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Summary

Our view on the oceanic nitrogen cycle has recelélgn challenged by a number of findings
such as the central role of archaea during nitifoe and the detection of anaearobic ammonium
oxidation (anammox) and euphotic zone nitrificatihich also affect our understanding oiON
production pathways in the ocean. This thesis clampiifferent studies that help to identify

where, how and by whom,® is produced in the ocean.

A mixed layer budget of JD in the Mauritanian upwelling revealed large dépancies between
the sea-to-air flux out of the mixed layer and M® supply from below via diapycnal mixing
and vertical advection. To close the discrepanof) I[droduction from nitrification within the
mixed layer was suggested earlier in several ssudi#owever, in our study, the biological
production would have to be unrealistically higlal€ilated potential PO production rates in the
mixed layer exceed the maximum subsurfag® Nroduction rates by far. Therefore, other
processes, most likely a reduced sea-to-air fluslyactants, have to be investigated as possible

explanation for an unbalance in the mixed layergetdoo.

Due to the different oxygen concentrations in betlgions, the comparison of the oxygen
minimum zones (OMZs) in the eastern tropical Noithantic (ETNA) Ocean with minimum
oxygen concentrations of >30pumof land the eastern tropical South Pacific (ETSP) Oeeth
minimum oxygen concentrations <5 pmat lreveals significant differences in the nitrogen
cycling of both regions, which is reflected in concentrations as well as measurements of
>N-NOs . Strong signals of N-loss processes are fouribérsouthern part of the South Pacific
OMZ, with N,O depletion and increase if°N-NOj in the core of the oxygen minimum zone.
Both findings are consistent with the activity ainonical denitrification in the centre of the
OMZ. A threshold oxygen concentration of Spmdiwas found for the onset of N-loss processes
throughout the area. Waters with oxygen concentmat>5 umol [* did not show signs of active
N-loss. A linear correlation of N,O vs. AOU was found for waters with oxygen concatitins
>50 umol L* that showed the same slope in the ETNA and ETSPthe upper oxycline,
suggesting a nitrification source. Oxygen conceiaina far below 50 umol £ were found only

in the ETSP, and a significant increase in thd,O/AOU slope was observed for oxygen

concentrations between 5 and 50 pmidl L

Evidence for NO production of archaea is found from field studssswell as from culture
experiments: It could be shown in laboratory stsididth the cultured ammonium oxidizing

archaeonNitrosopumilus maritimughat archaea have the potential fofONproduction. The



dominance of archaeal over bactedahoA gene abundances and their correlation witd N
concentrations on the one hand and the reductidd,©f production by addition of a selective
inhibitor for archaea in incubation experimentstia other hand give evidence that archaea are
the main producers of & in the water column of the tropical ocean. Morag\t could be
shown that similar to pO production during bacterial nitrification, .8 production byN.

maritimusincreased with decreasing oxygen concentrations.

Hydroxylamine is known as an intermediate duringte@al nitrification and could thus be an
indicator for sites of active nitrification. Howavethe role of hydroxylamine during archaeal
nitrification is still unknown. In this work it cdd be shown that measurements of hydroxylamine
in seawater using the method by Butler and Gord@86a) can significantly be biased by
ambient concentrations of nitrite in the sampldsgs problem can be overcome by the addition of
sulfanilamide before the application of the metlhgdButler and Gordon (1986a). This modified
method is a new tool to elucidate the role of hygllamine in nitrogen transformations. First
applications of the modified method at a coastaétseries station and in the water column of the
equatorial Atlantic Ocean showed relatively low centrations of hydroxylamine. While
hydroxylamine was below or close to the detectiomtlin the equatorial Atlantic, at the coastal
time series station hydroxylamine was detectabiindiseveral months, showing high spatial and
temporal variability. No simple correlation withhatr parameters was found at the coastal site,
and additional measurements of hydroxylamine inwlaer column as well as in incubation
experiments are required to understand the dynarofcshydroxylamine production and

consumption in the ocean.



Zusammenfassung

Neue Erkenntnisse wie die zentrale Rolle von Arehdér die Nitrifizierung, die Entdeckung der
anaeroben Ammoniumoxidation (anammox) und der fiditerung in der euphotischen Zone
haben unser Bild des marinen Stickstoffkreislanfdén letzten Jahren verandert, was auch unser
Verstandnis der pD-Produktion im Ozean verandert. In dieser Disseriasind mehrere
Arbeiten zusammengefasst, die dazu beitragen, emtifitieren, wo, von wem und auf welche

Weise NO im Ozean produziert wird:

Eine Berechnung von J-Flussen fir die Deckschicht des Auftriebsgebiets Mauretanien
zeigte eine grof3e Diskrepanz zwischen dem Gasaag$tdtiuss von pD aus dem Ozean in die
Atmosphére und dem Nachschub agONvon unterhalb der Deckschicht durch diapyknische
Vermischung und vertikale Advektion. & Produktion durch Nitrifizierung innerhalb der
Deckschicht wurde in einigen friheren Studien algghthkeit vorgeschlagen, diesen
Unterschied auszugleichen. Im Mauretanischen Aglftrimisste diese Produktion jedoch
unrealistisch hoch sein: Die berechneten Produgtaian Ubersteigen Produktionsraten in der
Tiefe bei weitem. Andere Prozesse, darunter vamnaltlie Reduktion des Gasaustauschs durch
Oberflachenfilme, sollten daher als Erklarung fias dMissverhaltnis der Flisse untersucht

werden.

Bedingt durch die unterschiedlichen Sauerstoffkatrzgionen in beiden Regionen zeigte ein
Vergleich der Sauerstoffminimumzonen im tropiscidordostatlantik (eastern tropical North
Atlantic, ETNA), wo Sauerstoffkonzentrationen otath von 30 pmol L' liegen, und im
tropischen Siidostpazifik (eastern tropical Souttifla ETSP) mit Sauerstoffkonzentrationen bis
unterhalb von 5umol L bedeutende Unterschiede im Stickstoffkreislauti&eiRegionen, was
sowohl NO Konzentrationen als auch Messungen vBN-NO; widerspiegeln. Im sudlichen
Teil der siudpazifischen  Sauerstoffminimumzone  wardestarke  Anzeichen  flr
Stickstoffzehrungsprozesse gefunden, die zum Abbau\,O und einem Anstieg def°N-NO; -
Werte im Kern der Sauerstoffminimumzone fiihren.d8eBeobachtungen lassen sich durch
aktive kanonische Denitrifizierung in der Saueifshifiimumzone erklaren. Im gesamten Gebiet
lag die Obergrenze der Sauerstoffkonzentrationeinddénen Stickstoffzehrung auftrat, bei 5pumol
L. In Wassermassen mit Sauerstoffkonzentrationerhalievon 5umol [ konnte keine aktive
Stickstoffzehrung beobachtet werden. Eine lineaserddation zwischen N,O und AQOU konnte
fir Sauerstoffkonzentrationen >50umét lgefunden werden, mit der gleichen Steigung im
ETNA und ETSP fir die obere Oxykline, was fiir Nikation als NO-Quelle spricht. Ein starker
Anstieg der N,O/ Steigung konnte bei Sauerstoffkonzentrationeisaven 5 und 50 umolt
festgestellt werden.



N,O Produktion durch nitrifizierende Archaeen konnte Feldstudien sowie in Kultur-
experimenten gezeigt werden: In Laborexperimenténkmituren des ammoniumoxidierenden
ArchaeonNitrosopumilus maritimusvurde nachgewiesen, dass,®l von Archaeen produziert
werden kann. Weiterhin zeigen einerseits die Dondrger ArcheermmoAuber bakteriell@amoA
und die Korrelation zwischen,® und amoAVerteilung und andererseits eine Reduktion der
N,O-Produktion nach Zugabe eines Archaeen-Inhibitdass Archaeen wahrscheinlich den
groidten Anteil der PD-Produktion im tropischen Ozean ausmachen. Dahiitrars konnte
gezeigt werden, dass wie bei desONProduktion durch bakterielle Nitrifikation die Albeute von

N,O mit abnehmenden Sauerstoffkonzentrationen anstieg

Hydroxylamin ist ein Zwischenprodukt bakterielleitriikation und kann deshalb als Indikator

fur aktive Nitrifizierung. Die Rolle Hydroxylamini& der Nitrfizierung durch Archaeen ist jedoch
noch unbekannt. In dieser Arbeit konnte gezeigtdeer dass Messungen von Hydroxylamin in
Seewasser nach der Methode von Butler und Gord886€) durch die Anwesenheit von

natlrlichen Konzentrationen von Nitrit gestért wamdkdénnen, was durch die Zugabe von
Sulfanilamid vor der Anwendung des Nachweises vatld and Gordon (1986a) Uberwunden
werden kann. Diese so modifizierte Methode stefitreeues Werkzeug dar, um die Rolle von
Hydroxylamin in Stickstofftransformationen zu bestien. Erste Messungen von Hydroxylamin
nach der modifizierten Methode an einer kistennaBeitserienstation und im aquatorialen
Atlantik zeigten relativ niedrige Hydroxylamin-Koetrationen. Wahrend Konzentrationen im
aquatorialen Atlantik nah am oder unterhalb desKgnslimits der Messungen lagen, konnte
Hydroxylamin in einigen Monaten an der Zeitseriatish gemessen werden. Die
Konzentrationen zeigten eine grofRe rdumliche undictee Variabilitdt, und es konnte keine

einfache Korrelation mit anderen Parametern idiergit werden. Um die Zusammenhange von
Produktion und Zehrung von Hydroxylamin im Ozean werstehen, braucht es weitere

Messungen von Hydroxylamin in der Wassersaule sowligkubationsexperimenten.



1 Introduction

The marine nitrogen g/cle as souce of nitrous oxide

Although nitrogen (N)is abundant in large amounts as molecular nitr (N,) in the Earth’s
atmosphere, it is often a liting factor for biological growth as it cannot taken up as molecul
nitrogen by most organins. The recyclg of fixed nitrogen(i.e. bioavailable inorganic
compounds such as nitraNC;~ and ammonium, NF) within both the «ceanic and terrestri
environment is therefore iessential factor to maintain biological produty on Earth(Gruber,
2008).
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Figure 1: Major r edox transformations in thenitrogen cycle. Solid arrons indicate nitrogen
transformations taking place under oxic conditions; dashed arrows indate transformations
under suboxic/anoxic caditions. DNRA stands for dissimilatory nitrate reduction to
ammonia.



Nitrogenous compounds occur in the ocean in a nuwfbexidation states, and therefore nitrogen
cycling mainly involves redox transformations betwenitrogen species with different oxidation
states, all of them being microbially mediated (Hiy Transformations within the N cycle serve
either the incorporation of nitrogen into organioletules (assimilatory processes) or the yield of

energy (dissimilatory processes).

One major control parameter of the nitrogen tramsé&tions within the oceanic N cycle is the
prevailing ambient oxygen @ concentration. Under oxic conditions, nitrogeansformations
involve the assimilation of inorganic nitrogen bycérporation of ammonium or assimilatory
nitrate reduction and the remineralization (nitafion, NH"~ NO;) of organic nitrogen.
Nitrification produces hydroxylamine (NB®H) as an intermediate, whereas nitrous oxidg€jN
evolves as a by-product that accumulates in thewtdre and deep layers of the water column

where the exchange of the waters with the overlgitmgosphere is restricted (Bange, 2008).

Under anoxic conditions respiration of nitrogen bgnitrification and anammox becomes
dominant (Canfield et al., 2010). During both prses, fixed nitrogen is respired t@, With
different pathways for both processes. Canonicaltdgcation is the reduction of NOto N,
(Fig. 1) with NO as an intermediate which can be released to #iterwolumn from this process
(Ferguson, 1994). In the anammox process ammoniwma itrite (NQ) react in a
comproportionation reaction to ,N with hydrazine (MH,;) as characteristic intermediate.
Significant NO production from anammox has not been detectddrgiKartal et al., 2007). The
guestion of the dominance of denitrification or mnaox in oceanic environments is subject of
ongoing discussion (e.g. Lam et al. (2009), VogkMontoya (2009), Ward et al. (2009)).

The biogeochemical consequences of both processesimilar, though: denitrification and
anammox lead to significant loss of fixed N fromeanic environments (Gruber and Sarmiento,
1997). Nitrogen fixation, along with atmosphericdariverine deposition of fixed nitrogen,
compensates the oceanic nitrogen loss, and a adgtonpling of nitrogen fixation and nitrogen
respiration has been proposed (Deutsch et al.,)2d®ére is some evidence that the oceanic
nitrogen budget is currently not at steady-statiéh @enitrification outbalancing the supply of
fixed nitrogen by nitrification and riverine and naispheric deposition (Canfield et al.,
2010;Codispoti, 2007).

The threshold concentration of oxygen for the titaors from the oxic to anoxic N cycling is not
well defined, yet. Several studies found a co-aemae of nitrification and denitrification/
anammox under suboxic conditions (Bange et al.5Z0ias et al., 2009). Evidence for nitrogen
respiration is provided by a substantial nitrogefiait which has been observed to evolve at

oxygen concentrations below 5 pmét (Bange et al., 2005).



The ocean as a source of atmospheric,®

Although NO plays only a minor role in the nitrogen turnoves role as a potent greenhouse gas
in the Earth's atmosphere (Forster et al., 200@ tiaven some attention to nitrous oxide
production within the N cycle. Moreover, due to lisg lifetime of about 114 years,® is is
mixed from the troposphere into the stratospherereiit is involved in the stratospheric ozone
depletion cycle (Prather, 1998;Ravishankara e@D9). Nitrification and denitrification are the
main processes of  production in marine (Suntharalingam and SarmieR000) as well as
terrestrial environments (Bouwman, 1996) (Fig.1)d ahe large additions of industrially fixed
nitrogen to the natural inventory of bioavailabléhBs fuelled an increase in nitrogen turnover as
well as NO production (Gruber and Galloway, 2008), which,oam other anthropogenic
sources, has been increasing the atmosphefixiflventory. Current B0 mixing ratios in the
atmosphere of 322 ppb are about 19% higher thgmeimdustrial times (~270 ppb), andNis
constantly increasing at a rate of 0.7 ppb @Montzka et al., 2011).

The ocean is the second largest natural sourcanodspheric NO (Fig. 2), with the major
contribution from the open ocean (Nevison et @935), but disproportionally high contributions

from coastal waters (Bange et al., 1996).

Fossil fuel Human excreta  Atmospheric
combustion & 1% deposition Atmospheric
industrial 3%, chemistry (NH3
processes oxid.)
4% 3%
Biomass and

biofuel burning
4%
Soils under natural
vegetation
38%

Agriculture
16%

-

Rivers, estuaries,
coastal zones

Open ocean
10% P

21%

Figure 2: Sources for atmospheric BO (Denman et al., 2007).



Nitrification and denitrificatiol in the ocee take place under different cditions and hav
different effects on O distrbutions. Th current view oroceanic nitrous oxe production ca

be summarized as follows:

1) Under oxic conditions\,O is produced by nitrifying organisms, whiN,O consumption
is not observeqBange et al., 201b) and NO thus accumulates in € subsurface and
deep water column. 1,0 production under oxic conditions inves two possibl
pathways, the “classil” nitrification pathway, and nitrifi-denitrification. It is likely
that both processes 1 be carried out by nitrifying organis (Wrage et al.,2001).
During “classical” baterial nitrification, MO evolves as a bgroduct during the
oxidation of hydroxylmine to nitrite by the enzyr hydroxylamire oxidoreducta:
(HAO), however, the xact pathway of ,O formation is still unclez (Arp and Steir
2003). During nitrifierelenitrification MO is produced from nitrite in amilar pathway t
that of canonical deniification which involves nitric oxide as inteediate(Arp and
Stein, 2003) (Fig. 3).

N,O

pi NH,OH _-HAO’NOZ, NIk o NorB N,0

Figure 3: N,O production pathways in ammonie-oxidizing bactera. The classical
nitrification pathway iss marked in red, the nitrifier -denitrification pyathway in blue.
Involved enzymes re: ammonium monooxygenase (AMO), hydroxylamine
oxidoreductase (HAQO, nitrite reductase (NirK), nitric oxide reductase (NoB).

The distinction betwen classical nitrification and nitrifi-denitrification relies on th
different isotopic comosition of the I,O produced: DD production -om oxidation of
hydroxylamine yieldslow **N and %0 signatures, and prodws a distinct sit
preference (SP2°N - N) , whereas BD production from nitrite 2duction yields .
site preference closeo zero and higher 0O signatures as the o oxygen atom
incorporated into the nitrite molicule stem from different soues (Sutka et al,
20060strom et al., 20)). A large variability of the isotopic compositi of N,O has been
found not only in subxic, but also in oxygenated waters and hasn explained by
shift from nitrification to nitrifier-denitrification with decreasing oxyn concentratiol
(Ostrom et al., 2000;Pp et al., 200..

Archaeal NO productiin during nitrification has only recently beentectec(Santoro et
al., 2011) Given the lege dominance of archaeal over bactelene opy numbers in



2)

number of marine environments and the similaritreshe distribution of nitrification
rates and abundances of archaeal ammonium monaesgeenes (Beman et al., 2008)
it was concluded that ammonium oxidizing archae®AM\ are responsible for the
majority of water column nitrification and.® production (Molina et al., 2010;Santoro et
al., 2010). NO production by enrichment cultures of marine ACG#s lbeen demonstrated
recently (Santoro et al., 2011). Little is knowroabthe pathway of ammonium oxidation
carried out by archaea, but some evidence has foeed that AOA can grow at lower
substrate concentrations than AOB (Martens-Habkeéah, 2009), and unlike AOB, a set
of genes encoding the hydroxylamine oxidoreduckesenot been identified in AOA yet
(Walker et al., 2010), suggesting a different meligalpathway for ammonium oxidation
in AOA. This also revives the question ofproduction pathways and their controlling

mechanisms in the ocean.

N,O production and consumption by denitrificationkisown to become dominant as
oxygen concentrations decrease to values closertm (Codispoti et al., 1992). Water
column suboxia and anoxia in the oceans are knaownfor a few habitats which include
sporadic suboxic and anoxic events in coastal ateadaltic Sea and the Black Sea, and
the OMZs in the eastern tropical Pacific Ocean thedArabian Sea (Naqvi et al., 2010).
However, these habitats show different behavioNg® accumulation and consumption
(Fig. 4): Although rapid BD consumption is typically observed with a dropoai/gen
concentrations below 5 pmol'L(Bange, 2008), accumulation of,® is much more
variable. While the OMZs in the Arabian Sea andBR&P show a characteristic double-
peak structure with accumulation of in the upper and lower oxycline (Bange et al.,
2001;Cohen and Gordon, 1978), in the Baltic Sea thedBlack Sea, where a sharp
decrease in oxygen concentrations towards anoxihagacteristic, no }D accumulation

is observed (Walter et al, 2006a).

Large short-term accumulations ofMlhave been observed during episodically occurring
anoxic events at continental shelves and they roafribute significantly to oceanic,®
emissions when ventilated to the atmosphere (Negal., 2000; Codispoti, 2010). They
have been explained by dynamic shifts in the déiodtion sequence that leads to the
temporary accumulation of @ (Naqvi et al., 2000). The influence of oxygen O
production and consumption pathways during deit#ifon is not well understood, yet.
It is known that the enzymes responsible for tttucgon of nitric oxide to BD and of
N.O to N, show different tolerances to low levels of oxyg@forner and Zumft,
1989;Ferguson, 1994), however, the limiting oxygencentrations are yet unknown and
leave the question of the onset gfINproduction by denitrification unanswered.
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Figure 4: Oxygen and NO profiles from different environments, showing diferent
patterns of accumulation and consumption of DD at different oxygen conditions within
the OMZ. A) Tropical North Atlantic Ocean, oxic conditions B) Costa Rica Dome,
suboxic conditions, C) Baltic Sea, anoxic conditian From Bange et al. (2010b).

3) Although euphotic zone nitrification has been shdwibe light-inhibited in a number of
culture experiments (Guerrero and Jones, 1996;¢tmret al., 1981), field measurements
of nitrification rates provide evidence for euplatione nitrification in a magnitude that
is large enough to substantially contribute to ieatrrecycling in the surface layer (Yool
et al., 2007, Dore and Karl, 1996;Diaz and Raimih@2@00;Raimbault and Garcia, 2008).
Accordingly, it was suggested that,QN production may not only take place in the



subsurface and deep ocean but also in the ocearedniayer and may contribute
significantly to oceanic MD emissions to the atmosphere (see e.g. Dore arid1086).
However, unlike for nitrification, direct measuremte of nitrous oxide production rates
in the mixed layer are (currently) not possiblecasrent NO analysis methods do not
provide sufficient sensitivity to measure the ctemin the MO inventory attributed to in-
situ production: To measure detectable changehanNtO inventory, production rates
would need to be as high as several nmotit, whereas maximum JO production
rates, calculated for the deep ocean, did not exGeenol Lt yr'l (Freing, 2009). Indirect
mixed layer budget calculations, however, usingteedr flux calculations and estimates
of the diapycnal BD flux into the mixed layer, indicate a potentiddyge contribution of
surface NO production (Morell et al., 2001;Santoro et alQ1@;Dore and Karl,
1996;Charpentier et al., 2010).

The role of hydroxylamine in the N cycle

In contrast to BO, hydroxylamine is an intermediate during micrbbidrification (Arp and
Stein, 2003) that can be produced and consumddsiptocess. It is labile in aquaeous solutions
under neutral to alkaline conditions, reacting dapivith ambient oxygen (Hughes and Nicklin,
1967, 1971), while under acidic conditions, protation of the free electrons of the nitrogen
atom stabilizes the molecule and prevents its dxida(Butler and Gordon, 1986a). It can
furthermore be photooxidized by ultraviolet radiatiat wavelengths <260 nm (Behar et al.,

1972), which, however, are negligible in oceanieremments.

In the marine N cycle, hydroxylamine evolves as horisterm intermediate in bacterial
nitrification and DNRA: Nitrification is the enzyrtia oxidation of ammonium to nitrate, a two-
step process with each step carried out by diffepeganisms: oxidation of ammonium to nitrite
can be carried out by AOB or AOA while the furtlmxidation of nitrite to nitrate is known to be
performed by nitrite oxidizing bacteria (NOB) (Wa&D08).While the reaction mechanism in the
second step does not involve hydroxylamine, it idastified as an intermediate and a precursor
for nitrous oxide in the first step of bacteriatrification (Arp and Stein, 2003). The recent
detection that ammonium oxidizing archaea may aupmte ammonium oxidizing bacteria in
large parts of the oceans (Wuchter et al., 2006rtdvia-Habbena et al., 2009) requires new
investigations on the metabolic pathway of archaeahonium oxidation, particularly as a recent
study found indications for a different pathway tthmaay not involve hydroxylamine as an
intermediate (Walker et al., 2010).



Although the reaction prodts of DNRA are very similar to that of nitral assimilation, it:
purpose and abundance in thater column ai very distinct: Unlike in the asmilatory process
the nitrogen during DNRA primarily used as an electron acceptor nitrogen is no
incorporated by the organismsurthermore, DNRA is a strictly anaerobic pess that can on
occur in suboxic to axic envionments(Yordy and Ruoff, 1981)Nevertheles DNRA has been
identified in suboxic zones ddéikes and oceans and has been suggested ay mechanism fo
ammonium required for anadbic ammonium oxidatior(Lam et al., 2009)During DNRA,
hydroxylamine evolves as an zyme-bound intermediate during reduction ofrite (Einsle et al.,

2002) which may be releasedly under acidic conditions.

Early ideas that NFOH occursas an intermediate during the anammox pre¢(van de Graaf et
al., 1997) could not be verifig&artal et il., 2011;Jetten, 2009).

Hydrographic settings in the easterr tropical Atlantic and Pacific Oceans

The nitrous oxide distribution® the eastern tropical Atlantic and Pacificgans are strong
controlled by the hydrogphic settings of the: regions the tropical oceans tween 3 °N and
30°S lie in the trade wind ze which largely influences the hydrographici biogeochemics
settings of this regiofLonghusst et al., 199% On the one hand, the wind fiedistributon leads
to the formation of basiseale anticyclonic gyres (subtropicgyres). Theyare characterized k
downwelling in the entre of tkz gyres leadir to the formation of a stable thnocline whicl, in

turn, largely inhibits the excange o dissolved compounds (e.gutrients and trace gas)

between the mixed layer and: subsurface oceiTomczak and Godfrey, 206. The subtropical

gyres are therefore known as: most oligotrophic areas in the world’'s oc(Morel et al., 201(.

Figure 5: Chla (A, C) and SS1(B, D) in winter/spring from 2002 to 2010n the ETNA and
ETSP. Data were obtained fran MODIS Aqua SST and chlorophyll a images.



Coastal upwelling, on the other hand, fuels higbldgical productivity along the eastern
boundaries of the basins, where alongshore traddswiause offshore Ekman transport of surface
waters. These waters are replaced with cold, mitrieh subsurface waters, leading to high
primary productivity (Fig. 5). Coastal upwellingeas are among the most productive oceanic
areas and carry among the most abundant fish stodke oceans (Chavez and Messie, 2009).
Additionally, they are known as hot-spots for thmeigsions of climate-active gases (Nevison et
al., 2004;Paulmier et al., 2008). Adjacent to tipsvelling areas, the high primary productivity
and slow ventilation of the subsurface waters lEathe formation of oxygen-deficient zones.
Oxygen concentrations in the eastern Pacific O@ganconsiderably lower than in the Atlantic
Ocean mainly due to the different water mass aghefvaters within the OMZ (Karstensen et
al., 2008). A detailed description of the indivititigdrographic settings of the eastern tropical
North Atlantic and the eastern tropical South Ra€Xcean is given in Chapter 2.



Thesis outline

The recent detection of new processes and orgartisatsplay a significant role in nitrogen
cycling of the world’s oceans have some implicagi@n our current picture of oceanicON
production: If archaeal and not bacterial ammonaxidizers produce the majority of the oceanic
N,O, we are faced with the fact that the pathwaythefproduction of large amounts ofin
the ocean are largely unknown. Hydroxylamine hdy been found as an intermediate during
bacterial ammonium oxidation, and it role in amnuoni oxidation by archaea has to be
determined, yet. Furthermore, a potentially largatgbution of surface MO production during
nitrification within the euphotic zone/mixed layeould have far-reaching consequences for the
interpretation of oceanicJJ® emissions to the atmosphere. If significant ant®woih oceanic BD
are produced in the mixed layer, they can be dyraantilated to the atmosphere. However,
oxygen concentrations in the mixed layer are ckossaturation, and thus not favorable for a
pronounced BD production. If there is indeed a significant agef NO production, other factors
than Q may influence the YD production in the mixed layer. This thesis compih number of
studies based on a large dataset of nitrous oxitk laydroxylamine measurements that

investigate the oceanic,@® and hydroxylamine production pathways.

An analysis of the pD distribution and N,O/AOU and N,O/NG; relationships in the eastern

tropical North Atlantic and the eastern tropicaluoPacific Oceans is presented in chapter 2.

In chapter 3, nitrous oxide measurements are cagdbwmith microstructure measurements to
calculate a mixed layer budget ofM\for the highly productive upwelling region off Midtania.
The potential MO production in the mixed layer was estimated atheroprocesses that can lead

to the observed }D mixed layer deficit are discussed.

In chapter 4, DD and ™N-nitrate measurements are used to compare thereiff nitrogen
cycles in the oxygen minimum zones of the eastewpidal North Atlantic and the eastern
tropical South Pacific Oceans.

N,O production by archaeal ammonium oxidation is gih@wchapter 5 in a combined approach
using field data as well as culture and incubatmperiments. Archaeal & production is
indicated in a correlation between distribution and archaeamoAabundance on one hand
and NO production from a cultured archaeon and inhikgtqueriments on the other hand.

In chapter 6, an improved the method for measur&neh hydroxylamine in seawater is
described. Measurements of hydroxylamine at thenBokck Coastal Time Series Station and
first measurements from four stations in the equaltétlantic Ocean using the improved method

are presented.



2 Nitrous oxide distribution in the eastern tropical Atlantic and

Pacific Oceans

Introduction

Nitrous oxide (NO) is a potent greenhouse gas (Denman et al., 20QFe Earth’s troposphere
and acts as an ozone depleting compound in then'Eastratosphere (Isaksen and Stordal,
1986;Ravishankara et al., 2009). Emissions to thisphere have been increasing since the end
of the 18' century due to human activities (Khalil et al.028). A number of anthropogenic and
natural sources for atmospheric,ON have been identified (Kroeze, 1994), with oceanic
production making up for about 30 % of all natuNgO emissions (Denman et al., 2007).
Although it is known that BD production and, in suboxic to anoxic areas, camgion in the
ocean is controlled by nitrification and denitriton (Bange, 2008), the exactN production
pathways and their controlling factors are stiltlear: The classical view of nitrification and its
role in NO production have recently been fundamentally cadrgy the detection of archaeal
nitrification (Wuchter et al., 2006) and its potiahbf dominating MO production (Santoro et al.,
2011). Similarly, the detection of anammox as aptilly large contributor to N loss processes
in marine oxygen minimum zones (Kuypers et al.,508as thrown into question the role of
denitrification and its role for O production and consumption in these regions (leinal.,
2009).

N,O/AOU relationship

The majority of the ocean interior can be paranmdrrelatively well from its oxygen and nitrate
contents: A close relationship betweesONand oxygen concentrations has been identified by
large number of investigators and has widely begerpreted as an indirect evidence fgiON
production via nitrification (Yoshinari, 1976; Yash et al., 1989; Nevison et al. 2004). The
relationship between @ and oxygen concentrations is usually examineadryelating N,O

with the apparent oxygen utilization (AOU). AOU ani,O are defined as follows:



(1)

(2)

(see equations 3 and 4 below) and (calculated according to
Weiss (1970)) are traditionally calculated using tdontemporary )0 and Q mole fractions in
the atmosphere. This methodology implicitly introds some bias in theN,O calculations as
the contemporary atmospheric mole fraction gDNhas been increasing since the beginning of
the industrial revolution from pre-industrial vatuef 270 ppb to contemporary (2011) 323 ppb
(Khalil et al., 2002b;Forster et al., 2007). Thus, can be currently overestimated
to up to 19% (Freing et al., 2009), which may Iéadn underestimation ofN,O in old water
masses. To calculate the correctddhO (N>Oeyxcesd, the knowledge of the age of the respective
water mass is necessary, which is often not the.ch®st of the published N,O/AOU
relationships calculated using the conventionalhoetare therefore biased and make direct

comparison questionable.

Linear N,O/AOU relationships were found in a large numbestofies, reflecting that the yield
of N,O during Q consumption is relatively constant (Yoshinari, L#Kins et al., 1978;Walter et
al., 2006b). Similarly, a linear relationship beeme N,O and nitrate has been interpreted as an
additional indirect evidence for,® production during nitrification (Yoshida et al989). Both
relationships, however, have been shown to vanydst water masses and with depth (Nevison
et al.,, 2003), which complicates the interpretatain N,O/AOU relationships as a result of
constant NO yields during nitrification. Moreover, it has lmeshown that a linear N;O/AOU
relationship could also result from mixing of watavith different N,O/AOU ratios (Yamagishi

et al., 2007;Nevison et al., 2003).

Parameterizations of A in the water column mainly rely on an exponentdationship between
N,O yields during nitrification and decreasing oxygamcentrations. This relationship was first
introduced by Goreau et al. (1980) as a resultulfure experiments with marine nitrifying
bacteria. A conceptual model of the relationshipwieen NO production and oxygen
concentrations, including & production from nitrification and production amdnsumption
from denitrification at decreasing oxygen conceitres, was introduced by Codispoti et al.
(1992) and had some applications in modeling (Samtlngam et al., 2000). Nevison et al.
(2003) used the results of Goreau et al. (198@)etive an oxygen-dependent parameterization

for N,O from field data which applies for oxic environn®only, however.

Freing et al. (2009) used the transient time distion (TTD) approach (Haine et al. 2002) to
calculate NO production rates (JOPR) and apparent oxygen utilization rates (AOUR)Mf



tracer distributions. pD concentrations in the water column were thenutated by multiplying
the NNOPR with the mean age of the water mass. The diftar between this method and the
traditionally used N,O/AOU relationships described above is that TTDwet N,OPR are not
directly parameterized from oxygen concentratidng, from oxygen consumption rates instead,
which can differ greatly from oxygen and nitrousidex distributions. Similarly to the
relationships found betweenN,O and AOU, NOPR correlates linearly with AOUR. This,
however, is not necessarily contradictory to theotatory studies if the majority of the,®

production takes place at similar oxygen conceioinat

N,O measurements in the ETNA and ETSP

Nitrous Oxide was measured on five cruises to thy@en minimum zone of the eastern tropical
North Atlantic Ocean (ETNA) between 2006 and 20&@ an one cruise to the eastern tropical
South Pacific Ocean (ETSP) in early 2009 (Fig.The cruises were part of the German BMBF
joint project SOPRAN $urfaceOceanProcesses in thAnthropoceneywww.sopran.pangaea)e
and the German Research Foundation collaboratseareh project SFB-754v(vw.sfb754.d

In combination with turbulence measurements, metagc analyses and isotopic

measurements, these data are the basis for a nwhistudies investigating the transport and

production pathways of JD in eastern tropical oceans (see chapters 3-5).



Figure 1: Station maps from auises to the ETNA and ETSP: Meteor 6-3, July/August 2006
(A), Poseidon347, January 207 (B), Poseidon 348, February 2007 (C) d L’Atalante 3,
February 2008 (D to the Mauritanian upwelling; Meteor 802, NovembeiDecember 200¢
(E) to the region south of Cae Verde and Meteor 77-4 January/Febuary 2009 (F) to the
ETSP. Stations that were samled for N,O are highlighted.



Study Sites

Eastern tropical North Atlantic Ocean (ETNA)

Four cruises to the ETNA covered the region betw#en Cape Verde islands and the
Mauritanian coast (R/V Meteor Cruise M68-3, Julygiist 2006; R/V Poseidon Cruise P348,
February 2007; R/V L’Atalante Cruise ATA3, Febru@@08) and one cruise covered the region
south of the Cape Verde islands (R/V Meteor CriM&8-2) (Fig. 1A-E). The region east of the
Cape Verde islands is largely influenced by cdasfavelling off the Mauritanian coast
(Mittelstaedt, 1983) which denotes the southern giathe Canary Current upwelling system, one
of the four major eastern boundary upwelling systé@havez and Messié, 2009). This system is
dominated by a strong seasonality that is detemnbeseasonality of the north- and southward
movement of the intertropical convergence zone AY (Schemainda et al., 1975;Messie et al.,
2009). In the region between Cap Blanc (21°N) aad Zert (15°N) this is reflected in the length
of the upwelling period: At Cap Blanc, upwellingnzitions are prevalent throughout the year
while upwelling conditions at Cap Vert dominateyoduring winter with an upwelling period of
about six months (Schemainda et al., 1975). Howekieroccurrence and intensity of the coastal
upwelling is determined by the individual wind cdrahs, which leads to a large spatiotemporal
variability in the upwelling (Wittke et al., 201®uilding an eddy-dominated flow field with the
occurrence of upwelling filaments that can be atheooffshore over several hundreds of
kilometers. In the northern region, for examples &xposed geography of the coast and the year
round upwelling-favourable conditions lead to théstnce of the “Giant Cape Blanc Filament”,
a persistent upwelling filament found throughouwt gfear between 20 °N and 22 °N (Fischer et
al., 2009). Compared to other OMZs adjacent toesadboundary upwelling systems, oxygen
concentrations are relatively high, with minimurmcentrations of about 30umof‘lsouth of the
Cape Verde islands and 40 umdl In the region off Mauritania (Stramma et al., 28D8The
center of the oxygen minimum zone is collocatedhwitwveak upwelling field called the “Guinea
Dome” south of the Cape Verde islands (Siedlet.e1892).

Two water masses dominate the density range dDM£ waters with the mixing front located at
~20 °N in the ETNA: In the southern region the ol8euth Atlantic Central Water (SACW) is
dominant, which is reflected in lower oxygen andhar nutrient concentrations than the North
Atlantic Central Water (NACW) which is prevalentrtito of 21°N. The upwelling region off
Mauritania is strongly affected by the mixing ok#le two waters and causes some spatial and

temporal variability in oxygen and nutrients instlirea (Minas et al., 1982;Hagen, 2001).



Eastern tropical South Pacific Ocean (ETSP)

The oxygen concentrations in the ETSP are amondotliest concentrations measured in the
oceans, with large volumes reaching oxygen conatatis well below 20 pmolt (Fuenzalida

et al., 2009). Oxygen concentrations below 5 pmblreveal substantial differences in the

nitrogen cycling with N-loss processes (denitrifica and anammox) becoming dominant (Bange
et al., 2005;Devol, 2008). Unlike in the ETNA, whahe centre of the OMZ is uncoupled from

the coastal upwelling system, in the ETSP a perma@&1Z with oxygen concentrations below

5 umol L' is found off the Peruvian coast centered at ~1QK&stensen et al., 2008) with a

maximum vertical extension of up to 700 m betwe8f and 800 m (Fuenzalida et al., 2009).
This very shallow oxygen minimum is closely couplexd the coastal upwelling along the

Peruvian coast which enables the emissions of langaunts of greenhouse gases@NCQ,) to

the atmosphere (Paulmier et al., 2008). The vesydrygen content of the waters off Peru can be
explained by the co-occurrence of strong remineaitiin in the coastal upwelling area and a
limited oxygen supply by adjacent waters (Czesehell., 2011), with the main oxygen supply

route to the ETSP coming from the equatorial regidth its zonal current system (Stramma et
al., 2010a). Moreover, strong remineralization saleive oxygen concentrations to suboxic and

episodically anoxic conditions (Helly and Levin,(20Q Reichart et al, 1998).

N,O Analysis

Discrete samples of nitrous oxide were measureboamnd using two GC/ECD systems (Hewlett
Packard 5890 Il during cruises M68-3, ATA3, M80+la77-4; Carlo Erba HRGC 5160 Mega
Series during cruises P347 and P348). The GCs egugped with a 6’ 1/8” stainless steel
column packed with molecular sieve (5A) (W. R. Gra& Co.-Conn., Columbia, MY) and
operated at a constant oven temperature of 19GHRC5890I11) and 220 °C (Carlo Erba HRGC
5160). Argon-methane (95/5, 5.0, AirLiquide, Dugsef, Germany) was used as carrier gas at a
flow rate of 30 mL mift.

Samples were analyzed for,®l using a static equilibration method. Triplicatdsbubble free
samples were drawn from 10L Niskin bottles mourdrdh CTD/rosette, poisoned with mercuric
chloride or measured within 24 h after samplingt &oalysis, a 10 mL helium headspace was
added to each sample using a gas-tight syringel(Wt€cision Sampling, Baton Rouge, LA). A9
to 9.5 mL subsample of the headspace was analyzedtfous oxide after an equilibration time
of minimum 2 h. The GC was calibrated on a dailgiaising at least two different standard gas



mixtures (Deuste Steininger GmbH, Muhlheim, Germatoyaccount for potential drift of the

detector.

The mole fraction of N;O in the headspace was calculated from the Peakareaing a

linear fit for > 312 ppb and a quadratic fit for 312 ppb:
— 1)

- - - 2)

The NO concentration was calculated from the measurelg finaction in the headspace

according to:
— (3)

with the ambient air pressurein Pascal and in atmospheres, air temperaturen Kelvin, and

the universal gas constant The facto— is the volume ratio of the headspace and watesegpha

The Bunsen solubility of N,O in seawater is calculated according to the slitwlunction by
Weiss and Price (Weiss and Price, 1980):

(4)
to are gas specific coefficients. FoyQ\ these coefficients are given in Table 2.

Table 2: Coefficients for the Bunsen solubility oN,O. From Weiss and Price (Weiss and
Price, 1980).

-165.8806 +222.8743 +92.0792 -1.48425 -0.056235+0.031619  -0.0048472

The uncertainty of the measurements was calculated the standard deviation as defined by
David (1951) of the triplicate measurements. Samplgh a standard deviation > + 10 % were
not taken into account for analysis. Samples frdva P347 cruise showed high standard
deviations in the OMZ which were excluded from talysis probably due to the fact that
samples were stored for several weeks before asalysing the following cruise track (P348)
and partly at IFM-GEOMAR. Due to the limitation diis dataset to water depths above and
below the OMZ, MO data from this cruise were not included in thalgsis of the NO
distribution in this chapter. Samples from above aelow the OMZ were in good agreement



with N,O measurements from the P348, however, and werefthe used in chapter 3 to
calculate diapycnal and sea-to-air fluxes gDNAverage standard deviation of the remaining

measurements was + 0.8 nmdl. L

N,O in the ETNA

N,O distribution in the North Atlantic Ocean

Figure 2: Oxygen (a) and nitrous oxide (b) depth pofiles from the upwelling region off
Mauritania, measured during M68-3 (blue), P348 (blak) and ATA3 (red).

Figure 3: Oxygen (a) and nitrous oxide (b) depth pofiles from the Guinea Dome region
south of Cape Verde; samples from Meteor Cruise 8@-

Nitrous oxide profiles in the ETNA were rather wmnih and showed a broad and pronounced
subsurface maximum which coincided with the oxygemimum between 100 and 500 m
(Fig. 2 & 3). Oxygen concentrations were below i@l L in the water depths between 100
and 700 m, and showed a primary oxygen minimumbaufl100 m and a broader minimum

around 500 m. These two minima were not resolvedhin NO profiles due to the larger



variability of the NO data, especially in the depth range of the oxygarnmum. In the region
south of Cape Verde, the two-peak structure ofathggen profiles was more pronounced, with
oxygen concentrations reaching down to about 66l in the shallow minimum and 40 pmol
L in the deep minimum (Fig. 3). Again, this doubksf structure was less pronounced in the
N,O profiles. This can be an indication for some afitity in the N,O/AOU vyield in different

water masses but may be disguised by the largebsiy in the N,O values.

Figure 4. Composed section along 18°N of £and N,O in the ETNA from the upwelling
season (P348 and ATA3): surface to 200 m (upper pal) and 200 to 1000 m (lower panel).
Stations north and south of 18 °N were projected td8 °N according to their distance from
the 400 m isobath.

While N,O concentrations in the subsurface ocean wererrathafected by coastal upwelling
(Fig. 2), surface concentrations at the Mauritamiaast were elevated up to 20.7 nmdl(R50 %
supersaturation) during P348 and ATA3 (Fig. 4, upig season), while they stayed close to

equilibrium during M68-3 (non-upwelling season)(Nconcentrations in the open ocean were



generally close to equilibrium with an average ss@teiration of 105 %, which is in agreement

with previous measurements from the tropical Attantean (Walter et al., 2004).

Influence of different water masses

Mixing of NACW and SACW in the ETNA has been shotrintroduce some variability in both
the nutrient and oxygen content of the OMZ (Mintalg 1982;Hagen, 2001), which may also be
reflected in the PO distribution. The temperature and salinity chemastics of the waters with
highest NO concentrations lie between the SACW and NACW atteristics (Fig. 5), therefore,

some of the variability of the /0 data may be explained by mixing.

Figure 5: TS-diagram of the waters in the ETNA, wih  N,O as color code. The black lines
denote the characteristics of the two water mass&ACW (left line) and NACW (right line).

As a measure for the mixing of SACW and NACW, thacfion of NACW (xXNACW) was
calculated from isopycnal mixing with the charaistiies of NACW and SACW as mixing
endmembers (Tomczak and Godfrey, 2002) for theigerenge between 26.6 and 27.1 (Fig.7).
This is a rather simplified approach as diapycnatimg between SACW and NACW also
contributes to the mixing process (Klein and Tork¢zE094), but is still sufficient to give a
gualitative estimate of this effect.



Figure 6: AOU (a) and N,O (b) dependence on potential density and fractioof NACW,
calculated for the cruises to the Mauritanian upwding ( ) and for M80-2 (+).

Between the three cruises to the Mauritanian upmgeland the cruise south of Cape Verde,
significant differences in the water mass distiitnuican be observed: samples from the southern
region carry a lower fraction of NACW, with an iease in NACW content with increasing
density. In the Mauritanian upwelling region the BW fraction was close to 0.6 at high
densities and showed an increasing variability wligereasing density, with the NACW fraction
ranging from 0.1 to 0.6 at =26.6. While for the Mauritanian upwelling regiofo& and N,O
increase with decreasing NACW content and decrgansity, the opposite trend is observed in
the M80 dataset. However, these data show littt@bdity in xNACW and the decrease in AOU
and N,O with decreasing NACW is likely to be explained twe decrease in densityN,O
values show a considerably larger variability thiae AOU values. It can be concluded that the
mixing of NACW and SACW has an influence on AOU and,O levels, but it does not explain
the larger variability in the }D concentrations compared to oxygen.

N,O vs. AOU and N,O vs. NG; relationship

N,O/AOU and N,O/NOs relationships in the Mauritanian upwelling did shiow significant
differences to the data from south of the Cape ¥dsthnds; all data from the ETNA were thus
merged for regression analysis (Fig. 7,0 increased linearly with increasing AOU and nérat
concentrations, showing different linear relatidpstfor the upper and lower oxycline. This has
been observed in earlier studies (e.g. Cohen amddB8q1979); Walter et al. (2006b); Nevison et
al. (2003)) and was attributed to either a deptheonperature dependence of(Nyields or
mixing effects (Walter et al., 2006b;Nevison et 2003). Similarly, a linear relationship between

N,O and NQ@ has been interpreted as an indirect evidence f6r pfoduction by nitrification
(Walter et al., 2006b).



Figure 7: a) N,O/AOU relationships from the ETNA. Regression parareters are:
y=0.10(x0.0016)x+1.64(+0.25) for water depths >5@f r°=0.88; y=0.15(+0.0049)x-
15.7(x0.83) for water depths >500 m, %£0.85. b) N,O/NOj; relationship. Regression
parameters are: y=0.74(+0.015)x+1.43(+0.31) for wet depths <500 m, ?=0.85;
y=1.33(+0.047)x-31.27(+1.42) for water depths >56 r’=0.84.

N,O/AOU relationships in the ETNA reported here asmparable to those reported in previous
studies (Walter et al., 2006b;Rees et al., 201%tEpet al., 2009) for the tropical Atlantic Ocean.

N,O/AOU slopes were 0.10 nmol urifofor the upper oxycline and 0.15 nmol prhah the
lower oxycline, which is in reasonable agreemerthwhe findings by Walter et al. (2006b) and
Forster et al. (2009). Rees et al. (2011) obseeavesignificant slope change inN,O/AOU at
AOU levels of 50 to 100 pmol'Lin the Mauritanian upwelling region with a sigoéitly lower
slope for AOU levels <100 pmol™L These differences may be explained by the fattRees et
al. (2011) exclusively sampled two upwelling filam where the high biological productivity
may affect additional processes that influentgO and AOU differently. N,O/NG;’ ratios from
the ETNA reported by Walter et al. (2006b) wergldlly lower than the ones reported here, but
the data set by Walter et al. (2006b) included mbrer of data from the western basin of the

Atlantic which introduces some more variability.



N.O in the ETSP

N,O distribution in the ETSP

Figure 8: Selected depth profiles from M77-4 from guthern stations (upper panel) and
northern stations (lower panel).

Compared to the JO profiles in the Atlantic Ocean, the profiles etETSP show much larger
variability: while profiles towards the equator ghaml a broad maximum inJ at the oxygen
minimum similar to observations in the ETNA,MIdepletion was observed within the OMZ in
the southern part of the investigated area with haoow NO maxima within the upper and
lower oxycline (Fig. 8). BD depletion coincided with the accumulation of itetrwithin the
OMZ, which is characteristic for regions with deifitation processes dominating the N cycle
(Codispoti et al., 1986).



Figure 9: Oxygen (left) and NO (right) during M77-4, from 14 °S (a), 3 °S (b) ad 86 °W (c).

The regional distribution of }D in the ETSP reflects the sensitivity 06N production and
consumption to the oxygen supply in this area:tthasition from double-peak structure of the
profiles to single-peak profiles is closely linkem the oxygen concentrations, with the tipping
point between BD production and depletion lying at oxygen concatitns of about 5 pmolL

In the southern part of the investigated arg@ Mepletion could be observed at depths between
100 and 400 m, coinciding with the lowest oxygenaamtrations (Fig. 9a, c). In the northern part
oxygen concentrations that allows® depletion are confined to a narrow region atdbastal
boundary, while offshore profiles show® accumulation in the oxygen minimum (Fig. 9b). In
the 86 °W section the transition from® depletion to MO accumulation is observed between
10 °S and 5 °S, and can be associated with anaiseri@ oxygen from below 4 pmotlat 14 °S

to 20 umol L* at the equator.

A shift of the primary MO maximum towards shallower depths an®Nurface supersaturation
at the coast can be explained by coastal upwethiat) leads to the lifiting of the thermocline
towards the coast (Fig. 8). This phenomenon wasrgbd at all zonal sections, with maximum
surface concentrations of up to 40 pmdl (saturation >500 %). This value was observed @t th
coast along the 14 °S section where a sharp andshallow peak of BD accumulation in the
upper oxycline was observed and most likely fudtedsurface supersaturation.



N,O/AOU relationship in the ETSP

Figure 10: a) N,O/AOU relationships from the ETSP, with oxygen conentration as color
code. Filled circles: samples with oxygen concentians >5 umol L'Y; open circles: samples
with oxygen concentrations <5 pmol [*. Regression parameters are:
y=0.10(+x0.009)x+4.81(+1.07) for water depths <350 and oxygen >50 pmol [* (red solid
line), r’=0.70;

y=0.30(+0.050)x-35.5(+11.9) for water depths <350 amd 5 pmol L'< oxygen <50umol L%,
r’=0.35;

y=0.29(+0.017)x-58.0(+4.03) for water depths >380 (black line), r’=0.88.

b) N,O/NOjs relationship. Regression parameters, calculated fooxygen concentrations
<50umol LY, are:

y=1.06(+0.064)x-2.47(+1.06) for water depths <350 and oxygen >50 umol [* (red line),
r’=0.84;

y=2.68(+0.298)x-96.3(+12.7) for water depths >350 black line), r’=0.54.

In the ETSP samples can be separated into a nushlsegimes showing different behavior for
N,O/AOU and N,O/NO; (Fig. 10): 1) At oxygen concentrations <5 umé! LN,O did not
correlate with neither AOU nor NQ which is consistent with 0 consumption at very low
oxygen concentrations which leads to the breakdoimhe N,O/AOU relationship.2) A linear
relationship betweenN,O and AOU similar to the one found in the ETNA Isserved only for
oxygen concentrations >50 umot lin the upper oxycline at depths shallower than 850 his
relationship compares well to the results fromBEA&NA for water depths <500 mN,O/NO;" as
well showed a linear relationship, but with consaddy higher slope than in the Atlantic. 3) For
water depths >350 m theN,O/AOU regression slope was two times larger inER&P than in
the ETNA, however, AOU levels in the deep waterthefETSP were considerably higher than in
the ETNA and thus may carry higheN,O/AOU vyields. This applies for N,O/NG;, too. 4) At
oxygen concentrations below 50 umdl la significant change in theN,O/AOU slope was
observed, with a N,O/AOU ratio of 0.30 nmol pmdl which is about three times larger than at
oxygen concentrations >50 pmofLAn analogous increase in theN,O/AOU slope with

increasing AOU has been reported for the Arabiaa (Baw and Owens, 1990) at similar AOU



levels, while Upstill-Goddard et al. (1999) foundjaadratic parameterization to better fit their
N,O/AOQOU data from the Arabian Sea. For the M77-4 data a quadratic parameterization was
also applied for depths shallower than 350 m anggem concentrations >5 pmof'Lbut the

bilinear parameterization provided a better fit.

It can be argued that the abrupt change in tNeO/AOU slope is an artifact from the biased
N,O calculations due to the use of the contemporanyospheric mole fraction of JO@,
resulting in a larger bias for theN,O values from waters with lower oxygen concentratjcas
these waters are also the oldest (Freing, 2009)tesb for this effect on the shape of the
N,O/AOU relationship, a simple model calculation wpsrformed: N,O values were
calculated with the preindustrial mole fraction & samples with oxygen concentrations below
100 pmol ! as under these conditions the maximum changeein KhO/AOU shape would be
expected. However, the bilinear parameterizatidlh mtovided a better fit to the “corrected”

N,O/AOU relationship than the quadratic parameteiopat

An increase in N,O/AOU has been attributed to increasingdNoroduction from denitrification
(Upstill-Goddard et al., 1999) with decreasing ctygoncentrations, but can also result from an
increased BD vyield during nitrification. Farias et al. (2008und active MO production and
consumption by denitrification to take place in tigper oxycline of the ETSP OMZ, indicating
that incomplete denitrification is responsible f&O accumulation. An abrupt slope change in
N,O/AOU ratios may be an indicator for a change | MO production pathway rather than
the progressive onset of additional productionhergrogressive increase of thelNyield during
nitrification and may indicate a change in thg€ONoroduction mechanism as was suggested from
the isotopic composition of & (Ostrom et al., 2000;Popp et al., 2002). The iSeitp of
denitrification processes to oxygen is still uaclgFerguson, 1994), however, substantial

nitrogen loss was only observed at oxygen concgéona<5 pmol ! in the ETSP.

Summary

The nitrous oxide measurements from five cruisesho ETNA and one cruise to the ETSP
provide a substantial new data set and allow amsite evaluation of the processes responsible
for N,O production and transport..® distributions compare well to the results of iearstudy

for both the Atlantic and the Pacific OMZ. In th&@ A, N,O profiles showed a broad maximum
at the depth of the oxygen minimum, while surfacecentrations stayed close to equilibrium in
the open ocean and were moderately supersaturatad)doastal upwelling at the Mauritanian

coast. Mixing between North and South Atlantic CaintWater was responsible for some



variability in the oxygen and J® distribution but did not explain the variability N,O/AOU
ratios. N,O/AOU and N,O/NO; were similar to results from previous studies ahdwed a

linear increase with increasing AOU and Nénd indicated nitrification as main source gON

In the ETSP, BO depletion was observed to the south of the iiyatstd area and was associated
with oxygen concentrations below 5 umol, lwhereas towards the north®accumulation was
observed in the oxygen minimum, oxygen concentnatibeing above 5 pmol’L Surface
supersaturation values of up to 500 % were obseavdite coast, showing substantial outgassing
of N,O due to coastal upwelling.N,O/AOU showed a significant slope increase at oxygen
concentrations below 50 pmol‘lwhich may be an indication for a change in th® roduction
pathway rather than a progressive increase,d Yelds with decreasing oxygen concentrations.
One possible explanation could be the shift frop® Nbroduction via nitrification to nitrifier-
denitrification (Popp et al., 2002), or the onskdenitrification (Farias et al., 2009), however,
mixing effects (Yamagishi et al., 2007) can alsayph role. Due to the complex interplay of
different NO production mechanisms, theproduction pathway cannot be identified from the
N,O/AQU relationship alone.






3 Sea-to-air and diapycnal nitrous oxide fluxes intie eastern tropical

North Atlantic Ocean

Introduction

Nitrous oxide (NO) is a potent greenhouse gas with a major corioibwf oceanic emissions to
its atmospheric budget (Denman et al., 2007). prizduced in the oxic subsurface and deep
ocean during microbial nitrification, whereas irait to suboxic parts of the oceanONcan be
produced and/or consumed during canonical dec#ititbn (see e.g. Bange et al. (2010b)).While
large parts of the surface ocean are close toibquih with the atmosphere, enhanced emissions
are observed during coastal upwelling events duiadotransport of pD-enriched subsurface
waters into the mixed layer (ML, see e.g. Nevisbale(2004)). Pronounced coastal upwelling in
the eastern tropical North Atlantic Ocean (ETNA)cars seasonally along the coasts of
Mauritania and Senegal. Consistently,ON emissions are found to be enhanced during
winter/spring (Wittke et al., 2010).

In this study we quantify the diapycnal and seaitofluxes of NO in the ETNA (incl. the
upwelling off Mauritania) to estimate the contrilomt of diapycnal mixing to the J0 ML
budget: NO concentrations in the ML should, at steady stegpresent the balance between
physical processes such as vertical mixing, airggesaexchange with the overlying atmosphere,
vertical and horizontal advection and biologicabgesses such as nitrification. The relative
importance of the different terms for theQNML budget is discussed. It is found that diapycna
and sea-to-air fluxes are the leading terms inNj@ ML budget and sea-to-air fluxes are likely

overestimated when using common parameterizatmmthé gas transfer velocity.



Study site

Figure 1: Map with locations of the sampled statios during P347 in January 2007 (A), P348
in February 2007 (B) and ATA3 in February 2008 (C).MODIS monthly sea surface
temperatures (in °C) are also shown (http://oceanda.sci.gsfc.nasa.gov/IMODISA/Mapped/).
CVI stands for Cape Verde Islands.

The investigated area covers the ETNA between #ipe(/erde Islands and coast of Mauritania
(Fig. 1). A lack of river inputs combined with arr@av continental shelf minimizes additional
contributions of MO originating from riverine or sedimentary sourcd$ie Mauritanian
upwelling system is the most productive southeambh of the Canary Current upwelling system
(Minas et al., 1982;Signorini et al., 1999), shaygvanseasonality which follows the shifting of the
Inter-Tropical Convergence Zone (ITCZ) throughohe tyear (Hagen, 2001). In the region
between Cap Vert (~15°N) and Cap Blanc (~21°N) measupwelling takes place during
winter/spring (Schemainda et al., 1975). Compaoedther eastern boundary upwelling systems,
the water column in the ETNA has relatively highygen concentrations: minimum oxygen
concentrations reach down to 40 uma! (Stramma et al., 2008a)Ve thus conclude that the

main production pathway forJ® in this region is nitrification.

Methods

N,O concentration, microstructure and conductivityyperature-depth (CTD) measurements
were conducted during three cruises to the ETNA.(E). The cruises were part of the German
BMBF joint project SOPRAN (Surface Ocean Processgs the Anthropocene,
www.sopran.pangaea.de) and the DFG-funded Mausitanpwelling and mixing process study
(MUMP). They were scheduled in the upwelling seasoianuary/February 2007 (R/V Poseidon
cruises P347 and P348) and February 2008 (R/V laAta cruise ATA3). Triplicate water



samples taken from the CTD/rosette casts were zawljor dissolved PO on board using a
GC/ECD system with a static equilibration methodr Betails of the method see Walter et al.
(2006b). The average precision of the measurementsulated from error propagation, was

+0.7 nmol %,

N,O sea-to-air fluxeEg, (in nmol m? s‘l) were calculated from the gas exchange equation:
Foa = K,ONO =K, >([NO],, - [N,O],) (1),

wherek,, is the gas transfer velocity and,(D),, is the measured in-situ concentration from the
shallowest Niskin bottle in the surface layer (5#1)0 The NO equilibrium concentration (),
was calculated by using a mean dry mole fractioB2df ppb (extracted from the monthly time
series of atmospheric.® from the AGAGE monitoring station Ragged PointRarbados (see

http://agage.eas.gatech.@qBrinn et al., 1990)) and the temperature ankhisakt the depth of

the corresponding Niskin bottld, was calculated using thig/wind speed relationships as
defined by Nightingale et al. (2000), Liss and Mex (1986) and Wanninkhof (1992). Wind
speeds were obtained from the ships’ underway whtens. Alternatively, the sea-to-air flux
densities were calculated using the gas transflucite parameterization from Tsai and Liu

(2003a) that takes into account the reduction efdin-sea gas exchange due to surfactants.

Ocean turbulence profiles were obtained by usingastructure profilers (MSS) as described in
detail by Schafstall et al.(2010). Briefly, the M@& loosely-tethered profilers that measure
small-scale velocity fluctuations from which thesglpation rate of turbulent kinetic energy is
determined. To estimate the diapycnalONfluxes into the ML we used the station-average
diapycnal diffusivities derived from microstructumeasurements from 5 m below the ML depth
to the depth of the next deepegNwater sample. The ML depth at individual statiavess
determined using the density criterion describedKlya et al. (2000). To avoid any influence
from turbulence caused by the ship, the minimumdébth was set to be at least 15m deep. The

diapycnal diffusivityK was computed according to Osborn (1980) as
K, =G— @,

and diapycnal fluxeBg, of N;O as

LIN.O]

= Kr
dz

3,

dia

with the local buoyancy frequency N and the mixafgciency which was set to a constant

value of 0.2 (Oakey, 1982) and the concentrati@digntd[ N,O]/dz. Fluxes were determined



only from those microstructure profiles which weecorded concurrently with J profile

sampling.

Results and discussion

To illustrate the BO sea-to-air and diapycnal fluxes, the point estmavere projected onto the
distribution of topography along 18°N (Fig. 2). $tprocedure implicitly assumes that the mean
fluxes have larger cross-shore than along-shomiegrs (Schafstall et al., 2010).

Figure 2: Diapycnal N,O (black dots, left axis) and air-sea fluxes (gretars, left axis)
projected to 18°N and bottom depth along 18°N (sdaliline, right axis). Fluxes from stations
to the north and south of 18°N were projected ontd8°N according to their distance from
the 400 m isobath.

The NO sea-to-air fluxes using the Nightingale et alQ@) parameterization ranged from -0.02
to 0.5 nmol nif s* (Fig. 2). Highest fluxes were found close to thelsbreak in the zone of
active upwelling indicated by low sea surface terapges (SST). PD sea-to-air fluxes
decreased with distance from the shelf break, witieh be explained by a combination of

continuous outgassing from@®-enriched waters and its offshore transport witluld filaments.



The open ocean sea-to-air fluxes (west of 18°W)irmm@greement with the fluxes computed by
Walter et al. (2006b). The coastal fluxes betwe8h dnd 16°W are, despite resulting from a
different approach, in reasonable agreement wighntbdel-adjusted sea-to-air fluxes computed
by Wittke et al. (2010). The majority of the fluxase positive indicating a flux of J from the
ocean to the atmosphere. However, we also commaegdtive fluxes which denote g flux
from the atmosphere into the ocean. These negdiimes correspond to N,O values of

max. -0.3 nmol L!and are therefore within the uncertainty rangehefrheasurements.

The majority of the diapycnal  fluxes were lower than the,8 sea-to-air fluxes from the
Nightingale et al. (2000) parameterization. Largkapycnal fluxes were found in a narrow band
at the shelf break. However, enhanced fluxes wiseemcountered at the shelf. Since the vertical
N,O gradients were rather uniform, the variabilitydidpycnal fluxes is predominately due to the
variability of diapycnal diffusivities K ) that were greatly enhanced towards the shelf break
(Schafstall et al., 2010).

To determine regional averages of th®hsea-to-air fluxes, the point estimates were pxieded
exploiting the dependence of surfadd,O on SST anomaly (Fig. 3a). For this we used eiglgt
mean MODIS Aqua SST datat{p://oceandata.sci.gsfc.nasa.gov/MODISA/Mappedigfkm/
SST) that covered the sampling periods.

The calculations were performed for an upwelling bff the Mauritanian coast. The size of the
box was defined by the northernmost and southernism®pled station, that is 20°10’N and
16°10’'N respectively, the Mauritanian coastlinecgpt the Banc D’Arguin with bottom depths <
10m) and a line parallel to the shelf break locat@@ km offshore. The SST anomaly was
defined as the difference between the SST at a&césp position in the upwelling box and the
background SST averaged along a 100 km long setdithve west of the box, thereby taking into

account its mean latitudinal dependence.



Figure 3: N,O vs. SST anomaly. The black line denotes the linegegression of N,O with
respect to the SST anomaly for SST anomalies smallthan zero.

Negative SST anomalies (SSTA) were significantlyrelated with N,O (P=0.54, n=45; Fig. 3).
A linear regression was used to calculate the redisurface N,O distribution from the SSTA
( N,O =C*SSTA, with C =-2.82 nmol L°C?). N,O values from positive SST anomalies were
set to zero, assuming that these values were fioeirced by upwelling. The correspondingN
sea-to-air fluxes, calculated with the Nightingé2600) parameterizantion, were calculated from

three day mean QuikScat wind speefig:[ftp.ssmi.com/gscat/bmaps_vOBdFig. 5a). The

resulting flux, averaged over the sampling perind the upwelling box, were 0.0685 (0.0677 to
0.0693) nmol rif s*. The confidence intervals were calculated usingamte Carlo simulation
with the uncertainties of theN,O calibration and an assumed uncertainty of +2"fiosthe wind
speed as input variables. To account for the largeertainties in gas exchange velocities, we
additionally calculated sea-to-air fluxes using tfes exchange parameterizations by Liss and
Merlivat (1986) and Wanninkhof (1992) as lower aipgher boundaries (Wanninkhof et al., 2009)
(Table 1).



Table 1: Sea-to-air fluxes Fgg Of N,O calculated with different gas exchange para-
meterizations and corresponding MO production rates at a ML depth of 25 m required b
compensate the discrepancy between the sea-to-dinf and the sum of diapycnal Fg4.) and
vertical advective aq) flux.

Parameterization Fsta Fstar (FaiatF aay) Required NO

) [nmol mi? s7] production rate
[nmol m* s7]

[nmol L™ yr]

Nightingale (2000) 0.0685 0.048 61 (22 to 76)
(0.0677 to0 0.0693) (0.018 to 0.060)
Liss and Merlivat 0.0461 0.026 33 (-6 to 47)
(1986)
(0.0455 t0 0.0467) (-0.005 to 0.038)
Wanninkhof (1992) 0.0836 0.064 80 (41 to 95)

(0.0825 to 0.0846) (0.032 to 0.076)

Tsai and Liu (2003b)  0.0198 -0.001 -1 (-40 to 14)

(0.0195 to 0.0201) (-0.031 to 0.011)

In contrast to the sea-to-air fluxes, the diapydhaies were averaged in two regions according to
their water depths: the shelf (water depth <40@ng open ocean (water depth00 m) region
(Fig. 4). The average fluxes were 0.07 (0.025 1@6). nmol rif s* for the shelf and 0.004 (0.002
to 0.007) nmol i s* for the open ocean region (Fig. 5b). This resultan overall average flux
of 0.019 (0.007 to 0.048) nmolfs*. Confidence intervals were calculated from error
propagation, as detailed in Schafstall et al. (2010



Figure 4: Diapycnal N,O fluxes vs. water depth. The black lines denote avage fluxes for
the shelf and for the open ocean region.

Although the diapycnal flux estimate shows largeartainties and the calculated sea-to-air flux
strongly depends on the choice of the gas exchpagameterization, the comparison of the sea-
to-air fluxes with the diapycnal flux shows a lamjecrepancy between the two fluxes. None of
the commonly used gas exchange parameterizaticmslésto adequately close the discrepancy,
with the average diapycnal flux only explaining ab@5-30 % of the average sea-to-air flux

determined from the Nightingale et al. (2000) pagtarization.

Figure 5: a) Regional distribution of the NO fluxes calculated from SST anomalies and
averaged over the sampling time using the Nightinda (2000) parameterization. b) Regional
distribution of the diapycnal N,O flux. ¢) like a) but using the Tsai and Liu (200B)
parameterization. Please note the different scalingf the colorbars in a) and b), c).



The missing oceanic flux required to close th®NJL budget cannot be attributed to vertical
advection of NO resulting from Ekman divergence, however. A raglaaverage of the vertical
advective flux Faq4) calculated from wind stress curl using QuikSCATnas and NO
concentration differences between the ML and the deeper available value, from 10 to 30 m
below the ML, resulted in 0.0021 nmol%s* (Schafstall, 2010). Vertical advection obM is
thus nearly an order of magnitude lower than ttepytnal flux. Similarly, the horizontal flux
divergence associated with a meaif©Nyradient along the eastern boundary currenttisbie to
close the DO ML budget.

N,O production from near-surface nitrification hasetepreviously suggested to close the
discrepancy between diapycnal and sea-to-air fl®es, Dore and Karl (1996); Santoro et al.
(2010)). Recent publications have shown that mgatfon within the euphotic zone can play a
significant role in nutrient cycling of the surfaceean (Clark et al., 2008;Santoro et al.,
2010;Wankel et al., 2007;Yool et al., 2007).

Based on the estimates of diapycnal, advectivesaadto-air flux we calculated potentiafON
production rates closing the;® ML budget, assuming a ML depth of 25 m (TableAljhough
covering a large range, the calculatedONproduction rates are extremely high: Using the
Nightingale (2000) parameterization, the averag® NIL production rate must be as high as
about 60 nmol kg yr* (0.16 nmol [* d%). This exceeds D production rates in the water
column below the ML, quantified to be8.2 nmol kg yr* (Freing, 2009), by far. With a molar
N,O vyield during nitrification between 0.5 and 0.01 @Bange, 2008) the corresponding
nitrification rates would range from 30 to 1500 nrhd d*. This is significantly higher than the
nitrification rates of up to 5 nmol'td® from ML samples from Mauritanian upwelling region
measured by Clark et al. (2008) which, for commarjswould yield an BD flux of
0.001 nmol rif s* at a NO yield of 0.1%.

The ML budget could yet be closed using a gas exgin@arameterization that takes into account
the attenuating effect of surfactants on air-seaega@hange (Tsai and Liu, 2003a). The resulting
average sea-to-air flux for the upwelling box 620 nmol nf s*and thus of similar magnitude

as the diapycnal flux (Table 1, Fig. 5¢). SeaWiR®mphyll images (not shown) indicate that the
investigated area was highly productive during gshmpling periods, which in general has been
associated with the occurrence of surface slicks €L al., 2002;Wurl et al., 2011). However, the
Tsai and Liu (2003a) parameterization only represansimplified approach that attributes the
occurrence of surfactants with a very large reductdf air-sea gas exchange. Quantitative
estimates of the surfactant effects on gas exchaggeal large uncertainties, and most field
studies report smaller effects of surfactants ors gxchange (Schmidt and Schneider,
2011;Upstill-Goddard, 2006). A more quantitativedarstanding of the role of surfactants in



reducing the air-sea gas exchange would requireated studies to evaluate different physical

and biogeochemical dependencies.

Summary and conclusions

For the first time, microstructure measurementsewased to estimate the diapycnal flux of
nitrous oxide into the ML. The comparison with seair fluxes shows a different regional
distribution due to the offshore transport of thepersaturated surface waters. The regionally
integrated average sea-to-air fluxes using standmchmeterizations exceed the average
diapycnal flux by a factor of three to four. We waegthat this discrepancy is unlikely to be
explained by biological pO production in the mixed layer or vertical adventalone. Instead, a
significantly reduced gas exchange due to the oenoe of surfactants may be a plausible
explanation, although there is no direct evidemeeafcorrelation between surfactants and reduced
N,O fluxes so far. Our results indicate that negleptthe surfactant effect on air-sea gas
exchange may lead to a significant overestimatidheoceanic emissions ob® and other trace

gases in highly productive areas.
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4 Contrasting biogeochemistry of nitrogen in the Atlaatic and Pacific

Oxygen Minimum Zones

Introduction

Nitrogen is a key limiting element for biologicalgoluctivity and occupies a central role in ocean
biogeochemistry (Gruber, 2008). Although most cleainforms of nitrogen in the ocean are bio-
available (i.e. fixed nitrogen or “fixed-N") the mmbabundant form, Nis generally not. The
sources of fixed-N include river inputs, atmospbeateposition and Nfixation (Duce et al.,
2008;Gruber, 2008). Sinks of fixed-N, producing, Nhclude microbial denitrification and
anammox processes, both requiring very low (i.bogic) [O,] (Devol, 2008). Hence suboxic
Oxygen Minimum Zones (OMZs) are the oceanic regiagspecially associated with
denitrification (Cline and Richards, 1972;Codispettial., 2001;Ward et al., 2009) and anammox
(Lam et al., 2009;Thamdrup et al., 2006;Hamerskegle 2007;Galan et al., 2009) and play a
particularly important role in the global nitrogeyicle as sites of N sinks from the ocean. They
are located typically in areas of upwelling witlgliproductivity which exhibit complex cycling

of nutrients (Helly and Levin, 2004).

The relative importance of heterotrophic denitéfion (a stepwise reduction process involving a
number of intermediates, NO NO, NO N;O N,), compared to autotrophic anammox (a
chemosynthetic process, NG NH," N,) has been debated (Voss and Montoya, 2009;Koeve
and Kahler, 2010).

Absence of ammonium in suboxic OMZs that shouldehagcumulated from organic matter
breakdown could be indicative of anammox, while tt@nsumption of BD requires the

denitrification process (Naqvi et al., 2010).

Although OMZs are found in all major ocean basthsjr associated nitrogen cycle processes can
vary dramatically due to contrasting minimum oxydemels. In the Eastern Tropical South
Pacific (ETSP), suboxic ([ < 5 umol/l) conditions are found, whereas in EastTropical
North Atlantic (ETNA), more relaxed conditions exi$O,] > 40 umol/l) (Karstensen et al.,
2008). In addition, fixed-N inputs associated witmospheric deposition and, possibly,- N
fixation, vary between the two regions (Chavez siegsie, 2009).

Cruises carried out during the collaborative researoject SFB-754 (www.sfb754.de) of the
German Research Foundation and the BMBF supporteftcp SOPRAN (Surface Ocean

Processes in the Anthropocene: www.sopran.pangggaravided unique opportunities to sample



nitrogen species in these two contrasting regidtste we present a comparison 0pCN
concentration and stable nitrogen isotope distidimst which were measured in both OMZs to

highlight the similarities and differences in ngem cycling between the two regions.

Sampling and analytical methods

In the Pacific OMZ, samples were collected onbade R/V Meteor (M77 Legs 3 and 4) in

December 2008 and January 2009 (Fig. 1). In thantit OMZ, samples were collected on the
R/V L’Atalante (cruise leg ATAO3) during Februar@@ from Dakar to Cape Verde Islands and
on the R/V Meteor (M80) in December 2009 coverimg tegion south to Cape Verde Islands. At
each station, water samples were collected usinfy Nigkin bottles on a CTD rosette system
equipped with temperature, pressure, conductivity axygen sensors. Nutrients and oxygen
were determined onboard according to Grassbof&l(1999). Triplicate water samples were
taken from the CTD/rosette casts and were analjaedissolved MO onboard using a static

equilibration method. For details concerning th®©Mnethod, see Walter et al. (2006b).

Figure 1: Oxygen distribution at 200m (Schlitzer, R, Ocean Data View, World Ocean Atlas
2005, http://odv.awi.de/en/data/ocean/world_oceantlas_2005/) with CTD station locations
in the Pacific (a) and Atlantic (b) study regions eferred to in the text. White circles indicate
station 84 (a) and station 5 (b).

Water samples fod™N nitrate and nitriteanalysis were collected in 125 ml HDPE bottles and

kept frozen prior to analysis. For logistical reasosamples from the M77 cruise that contained



low to negligible levels of nitrite ([INg < 0.1 umol/l) were acidified and stored at room
temperature, whereas samples with significant JN@ere kept frozen prior to thd™N-NO,
analysis. Aliquots of these samples were treateéddaraboratory with sufficient sulfanilic acid to
remove [NQ] prior to d*®N-NO; analysis with any remaining sample stored at room

temperature.

The isotopic composition of dissolved nitrat’l-NO5) and nitrite ¢**N-NO,) was measured
using the Cd-reduction/azide method (Mcllvin andaBkt, 2005) with addition of NaCl as
described by Ryabenket al (2009). All the samples from the Atlantic studgicm and 50% of
the Pacific samples were analyzed at the IFM-GEOMARBermany, while c. 50% of the Pacific
samples were analyzed at SMAST in the USA, usiegsdime method. The only difference was
that at SMAST MO produced by this method was analyzed isotopicallgereas at IFM-
GEOMAR N,O was converted on-line to,Nor isotopic analysis. The detection limit at IFM-
GEOMAR was 0.2 pmol/l of nitrate or nitrite withetlprecision of thef®N measurements being
+ 0.2%o0. The detection limit at SMAST was slightigler, 0.5 pumol/l, with the same precision of

5N measurements.

The analyses of the Pacific deep water samples5(® In) from both labs gave near identical
values of d”N-([NO,]+[NO3]) of 5.69 * 0.7% (IFM-GEOMAR; n=31) and 5.62 + %
(SMAST; n=8) respectively. The Fisher test showst tve can merge the two data sets with a
confidence level > 95%. The resulting mean valub.6& + 0.7%. (n=39) lies between previously
published values of 6.5%. Voss (2001) and 4.5%. Sigr(097) for the deep North Pacific
Ocean. Deep waters of the Atlantic showed verylaimalues as those of the Pacific (5.3%o + 0.5

for > 2000 m, see auxiliary material table 1).

Hydrographic setting of the two study regions

In the North Equatorial Atlantic region, the eastvdlow of the North Equatorial Counter
Current (NECC) and North Equatorial Under CurréfiE(UC) supplies oxygen rich waters to the
Atlantic OMZ (Glessmer et al., 2009). The water sndstribution in this Atlantic OMZ study
region (Fig. 1b) is affected by the Cape Verde EloBone, which marks the boundary between
North andSouth Atlantic Central Watef(&NACW, SACW). This separates well-ventilated water
of the subtropical gyre in the north from less-Wlated waters to the south. Our CTD data (Fig. 2)
show water mass properties < 500 m intermediatgdest those of NACW and SACWntarctic
Intermediate WatefAAIW: 3-5°C, S=34.5) is found at ~1000 m witorth Atlantic Deep Water



(NADW) filling the depth range between ~1000 an®@@®n (Fig. 2b). A summary of the water

masses properties found in both study regionsasgmted in Auxiliary material, Table 1.

In the South Pacific, the Equatorial Undercurrdel)C), Southern Subsurface Counter Currents
(SCCs), and the Southern Intermediate Counter GisrfSICC) supplyl3°C Equatorial Water
(13CW, 25.8 < < 26.6) to the eastern Pacific OMZ (Stramma et 2010a). The westward
flowing South Equatorial Current (SEC) may reciatal some 13° water from the OMZ by
returning eastward as the South Subsurface CoGueent at 3-5°S (Schott et al., 2004). The
origin of 13CW is remote from the equator (Qu et 2009) mostly aSubantarctic Mode Water
(SAMW; (Toggweiler et al., 1991)) and transporgsywoxygen depleted waters to the OMZ, due
to its relative old age. Th&outh PacificSubtropical Underwate(STUW) is a likely Q source
from the south which is centered on the= 25.0 isopycnal and is well-ventilated across lyear
the full width of the subtropical gyre (O'Connoradt, 2002). The low-salinity water (S < 34.5)
found between c. 500 and 1000 m southward of 18%&hiarctic Intermediate WatefAAIW).
South Pacific Deep Watdd.2 — 2°C) is found between c¢. 1500-3000 m andniderlain by
Lower Circumpolar Wate(LCPW) (Fiedler and Talley, 2006) (Fig. 2a).

Because of the differences in hydrography and sugmitly lower oxygen supply, the Pacific

OMZ is much more intense as compared to the Ataitarstensen et al., 2008). The resulting
very low oxygen concentrations favor metabolic petys that convert nitrogen from biologically

reactive “fixed” forms (for example nitrate, nigibr ammonium) to Nvia denitrification and/or

anammox.

Figure 2. T-S diagrams with Q color coded for the Pacific (a) and the Atlantic i§) study
regions from CTD data collected during the M77, M8(and L’Atalante cruises.



4. Results and discussion

4.1 Vertical distribution of nitrogen species andsotopes

Figure 3. Oxygen distribution in the Pacific (a) anl the Atlantic (b) study regions, as
measured on the cruises M77, M80 and L’Atalante. Téred lines show the water-column
profiles for M77 station 84 in the Pacific and M8Gstation 5 in the Atlantic.

General: Dissolved Q varies considerably in its depth distribution be¢w the Atlantic and
Pacific study regions as shown in figure 3. Figdrpresents typical water column profiles for
oxygen and several nitrogen related properties fiooth study regions (outside of the upwelling
zones). Stations 5 (Atlantic, M80) and 84 (Pacifi7,7) were chosen due to synoptic availability
of N,O, N and [NQ] data. The geographic positions of the statiomsiadicated on figure 1

by white circles.



Figure 4. Typical water column profiles from the SEPacific OMZ (st. 84, 81°W/14°S) from
the M77 cruise (upper panels) and the NE Atlantic ®Z (st. 5, 20.5°W/12.3°N) from the
M80 cruise (lower panels). Black lines in the Pagdif indicate *N-NOjz and *°N-NO., and
the red line indicates N-DIN (NO5 + NO,). Note the different of scales for N: -20 to
+20%o in the Pacific and -5 to +20%o in the Atlantic.

Pacific Study Regionn the Pacific study region, the OMZ contains mo&B8CW, with oxygen
concentrations < 2 umol/l at depths as shallow %3 m and as deep as ~550 m. The Pacific
station (Fig. 4, upper panels) is also charactérizg a broad oxygen minimum with {o< 2
pmol/l (170-400 m). Two [N&] maxima are located in the upper oxycline (50 ng the core of
the oxygen minimum (300 m). We divide the Pacifiofile into layers (a) and (b) to focus the
discussion of nitrogen transformations at the u@Z boundary and its core.

Layer (a) (0-120 m) includes a ~70 m deep mixeddaynd the 50 m deep euphotic zone (Chavez
and Messie, 2009), and contains water with thedsgbxygen concentrations as well as a very
sharp oxycline at 80-120 m in which jQdrops from ~150 to 20 pmol/l. The primary nitrite
maximum lies close to the base of the euphotic zomkcan be a consequence of two processes
(Lomas and Lipschultz, 2006): light-limited, incoleye assimilatory reduction of nitrate by
phytoplankton and microbial ammonium oxidation itite (i.e. the first step of nitrification).
Near-surface bD is close to saturation and increases within #yelme from ~12 to ~45 nmol/I.
The observed increase in nitrous oxide within tikxgcbne can be associated with ammonia
oxidation (Codispoti, 2010), which leads to an wefflof N,O from the mixed layer to the
atmosphere via gas exchange. The concentratiofd@f] and [NQ,] above 80 m in layer A at
this station were below our detection limit foP’N measurement (0.2 pmol/l). Higher near-



surface DIN concentrations were observed at othaioss along the 86°W transect and the
corresponding *®N-NO; values were as high as 20%.. High surfat8l-NO; is likely the result

of incomplete nutrient utilization and fractionatiauring nitrate assimilation (Granger et al.,
2004).

>N-NO; is generally much lower and its difference frofiN-NOsincreases from layer A to
layer B, coming close to a value of ~30%o in layley. Relative®™N depletion in nitrite can be
explained by isotopic fractionation during nitrateduction to nitrite. A smaller difference
between ®N-NO; and '*N-NO, observed in the oxycline is likely due to nitriion as the
fractionation effect of the process is significgrgémaller (~13%.) (Casciotti, 2009;Casciotti and
Mcllvin, 2007) than the one expected for denitdfion (~25%.) (Barford et al., 1999; Granger et

al., 2006). Thus there is evidence for a clearcwitom nitrification to denitrification with depth

Layer (b) (120 m to 400 m). Qroncentrations in this layer drop below 5 pmofitighere is a
strong increase in [NQ towards a “secondary” maximum at the core of OMY,0
concentrations drop sharply within the OMZ core-fi® nmol/l and increase again only towards
the lower border of the layer. Denitrification tsetonly N-removal process which is known to
consume BO, hence it is likely that both the increase in fy@nd the increase and decrease in
[N.O] within this layer can be attributed to differestages of canonical denitrification (NO
NO, N,O N, (Bange, 2008). The vertical profiles, especigtig minimum in NO within
the OMZ's core, provide strong evidence that algss of canonical denitrification influence
nitrogen speciation in this layer. The observeddase in *°N-NO; and decrease if°N-NO, at
the base of the layer B are also consistent withitidigcation, which leaves [N@)] depleted in
N. Interestingly, the difference betweeltN-NO; and *°N-NO, values are higher (~30%o)
than fractionation factor calculated for N-loss qass within the OMZ (~11.4%., see below) but
close to the expected value for pure culture stu(fi8.6%o) (i.e. Barford et al., 1999)he reason
for this could be the nitrite oxidation, which has inverse isotopic fractionation effect, leaving
®N-NO, depleted in*®N (Casciotti, 2009). Nitrite oxidation can appear nitrification-
denitrification coupled systems or in anammox &sda-reaction (i.e. Straus 1998, van de Graaf
1996). The deep [N£ maximum can also support anammox, which has bbearved in several
previous studies of this region (Galan et al., 2B@@nersley et al., 2007;Lam et al., 2009).

Atlantic Study Regionn the Atlantic study region, the oxygen profilashtwo minima at ~70 m
and ~400 m (Fig. 3b). The shallow minimum is stesigoetween Senegal and the Cape Verde
Islands and is probably caused by enhanced subsuranineralization associated with high
biological productivity and a shallow mixed lay&afstensen et al., 2008). The deeper minimum
is more prominent south of Cape Verde and is agtamtiwith the water mass boundary between
Central Water and AAIW (Stramma et al., 2005). Tdwble oxygen minimum (Fig. 3) is



therefore caused by the mixing of two water madem® the North and South (NACW and
SACW) of the Atlantic region.

The profiles from the Atlantic station (Fig. 4, lewpanels) are considerably simpler, with fewer
subsurface features. Once again, two layers hawn kdistinguished based on oxygen

concentration and its influence on dominant nitroggcle processes.

Layer (a) (0 — 50 m) includes the surface mixecetayhich extends to ca. 30 m. This layer
includes the steepest part of the oxycline, a gtrioerease in BO with depth, and a primary

nitrite maximum which lies at the base of this lay&he N of DIN increases steadily

throughout this layer and reaches a maximum atpghdgose to the primary nitrite maximum.
These features can be attributed to a combinatiaeraineralization of organic matter, nitrite
excretion by phytoplankton after nitrate reductom nitrification. In contrast to the Pacific study
region, the surface layer has minimum values'@ in DIN, with some values being strongly

negative (e.g. -5.6%. at 20 m).

Figure 5. Shallow vertical profiles of M80 stationssouth to Cape Verde islands in the
Atlantic. Stations: 1 (TENATSO) and 5, 67, 76, 81ral 87 located between 12°N and 9°N.

Examination of near-surface profiles from the AtlarfFig. 5) reveals negative values 6iIN in
DIN within the surface mixed layer at stations echSouth of Cape Verde and at the TENATSO
station. There is a tendency for the values to bstmegative at the shallowest depths (20 m)
with extremely low N values almost always observed in this depth rar@enerally below 20
m, both NQ N and concentration increase with depth. We arbaethe source of nitrate at
the very surface of stations with low™N NO; is from atmospheric deposition (see below,
section 4.2.5). Nitrite concentration was below tetection limit of 0.02umol/l, while [NQ
concentrations in the region are about 0.1 — 0.6l{tnThus contamination via nitrite cannot be
the reason for low™N values. In regions more influenced by upwelledens the near-surface
values were higher in the range +4—+7%. and moresistant with an isotopic signal from

upwelled NQ. Even though these concentration levels lie ctoseur detection limit for *°N



measurements (0.2 umol/l), all surface water sasnplere measured 5 times and gave reliable
values with > 95% reliability and + 0.3%. standarevidtion. Further, laboratory tests with
dilutions of N standards showed no suggestion of any systematicgehof measured™N

values with decreasing [NQconcentrations.

Apparent exceptions are found at stations 87 a¥28hd 67 at 30°W (marked with white and
purple crosses in Fig. 5) where IoWN of -4 and -3%. are observed at 50 and 40 m reisedgt
Corresponding nitrate concentrations are 0.25 arD Qumol/l, respectively, and nitrite
concentration is below the detection limit. Whileese values appear to be too deep to be
influenced by atmospheric input, in fact the mixager is indeed deeper at these stations: 40-50
m instead of 20m. Thus, we believe, that the I6W signal at these stations could also originate
from atmospheric deposition. To be conservative, omey considered the upper 20m water

column for our calculations of nitrogen fluxes iretTable 1 (see section 4.2.5).

At station 1 (TENATSO, marked with black cross ig.B) between 40-60m isotope signature lay
0< 'N<5 with nitrate concentrations increasing up tprBol/l and nitrite up to 0.55 pumol/l.
Elevated nitrate and nitrite concentrations havang®N signature of only few per mil is here
likely due to N-fixation, which was observed inghiegion during other studies (i.e. Bourbonnais
2009).

Layer (b) (below 50 m) includes the core of theaitic OMZ. In contrast to the Pacific OMZ, the
Atlantic profiles had no secondary nitrite maximuamd "N values and DD concentrations
remained relatively constant with depth. ThgONprofiles show no evidence for consumption as
was seen in the Pacific. This is a clear indicafmmthe absence of significant denitrification in
this region. A slight increase in,@ with depth below 50 m can be explained by ndafion
(Walter et al., 2006b).

4.2 Property-Property Distributions

Nitrate to PhosphateFigure 6 presents the NGo PQ* relationship (with dissolved oxygen
concentrations as the color code) for the Atlaatid Pacific study regions. According to Redfield
stoichiometry, the average ocean ratio of N:P isl.1®eviations from this ratio can be an
indicator for which nutrient sink/source procesaes dominating in the ocean region of interest.
Waters in the Pacific study region are highly Nicieht (N:P<16), with the highest deficits found
in oxygen minimum waters (purple coloring, Fig @ayl associated with the N-removal processes
denitrification and/or anammox (Deutsch et al., DOata from the Atlantic study region show

strong positive deviations from the 16:1 Redfieldichiometry, which can be a result of



N -fixation (Hansell et al., 2004;Michaels et al.,969Gruber and Sarmiento, 1997) and/or
nutrient uptake and/or remineralization with nordfReld stoichiometry (Monteiro and Follows,
2006). Positive deviations from Redfield stoichidrpecan also, potentially, be caused by
atmospheric deposition of nitrogen (Duce et alQ80Note that our treatment of deviations in
[NO3]:[PO,*] does not include the nitrite (NQ produced under low oxygen. Including N@
the calculation, however, does not change thegaignificantly (average DIN:[PS] = 15.04 in
the Pacific and 16.92 in the Atlantic regions).

Figure 6. [NOs]:[PO 4] relationships in the Pacific (a) and the Atlantic(b) study regions. The
data are color-coded by oxygen concentration. Notghat the average [NQ]:[PO,]
relationship in the Pacific was calculated for [Q]>50umol/l.

N,O vs. AOU:Property-property plots ofN,O to apparent oxygen utilization (AOU) (with JJO
as the color code) are presented in figure 7, WAGWY is the difference between the measured
dissolved oxygen concentration and its equilibrisaturation concentration in water with the

same physical and chemical properties.

N.O is the excess nitrous oxide and is defined aslifference between the measuregDNand
the equilibrium NO concentration at the time when a water parcelitsathst contact with the
atmosphere. Because the atmosphes® Mixing ratios have been increasing since 1808, th
calculation of excess & has to take into account the age of the watarepat the time of the
measurement. Freingt al (2009) showed that the difference in the slopes O vs. AOU
associated with different ways of calculating exchisO can be as much as 17%. The methods
used include the transit time distribution (TTDpamach, where CFC-12 and Skata are used to

calculate a meanage of a water parcel. Alternagtiaellayer” method (Walter et al., 2004) uses



different equilibrium NO concentrations for mixed layer and deep watews. the sake of
simplicity we used here the “contemporary” approaghere the [MO]q is calculated based on
the contemporary atmospheric dry mole fraction gDNN,O of 322 x 10 for Pacific data and
323 x 10’ for Atlantic data, http:/agage.eas.gatech.eduévison et al., 2003;Yoshinari, 1976).
Although the contemporary method may lead to urslienations of N,O vs. AOU slopes of up
to 17% (Freing et al., 2009), it does not affe@ tjualitative comparison of the Atlantic and
Pacific study regions given below. An overall linealationship of N,O to AOU for the upper
oxycline (0 to 350 m in the Pacific and 0 to 500mthe Atlantic) (Fig. 7) was observed
previously in both regions (Oudot et al., 1990;&¢ket al., 1978;Nevison et al., 2003).

However, the Pacific relationship has two differsttpes for oxygen concentrations below and
above 50 pmol/l (which corresponds here to an A®U. 208 pmol/l). For 5 < [g) < 50 umol/l

is 0.30 = 0.05 the slope of thé\,O to AOU relation is significantly higher than thee for [Q]

> 50 umol/l (0.104 £ 0.006). This is suggestiveadfigher yield of MO per mole N@ produced

by nitrification at low oxygen levels (Goreau et, 41980;Stein and Yung, 2003). In Pacific waters
with [O5] < 5 umol/l (AOU of c. 248umol/l), N,O concentrations decrease again to near-zero
values, indicative of the JD consumption at very low oxygen levels mentiondmbve.
Corresponding changes in slope are not visibldhénAtlantic data, likely because there are so
few data with [Q] < 50 umol/l. The slopes of theN,O vs. AOU relationships for [{ > 50
pmol/l are remarkably similar in both regions: G130.006 and 0.111 + 0.003 in the Pacific and
Atlantic, respectively. These values lay close e wvalues of 0.107 (Walter et al.,, 2006b)
measured for tropical Atlantic but lower than thésen Oudot (2002) of 0.211. The values from
Oudot (2002) paper, however, should be taken wihiqular care as the mean atmospheric
mixing ratio of NO presented in the paper (316 x°lOseems to be unrealistic high in
comparison to the mean atmospheric background dig finaction of NO at the time of their
measurements (308 x £phttp://agage.eas.gatech.edu/).



Figure 7: N,O vs. AOU in the upper 350 m (Pacific) and upper 3D m (Atlantic) with
oxygen concentrations as color code in the Pacifi@) and in the Atlantic (b) study areas.
Black dashed lines show the correlation betweenN,O and AOU, empty circles indicate the
samples with [G)] <5 mol/l.

This higher yield of DO under reduced concentrations of oxygen was obdearlier (Goreau et

al., 1980) and was attributed to increasin®@Nield when ammonia oxidizing microbes become
O, stressed. This view was challenged by Frame asdi@# (2010), who showed that ammonia-
oxidizing bacteria do not have increasedONvyield under low @ conditions under

environmentally relevant culture conditions. Thesin@cent findings from both the Atlantic and
Pacific oceans indicate however that archaeal arraymadizers (AOA) rather than bacteria may
be key organisms for the production of oceanicongroxide and can exhibit higher production

rates under low oxygen conditions (Santoro et@l12.dscher et al., 2011).

Regarding the Pacific observations at very loyy KO removal provides strong evidence for the
occurrence of denitrification given its specificfiyr this process (Bange et al., 2005). However,
the amount of PO removed (c. 50 nmol/l) is an order of magnituderdr than the observed
amount of N@ removal. Hence it gives no indication of the qitative significance of this

process for overall fixed nitrogen removal (e.gnpared to anammox).

Additional insight into N-loss processes is gairete from nitrogen isotope *PN-NO;) and

fixed nitrogen deficit (N") data.

>N-NO; vs.NO and N'.: Figure 8 shows N,O vs. ™N-NO; (with color coding indicating
oxygen concentration) in the two study regions,clwvhielps to reveal processes responsible for
the production or consumption of nitrous oxidetHa Atlantic, the profiles and property-property
plots show no evidence of,@ consumption and the nitrogen isotope values slage to the

oceanic average of 5%., which is also consistenh witlack of denitrification. As discussed



above, the dominant process affectingONin the Atlantic study region is production due to
nitrification. For Pacific oxygenated waters f& 5 mol/l) the N,O vs. ™N-NOj; relationship
is similar to that found in the Atlantic. The reador some very low*N-NOs values in Atlantic
surface water is discussed below. A trend towaigh h™®N-NOs values in the Pacific study
region (Fig. 8a) can be associated with denitriiicaat lower Q concentrations ([ <5 mol/l,
purple coloring) or with nitrate assimilation in aresurface waters ([ > 200 mol/l, red
coloring). These two processes cannot be distihgdisn figure 8a as theN,O is close to zero
both for waters with [@) < 5 mol/l (due to denitrification), and for waters wifd,] > 200
mol/l (due to NO equilibration with the atmosphere). In order iffedentiate between these two

processes the correlation betwe&iN-NO; and the N-deficit was calculated (Fig. 8c).

Figure 8. ™N-NOs vs. N,O in the Pacific (a) and in the Atlantic (b) studyareas and (c)the
>N vs. N’ distribution in the Pacific. The data arecolor-coded by oxygen concentration.

The nitrogen deficit in the figure 8c was calculaté as N’ = [NO;] + [NO,] — 16 [PO.*]).
®N vs. N’ data reveal two clear trends in the Pacii study region.

In the core of the OMZ, the™N of DIN is inversely correlated with N’ (mainly gative values)
and hence with N-removal, whereas in high-oxygesarssurface waters,”N-NO; increases
independent of N’, reflecting fractionation durid©s; assimilation by phytoplankton in the

euphotic zone (Granger et al., 2004).

Isotope fractionation and N-loss in the Pacific OM&Ae reduction of nitrate to nitrite is the first
step of the denitrification process and is als@essential source of NOfor fuelling anammox
(Lam et al., 2009). We will next examine the is@dpactionation signal associated with this
reduction step. The kinetic isotope fractionatiaotér can be represented as either °R/*R or

. = (1 - ) x 1000, wheré®R and™R are the rates of denitrification f&iNO;" and **NO;,
respectively. An effective or “apparent” value the fractionation factor for nitrate reductiag) (

can be calculated through application of the Rghlenodel to the field data or the “diffusive”



model of Brandes (1998), where diffusive transperincluded. The model of Brandes (1998)
requires knowledge or estimations of denitrificatiates and the coefficient of eddy diffusivity
for fractionation factor calculation. For the Pdeunv OMZ neither of those two parameters are
known however, thus we calculatedwith the Rayleigh model. This model assumes refinova

from a closed pool of nitrate with constant isotofpactionation. Hence:
dlSN-NO;;_(f) = dlSN-NO;;_(f:l) - e*' In(f),

where f is the fraction of consumed NOf = [NO;]/(16 [PO,*]), the € is an “apparent”

fractionation factor, in this case for a nitrogemoval process.

Figure 9. a) Application of Rayleigh model to asssdractionation in the Pacific OMZ for all
waters with [O,] < 50 pumol/l. Dashed lines indicate relationshipsalculated for &= 5 and 25
%o0. The average calculated or “apparent” fractionatbn factor for the entire region is 11.4%o.
b) Apparent fractionation factors calculated separgely for shelf (stations shallower then
200m) and offshore (stations deeper then 200m) siats. The shelf stations show a lower
apparent fractionation factor of 7.6%., while the vdue for off-shore stations is 16.0%o.

Least squares fitting of all data from the PaciiMZ (i.e. [Q,] < 50umol/l) is shown in figure
10a, with the “apparent” isotopic enrichment fad®y estimated to be +11.4%. (standard error of
the fit is 0.7, Fig. 10). The data are scattereveen relationships defined &y= 5 and 25%o
(assuming a common initial value faf*Nig Of 5.2%0). This value ofeof +11.5%o is
significantly lower than values estimated from daten the Eastern Tropical North Pacific (22.5
— 30%0) and Arabian Sea (22 — 25%0) (Brandes etl8b8;Sigman et al., 2003;Voss et al., 2001)
and from denitrifier cultures (28.6%o) (Barford dt, 4999). However the value lies close to a
values determined 30 years ago for 2 stations ofithern Peru using much less sensitive
analytical techniques (13.8%o) (Liu, 1979).



Separating data for shelf and offshore stationg. (%) results in fits with significantly different
values ofe of 7.6%. and 16.0%o, respectively. Similar obsenwmasi of lowe; have been made in
Santa Barbara Basin as compared to the open ETigm48 et al., 2003). This was attributed to
a larger contribution from sedimentary denitrifioatinput into the water column in the Basin,
which has a significantly smaller fractionationesff of 0-5%0 due to control of overall NO
removal rate by transport through the sedimentar{@es and Devol, 2002, Lehmann et al.,
2007).

In marked contrast to the Pacific study region, m&¥-NOs values from the Atlantic (Fig. 8b)
stay close to the ocean average value of 5.2%. (iBnximaterial Table 1, (Sigman et al., 2009)).
In part this can be explained by the absence dfifisgnt fixed-N removal in this region (N’
values remain positive, data not shown (Gruber Gadmiento, 1997)). Notable also was the
complete absence of any trend towards higher valassciated with partial nitrate utilization in
fully-oxygenated, near-surface waters on the M8thpas (stations south to Cape Verde).
Significant increases of*®N (up to 12%o) in surface waters were only obsera¢dshallow
stations very close to the African coast (data ftdAtalante cruise in 2008, not shown) that are
likely associated with partial phytoplankton uptalfeupwelled N@Q (Altabet, 2001;Altabet and
Francois, 1994).

Decreasing values of'®N of DIN towards the surface have been reportediipusly for
Monterey Bay (Wankel et al., 2007), and for neafaaie samples collected close to the Azores
Front (30-35°N) (Bourbonnais et al., 2009) and atnBuda (Knapp et al., 2010). The lowest
values published from this general region (Bourlzasiet al., 2009) were ~3.5%0 at a depth of
100 m. Our data indicate very similar values a tfépth. The relatively low values of 3.5%. were
attributed by Bourbonnais et al (2009) to the affenf nitrogen fixation, which can result in
remineralised DIN with typical values of -1%. (-2%» +2%0) (Carpenter et al., 1997;Montoya et
al., 2002). The strongly negativé®N values measured in surface waters south of CagéeV
(e.g. down to -5.5%0, Fig. 5) have not been obsebadfdre in oceanic surface waters and cannot
be explained by ammonification and nitrificationasganic nitrogen produced by nitrogen fixers.
On the other hand, very low values dfN (~ -7%o) of aerosol nitrate have been measured in
samples of atmospheric dust from this region (Badteal., 2007;Morin et al., 2009). Similarly
low, negative values have been measured in saraplmospheric dust originating in the Sahara
that were collected from the eastern Mediterrani@éankel et al., 2010). Recent work (Knapp et
al., 2010) shows that the wet deposition flux ofefl-N at Bermuda can be comparable to
estimates of biological Nfixation rates in surface waters. ThEN-NO; in wet deposition at

Bermuda was significantly lower (-4.5%0) theftN added by oceanic Nixation (-2 to 0%o)



(Hastings et al., 2003;Knapp et al., 2010). For study region, dry deposition of dust from the
Sahara is likely to dominate the N-flux (Duarteket 2006).

The N-flux due to diapycnal mixing of NOfrom below in the oligotrophic north Atlantic aadl
Cape Verde region come to values of about 7 mg®Ndfh(or ~500 pmol/fiday) (Klein and
Siedler, 1995) and at region close to Mauretaniaalimost double value of about 1037
pumol/nf/day (Schafstall et al., 2010). According to Bakeal. (2007) the dry deposition N flux
of soluble aerosol at 20°W in the Atlantic ocea®@s120 pmol/fiday, while wet deposition is
50-70 pmol/mYday. In an earlier article (Baker et al., 2003)wiver, the dry deposition N flux
was significantly lower (~20 pmolfAtday), which emphasizes that the flux can be highly
variable. Duarte (2006), for example, estimatedyadéposition N flux of 280+70 umol/tday

in tropical Atlantic region, which is significantlyigher than the diapycnal flux. This deposition
flux is sufficient to supply the observed DIN invery of the top 20 m (0.2 pmol/l) within two

weeks.

The most negative™N values in surface water were observed at staionth of the Cape Verde
Islands, which is also the region with the highBaharan dust deposition (Schepanski et al.,
2009;Tanaka and Chiba, 2006). A few days before saimples were collected on M80, an
intensive dust event took place, and this may hafieenced the **N values observed. Satellite
imagery from November and December 2009 are showfigure 11 and indicate a significant
dust event in the region over the period immedyjagalior to our samples being collected
(between 28 November and 2December 2009).

Figure 10. Satellite images of Aerosol Optical Deptat different time periods of 2009.:
a)25.0ct — 2.Dec; b)3.Dec — 10.Dec; ¢)11.Dec — :Pd)19.Dec — 26.Dec.
(http://ladsweb.nascom.nasa.gov/browse images/I3 dwser.html)




Under these conditions, the nitrogen loading todindace layer cannot be considered to be in a
steady state. We therefore examined extreme sosnaith dry deposition N flux dominating and
for balance with diapycnal mixing and assimilatidable 1). Total N flux (k) is the sum of
two sources from atmospheric depositiogegFinitial value of ®N-dust = -7%.) and diapycnal
mixing (Fnyx initial value of N-mixing = 5%) and one nitrogen sink from assimdat
(Fassimiatiog- The fractionation factor for assimilation carryavith environmental conditions and
dominant phytoplankton species. In oligotrophic erst however, observed isotope fractionation
will be close to zero due to complete N@tilization. Assuming that utilized NOhas an ocean-
average value of®N = 5%, and fractionation factor close to zero, #issimilation will decrease
nitrate concentration but increaseN of it in ambient waters by 5%o, thu$’N-assimilation = -
5%o.

In the first scenario, 90% of total nitrogen desifeom dust deposition and only 10 % is from
diapycnal mixing. This scenario results in'a\ value of -5.8%o, very close to observations. The
second scenario assumes equal contribution frosettwo nitrogen sources resulting in'aN of

-1%o, while the third includes assimilation as aogen sink and result in°N of +1%. (Table 1).

Table 1. Predicted surface water **®N NOs under different scenarios. Fya = Faust + Fmixing +
Fassimiation. The end members for **N surface water calculation were: **N-dust = -7%., *°N-
mixing =5%o and “°N-assimilation = 5%o.

scenario >N-NO; surface

water Fus(Frotan, % Finixing/ Frotan %6 FassimilatiohFtotay %0
1 -5.8 90 10 0
2 1 50 50 0
3 1 33% 33% 33%

These scenarios do not take into consideratios@opic signal from Nfixation. They do show
that under non-steady state conditions, such adlsladter dust deposition events, th&N for
NOjs in surface waters can decrease to -5.8%ds, atmospheric dust N deposition should be

taken into account, together with the oceanidfikation, in explaining the low*N NO; pool



observed in subtropical thermoclines (Brandes et H98;Karl et al., 2002;Knapp et al.,
2005;Wannicke et al., 2010).

Summary and conclusions

In this paper we have presented an extensive anajumtw data for nitrogen isotope and key
nitrogen species, such asQ\ collected from OMZ regions in the eastern trapidorth Atlantic
and eastern tropical South Pacific. These regi@ang Istrongly contrasting,@oncentrations and
N cycling processes. Measurements with near idantechniques in both oceans, reveal that
whereas deep waters (> 2000 m) share near-identitzgs of *N-DIN (5.3 + 0.4 %), there are
significant to major differences between the two Z3Mn both surface and intermediate waters.
The same AAIW water mass, for instance, has irPtefic °N-DIN average value of 6.7 + 0.8
%o and in the Atlantic of 5.5 + 0.6 %o (Auxiliary neatal, table 1). According to a Student t-test,
the difference is highly significant (p < 0.01).iFdifference can be due to N-loss in the Pacific,
increasing N signal of the water mass, and/or nitrogen fixatio the Atlantic, driving N
signal in the opposite direction. Strongest diffees in *°N-DIN in the two study regions are
located in depth 100-500 m in the OMZs. In the fRaci®N values tend towards strongly
positive values as a result of N-loss processekiwithe OMZ and partial N utilization in

surface waters, while in the Atlantic the values/stlose to ~5.4%. on average.

Co-located measurements ofNand stable N-isotopes in waters with][© ~ 5 umol/l reveal a
clear signal of canonical denitrification, althouigh quantitative significance for overall N-loss,
relative to anammox, cannot be assessed. The aiored of NO with °N- NO;” and AOU for
waters with [@Q] > 50 pmol/I are similar in both OMZs, reflectirggmilar N;O yields during
nitrification. However, waters with 5 < fp< 50 pumol/l in the Pacific exhibit correlatiorsat are
suggestive of a three times higher relatiy®Nield.

Whereas N-NOs values in surface waters of the Pacific OMZ reg@e strongly positive,
being controlled by partial nutrient utilization dara **N-enriched N@ supply affected by
subsurface denitrification, the oligotrophic sudasaters south of Cape Verde in the Atlantic
exhibit negative values of°N (-5 to +2 %o). The negative values are too lovbéoexplained by
N-fixation and we show that they are most likelg tiesult of a transient input of N@ssociated
with atmospheric deposition of Saharan dust. Timiglies that atmospheric dust input as well as
nitrogen fixation should be considered in budgetd axplanations of upper ocean stable N
isotope data, especially in the Atlantic region.



Within the Pacific OMZ, correlation of*®N with measures of N-loss gives a calculated appare
fractionation factor for °N-NO;™ (g = 11.4 + 0.3 %o) which is low compared to canoniglles,
but close to a value estimated by the only priadgtin this region (Liu, 1979). Sub-division of
the data into shelf and offshore stations resultedmproved correlations and very different
apparent fractionation factors for the two depthimes €yofshore = 16 + 0.5%0;€4.sherr = 7.6 %
0.6%0). Whereas the offshore value lies close to~tP@%. fractionation factor of denitrification
(Brandes et al., 1998;Granger et al., 2008), thelmbower apparent fractionation factor for shelf
waters likely reflects a larger contribution froedémentary denitrification (fractionation factor of
1.5%o0; (Brandes and Devol, 2002). We note that thetionation effect from the complete set of
stations € = 11.4 + 0.3 %o) lies reasonably close to an appagkbal fractionation factor for
OMZ denitrification of 12%. which was calculated faisteady state 50:50 balance between water

column and sedimentary denitrification,(®BeT, 2007).
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5 Production of oceanic nitrous oxide by ammonia-oxiizing archaea

Introduction

The recent finding that microbial ammonia oxidatiarthe ocean is performed by archaea to a
greater extent than by bacteria has drasticallyngbd the view of oceanic nitrification. The
numerical dominance of archaeal ammonia-oxidiz&®A) over their bacterial counterparts
(AOB) in the ocean leads to the hypothesis that Afagher than AOB could be the key
organisms for the oceanic production of the strgngenhouse gas nitrous oxide, QY. Very
recently, enrichment cultures of ammonia-oxidizarxghaea have been described to produgz N
(Santoro et al.,, 2011). Here, we demonstrate d@inelhaeal ammonia monooxygenase genes
(amoA)were detectable throughout the water column ofethgtern tropical North Atlantic and
eastern tropical South Pacific Oceans. The maximabundance and expression of archaeal
amoA genes correlated with the ,®@ maximum and the oxygen minimum, whereas the
abundances of bacteriamnoAgenes were negligible. Moreover, selective irttghiof archaea in
seawater incubations from the ETNA decreased tf@ production significantly. Studies with
the marine archaeal ammonia-oxididitrosopumilus maritimu$SCML1 provided the first direct
evidence for DO production in a pure culture of AOA, thus exchglithe involvement of other
microorganisms. N. maritimus showed high BD production rates under low oxygen
concentrations comparable to concentrations egistinthe oxycline of the ETNA, whereas the
N,O production from two AOB cultures was comparakdy lat similar conditions. Based on
those findings, we hypothesize, that the observediyztion of NO in tropical ocean areas
results mainly from archaeal nitrification and asdely impacted by the availability of dissolved

oxygen.

Atmospheric nitrous oxide (@®) is a strong greenhouse gas and a major precufor
stratospheric ozone depleting radicals. The oceara imajor source of & contributing
approximately 30% of the O in the atmosphere. OceanigNis exclusively produced during
microbial processes such as nitrification (undeic g suboxic conditions) and denitrification
(under suboxic conditions). The formation giNas a by-product of nitrification was reported for
AOB (oxidation of ammonia (NH) via hydroxylamine (NKOH) to nitrite (NQ") and in case of
nitrifier-denitrification during reduction of NOto molecular nitrogen (). The accumulation of
oceanic NO is favored in waters with low oxygen {oncentrations, which is attributed to an
enhanced BO yield during nitrification. The frequently obsexV linear correlation between



N,O (i.e., NO excess) and the apparent oxygen utilization (A@UWsually taken as indirect

evidence for MO production via nitrification (Yoshida et al., 198

The traditional view that oceanic Hoxidation is only performed by ammonia-oxidizing
bacteria (AOB) has been challenged by (i) the feequpresence of archaeaioA genes in
metagenomes of various environments (Venter e@D4;Treusch et al., 2005;Schleper et al.,
2005;Lam et al., 2009), (ii) the successful isolatof the NH" oxidizing archaeoiN. maritimus
and (iii) the fact that archaea capable of,;Nekidation have been detected in all oceanic region
throughout the water column and in sediments . B\#e N. maritimusappears to be adapted to
perform NH," oxidation even under oligotrophic conditions whidminate in large parts of the
open ocean. These observations point towards aarfien role of AOA (how constituting the
novel archaeal lineage ®haumarchaeotéBrochier-Armanet et al., 2008;Spang et al., 201d)))
the oceanic nitrogen cycle which has been overldakil recently . Archaeal JD production
has been proposed to contribute significantly & upper ocean J production in the central
California Current and has moreover very recenterb demonstrated to occur in two AOA
enrichment cultures (Santoro et al., 2011). Howetier capacity of AOA to produce,@ in the

ocean has yet not been demonstrated directly.

The eastern tropical North Atlantic (ETNA) and #geestern tropical South Pacific (ETSP) Oceans
represent two contrasting oceanig 1@gimes: While @concentrations in the ETNA are always
above 40 pmol T, the ETSP regime is characterized by a pronourtsgaletion of Qin
intermediate waters between ~75 and 600 m resutiagoxygen minimum zone (OMZ) with,O
concentrations close or even below the detectioit [~2 pmol %) of conventional analytical

methods.

The amoA gene coding for the alpha subunit of the ammon@nooxygenase is present in
archaea as well as in and -proteobacterial ammonia-oxidizers and is commardgd as a
functional biomarker for this physiological groupHallam et al., 2006;Schleper et al.,
2005;Treusch et al., 2005;Venter et al., 2004).sThn order to identify whether archaeal or
bacterial amoA was associated with the maximum inCONconcentration in the ocean, we
determined the archaeal and bactesimloAgene abundances and expression in relation,@® N
concentrations along vertical profiles during theegises (in February 2007, February 2008, and
June 2010) to the ETNA and one cruise (in Janu@f@pto the ETSP. We further demonstrate
the NO production in a pure culture ™. maritimusSCM1, establish the Osensitivity of
archaeal MO production which is of highest impact at timesoéan deoxygenation (Stramma et
al., 2010b). NO production from pure cultures of the two marinérifying bacteria
Nitrosococcus oceanNC10 and Nitrosomonas marindM22 is low compared to the rates
achieved by the archaeal isolate.



Vertical distribution of AOA and AOB along N ,O depth profiles



Figure 1. Maps of sea surface temperatures (A) fronthe eastern tropical North Atlantic
Ocean and (B) from the eastern tropical South Padi Ocean. The locations of sampling
stations are indicated with dots in the maps. Seltad vertical profiles (I-VI) of O, NO,,
N,O (measured in triplicates) and archaealamoA (measured in duplicates by gPCR) are
shown; (1) and (V) are located offshore, (II) and(V) are located on the continental slope,
and (I1l) and (VI) are onshore/coastal stations.



Vertical profiles of NO showed a distribution with concentrations betwg&@mnd 35 nmol tin
the ETNA whereas the )@ concentrations in the ETSP were in the range fiddmto 374
nmol L* (Fig. 1). In the majority of the sampled stations the ETNA and ETSP, the
accumulation of dissolved J® was associated with minimum, @oncentrations as expected
(Codispoti, 2010). Maximum D concentrations in the ETNA were generally lowempared to
the ETSP because,@oncentrations in the ETSP were extremely deplettdw 75 m resulting
in enhanced PO accumulation (Suntharalingam et al., 2000;Codis@610).

The well-established linear correlation betwedf,O and AOU as well as NODwas found for
the ETNA (Fig. 2) indicating that nitrification wake likely pathway for BD production. High
copy numbers of archaeamoAgenes and high J@ concentrations co-occurred in the ETNA
suggesting a tight coherence between AOA abundandeéNyO accumulation in the layers with
low O, (Fig. 3). A coherence of @ and archaeamoAwas detected at some stations in the
ETSP, but was not a general feature (Fig. 1) pbssésulting from NO production via other
processes such as denitrification, nitrifier-defié@tion or anammox (Kartal et al., 2007) at
present suboxic conditions. Gene abundances ofeathmoAin the ETNA and ETSP were
detectable throughout the water column and reachaldes of up to 1.9 x 20and

6 x10' copies mL*, respectively (Fig. 1). Gene abundances ofand -proteobacteriamoA
were much lower (up to 950 and 735 copies nih the ETNA and ETSP, respectively) and in
comparison seem to be negligible. This is in linghwprevious studies reporting 1-4 orders of
magnitude higher abundances of AOA than AOB in awsioceanic regions (Wuchter et al.,
2006;Santoro et al., 2010;Lam et al., 2009;Fragtial., 2005;Church et al., 2009). Thus, we
propose that PO production occurs via archaeal nitrification e tETNA and might also be
present in the ETSP despite the fact that we didimd the N,O/AOU correlation in the ETSP.

A difference of one order of magnitude betweemoAcopies in RNA and in DNA is present in
vertical profiles of the ETSP, with copy numberstap? x 10 copies mL* present in the DNA
and up to 1.5 x T0copies mr* in the RNA. A similar tendency is detectable ire tRTNA,
however, the difference is less pronounced comp&rethe ETSP. This discrepancy, already
reported by Lanet al 2009 (Lam et al., 2009), is hypothesized to be tdua diurnal cycle of
ammonia-oxidation and therefore variallgoA expression. Moreover, a sampling bias due to
comparably long filtration times (up to 30 min) inighave led to RNA degradation; as previous
studies reported transcript half-lives of down 1 @in (Steglich et al., 2010).



Figure 2: N,O versus the apparent oxygen utilization (AOU) andnitrate in the ETNA
(data from cruises ATA03 and P348), the potential eénhsity is colour—coded.

Figure 3: Archaeal amoAversus NO and O, in the ETNA (data from the cruises ATAO3,
P348 and P399/2). The ©concentration is colour-coded.



Phylogenetic diversity of archaeabmoA

Figure 4: Distance-based neighbour-joining phylogestic tree of archaealamoAsequences
from the ETNA (cruises ATA03 and P348) and ETSP (arise M77/3). Sequences derived
from the oxygen minimum zone (OMZ) of the ETNA arein italics, bold and marked with
solid stars, sequences from above the OMZ are iraiics. Sequences from the OMZ of the
ETSP are in italics and bold; sequences from abowtbe OMZ are in italics.



The diversity of AOA present in the ETNA was detarad based on the analysis of 18®0A
sequences from 7 stations of 2 cruises (P348, ATAB8quences were derived from 10 depths
between the ocean surface and 1000 m. The sequsptiesnto two main clusters, with
sequences from the,@inimum clustering mainly in cluster B (Fig. 4)ni® 2.7% of sequences
derived from samples from the, @inimum fall into cluster A. Sequences derivedhirdepths
between the surface and the upper oxycline digwilmver both clusters (Fig.4). In the ETSP,
sequences from the OMZ as well as from depths akeparated into both clusters, with the
majority of absolute sequence numbers from the Caffdiating with cluster B (Fig. 4), as

already observed for the sequences from thei@imum in the Atlantic Ocean.

Potential importance of cluster B affiliated Thaumardaeota for NO
production

The distribution of archaeamoA genotypes along vertical profiles in the ETNA sugjge
production of NO by Thaumarchaeotaffiliated with cluster B, which was previouslypted to
be a deep marine cluster (Hallam et al., 2006)ca®al mainly with @ and NH" poor waters
(Molina et al., 2010). These findings suggest &@iseparation based on Encentrations of
cluster B affiliated AOA, which is consistent withur data from the ETSP. Regarding the
potential decrease in dissolved €dncentrations in tropical ocean areas (Stramnad ,€2010b),
we hypothesize that cluster B affiliated AOA migiiminate the production of .8 and the

balance between reduced and oxidized nitrogen epéatihe ocean, gradually.

N,O production in the ETNA

In two out of three 24h seawater incubations peréat at three different stations in the ETNA at
the depth of the OMZ, JD production was significantly lower in samplesatesl withN'-guanyl-
1,7-diaminoheptane (G¥; a hypusination inhibitor shown to selectivelitnit the cell cycle of
archaea (Jansson et al., 2000) (Fig. 5). In thel tbxperiment a similar trend was observed,
however it was lacking the statistical significanthese findings strongly support the hypothesis
that NO production in large parts of the ETNA occurs witthe OMZ and is mainly carried out

by archaea.
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Figure 5: N,O production determined from seawater incubations aithree different stations
(1-3) from the ETNA (P399). DeltaNO was calculated as the difference of J@
concentrations over the incubation time (i.e. 24h)Open columns represent samples with no
inhibitor, filled columns represent samples with tke archaeal inhibitor GC,. Error bars
indicate the standard deviation of three technicateplicates.

N,O production in N. maritimus pure culture experiments

A direct evidence for PO production in archaea was detectedNinmaritimus pure culture
experiments. Production of 8 in N. maritimus cultures was inversely correlated to, O
concentrations (Fig. 6) which were chosen accordinghe Q concentrations present in the
ETNA (112, 223 and 287 pmol*,_Fig. 1).N. maritimuscultures grew at comparable rates under
the varying @ conditions and showed similar nitrification rat&$ws, the observed variation of
the measured D production can be assumed to exclusively depanth® prevailing initial @
conditions. NO production rates from the two AOB cultur@éittosomonas marind&NM22 and
Nitrosococcus oceanNC10) were considerably lower compared to th® Nbroduced byN.
maritimus (Fig. 6, Tab S1). The J0 yields from NH" oxidation ranged from 0.002%-0.03% in
the culture ofN. maritimusto 0.001%-0.006% in the AOB cultures. ThgONproduction rates
derived from our AOB experiments are in accordancenose reported by Goreatial. (Goreau

et al., 1980), even though a different experimesgéalip was used. Culture experiments such as
those presented here, are performed with AOB aaiities (~10cells mL?) which are much
higher than usually found in the ocean %10° cells mL™?) (Wuchter et al., 2006;Lam et al.,
2009). Thus, the D production rates from the AOB cultures are prdpakerestimated and not
representative as,® production per cell by AOB is also depending lo@ present cell densities
(Frame, 2010). In contrast, the AOA cell densitiesur culture experiment (~1610 cells mL?)
were comparable to those present in the oceanicommvent (~16 cells mL™?) and thus seem to

be reasonably representative.



Using the results from culture experiments as agoraygimation, the observed archaealON
production rate for low ©conditions (140 nmol £ d*; normalized to 10cells mL*yielding ~24
nmol L' d*, see Tab. S1) translates roughly estimated intmaximal potential oceanic
production rate of about 14 nmol%s® under the assumption of a low f@yer thickness of about
50 m as typically found in the ETNA. Compared ttmeates of NO emissions from the ETNA
to the atmosphere of up to 2 nmofra' (Wittke et al., 2010), potential oceanic archadzD

production might be indeed significant.

Figure 6: N,O (A), O, (B), NH," and NO,” (C) as well as cell abundances (D) determined
from incubation experiments with pure cultures of N. maritimus. Experiments are colour-
coded according to their initial O, concentrations: red (112 umol Y); violet (223 umol L™);
and blue (287 pmol LY. N,O and cell abundances were measured in triplicateand the
associated error ranges are indicated (please notieat in the most cases the error bars are
too small to be visible in the figure).



Potential pathways for archaeal NO production

AOB can produce PO from NHOH during nitrification or from N@ during nitrifier-
denitrification (Kool et al., 2010;Shaw et al., B)0In AOA however, no equivalent to the
hydroxylamine-oxidoreductase, which catalyzes thedaiion of NHOH to NG, during
nitrification, has been identified (Kénneke et aRP05;Martens-Habbena et al., 2009).
Contrastingly, the detection of the nitrite redsetegenenirK in the sequenced genomes of
culturedThaumarchaeoté@Konneke et al., 2005;Martens-Habbena et al., 20€9)o the theory
that AOA might produce M by nitrifier- denitrification. To identify the @in of N,O formation
isotopomeric studies were performed with maritimuspure cultures. A°N site preference
(SRu20) in NLO of 33-37%0 was detected in a total of 12 experiisieconsistent with results from
AOA enrichments (Santoro et al., 2011), which isgreement with the § of ~33%. typically
found in AOB cultures performing Nfioxidation (Sutka et al., 2006) (for comparisoririfier-
denitrification of AOB results in a Sk of about 0%o). Thus, a production via the oxidatain
NH," to NO,, potentially via an unknown intermediate, is sigigd, whereas D production via

nitrifier-denitrification is unlikely.

Summary

The dominating abundance of archaaaloA the coherence of J accumulation an@moA,
inhibited NO production in seawater experiments in the presefthe archaeal inhibitor G@s
well as the NO production byN. maritimuspoint to the fact that in large parts of the ocbh®
is produced by archaeal and not by bacterial wistion. Further, the archaeab@® production
appears highly sensitive to the dissolvedcOncentration, with highest,® production rates at
low O, concentrations such as present in the OMZ of fhiidA The expansion of OMZs in the
future in many parts of the ocean (Stramma et 2008b) may lead to an enhancedON
production in the ocean and therefore may haveresamansequences for the budget gONn the

atmosphere as well.
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6 An improved method for measurements of dissolved layoxylamine

in seawater

1. Introduction

Hydroxylamine (NHOH) is a short-lived compound of the marine N cyfdep and Stein,
2003;Ward, 2008). It is formed as an intermediateing) the first step of nitrification by
ammonia-oxidizing bacteria (AOB) (Rajendran and Mgwpalan, 1976;Yoshida and Alexander,
1964):

(1)

It has been shown that nitrous oxidgONcan be produced from hydroxylamine in a sidetieac
during ammonium oxidation (Arp and Stein, 2003;@tteal., 1999). However, there is increasing
evidence that ammonium oxidation in the ocean imidated by archaea and not bacteria
(Wuchter et al., 2006), and potential formatiorNéf,OH during archaeal nitrification remains to

be proven.

NH,OH has also been proposed as an intermediate domicxgbial dissimilatory reduction of

nitrate to ammonia (DNRA) (Yordy and Ruoff, 198&lt only under anoxic conditions. A recent
study revealed that it is only released from theyere under strongly acidic conditions and thus
its occurrence as a free intermediate of DNRA ia ttean is unlikely (Einsle et al., 2002),

however, it may be released after acidificatiosarhples from anoxic environments.

The detection of dissolved hydroxylamine in oceamiters may lead to additional insights in the
mechanisms of the marine N cycle and especiallyptiegluction mechanisms of,® since it

could serve as a tracer for the occurrence of battetrification in the water column.

A various number of methods for hydroxylamine dgtecin aqueous solutions are known,
including a number of volumetric, electrochemicadl spectrophotometric methods (Kolasa and
Wardenck, 1974). All of these methods report daadtmits in micromolar or larger range, and

in most methods nitrite has to be removed fromstraples to get reliable results.

Butler and Gordon (1986a) developed a method (thealed FAS conversion method, FAS
stands for ferric ammonium sulfate) for the detactf nanomolar concentrations of MbH in

seawater. Their method is based on the oxidatiddHyOH to NO using iron (lll) as oxidation



agent and subsequent quantitative analysis ofethdting NO which was first introduced by von
Breymann et al. (1982). The reaction pathway ingsla series of reaction steps that leave the
possibility of humerous side reactions to take @l@utler and Gordon, 1986¢) and leads to
reduced conversion rates of about 50% (Von Breynwral., 1982). Butler and Gordon (1986a)
modified the original method by lowering the pH3aluring the reaction, which yielded more
stable and reproducible recovery rates. Hydroxyh@ngoncentrations from marine environments
determined with this method range from 0 to >30®@hin?', showing a large variability not only
between the measurements but also within singlehdepofiles (Schweiger et al., 2007)
(Table 1).

Table 1: Summary of hydroxylamine measurements in @rine environments using the FAS
conversion method.

Reference Region Range Mean Median Number of
[nmol L7 [nmol L] [nmol L"] Samples

Von Breymann et al. Coast off Oregon Oto 7.8 2.86 15 5

(1982)

Butler and Gordon Cariaco Basin 0to 5.5 1.13 0.1 10

(1986Db)

Butler and Gordon Yaquina Bay, 0 to 362 59.6 26 69

(1987) Oregon

Butler and Gordon Big Lagoon, 0to 175 13.83 3 32

(1988) Califonia

Gebhardt et al. (2004) Baltic Proper 2.1t0 179 237. 27.2 83

Schweiger et al. (2007) Boknis Eck (SW 0to 18.5 4.3 2.8 46
Baltic Sea)

Kock (2009), Eastern Tropical 0to 123 23.2 15.0 36

unpublished South Pacific

A significant correlation of hydroxylamine and itérwas found in the Baltic Sea (Gebhardt et
al., 2004) and in the eastern tropical South Ra€itean off Peru (Fig. 1, unpublished), which
was attributed to enhanced nitrification and, ibouc to anoxic zones, DNRA that lead to the

accumulation of hydroxylamine as well as nitrite.



Figure 1: Hydroxylamine vs. nitrite from (a) Gebhardt et al. (2004) and (b) the Meteor
Cruise 77-4 (unpublished data) to the eastern tropal South Pacific Ocean in February
2009. The regression line in (b) was calculated dxding the outlier at [NO,]=0 pmol L™,
[NH,0H]=123 nmol L™ (red dot). Regression parameters are: y=32.6x+10.6=0.38.

Butler and Gordon (1986a) reported that, in cohttmgprevious hydroxylamine analyses, nitrite
would not interfere with the FAS conversion methothis is true for the reaction of
hydroxylamine with FAS, however, nitrite has to bensidered as a potential source of
uncertainty as it can interfere through some sieglgctions: under acidic conditions NQOs
prevalent mainly in its protonized form, nitrousica€HNO,, pK.= ). This can bias the

hydroxylamine determination via conversion tgONn two ways:

1) Nitrous acid is not stable in aqueous solutiorhwite of the decomposition pathways

leading to NO production (van Cleemput, 1998):

(1)

Although this pathway is not the main decomposipiathway for nitrous acid the amount of
N,O produced from ambient nitrite concentrations, auhtan reach up to 13 pmol*L

(Kamykowski and Zentara, 1991), may reach nanonielaals and thus lead to significantly
biased hydroxylamine measurements. This effect especially be important when the

samples are stored under acidic conditions for daygeeks.

2) Hydroxylamine reacts with nitrous acid to hypomits acid (HN,O,) which rapidly

decomposes to nitrous oxide and water (Spott €2@11):
(2)
3)



This reaction has a different stoichiometry tham ¢bnversion of hydroxylamine by iron (lll)
which requires two molecules of hydroxylamine tanfcone molecule of nitrous oxide. In the
reaction of nitrous acid with hydroxylamine, theishiometry is 1:1, instead. Moreover,

different conversion rates of the concurring reawtimay lead to further bias in the data.

It is also known that similar to NM®H, hydrazine (hH,) can react with nitrous acid with,8
being one of the reaction products (Perrott et1876;Stanbury, 1998). However, there are no
measurements for dissolved hydrazine in seawatetbye its role as an important intermediate
during the anammox process and its possible rolearagntermediate in nitrogen fixation
(Dilworth and Eady, 1991;Jetten, 2009) suggest thaindeed, may occur in some oceanic
environments. A potential /O production from the reaction of hydrazine witkrite may thus be
another source for the bias of hydroxylamine measents, whereas the reaction of hydrazine
with FAS was found not to produce® (Meyer, 2009).

The aim of this study was to evaluate the potergfakide reactions of nitrite to bias the
hydroxylamine analysis and to find an appropriatengle treatment for the analysis of
hydroxylamine in nitrite-containing seawater sampl&he specific questions addressed in

different sets of experiments were:
1) Is there a potential nitrous oxide productiamirambient nitrite in the water column?

2) Can the reaction of hydroxylamine with nitroatdafrom ambient nitrite bias the conversion

rates of the hydroxylamine conversion via FAS?
3) Is there a selective mechanism to eliminatesitie reactions of nitrite?

4) Test the new method with samples from the Bokigis Time Series Station and the equatorial
Atlantic Ocean.

2. Materials and Methods

2.0.1 Principle of Hydroxylamine Measurements

The determination of hydroxylamine using the FASw@rsion method relies on the differential
determination of nitrous oxide in samples with avithout the addition of acetic acid and FAS

which converts hydroxylamine to,® (Fig. 2).



Figure 2: Measurement principle for hydroxylamine aalysis with the FAS conversion
method. Hydroxylamine concentrations are calculatedfrom the difference in NO
concentrations of samples with and without additionof acetic acid/FAS. The FAS
conversion efficiency is determined from standard @dition at selected depths.

The conversion efficiency of the method, expressettecovery factorRQ)”, is determined from
selected depths for each station using standardti@ddof four different hydroxylamine
concentrations in the range between 0 and 100 hiholThe hydroxylamine concentration is

calculated as follows:

— ),

&8 (5),

s& s the regression slope of the standard additiwh [&L,0]ras and [NO]Jgs are the NO
concentrations of samples with and without the taitiof acetic acid/FAS. The factor of two in
the calculation of the recovery factor results frame stoichiometry of the reaction between
hydroxylamine and FAS. The analytical uncertairityhe hydroxylamine analysis was calculated

according to Schweiger et al. (2007).

All samples were analyzed for theip®l concentrations using a static equilibration mdtrto

9.5 mL of the headspace volume was extracted fitoenvials using a gas-tight syringe (VICI
Precision Sampling, Baton Rouge, Louisiana). Theaeted volume was replaced with seawater
or MilliQ water with approximately the same salinds the samples. The headspace subsamples
were analyzed with a GC-ECD system that was caédrasing at least four different standard
gas mixtures or dilutions of the highest standaxsl mixtures. For details of the analytical method
see Walter et al. (2006b).



Due to the different stoichiometry of the react@frhydroxylamine with FAS and nitrite and the
potential of other side reactions producingON hydroxylamine concentrations were not
calculated according to equation (4) from the expents in section 2.1 to 2.3. Instead, the
background corrected,® concentrations and, for standard addition expamnis) the conversion

factor (=  g¢ ) Were compared.

2.0.2 Sample Preparation

If not stated differently, all experiments wereraad out in 20 to 25 mL opaque glass vials that
were sealed with butyl rubber stoppers and crimpiéld aluminum caps. The average volume of
the vials was determined gravimetrically from tertwelve randomly chosen sample vials. Two
sets of vials were used for analysis, with voluifigs standard deviation) of 23.94 + 0.11 mL and
20.03 £ 0.14 mL.

Stock solutions of sodium nitrite (~20 mg/100 mhe texact concentration was calculated from
the mass weight) were prepared in MilliQ maximakthdays before analysis and stored at 4° C
prior to analysis. If necessary, the stock soluticas diluted further to obtain different nitrite

concentrations.

Ferric ammonium sulfate (FAS) solutions (1.206 /i) were prepared in MilliQ minimum
three days before the experiments to ensure thepletendissolution of the FAS. The FAS
solutions were used for multiple experiments butemenewed at least on a monthly basis to

prevent contaminations.

Stock solutions of hydroxylammonium chloride (~26/&00 mL, the exact concentration was
calculated from the mass weight) were preparednirmaguaeous solution of acetic acid (3 mL
acetic acid (glacial)/1L MilliQ, pH 3) to stabilizéhe hydroxylamine solutions. The stock
solutions were diluted further to obtain four diffat standard concentrations leading to final
concentrations in the vials between 0 and 100 riifoat an addition of 100 pmol/vial. Al
standard solutions were prepared maximum seven liEfgse analysis and stored in the dark at
4 °C.

In contrast to Butler and Gordon (1986c¢), hydroryilae samples were not treated with mercuric
chloride, as most samples were analyzed withimadi@ys after sampling and acidification of the
samples was tested to be efficient to prevent éurthO production in another experiment (data

not shown).



2.1.1 Nitrous Oxide Production from Nitrous Acid

Background production of JO from acidification of nitrite-containing samplegs tested in
MilliQ as well as in water from the Boknis Eck TinSeries Station, located in the Eckernforde
Bay in the southwestern Baltic Sea (hereafter refeto as BE water). BE water has a lower
salinity (12.5-24.5; 95 % percentile) than openasceeawater (~35) but a high load of organic
matter even under non-bloom conditions (Bange et28110a). The latter point is especially
important, because Butler and Gordon (1986a) sptanlilthat organic compounds may play a
role in the reduction of the conversion rates adrbyylamine. While processes in MilliQ water
were designed to study experiments without matre< prganic matter) effects, the experiments
with BE water were conducted to determine if similasults were found in a seawater matrix

with a high load of possibly interfering substances

Two sets of experiments were carried out: backgiquioduction in MilliQ and BE water were
measured from unpurged samples (Exp. 2.1.1), lgadisome uncertainties due to the variability
in the background D concentrations. To verify the results from BE evasamples, this
experiment was repeated with BE water samples wete purged with hNto remove the
background DO (Exp. 2.1.2). Furthermore, one experiment waseazhout to test the potential of

a pH change to alkaline conditions to inhibgNproduction from nitrous acid (Exp. 2.1.3).

Exp. 2.1.110 mL of MilliQ or unfiltered BE water was placedtd the vials which were sealed
and crimped. Samples were acidified with 100uL adtir acid, and 100uL nitrite solution was
subsequently added in two different concentratimnéalf of the samples each. The resulting
nitrite concentrations in the vials were 0.504 #&nh84 pmol [*.The NO concentration was
determined from triplicate samples between 0 ar@iBafter nitrite addition. All samples were

corrected for background,® by subtracting the measuregdONconcentration at TO.

Exp. 2.1.2:10 mL of unfiltered BE water was placed into thals before sealing and crimping.
Each vial was purged with molecular nitrogen foteaist 20 min to remove the backgroungdN
from the samples. After 100 pL of glacial acetiddagas added, 100 pL of a NGtock solution
with two different concentrations was added to tmed of the samples each. The remaining
samples were measured as control samples withdittadof nitrite. The NO concentration was

measured after 0, 12, 24, 48 and 168 hours froeeteamples of each concentration.

Exp. 2.1.3: 10 mL of MilliQ were placed into the vials beforeading. Samples were acidified
with hydrochloric acid to pH 1 before the additiohl, 10 and 100 pmoltsodium nitrite. One
half of the samples with a nitrite concentratiorL6fumol L* was analyzed for D after 24, 48,
72 and 246 hours, while the other half of the samplas treated with 220 uL NaOH solution



(2M) to adjust the pH to ten. The alkaline sampiese analyzed for ) one week after NaOH

addition.

2.2 Reaction of Hydroxylamine with Nitrite to N,O with and without FAS Addition

The conversion of hydroxylamine by different cortcations of nitrite was first tested in MilliQ,
as background O production from nitrous acid became significanBE water within the time
of the conversion reaction (see section 3.1). Totergial of different nitrite concentrations for
conversion of hydroxylamine to,® was tested in Exp. 2.2.1. Additionally, convensio BE
water was tested in a separate experiment (Exp2)2.Zo evaluate the dominance of the
concurring reactions between nitrite or FAS andrbydlamine, FAS conversion in presence of

different nitrite concentrations was tested in EXj2.3.

Exp. 2.2.1: 10 mL of MilliQ were placed into the vials which wesealed with butyl rubber
stoppers and crimped. All samples were acidifiethwiO0 uL of acetic acid, and different
aliquots of a nitrite stock solution were addeditosamples each. The final nitrite concentrations
in the vials were 0.23 pmoll. 0.54 pmol [*, 1.07 pmol [}, 2.14 pmol !, 3.54 umol [*. Half

of the samples were additionally treated with 1Q0gfi a hydroxylamine stock solution (final

concentration in the vials: 49.4 nmof)L Samples were analyzed fosMafter 24 h.

Exp. 2.2.2: 10 mL of BE water was placed into the vials whickrevsealed and crimped. After
acidification, 100 uL of two different nitrite sticsolutions were added to one third of the
samples each, with the remaining samples beingwiftout nitrite addition. The final nitrite
concentrations were: O pmol 'L 0.151 pmol I and 0.739 pmolt To all subsets
hydroxylamine standards were added in three diffeztencentrations. Samples were analyzed for
N,O after 72 h.

Exp. 2.2.3: 10 mL of MilliQ were placed into the vials that seesealed and crimped. The
samples were divided into three experiments wiffedint nitrite concentrations: 100 pL of a
nitrite stock solution were added to the subset® fesulting nitrite concentrations in the three
subsets were 0.162 umofL0.539 pmol [! and 2.63 umol L. All subsets were then treated the
same way: After 100 pL of glacial acetic acid weadded, 100uL of a hydroxylamine stock
solution with two different concentrations were eddo three quarters of the samples. The
remaining samples were left without hydroxylamirddiion. All samples were subsequently
treated with 100uL ferric ammonium sulfate and wiefé at room temperature for 23 h. After
23h, 100 pL of NaOH (8M) were added, adjusting pieto 10 to stop the background nitrite
conversion. The pH was measured in 5 random sarfgiesntrol using pH control strips (pH O-



14, Macherey-Nagel), all of them showing a pH claséen. All samples were analyzed fosON

within three days after conversion.
2.3 Removal of Nitrite

The removal of nitrite before hydroxylamine anatyisi the easiest way to eliminate the undesired
side reactions of nitrite. However, this procesedseto leave the conversion reaction between
hydroxylamine and FAS unaffected. Two substance® wested for their potential of selective
removal of nitrite from our samples: Granger et(2D06) used ascorbic acid to mask nitrite
during the determination of the isotopic composita nitrate in culture experiments. Ascorbic
acid acts as a relatively mild reducing agent. Dyithe reaction with nitrite, nitric oxide (NO) is
formed which can be removed from the samples bytimeous purging with nitrogen gas or

synthetic air.

The second tested nitrite scavenger was an aodditien of sulfanilamide. Sulfanilamide or
sulfanilic acid are widely used as a reagent in dle¢ection of nitrite and nitrate. It reacts
selectively with nitrite under formation of a diamom salt. In the nutrient analysis, this
diazonium salt is coupled to 1-naphthylamine andnf a spectrometrically detectable dye
(Grasshoff et al., 1999).Without addition of 1-ndptamine, the diazonium salt reacts with a

number of nucleophiles under formation of nitrogeis.

2.3.1 Ascorbic acid addition

According to Granger et al. (2006), samples shda@durged permanently with,Ngas during
reaction to remove the reaction product NO whicly meact back to N@ This, however, is not
applicable for samples used for headspace anabsis, the case of the hydroxylamine analysis.
Two experiments were therefore carried out to deter the potential of this method: Nitrite
removal was tested according to Granger et al.qR0Bxp. 2.4.1), while samples were tested

separately for hydroxylamine conversion withoutging (Exp. 2.4.2).

Exp. 2.3.1: Nitrite removal: 50 mL MilliQ were placed into 100 mL vials whicleve sealed and
crimped. Samples were purged for 30 min with biéfore further treatment. After addition of
100 pL of nitrite (22.2 mg/100 mL, final concentoat 6.42 pmol [*), 100 pL of an ascorbic
acid solution (17.9 g/100 mL, final concentratiod0.1 mmol ') were added. Further
acidification of the samples was not necessanhaspt was close to 3 due to the addition of
ascorbic acid. Samples were purged continuousy afidition and were analyzed for nitrite and

hydroxylamine after 0, 4, 8, 12 h.



Exp. 2.3.2, Hydroxylamine conversion:10 mL of MilliQ were placed into 20 mL vials which
were sealed and crimped with butyl rubber stoppetsaluminum caps. Three subsets of samples
were built, with two third of the samples beingdifoéd with ascorbic acid (final concentration:
10 mmol L) and one third of the samples being acidified itletic acid to pH 3. 100uL of four
different hydroxylamine stock solutions were addedeach subset. Hydroxylamine conversion
with FAS was started by addition of 100 uL FAS dile after hydroxylamine addition in half of
the samples with ascorbic acid, while in the othaf and in the samples without ascorbic acid
the conversion reaction was started four hoursr dft@lroxylamine addition. Samples were
analyzed for MO 12-18 h after FAS addition.

2.3.2 Sulfanilamide addition

The conversion of hydroxylamine with FAS in preserd two different nitrite concentrations
(0.87 umol I; 4.5 umol L) was tested for seawater and MilliQ samples wittl without the
addition of sulfanilamide (Exp. 2.4.3). The seawaiged in the experiments was filtered seawater
from the tropical North Atlantic Ocean (R/V Metemuise 80-2, surface, ~10 °N, 30 °W, aged 13
months). Additionally, this method was field tesidthe BE Time Series Station (see Section
4.1).

Exp. 2.3.3:10 mL of MilliQ or filtered seawater were placeddrthe vials which were sealed and
crimped. All vials were purged with nitrogen gas 20 min (flow rate: 80-100 mL mit) to
remove excess . All samples were acidified with 100 pL of acedmd and spiked with 100pL
of three different hydroxylamine standards and guarter of the samples left without addition.
Afterwards, 100uL of two different nitrite stocklgtions were added to half of the vials each.
The final nitrite concentrations in the samplesev@1873 and 4.37 umoi'L 100pL of an acidic
solution of sulfanilamide (ImL HCI (25%)/100mL; &h sulfanilamide concentration/vial
=100 pmol ') were added to half of each subset directly afieite addition, the other half was
left untreated. 100 pL of a FAS solution were addétiin 10 min after sulfanilamide addition.

Samples were left to react for 20-25 hours andcctlireneasured afterwards.
2.4 Field measurements of hydroxylamine

The application of the modified method was testethe field during the monthly sampling from
February to April 2011 and June to September 2Glthea Boknis Eck Time Series Station.
During the September sampling, two subsets of sssnpkre taken that were treated with and
without the addition of 100 umol Lsulfanilamide for comparison between the origimeithod
and the modified method with sulfanilamide addition



Triplicates of bubble free water samples were takemm the rosette water sampler for
hydroxylamine and pD measurements and sealed with butyl rubber stegret aluminum caps.
Samples were stored at ambient temperature uedtrtrent in the laboratory at IFM-GEOMAR,
where 10 mL of a helium headspace were added tohyldeoxylamine samples before the
addition of 100 pL of glacial acetic acid, 100 plLaosulfanilamide solution and 100 pL of FAS
to each vial. Standard additions of hydroxylamirexencarried out each month from an additional
set of 12 samples from 15 m depth by addition o® gD of four different hydroxylamine
standards. PO samples were treated with 50 pL of a saturatectumie chloride solution. All
samples were conserved within six hours after sagyphnd stored at room temperature until
N,O analysis. The measured@®concentrations from hydroxylamine samples wereected for

the change in the water phase volume due to thé@ddf the chemicals.

The modified method was furthermore applied dutimg Maria S. Merian cruise MSM 18-2 to
the equatorial Atlantic Ocean in May/June 2011cdntrast to the measurements at the Boknis
Eck Time Series Station, hydroxylamine was samptedlear glass vials with a volume of
56.6 £ 0.72 mL. Samples were stored at 4 °C irdtr& before the addition of a 10 mL headspace
of synthetic air and 400puL of a mixture of acetiacid/sulfanilamide (172 mg
sulfanilamide/100 mL acetic acid (glacial)) and 200 aqueous FAS solution (1.206 g
FAS/50 mL MilliQ). Standard additions of hydroxylame were carried out in an additional subset
of samples from 200 m at each station by addition1@0 puL of four different standard
concentrationsSamples were stored at room temperature for at &bk before analysis. N
concentrations of the hydroxylamine measurementg werrected for the change in the volume
of the water phase due to the addition of the meggend due to the heating of the samples from

4 °C to room temperature.

3. Results and discussion

3.1 Background production of nitrous oxide from nitous acid.

Figure 3 shows the @ concentration over time from unpurged (Fig.1a) parged (Fig.1b)
samples with nitrite additions of different congations.



Figure 3: Nitrous oxide production from nitrous acid. Different colors represent different
nitrite additions: red: 9.54 pmol L™ blue: 0.504 pmol L*; black: 0 umol L™. a) unpurged
samples, MilliQ () and BE water ( ); the N,O concentration at TO was subtracted to
correct for background N,O. b) purged samples, BE water only.

In all experiments with nitrite addition, . concentrations significantly increased over time
(Fig. 3a and 3b). Comparing the experiments withli®iand BE water (Fig. 3a), it is obvious
that the NO production in BE water is significantly higheathin MilliQ: In MilliQ samples, the
N,O produced from nitrous acid did not exceed 10 rirffoeven from samples with high nitrite
additions. The increase in,® leveled off rapidly and stayed constant afteh96uggesting the
complete degradation of nitrite by this timexX(Nproduction in BE water even from low nitrite
additions exceeded the maximum production in Mijll&@th for purged and unpurged samples.
This can be explained by an increased number efrgidctions that favor® production in the
BE water matrix (van Cleemput, 1998). High backgbuitrite concentrations in the BE water
can be excluded as the background production wasuned during the second experiment and

showed no significant increase inM

N,O production from purged samples was slightly higfen from unpurged samples. The
experiment with purged samples was conducted orek \Waer, which may have an influence
through the aging of organic matter contained & Water. Another possible explanation is a

change in the redox state of the medium due tpdinging with nitrogen gas.

It can be concluded that while® production in MilliQ stayed relatively moderateee for high
nitrite concentrations the ® production in BE water samples exceeds the statisincertainty

of the NO measurements at concentrations as low as 0.5 iminl less than 24 h. This has
broad implications for the hydroxylamine analydise complete conversion reaction between
hydroxylamine and FAS takes at least 3h (Butler @umidon, 1986c¢). Without any additional

treatments for sample conservation, this leaveg @nkry limited time window for the analysis.



Figure 4: Inhibition of N ,O production from nitrous acid. Samples without NaH addition
were directly measured for NO (blue, red, black dots; 1pmol L* (blue), 10 pmol L* (red),
100 pmol L* (black)). Samples with NaOH addition (red stars, @ pmol L) were measured
one week after pH change to alkaline conditions. Asamples were corrected for background
N,O concentrations.

N,O production from nitrous acid can effectively behibited by pH conversion to alkaline
conditions, however (Fig. 4). While background pratibn in MilliQ at pH 1 showed similar
results to the previous experiments (Fig. 3), semphowed no further,® production after
addition of sodium hydroxide additions. This prasdda possibility to reduce the side effect of

background BO production in further experiments.

3.2 Reaction of hydroxylamine with nitrite

As mentioned above, nitrous acid can convert hygeamine to NO, leading to biased recovery
factors (Bothner-By and Friedman, 1952). The paérdf this reaction for further bias was
analyzed in experiments with and without FAS additi



Figure 5: Nitrous oxide production in MilliQ from a cidified samples with different nitrite
additions without hydroxylamine (red) and with hydroxylamine (black). The concentration
of hydroxylamine in the samples was 49.4 nmol't

Figure 5 shows the J® production in MilliQ from different nitrite conodrations with and
without the addition of hydroxylamine. Samples with hydroxylamine addition showed little
N,O production with only a slight increase in prodoictwith increasing nitrite concentrations
which is in reasonable agreement with the resutimdfExp. 2.1.1. In contrast, samples with
hydroxylamine addition showed highly elevated caniaions around 50 nmol Lfor all nitrite
concentrations. No significant difference betwdendamples with different nitrite concentrations
was found, and the conversion factors, calculagetha ratio betweenN,O (= N;Opa-NoOno2)
and hydroxylamine concentrations were close to dmgicating that NO is produced almost

guantitatively from the comproportionation of rigriand hydroxylamine.

Figure 6: Nitrous oxide production in BE water from conversion of hydroxylamine at
different nitrite additions: blue: 0 umol L ™; black: 0.151 pmol L'; red: 0.739 pmol L™,
Reaction time: 72h. Regression statistics are: blue.009(+0.002)x+10.45(+0.07)?%0.96;
black: 0.12(+0.04)x+12.11(+1.63)%0.91; red: 0.13(+0.02)x+16.72(+0.70);



The reaction of nitrite and hydroxylamine in BE ematielded conversion factors of less than
20 % for nitrite concentrations below 1 umét (Fig. 6), indicating that the seawater matrix may
enhance the potential of side reactions that leamther products than,®. Although associated

with relatively large uncertainties, the consisterd the regression slopes for samples with
different nitrite additions indicates that the redd conversion factors are unlikely to be
explained by a different threshold for the reacti@tween nitrite and hydroxylamine. However,
all measurements with nitrite addition are attrdalitvith relatively large uncertainties which can
be partly explained by the dominance of backgrowitrite production that leads to large offsets

in the measurements.

Both experiments show that even ambient conceobtsiof nitrite have the potential to convert
hydroxylamine to MO, with highly variable conversion factors. In candiion with the results
from section 2.1 this implicates that samples weien small amounts of nitrite must not be left
acidified unless any precautions against the sédetions of nitrite are taken. However, in all
conversion experiments, samples were left to remaninimum 24 h, while the conversion with
FAS should be completed after 3 h (Butler and Gordi®86c¢). Therefore, the conversion of
hydroxylamine with FAS in presence of nitrite waldonally tested (Fig. 7).

Figure 7: Conversion of hydroxylamine in MilliQ with FAS in presence of nitrite. Nitrite
additions were 0.162 umol [ (blue), 0.539 pmol [* (black), 2.695 nmol I (red). The
regression  parameters are: blue:  y=0.22(+0.02)x+1B(+0.80),  £=0.98;black:
y=0.19(0.03)x+17.63(£0.97)?+0.96; red: 0.35(x0.05)x+23.06(+1.50)°50.97.

All samples showed conversion factors which werethia range of previous observations
(Gebhardt et al., 2004;Schweiger et al., 2007).yTlere significantly lower than the “nitrite-

only” conversion factor obtained in Exp. 2.2.1. ignéficant change in slope occurred between
samples with low (<0.54 umol) and high (2.695 pmol't) nitrite additions. This suggests that

the conversion of hydroxylamine is likely dominatég the reaction with FAS, but high



background concentrations of nitrite have the padkto bias the conversion rates towards higher

values.

3.3 Reduction of side effects

As a potential scavenger for nitrite in hydroxylamianalysis, the effect of ascorbic acid on the
FAS conversion of hydroxylamine was tested. Whiteta could not be detected in all samples
treated with ascorbic acid and was thus rapidlyoneed, no conversion of hydroxylamine was
observed in samples with addition of ascorbic a@th. 8). This can have two reasons:
hydroxylamine is either reduced by ascorbic acidemapidly than it can be converted by FAS,
or the ascorbic acid reduces the iron (Ill) whiemmot react with hydroxylamine in its reduced
form. From our measurements the underlying prosess@not be identified, but the results
clearly show that the application of ascorbic aeisl nitrite scavenger does not work for

hydroxylamine analysis.

Figure 8: Conversion of hydroxylamine by FAS withot addition of ascorbic acid (blue) and
with addition of ascorbic acid (black, red). Convesion with FAS was started directly after
hydroxylamine addition (black or red) and after 4 h(black or red).

Figure 9 shows the FAS conversion with and withsuwifanilamide addition in MilliQ. While no
difference could be found between samples withwitidout sulfanilamide addition at low nitrite
concentrations, an offset of 2.4 (+1.9) nmdlwas observed at high nitrite concentrations. This
offset can be explained by the increase ¥ Nrom background production in samples without
sulfanilamide addition. While no difference was @hed between the slopes of the regression
lines in samples with and without sulfanilamide iidd at both nitrite concentrations, a decrease



in the regression slope is observed with increagmitgite concentrations, however, the

uncertainties in the regression slopes were religtiarge in this experiment.

Figure 9: FAS conversion of hydroxylamine in MilliQ in presence of nitrite with (red) and
without (blue) sulfanilamide addition. Nitrite additions were: a) 0.87 umol [*;
b) 4.5 pmol L™, The regression parameters are

a) with sulfanilamide addition (red line):y=0.37(x007)x+1.72(+1.59), 3=0.97; without
addition (blue line): y=0.37(x0.07)x+1.60(+1.69)*0.96;

b) with sulfanilamide addition (red line): y=0.29(#.03)x+3.95(+0.79), %0.99; without
addition (blue line): y=0.29(+0.05)x+6.32(+1.09)?+0.98.

The same experiment in seawater showed a signifio@nease in the conversion slopes with
increasing nitrite concentrations, but only for gés without sulfanilamide addition (Fig. 10).
Also, a significant offset could be observed betwsamples with and without sulfanilamide
additions for both nitrite additions, which is ieesing with the increase of the nitrite
concentration. This can be explained by the labgekground DO production in seawater than in
MilliQ (see Exp. 2.1.1). D production from samples with sulfanilamide adbtitdid not change
with increasing nitrite concentration, which leadsthe conclusion that nitrite was successfully
removed from the samples. The conversion ratesimgtafrom samples with sulfanilamide
addition were in reasonable agreement with conwersates obtained in experiments without
sulfanilamide addition (Exp. 2.2.3), it can thusdoeicluded that potential effects of sulfanilamide

on the conversion reaction can be neglected.



Figure 10: FAS conversion of hydroxylamine in seawtar in presence of nitrite with (red)
and without (blue) sulfanilamide addition. Nitrite additions were 0.87 umol [ (left panel)
and 4.5 umol L (right panel). The regression slopes are
a) with sulfanilamide addition (red line): y=0.34(#€.04)x+0.70(x1.70), %0.97; without
addition (blue line): y=0.41(+0.03)x+4.63(+1.14)%%0.99;
b) with sulfanilamide addition (red line): y=0.36(0.03)x+0.87(+1.4), %=0.99; without
addition (blue line):y=0.66(+0.06)x+32.5(+2.76) ?+0.98.

4. Field measurements

4.1 Measurements at the Boknis Eck Time Series Sianh

Hydroxylamine measurements have been continuowsigucted at the Boknis Eck Time Series
station since 2005 (Gebhardt et al.,, 2004;Schwedgeal., 2007) using the FAS conversion
method according to Butler and Gordon (1986a). mualified FAS conversion method with
sulfanilamide addition has been used for samplfng® February to April and in June, August

and September 2011. The results from seven mohganpling are shown in Figure 13.

Additionally, a comparison of the modified and théginal method was performed during the
monthly sampling in September 2011. Two subse&anfples were taken that were treated with
and without the addition of 100 pmol*Lsulfanilamide. Samples were analyzed foONone

week after conversion.



Figure 11: No:Oynygroxyiamine — NoOgackgrouna fOr samples with (solid line) and without (dotted
line) sulfanilamide addition (left) and nitrite concentrations (right) at Boknis Eck in
September 2011.

At all depths, no significant difference betweemples with and without sulfanilamide addition
was observed. Nitrite concentrations were relafividiroughout the water column, with a

maximum nitrite concentration of 0.23 pmot at 25 m (Fig. 11).

Figure 12: Hydroxylamine conversion for samples whout (red) and with (blue)
sulfanilamide addition. Regression parameters arered: y=0.38 (+0.014)x+10.15(+0.58),
r?=0.99; blue: y=0.33(+0.014)x+11.39(+0.60) (left pai) and depth profiles for NO (red) and
NH,OH (blue), calculated from measurements with (solidine) and without (dotted line)
sulfanilamide addition (right panel).

Hydroxylamine conversion in samples without suliamide addition showed slightly higher
regression slopes (Fig. 12a). Both regression slapein reasonable agreement with the recovery
factors obtained by Schweiger et al. (2007) astimae sampling site. The differences between the



hydroxylamine concentrations of samples with anthewit sulfanilamide addition were too small
to reveal a significant difference between the bygllamine profiles obtained with the two
methods (Fig. 12b). It can be thus concluded tbasignificant NO production from nitrite was
observed in the samples treated without sulfandamaddition even at a storage time of the
samples of one week which is considerably longan ttihe storage times during the laboratory
experiments. Nitrite concentrations in the Boknisk samples were also lower than in the
laboratory experiments, however, and side prodoadioN,O from higher nitrite concentrations

cannot be excluded yet.

Figure 13: Time series measurements of nitrous oxéq hydroxylamine and other parameters
at the Boknis Eck Time Series Station from Februaryto September 2011.

Hydroxylamine concentrations from the time seriesasurements were relatively low compared
to previously reported concentrations (Fig. 13,1&dl) and are in the same order of magnitude as
the measurements by Schweiger et al. (2007). Hytioine was highest during the months with
highest nitrite concentrations (February to Marefd alune), however, a simple correlation
between nitrite and hydroxylamine could not be tiieal.



4.2 Hydroxylamine Measurements in the Eqatorial Athntic Ocean

Figure 14: Surface chlorophyll a (in mg n¥) distribution during the Maria S. Merian Cruise
MSM 18-2 in May/June 2011. The cruise track is showin red, with stations sampled for
hydroxylamine highlighted. Chlorophyll data were oliained from MODIS aqua eight day
chlorophyll images (http://oceandata.sci.gsfc.nasgov/IMODISA/Mapped/8Day/4km/chlor/).

In oceanic environments, measurements of hydro¥ypermave been conducted in coastal zones
and estuaries (Butler et al., 1987;Butler et 288 Gebhardt et al., 2004;Schweiger et al., 2007).
No measurements of hydroxylamine in open oceanremvients have been published so far.
During the Maria S. Merian cruise MSM 18-2 in Mayigé 2011 to the equatorial Atlantic
hydroxylamine profiles were measured at five staiousing the modified method with
sulfanilamide addition (Fig 14). The surface chfirgl a distribution, obtained from MODIS
aqua chlorophyll a satellite images for the sangplreriod, showed a very weak signal of a

phytoplankton bloom due to equatorial upwelling.



Figure 15: Hydroxylamine conversion during MSM 18-2 Standard additions were
conducted at four stations with samples from 200 nwvater depth. All regression slopes were
between 0.38 and 0.43.

The standard addition of hydroxylamine at fourietet revealed very similar conversion rates for
all experiments (Fig. 15). Recovery factors rangean 0.76 to 0.86, which is close to the
recovery factors obtained by Butler and Gordon ¢H8nd in reasonable agreement with the
recovery factors obtained in seawater in experin®8t2, but significantly larger than the
recovery factors obtained at the Boknis Eck TimaeSeStation (see section 4.1). This may be
explained by lower concentrations of trace metald arganic matter in the open ocean waters

compared to the coastal waters at Boknis Eck.

Figure 16: Hydroxylamine (solid lines) and NO (dotted lines) depth profiles during MSM
18-2. Hydroxylamine concentrations were calculatedising a mean recovery factor of 0.906
for all stations. The locations of the stations wer. 23 °W, 4 °N (black); 23 °W, 0° N (red);
23°W, 1°S (blue); 23 °W, 5 °S (green).

While N,O profiles showed a sharp increase yONoncentrations from ~5 to ~25 nmot, Lall
depth profiles obtained during MSM18-2 showed hygitamine concentrations close to or below
the detection limit of the method (Fig. 16). Negatihydroxylamine concentrations were
calculated at several depths, but these values elese to the detection limit of the analysis, too.
Nitrite concentrations were zero except for a stfiase maximum at the base of the mixed layer
with maximum concentrations of 0.3 umol l(data not shown). These concentrations are
relatively low compared to nitrite concentrationstine primary nitrite maximum of productive

areas (Kamykowski and Zentara, 1991).

The absence of hydroxylamine in the equatorial dlivgecould be explained by:



1) Low nitrification rates that do not accumulaigndficant amounts of hydroxylamine. This is
supported by the low primary productivity at theei of the measurements (Fig. 14) and the low
concentrations of nitrite in the primary nitrite xiraum. However, hydroxylamine measurements

in open ocean areas with high primary productigity required to verify this hypothesis.

2) Low accumulation of hydroxylamine due to itsig@ént consumption which is independent
from nitrification activity. An effective consumpti of the hydroxylamine produced in the first
step of ammonium oxidation would keep the steadtestoncentration of hydroxylamine low.
Hydroxylamine accumulation would thus be an indaratfor a delay in the hydroxylamine

oxidation which could be the case directly after éimset of nitrification (Schweiger et al., 2007).

3) Archaeal ammonium oxidation, not producing hygtamine, dominating over bacterial
nitrification. Archaeal nitrifiers have been showm be more abundant than bacterial nitrifiers
throughout the world’s oceans (e.g. Beman et #1082, Molina et al. (2010), Wuchter et al.
(2006)) and have been suggested to dominate ghitodication. Although there are indications
for a different pathway of ammonium oxidation ircleeea and bacteria (Wankel et al., 2007),
hydroxylamine production during archaeal ammoniuridation cannot be ruled out yet,

however.

The current measurements of hydroxylamine do natige enough information to exclude one
of the explanations above. Additional measuremehtsydroxylamine in the water column as
well as from incubation and culture experiments erquired to explain the occurrence of

hydroxylamine in the ocean.



5. Summary

The conversion factors of all experiments with topgitamine conversion are given in Table 2.

Table 2: Conversion factors of hydroxylamine standal addition experiments and field
measurements.

Exp. Medium FAS Nitrite scavenger  Nitrite Conversion factor  Correlation
addition addition addition coefficient
[umol LY [umol LY
2.2.1  MilliQ - - 0.23t03.54 ~0.9 -
2.2.2 BE water - - - 0.009 0.96
2.2.2 BE water - - 0.15 0.12 0.91
2.2.2 BE water - - 0.74 0.13
2.2.3 BE water 220 - 0.16 0.22 0.98
2.2.3 BE water 220 - 0.54 0.19 0.97
2.2.3 BE water 220 - 2.7 0.35 0.97
23.1 MilliQ 220 - - 0.27 0.99
23.1 MilliQ 220 Ascorbic acid, - 0.01 0.29
10 mmol LY, TO
2.3.1 MilliQ 220 Ascorbic acid, - -0.01 0.04
10 mmol LY, T1
2.3.2 MilliQ 220 - 0.87 0.37 0.97
2.3.2 MilliQ 220 Sulfanilamide, 0.87 0.37 0.96
100umol L*
2.3.2 MilliQ 220 - 4.5 0.29 0.99
2.3.2 MilliQ 220 Sulfanilamide, 45 0.29 0.98
100umol L*
2.3.2 Filtered 220 - 0.87 0.34 0.97
seawater
2.3.2 Filtered 220 Sulfanilamide, 0.87 0.36 0.99
seawater 100umol L*
2.3.2 Filtered 220 - 4.5 0.36 0.98
seawater
2.3.2 Filtered 220 Sulfanilamide, 4.5 0.66 0.98
seawater 100pmol L
3.4 BE water, 220 Sulfanilamide, - 0.21t0 0.37 0.98 (average)
monthly 100pmol L
sampling
3.4 Seawater,E 220 Sulfanilamide, - 0.38100.43 0.99 (average)
gatorial 100umol L*
Atlantic

Our results show that in contrast to the findingsBoitler and Gordon (1986a) the detection of
hydroxylamine via FAS conversion is largely affettby the presence of nitrite. The large



number of side reactions and their different betraivi different reaction media (Table 2) demand
the removal of nitrite from seawater samples belfg@roxylamine detection. While ascorbic acid
was found not suitable as nitrite scavenger in tiyglamine analysis, sulfanilamide successfully
removed nitrite from the samples without affectthg FAS conversionBased on these results,
we suggest a modification of the original method the addition of 100 pmolt acidic

sulfanilamide solution to the reaction medium befor directly after acidification of the samples

to inhibit potential NO production from side reactions with nitrite.

Field measurements of hydroxylamine using the nwdifnethod from the Boknis Eck Time
Series Station showed low concentrations of hydesrine throughout the water column. No
significant difference between measurements withwithout sulfanilamide addition were found
at nitrite concentrations below 0.25 pmal ind a storage time of one week, but the effect of
longer storage times and higher nitrite concemtratihas to be further investigated. Monthly
measurements of J at the Boknis Eck Time Series Station showed dwdamine
concentrations in the same order of magnitude asuned by Schweiger et al. (2007). No clear
correlation between hydroxylamine and other pararsetould be found for the period of the
samplings; however, a detailed analysis of thesdaitimcluding at least one full annual cycle of
measurements has to be done yet. Hydroxylamineeotrations from measurements in the
equatorial Atlantic Ocean were below the deteclimit of the method. This can have a number
of reasons, and the current amount of data is nfficient to explain the dynamics of

hydroxylamine cycling in the water column.






7 Conclusions and outlook

The results presented in this thesis give someingights into the understanding of oceanigONand

hydroxylamine production. Our results can be sunzedras follows:

Archaeal NO production has recently been detected by Sardgbral. (2011) from Pacific Ocean
enrichment cultures. Our results complement thésdings by the evidence for archaeajON
production from a pure culture of an ammonium ity archaeon. Together with field data and

onboard experiments, archaea could be identifigbeamain producers of oceanigN

Moreover, an increase of,8 yields with decreasing oxygen concentrations detgcted. This is
especially important as most current studies implyher yields of NO from nitrification with
decreasing oxygen (Codispoti, 2010), this assumgtio example was made in a number of modeling
studies (Nevison et al., 2003;Suntharalingam amchieato, 2000). However, the exponential increase
of the NO vyield with decreasing oxygen concentrations &opin the model simulations was derived
from a similar culture experiment with a bacte@@hmonium oxidizer (Goreau et al., 1980). The
strong evidence for archaeal nitrification as thaimdriver for NO production thus requires the

additional investigation of the oxygen dependerfaarchael nitrification.

Additionally, the metabolic pathway of archaeal anmmm oxidation has to be investigated, too. The
interpretation of the isotopic composition ofONin oceanic waters relies on laboratory experisent
with bacterial nitrifiers (Sutka et al., 2006;Sutiaal., 2003;Stein and Yung, 2003), and the idotop
composition of NO from archaeal nitrification is not well investtgd yet (Santoro et al., 2011). The
here introduced method of hydroxylamine measuresneah be used as another possibility to shed
light on the pathway of archaeal ammonium oxidatidgdroxylamine measurements can also give
insights in the dynamics of nitrogen cycling in theean: First measurements from a coastal time
series station and four open ocean stations asemied here. Hydroxylamine was not detected in the
water column at four open ocean stations which lgsanexplained 1) by different pathways of
ammonium oxidation in archaea and bacteria, 2) rbeféective recycling of hydroxylamine in the
water column that prevents its accumulation ory3)olw nitrification activity in the investigated eai.

At the coastal time series station, hydroxylaminacentrations showed a large variability, and the
dynamics of hydroxylamine accumulation could noteRplained by simple correlations yet. However,
if we understand the pathways of hydroxylamine potidn and consumption in the nitrogen
transformations, hydroxylamine measurements cawigeonew information about the short-term
dynamics of the marine nitrogen cycle. Additionalater column measurements, but also
hydroxylamine measurements in incubation and oceltekperiments with ammonium oxidizing

archaea and bacteria will help to identify the ulyleg processes.



Although nitrogen cycling has been shown to be \aifferent in the ETNA and in the ETSP, our
measurements do not indicate that these differeacesontrolled by other factors than the oxygen
concentrations. A similar regression slope f&,O/AOU in the ETNA and ETSP indicates a similar
yield of N;O during oxygen consumption in both areas. An iaseein N,O/AOU was observed for
oxygen concentrations between 5 and 50 pridhlthe ETSP, which may be due to a shift in th®N
production pathway from hydroxylamine oxidation taitrifier-denitrification (Popp et al.,
2002;0strom et al., 2000) or the onset gONbroduction by denitrification (Farias et al., 2(Bange

et al., 2005). However, 0 production from archaeal nitrification was ndtea into account in these
studies, and production pathways are still uncléaarchaeal ammonium oxidation accounts for the
majority of the aerobic MD production, its production pathways are the ntaintrol on the isotopic
composition of NO. A mixture of hydroxylamine oxidation and nitgfidenitrification was identified
as NO production pathway from isotopic studies withiegmment cultures (Santoro et al., 2011),
while nitrifier-denitrification was excluded as,® production pathway frorN. maritimuscultures in
our study. A different production pathway from ¢krsB affiliated Thaumachaeotavhich are
prevalent in oxygen-deficient waters (Molina et 2010) cannot be excluded yet. In the ETNA, a
slope change was not observable as minimum oxygeceatrations were close to 50 pmél. If in

the ETNA a similar slope change to the ETSP isbéisteed, a decrease in oxygen concentrations as a
result of climate change (Stramma et al., 2008bllevdead to a disproportional increase ingON
concentrations which, in turn, could also lead mhanced MO emissions from the Mauritanian

upwelling by an increase in the® transport from subsurface waters.

For the Mauritanian upwelling / production in the mixed layer was found not sugifit to close the
large discrepancy between upwardONflux into the mixed layer and sea-to-air flux. |Arge
discrepancy between diapycnal and sea-to-air fllhaes been explained by,® production from
mixed layer nitrification in earlier studies (Mdradt al., 2001;Santoro et al., 2010;Dore and Karl,
1996;Cline et al., 1987). However, most of the &sidlid not calculate JO production rates for the
mixed layer, and these studies were carried ouegmons where surface, concentrations were
close to equilibrium and therefore, the absolutcrdipancy of the fluxes was smaller than in an
upwelling area. Charpentier et al. (2010) calcaledemixed layer budget for,® in the upwelling
area off Chile and introduced an unidentified piigiun pathway of MO in the mixed layer to close
the budget. In contrast, in our study we arguetthediscrepancy is rather explained by a reduesd g
exchange due to the occurrence of surfactants.oidth there are some indications for a reducing
effect of surfactants on gas exchange (Upstill-Godd2006;Schmidt and Schneider, 2011), direct
evidence that this effect is responsible for theéalance of the budget is still missing, and further
investigation on this effect is required to verifyr hypothesis. A reduced gas exchange would have
large implications on the oceanic®l emissions to the atmosphere, yet. Depending ®mxtension

of surfactants in the oceans and on the magnittitteeaeduction of gas exchange in different oceani

regions, a reduced gas exchange may lead to sigmily reduced oceanic, emissions. Moreover,



a reduction of the gas exchange would not onlycaffeO emissions but also the flux balance of other

trace gases.
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