, from which one branch evolves that is characterized
by a successive enrichment of non-protein AA and encompasses SPM from the BBL and
surface sediments. The second branch connects fresh phytoplankton biomass and SPM in
deep water of the adjacent South Atlantic Ocean; on this branch, we encounter samples from
the shelf break plumes, mixed-layer and “other” SPM.

The diverging AA patterns of SPM and sediments in the Benguela upwelling system
resembles those of SPM and sinking particles in the Arabian Sea (Gaye et al., 2013). That
study attributed differences in AA composition of sinking particles (that we did not analyse
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here) and sediments on the one hand, and SPM from the water column on the other hand to
different bacterial populations. Marine snow-type sinking particles host a prokaryotic
community that differs distinctly from free-living assemblages in the overall SPM pool that
consists of buoyant particles (Aristegui et al., 2009; Moeseneder and Herndl 2001). Different
degradation pathways and metabolisms for suspended and sinking particles, as well as limited
exchange between the two most likely cause the diverging in AA compositions of both
sample types: Bacterial degradation shifts the AA composition to classical degradation
products like non-protein AAs (Lee and Cronin 1982) so that they accumulate on sinking
particles and in sediments rather than on suspended particles (Gaye et al., 2013; Lee and
Cronin 1982).

Investigating the AA composition of SPM, we expected to trace the cycling history of
OM from the mixed layer to the sediment. Instead, we found that SPM and surface sediments
are two distinct particle pools with limited interaction. The presumed source of significant
amounts of SPM over the shelf break and in the mixed layer is the deep ocean, and the
allochthonous material that defines the SPM compositional path is imported by specific
dynamical factors at the transition from the shelf to the upper continental rise offshore SW
Africa.

4.4 .3 Influence of internal waves and tides on the SPM distribution

As stated in the introduction, the general pattern of sedimentation on the Namibian shelf
is strongly influenced by the interaction between the shelf topography and the release of
internal wave and tide energy. Energy is dissipated at the two shelf breaks offshore Walvis
Bay (in 170 m and 350 m water depth), and imported and resuspended particulate matter is
transported into more quiescent zones above and below (Monteiro et al., 2005). The transfer
of altered and allochthonous particulate matter to deposition centres causes discrepancies
between ages of particulate matter from the BBL and sediments (Inthorn et al., 2006), as well
as offsets between *C ages of biomarkers and foraminifer tests in shelf sediments
(Mollenhauer et al., 2003).

The plumes of allochthonous SPM with high concentrations of unreactive AAs Gly
and Ser registered in May/June 2008 (Fig. 4.4A and 4.4C) mark the breaking of internal
waves and tides, that at the same time injected dissolved nutrients into the base of the
euphotic zone (Nagel et al., 2013). The allochthonous OM mainly derives from deep-water
SPM with only minor contribution from sediments or from the BBL. The ascending refractory
SPM in that plume (Fig. 4.5) implies that particulate matter in the water surging up at the
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shelf break originates from at least 500 m water depth and the SPM is similar to that in waters
as deep as 2000 m. But observed temperature oscillations of 1 to 2°C in the critical 400 to 450
m water depth interval correspond to a vertical water mass displacement of only 100 to 150 m
(Monteiro et al., 2005), so that the injection of SPM from more than 600 m water depth is
unrealistic. How then can SPM from the shelf break plumes have a similar AA composition to
that from 500 to 2000 m water depth? SPM is colonized by free-living microbial communities
that are highly water mass-specific (see Aristegui et al., (2009) and references therein), and
we hypothesize that the AA composition of SPM is also specific for prevalent intermediate
and deep water masses. Water at the shelf break is a mixture of South Atlantic Central Water
(SACW) from the Angola Dome with surface-derived Eastern South Atlantic Central Water
(ESACW) (Mohrholz et al., 2008). Underlying Antarctic Intermediate Water (AAIW) is
characterized by a salinity minimum (Stramma and England 1999) that is constantly found
between 750 and 800 m water depth at 23 °S with an upper limit between 600 and 650 m
water depth (V. Mohrholz, pers. comm.). Thus, AAIW is our best candidate source for the
degraded OM and dissolved nutrients that are injected at the dynamical shelf break into the
shelf environment and into the euphotic zone off Namibia. In this case, the two clusters on the
SPM branch of the PCA (Fig. 4.5) represent differences in AA composition of SPM from the
SACW/ESACW mixture (cluster A) and from AAIW (cluster B) that is uplifted by the
breaking of internal waves and tides.

4.4.4 Implications for 5N zonation in surface sediments and diagenetic impact on d"°N
ratios

The 8"°N pattern of surface sediments (Fig. 4.3A) is not significantly correlated with
either nitrate concentrations or with 8*>Nog in surface water (Emeis et al., 2009; Nagel et al.,
2013). Nitrate from the inner shelf is indeed enriched in *°N (6.3 to 7.8%0) compared with the
oceanic background of ~5%. (Sigman et al., 2005) due to heterotrophic denitrification (and
possibly anammox) in the OMZ (Nagel et al., 2013). A fractionation factor of 5%. for nitrate
assimilation alone (Granger et al., 2004) would result in sedimentary 8*°N ratios much below
7.5%o. The conspicuous belt of §°N ratios >7.5%o in the coastal zone between 25°S and 21°S
is mirrored in low mean annual bottom water oxygen concentrations (Fig. 4.3B) taken from
the Namibian Bottle Collection data set (Fig. 4.3B;

(http://ioc.unesco.org/oceanteacher/OceanTeacher2/07 Example/examples.htm) and must

thus be caused by processes other than or additional to nitrate assimilation. As yet, we have
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not identified the enrichment mechanism and have to resort to speculation. One possible
source of N-enriched surface sediment is the admixture of sulfide-oxidizing bacterial
biomass that has a crucial role in nitrate cycling (Schulz et al., 1999). The second putative
source of '°N-enrichment in surface sediments of the mud belt area is phytoplankton
assimilation of ammonia enriched in N due to branching of this remineralisation product
between nitrification and assimilation (Nagel et al., 2013; Wankel et al., 2007)

Biological and physical mechanisms replenish the nitrate pool seawards of this inner
shelf 8'°N maximum and decrease 8°Nnos on the outer shelf. Ammonification and
nitrification mainly occur in the steep oxygen gradient enveloping the OMZ of the outer
shelf/upper slope water column. The breaking of internal waves and tides increases turbulent
diapycnical mixing and entrains SPM and nutrients from deep water at the double shelf breaks
as discussed above. The entrainment of °N-depleted deep-water nitrate to the base of the
euphotic zone and its uptake by assimilating phytoplankton is reflected in a band of decreased
>N ratios of surface sediments on the outer shelf.

Near the Cape Frio upwelling cell between 17 and 18°S, sedimentary 8N ratios are
around 4%o. Subsurface water at 17°S consists essentially of SACW that has a §°Nyosz of 5.5
to 6%o (Nagel, unpublished data). This value is slightly elevated compared to deep-ocean
nitrate due to hypoxic to suboxic conditions on the narrow shelf (15 to 50 uM O,) which
probably promote sporadic water-column denitrification. The increase in 8N ratios of
surface sediments in offshore direction at 17°S reflects the progressive increase in 815NN03
caused by nitrate assimilation (Nagel, unpublished data from Oct 2009; Pichevin et al., 2005).

The preservation state of OM primarily depends on the sinking velocity and residence
time in the water column (Iversen and Ploug 2010; Ploug et al., 2008) and is thus correlated
with water depth (Gaye-Haake et al., 2005). Early diagenetic alteration of sedimentary °N
ratios lowers the DI and increases the "N ratios of the residual particulate matter since the
fractionation factor of ammonification is assumed to be 2-3%o (M6bius 2013; Mdbius et al.,
2011). But also oxygenation may play a crucial role on OM degradation in the water column
(Nguyen and Harvey 1997) and in the sediment (Cowie et al., 1995). High O, levels in bottom
waters favor early diagenetic degradation of OM and result in elevated proportions of non-
protein AAs (Cowie et al., 1995).

Although 8N ratios and DI show a similar distribution pattern in the northern
Benguela surface sediments (Fig. 4.3A and 4.3B), they are not significantly correlated in the
study area (r* = 0.08). The quality of sedimentary OM from the OMZ (<140 m water depth)
can generally be described as “fresh” (DI> 0.25; Fig. 4.3B), but the DI is neither significantly
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correlated with water depth (r* = 0.47) nor with the mean annual O, concentration (Fig. 4.3B).
Thus, the introduction of newly produced OM by diverse metabolic pathways like
heterotrophic denitrification, nitrification and sulfate reduction and sulfide-oxidizing bacteria
has a major influence on the AA composition of OM. Outside the OMZ, the OM is generally
more degraded (Fig. 4.3B) and the DI is correlated with water depth (> = 0.72) and
moderately with mean annual bottom water O, concentrations (r* = 0.53).

We conclude, that degradation of OM in the study area has only a minor effect on 8°N
ratios in sediments. The sedimentary §'°N ratios on the inner shelf carry the isotopic imprint
of N-cycling processes that are bound to the OMZ but the causes of which have to be
identified. Thus, 8'°N ratios of sediment cores from the inner shelf can be used for the
interpretation of the OMZ intensity and extent. Decreasing 8'°N ratios in offshore direction
reflect the renewal of the nitrate pool mainly by nitrification and diapycnical mixing of deep-

water nitrate induced by the breaking of internal waves and tides.
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5. Conclusions and Outlook

N and O stable isotope ratios of nitrate and nitrite, and stable N isotope ratios of
particulate matter are powerful proxies to determine turnover processes in the nitrogen cycle
and to identify N sinks and sources. Upwelling systems in combination with OMZs are study
areas of preferential interest for investigations on nutrient, N-, and particle cycling due to
highly increased and divers metabolic activity and due to their relevance for global marine

nitrogen cycling.

The nutrient, oxygen and stable isotope data sets from the OMZ of the Arabian Sea show
that active denitrification is restricted to a zone between 100 and 400 m water depth during
the late SW monsoon in 2007. Three aspects of our results illustrate that denitrification is not
the only feasible N-turnover process in the denitrification zone: (1) Fractionation factors are
much higher than those that were determined in pure cultures of denitrifiers. (2) The
differences between stable nitrate and nitrite isotope ratios are higher than for nitrate
reduction alone. (3) The decoupling of 8"°*Nnos and &'®Onos at the upper and lower fringes of
the denitrification zones is illustrated by negative A(15,18) values. Together, these three
aspects suggest that nitrification plays an important role within two layers around 150 m and
400 m water depth. The box model shows that nutrient concentrations and stable isotope
ratios can be reproduced in a 1000 model year run if ~50% of the initial nitrate is either
reduced to nitrite or N,. To obtain the measured (and calculated) stable isotope ratios of
nitrate and nitrite, 25% of the nitrate that was initially reduced to nitrite is reoxidized to nitrate
via nitrite oxidation and 40% of the initially reduced nitrate is completely denitrified to N..
The remaining 35% of nitrite accumulate in the OMZ or are partly used by anammox. Oxygen
concentrations below 400 m water depth are suitable for further denitrification, but stable
nitrate isotope ratios indicate only spatial denitrification activity. Possibly, other electron
acceptors like iron, manganese and iodate control the remineralisation of organic matter.

Many investigations on N-cycling activity in the Arabian Sea OMZ have been carried
out, and recent work mainly focuses on the denitrification vs. anammox activity by using
isotope-pairing incubation experiments (Bulow et al.,, 2010; Jensen et al., 2011; Ward et al.,
2009). Nitrification is known to occur in OMZs for longer times (Lipschultz et al., 1990;
Ward et al., 1989; Ward and Zafiriou, 1988), but its quantification in the Arabian Sea focuses
on ammonia oxidation rates (Lam et al., 2011). Our N-isotope data set and box model results
show that investigations on N-cycling should be expanded to the determination of nitrite
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oxidation rates. Additionally, research about seasonal variations in N-turnover processes
during the SW- and NE-monsoon as well as during the intermonsoon are just as
underrepresented as investigations about N-cycling activity below the denitrification zone.
Furthermore, it appears promising to study atmospheric nitrogen inputs from the Indian
subcontinent vs. the nitrogen input due to upwelling and diapycnial mixing — especially

during the NE-monsoon.

In the northern Benguela Upwelling System, N-turnover processes, N-sources and N-
sinks were studied in the water column on a transect perpendicular to the coast by the use of
stable N isotopes of nitrate and particulate matter in combination with nutrient and oxygen
data. Ammonium from benthic remineralisation and ammonification in the water column
accumulated in surface water of the coastal upwelling zone. Higher particulate 5'°N ratios
than 8™Nyos ratios indicate a co-existence of nitrification and ammonium assimilation.
Isotope-based estimates reveal that denitrification contributes only 10% to the total nitrogen
deficit, created in the OMZ. The N-deficit vanished as upwelled water moves across the shelf.
The calculations show that N-gain by N fixation is about 6 times lower than the N-loss due to
denitrification. The balancing of the N-deficit mainly results from diapycnical mixing with
subsurface waters containing N excess. It is entrained to the base of the mixed layer most
likely due to physical mixing induced by internal waves and tides. Since the water mass
composition and thus the N/P ratios vary seasonally on the Namibian shelf, the BUS is a
system where N-loss and N-supply are temporally and spatially decoupled.

Future work on the N-cycle in the BUS should focus on the seasonality, the spatial
distribution, and the quantification of N turnover processes. To date, only a snapshot of N-
cycling processes is available with the main focus on the 23°S transect. This two-dimensional
picture disregards changes in time and space. Thus, investigations are by far not sufficient for
calculating an N budget, since water mass dynamics and thus oxygenation are highly variable
on the Namibian shelf. Another interesting point might be the evaluation of nutrient data with
respect to N deficits and N excess in relation to the seasonally changing water mass
composition. The incidence of ammonium accumulation in the surface water of the coastal
upwelling zone seems to be an uncommon feature and its control mechanisms are still
unclear. Furthermore, data on atmospheric nitrogen inputs from the African continent are

scarce and model results are tainted with great uncertainties.
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Conclusions and Outlook

The third publication of this thesis dealt with the question, whether the N turnover
processes identified in the water column are preserved in the §'°N ratios of surface sediments.
Amino acid data reveal that organic matter in surface sediments from the OMZ sampling sites
is generally well preserved. Thus, N isotope shifts during degradation of organic matter are
lower in the OMZ than outside where organic matter of surface sediments is more degraded.
However, the degradation index from sampling sites within the OMZ does neither correlate
with the mean annual bottom water oxygen content nor with water depth, which are both
factors that control the degradation state. Thus, I can only state that high sedimentary 5N
ratios in the diatomaceous mudbelt are caused by N turnover processes within the OMZ
without identifying them explicitly. What | can identify is that lower "°N ratios on the outer
shelf and upper slope are caused by the entrainment of deep-water nutrients into the euphotic
zone due to the breaking of internal waves and tides. The principal component analysis with
the SPM and surface sediment AA data was initially carried out to trace the cycling history of
organic matter from the plankton source via the water column into the sediments. Instead, it
highlights the differences of particulate matter from the benthic boundary layer and surface
sediments on the one hand and SPM on the other hand. Both represent different types of
organic matter with distinct origin, fate, and limited exchange between these two pools. The
differentiation of several SPM types is poorly traced by the PCA which emphasizes the
influence of advective mixing. The overall trend of ascending SPM emerges well from the
PCA.

There are still unsolved questions on the origin of suspended matter and the reasons for
its distinct AA composition. Differences between AA compositions of suspended matter and
sinking particles/sediments are also evident in the Arabian Sea (Gaye et al., 2013) and the
Mediterranean Sea (Mdbius, pers. comm.) but the reasons for the differences still remain
unclear. Does accretion of dissolved organic matter play a crucial role for the differences in
AA composition or do free-living microbial communities determine the AA composition of
suspended matter? If they do so, what influences do water masses have on them? The spatial
aspect of particle and AA distribution is underrepresented in this work and thus influences of
different water masses cannot be determined. Another special feature of the Namibian
upwelling system is the settlement of the sediment surface with sulphur bacteria within the
OMZ in high densities. These sulphur bacteria are able to take up nitrate and to convert it into
ammonium. Their metabolism contributes to the phosphorite generation and phosphate efflux
from the sediments (Brock & Schulz-Vogt, 2011; Flohr et al., 2013), but to which extent it

influences the sedimentary N isotope ratios remains unclear.
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Figure captions

Figure captions

Fig. 1.1: Mean annual dissolved O, concentrations at 400 m water depth (World Ocean Atlas,
2009). Oxygen minimum zones that are discussed in this thesis are marked on the map (1,
Arabian Sea oxygen minimum zone; 2, Benguela Upwelling System off SW-Africa). Note
that the cores of different OMZs are located in different water depths and that the core of the
Namibian OMZ is situated on the shelf (<300 m).

Fig. 1.2: N* in 400 m water depth (World Ocean Atlas, 2009). Major oceanic OMZs can be
identified by N-deficits (negative N* values) that are again situated in different water depths.
Excess N relative to phosphate (positive values of N*) is found in areas where particulate N

from diazotrophic No-fixation is remineralised and adds to the dissolved nitrate pools.

Fig. 1.3: The oceanic N-cycle in OMZs and the adjacent ocean. Decreasing O, concentrations
are indicated by intensifying colour shading. Anammox and heterotrophic denitrification
produce N, and cause an N-deficit over phosphorus. Nitrate reduction and DNRA are
remineralisation processes that produce NO, and NH,". Nitrification consists of two
individual steps: ammonia oxidation seems less tolerant towards low O, concentrations than
nitrite oxidation.

! these assimilatory processes as well as diazotrophic N, fixation are mostly carried out by

photoautotrophs that are restricted to the euphotic zone.

2 Ammonification is not restricted to certain O, concentrations. Adapted from Lam and
Kuypers, 2011.

Fig. 1.4: Changes in 5N of nitrate and phytoplankton biomass during phytoplankton growth
in a closed system — the so-called Rayleigh fractionation. Initial nitrate concentration was 20
uM with a 8 Nyos of 6%.. Nitrate consumption occurs with a fractionation factor of °¢ =
5%o. The dashed line gives the initial nitrate isotope signature that the accumulated
phytoplankton biomass reaches, when nitrate is consumed completely. The example is
calculated after Mariotti et al., 1981; Montoya, 2008.

Fig. 2.1: Processes of nitrogen cycling in the ocean showing oxic and suboxic transformation
processes. Nitrate and ammonium assimilation are restricted to photic zones. Ammonia and
nitrite oxidation occur in oxic to even anoxic environments. Suboxic processes taking place in
oxygen depleted zones (ODZs) are nitrate reduction (the first step of heterotrophic

denitrification), denitrification and dissimilatory nitrate reduction to ammonium (DNRA).
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Chemolithotrophic bacteria use anaerobic ammonium oxidation (anammox) as an energy
source and remove nitrite and ammonium as N, in the suboxic environment. The figure is

adapted from Lam and Kuypers (2011).

Fig. 2.2: Sampling locations in the Arabian Sea along the coast of Oman and in the open
Arabian Sea.

Fig. 2.3: Depth profiles of oxygen, nitrate deficit, nitrite, §*°N [%o], §'20 [%o], and A(15,18) at
the near shore locations #944-#947 (2.3a), and the offshore locations #949, #950, #953, #955
and #957 (2.3b).

Fig. 2.4: Correlation of nitrate vs. phosphate concentrations. All samples plot above the mean
oceanic ratio of [NO3] = 16 [PO,>]+2.9 (dashed line; Gruber and Sarmiento, 1997) and most
samples above the ratio of [NOs]=14.89 ([PO,*] -0.28)*0.86 typical for the Arabian Sea
(solid line; Codispoti et al., 2001). Colour coding of dots indicates the potential density cg [kg
m]. Strongest nitrate deficiencies are observed in PGW, ICW and part of the RSW.

Fig. 2.5: 8"Nyossnoz [%o] plotted against 8°Onosnoz [%o] (a) and 8°Nnos [%o] plotted
against 5"°Onos [%o] (b). Colour coding of dots indicates the potential density oo [kg m™]. The

1:1 line corrected for the deep water offset between paired isotopes of 2 %o is indicated.

Fig. 2.6: Schematic picture of the processes in the water column using station # 953 as an
example. The PNM is at the base of the mixed layer. The oxycline is the zone of sharply
decreasing oxygen concentrations and of the upper 815NN03+N02 and 8180N03+Noz minimum.
The zone dominated by denitrification is evident from nitrite accumulation, maxima of
8" Nnos+noz and 88 Onoss+noz as well as high A(15,18). Denitrification is coupled to anammox
to remove the ammonia released during organic matter oxidation. Above and below this are
zones dominated by nitrification indicated by minima of the A(15,18) which may co-occur
with denitrification. The bimodal nitrite maxima may be a product of both nitrite
accumulation during incomplete denitrification and nitrification. Removal of nitrite by
anammox in the core of the denitrification zone could also explain the small nitrite minimum
at 250 m.

Fig. 2.7: Box model of N-cycling in the Arabian Sea ODZ (see further explanation in the text
and in supplement text02). Unitless numbers are fluxes in 10™moles N yr™. Nitrogen sources
are advection of nitrate and sinking organically bound nitrogen. Nitrogen sinks are
heterotrophic denitrification and lateral export of nitrate and nitrite (all in blue). Red colours
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indicate concentrations of nitrate and nitrite in the ODZ and their stable isotopic values and

correspond with measurements at location #953.

Fig. 2.8: Model run of 1000 years changing the conditions in 200 year steps:

I —accumulation of nitrate concentrations by advective inflow

Il — nitrification of settling organic matter so that the remineralised organic nitrogen is added
to the nitrate pool is reactive nitrogen

I11 — denitrification starts; part of the organic nitrogen is oxidised by nitrification and part of it
is respired by denitrification; 24 % of the nitrite accumulating is not further denitrified to
dinitrogen but accumulates in the water column

IV — the entire organic matter decomposition is carried out by heterotrophic denitrification;
nitrite is allowed to accumulate as in step 11l

V — 40% of the nitrite produced during nitrate reduction is denitrified and released as
dinitrogen gas and 40 % of the remaining nitrite is reoxidised to nitrate (i.e. 24 % of initially
produced nitrite).

Concentrations of nitrate and nitrite (in pM) are shown in black; their respective stable
isotopic ratios are shown in red. The assumed nitrification, denitrification and nitrite oxidation

rates are shown in Tg N yr,

Fig. fs01: Cross-sections of oxygen (a) nitrate (b), nitrite (c), nitrate deficit (d), 8™ Nnos+no2
(e) and 8"®Onoss+noz (F) along the cruise track of Meteor 74/1. The horizontal distance is given

in km from station 944. Units in Figs. a-e are M and units in Figs. e and f are %o.

Fig. 3.1a: Map of the study area showing nitrate concentrations in surface water (0-5 m, data
taken from the Namibia National Collection of Bottle Data, 1906-1990). Red line labels 23°S-
transect where detailed sampling was carried out during the three cruises in 2008, 2010 and
2011. Dashed line indicates location of the shelf break and arrows mark the Benguela Coastal
Current (BCC) and the Poleward Undercurrent (PU) supplying ESACW (Eastern South
Atlantic Central Water) and SACW (South Atlantic Central Water), respectively.

Fig. 3.1b: Water mass distribution (% SACW, colours) and temperature (contours) on the
transect at 23°S during expedition M76-2 (May-June 2008).

Fig. 3.2: Interpolated concentrations during M76-2 (May-June 2008) on the 23°S transect
normal to the coast. a) oxygen; b) nitrate; ¢) phosphate; d) nitrite and €) ammonium. Numbers
mark individual concentrations that deviate from the colour code due to steep concentration

gradients.
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Fig. 3.3: Interpolated isotopic compositions in %o during M 76-2. a) §"*Nnog; b) 8°N pn.

Fig. 3.4: O, concentrations on the 23°S transect (3.4a) show enhanced oxygenation during
Aug/Sep 2010 that was caused by strong upwelling and cross-shelf currents transporting
ESACW with elevated DIN/P ratios (3.4b) onto the shelf. In February/March 2011 the OMZ
(3.4c) covered almost the entire shelf and molar DIN/P ratios (3.4d) decreased from 17.5

above the upper slope to 5 in coastal surface water.

Fig. 3.5: Linear correlation between dissolved inorganic nitrogen (NOs™ + NO,” + NH,;") and
phosphate of sampling sites from M76-2 on the 23 °S-transect between 50 and 500 m water
depth and O, > 65 uM.

Fig. S1: Interpolated suspended matter concentrations (SPM) shown in mg/I.
Fig. S2: Interpolated particulate organic matter content (POC) shown in weight-%.
Fig. S3: Interpolated molar DIN/P ratio calculated as (NOs” + NO, + NH,") / PO,>.

Fig. S4: Interpolated N-deficit was defined as the difference between the preformed inorganic

N/P conditions and the measured inorganic N-pool (NO3", NO,", and NH,").

Fig. 4.1: A) Map of sampling locations of SPM and surface sediments on the Namibian shelf
and continental slope. Sites of sediment sampling are indicated by blue dots and SPM
sampling stations by red dots. B) Interpolated oxygen concentrations on the 23°S transect
perpendicular to the coast in May/June 2008 (color code) superimposed with symbols for
different sample types at sampled depths. Black and blue station numbers indicate SPM and

surface sediment sampling locations, respectively.

Fig. 4.2: Interpolated POC (color code) and TN content (isolines) of SPM on the 23°S
transect in May/June 2008. Numbers in white and black squares represent POC and TN

contents of surface sediments.

Fig. 4.3: A) Distribution of &°N ratios in surface sediments with high ratios in the
diatomaceous mud decreasing in offshore direction. §°N ratios of surface sediments in the
northern sector are generally lower than in the southern study area. B) The preservation state
of OM is indicated by the DI (color code) that shows good preservation (DI values> 0.25) on
the inner shelf. Isolines mark the mean annual bottom water oxygen concentration taken from
the Namibian Bottle Collection data set. DI and bottom water oxygen concentration do not co-

vary on the inner shelf.
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Fig. 4.4: Interpolated distributions of A) Gly, B) Thr and C) Ser on the 23°S transect in
May/June 2008. Numbers in white squares represent the respective AA proportions from

surface sediments.

Fig. 4.5: The results of the PCA from different groups of SPM and surface sediments reflect
the subdivision into a sediment-type branch and a SPM-branch. Individual AA monomers and
their factor loadings multiplied by 10 are given by red abbrevitions. Coloured numbers give
the water depth range of each sample type and their location within the PCA. The subdivision
in two clusters (A and B) on the SPM branch may be due to differences in water mass

composition (see text for detailed information).
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Table captions

Table 1.1: List of fractionation factors °¢ and ¢ for major N-cycling processes. Normal

fractionation is expressed as positive values and inverse fractionation as negative values.

Table 2.1: Depth ranges of oxygen concentrations <4.5 uM, <1 pM, nitrite concentrations
>0.5 uM, and a nitrate deficit (NOsgf) >5 UM. Nitrite and nitrate concentrations, nitrogen

deficit (NOsqer) are given in Mol m™.

Table 2.2: Measured 8> Nnoz+noz and 82 Onos+no2, 8°Nnos and 8*20pos, and calculated

8" Nno2 and 8*®Onosz in %o, nitrite concentrations in M. AS™N and A8'20 are the differences
between stable isotopic values of nitrate and nitrite. A(15,18) is the difference between

8" Nnos+no2 and 5%Onossno2 corrected for the offset between both stable isotopic ratios at
1000-1200 m water depth. 5" Nnogsnoz, 3 *Onos+noz, 8- Nos and §'°Onos are shown in italics
when "°Nyo and §'¥0no; are not calculated in samples with nitrite < 1 uM. Numbers in

italics were not included in the average values (})) and standard deviations (Stdev).

Table 2.3: Fractionation factors € by the Rayleigh fractionation model derived from the slope
of a plot of In(f) against 815NN03+N02, 5"%0nos or 8°Npog, respectively (see text for

explanation of the Rayleigh model).

Table 4.1: Amino acids analysed in this study, their abbreviations and relative errors.
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List of abbreviations

AA
AAIW
Ala
anammox
AOB
Asp
Arg
B-Ala
BBL
BCC
BMBF
BUS

C

CTD
DFG
DNRA
€
ESACW
ETSP
y-Aba
Glu
Gly
His
IAEA
ICW
1w

lle
JGOFS
Leu
Lys
Met

amino acid

Antarctic Intermediate Water
Alanine

anaerobic ammonium oxidation
ammonia-oxidising bacteria
aspartic acid

arginine

B-Alanine

benthic boundary layer
Benguela Coastal Current

Bundesministerium fir Bildung und Forschung

Benguela Upwelling System
carbon

conductivity, temperature, depth
Deutsche Forschungsgemeinschaft

dissimilative nitrate reduction to ammonium

fractionation factor (also: isotope effect or discrimination factor)

Eastern South Atlantic Central Water
eastern tropical South Pacific
y-aminobutyric acid

glutamic acid

glycine

histidine

International Atomic Energy Agency
Indian Central Water

Indonesian Intermediate Water
iso-leucine

Joint Global Ocean Flux Study
leucine

lysine

methionine

nitrogen
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Abbreviations

Nef

0]

OoDz
oM
oMz
Orn

P

PCA
PGW
Phe

PN
PNM
POC
PU
RSW
SACW
SAMW
Ser
SNM
SPM
STOX microsensor
Thr

TN

Tyr
USGS
Val
VSMOW
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deficit of inorganic nitrogen
oxygen

oxygen depleted zone
organic matter

oxygen minimum zone
ornithine

phosphorus

principal component analysis
Persian Gulf Water
phenylalanine

particulate nitrogen

primary nitrite maximum
particulate organic carbon
poleward undercurrent

Red Sea Water

South Atlantic Central Water
Subantarctic Mode Water
serine

secondary nitrite maximum
suspended matter

switchable trace amount oxygen microsensor
threonine

total nitrogen

tyrosine

United States Geological Survey
valine

Vienna Standard Mean Ocean Water
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