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Summary

Summary

The Eastern Tropical South Pacific (ETSP), hosts an extensive Oxygen Minimum Zone (OMZ) in
the water column which has a major imprint on local and global marine biogeochemistry. Due
to the low oxygen conditions within the OMZ, microbial processes of nitrogen (N) loss, such as
anammox and denitrification are sustained in the water column. These processes result in a
pronounced N deficit which reduces bioavailable N for primary productivity and thus influences
fisheries production in the region. To maintain a balanced marine N inventory regionally in
ETSP, the N deficit would have to be compensated by N inputs via upwelling or N fixation. A
classical assumption is that N; fixation is favoured by iron (Fe) availability and a surplus of
inorganic phosphate relative to inorganic nitrogen (this relativity is defined as P*), both
conditions are present in the ETSP. Over the past decades, this assumption has been integrated
into most coupled circulation and N-cycle biogeochemical models. These models indicate that
there is a close spatial link between areas of high N loss, generally confined to OMZs and N
fixation. On the contrary, other biogeochemical models have revealed that a close spatial link
between N loss and N; fixation in the OMZ may give rise to run-away loss of fixed N in the ETSP,
ultimately destabilizing the regional marine N inventory. A run-away N loss could have far-
reaching consequences for primary productivity in the region, with potential negative
cascading effects on the trophic system.

At the onset of this thesis in 2019, there was already a good understanding of the magnitudes
and spatial distribution of microbial N loss processes in the ETSP. However, a limited and poor
spatial resolution of N3 fixation rates challenged our understanding of its relevance in the ETSP.
Thus, the model results suggesting a spatial coupling between N; fixation and N loss in the
ETSPs” OMZ are yet to be validated. In particular, it was unclear whether the magnitude of N,
fixation provide sufficient N inputs required to replenish the local N loss and sustain the high
primary productivity in the ETSP. This largely unassessed ecological and biogeochemical role
of N3 fixation impedes a proper assessment of the marine N inventory locally in the ETSP.

The primary objective of this doctorate dissertation was to assess the spatial distribution and
biogeochemical relevance of N; fixation rates in the ETSP, with a specific focus on the
Humboldt Upwelling System (HUS) off the coast of Peru. The first manuscript of this
dissertation (Chapter 2), assessed the spatial coupling hypothesis by deciphering the spatial
distribution and magnitudes of N; fixation in the HUS and the relationship with estimates of N
loss. Additionally, | quantified the contribution of coastal N» fixation as a new N source for
phytoplankton productivity. The study encompassed the North to South region of the HUS
from 8°S to 16°S. We covered various intensities of the OMZ, N deficit and gradients in physical
and biogeochemical environmental factors including O,, macro and micronutrients and
primary productivity. This study presents the first comprehensive dataset on coastal N; fixation
rates in the northern HUS. We identified a latitudinal gradient in N3 fixation rates, with higher
rates observed in southern productive waters compared to the northern low-productivity
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region. This latitudinal pattern mirrored the intensity of the OMZ, N deficits and nitrite maxima,
which are indicative of microbial N loss processes. My results reveal that in austral summer,
the HUS is not a hotspot of N fixation due to detectable but low rates measured from coastal
euphotic waters, and their further decrease with depth and distance from the coast.

In this dissertation work, | provide a comprehensive synthesis by incorporating N, fixation
datasets collected from various seasons and years during cruises conducted as part of the
Collaborative Research Centre 754 (SFB754). These in-situ measurements allowed us to derive
robust conservative estimates of N fixation rates and assess their spatiotemporal distribution
in the ETSP. Generally low N3 fixation rates of less than 5 nmol N L' d! were consistently
observed across seasons and years. Nonetheless, higher N, fixation rates were observed during
austral summer, with a significant degree of variability due to sporadic and patchy occurrences
of a few high rates above 10 nmol N L2 dl. When integrated and extrapolated to the entire
ETSP, these conservative estimates demonstrate that in-situ N fixation rates are lower than
model-predicted estimates, challenging the characterization of the region as a hotspot of N,
fixation. Overall, this analysis indicates that even during austral summer when coastal N2
fixation rates are at their peak, they are still lower than model estimates and they contribute
only a minor fraction (~0.4%) of the total primary productivity in the coastal HUS. Comparing
the estimates of N; fixation to the high N loss rates currently observed in the ETSP, it becomes
evident that across all seasons, N3 fixation rates are insufficient to fully replenish local N losses.
Thus, from a biogeochemical perspective, our findings suggest that N; fixation and N loss in
the ETSP are spatially decoupled necessitating higher N, fixation in other regions to replenish
the N loss occurring in the ETSP.

Insufficient knowledge of the environmental factors that regulate and constrain N fixation has
presented challenges in reconciling field observations with model estimates. To address this
gap, | went a step further to assess the relationships and interactions between N fixation and
environmental predictors influencing its distribution (Chapters 2 & 3). In Chapter 3 of this
dissertation, a novel aspect is presented. | highlight the potential for trace metal colimitation
involving Fe, cobalt (Co) and nickel (Ni) in regulating N3 fixation in the HUS. Contrary to the
traditional perspective, we demonstrate that N; fixation in this region exhibits a weak response
to the presence of P* and high Fe conditions along the coast (Chapters 2 and 3). Additionally,
we emphasize that the regulation of N; fixation in the HUS may involve nonlinear interactions
among various environmental factors such as trace metals and phytoplankton-associated
organic matter due to the prevalence of non-cyanobacterial diazotrophs (NCDs). Therefore,
relying solely on Fe and P concentrations to predict N» fixation in the ETSP, without considering
other potential interconnected factors may have led to an overestimation of its role in the
region. Chapter 3 presents an updated perspective on other potential controls for N fixation
in the HUS, which may have been overlooked and require further investigation. Overall, this
dissertation work provides valuable insights for future field studies and experiments on the
regulation of N, fixation in OMZs.
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In Chapter 4, | explore nitrate availability from upwelled deep water as a primary nitrogen
source for primary productivity in the ETSP. The study focused on understanding how gradients
in nitrate concentration and light regulate phytoplankton nitrate and carbon uptake, thereby
influencing primary productivity within the HUS. The direct response of natural phytoplankton
communities to changes in light and nitrate conditions remains understudied in the HUS. This
knowledge gap poses challenges in accurately parameterizing phytoplankton responses within
biogeochemical models, which aim to predict the fate of this ecosystem under climate change.
My findings reveal that nitrate uptake is limited by nitrate concentrations only under high light
intensities, whereas carbon uptake is predominantly nitrate-limited. However, regenerative
nitrogen sources such as ammonium may contribute substantially to carbon uptake. Notably,
at low nitrate concentrations, carbon uptake was decoupled from nitrate uptake resulting in
an above-Redfield uptake ratio of carbon to nitrogen. This non-Redfield behaviour was
observed in conjunction with the presence of a mixotrophic phytoplankton community.
Consequently, primary productivity in the HUS cannot be simply predicted from light
attenuation and concentrations of upwelled nitrate and chlorophyll a. The influence of
regenerative nutrient uptake and non-Redfield productivity may play a large role in sustaining
primary productivity, particularly in mixotrophy-dominated phytoplankton communities.
These results have important implications for the parameterisation of phytoplankton
responses to light and nutrients used in satellite-based approaches for estimating primary
productivity in the HUS.

As we contemplate the future of marine N cycling in the ETSP, it is imperative to understand
the current dynamics of N inputs and losses. This dissertation work serves to update our
current understanding of the distribution and magnitudes of N; fixation and its contribution to
primary productivity and the replenishment of N loss in the ETSP. Furthermore, the measured
rates enhance the spatial resolution on which large-scale extrapolations of N; fixation in the
ETSP are based. By elucidating the distribution of N; fixation across physicochemical gradients
and examining the sensitivity of N fixation rates to changes in Fe and P concentrations within
an understudied yet biogeochemically and ecologically significant region (Chapters 2 and 3),
this dissertation work contributes to our evolving comprehension of the factors governing N2
fixation in OMZs. We highlight that the disparity between in-situ N, fixation rates and model
predictions in the ETSP may largely stem from a limited consideration of other biogeochemical
factors that potentially regulate N, fixation as well as insufficient knowledge regarding the
physiology of non-cyanobacterial N3 fixers that dominate the ETSP. Furthermore, the notion of
N, fixation being primarily regulated by Fe and P as widely recognized in the global ocean, may
have been overstated for the ETSP. Thus, these findings serve as a valuable foundation for
future research on the regulation of marine N3 fixation especially in the ETSP. Moreover, this
dissertation provides insights for parameterisations of N3 fixation in forthcoming modelling
studies that assess the marine nitrogen cycle and its vulnerability to climate change.
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Zusammenfassung

Im  Ostlichen  tropischen  Sldpazifik (ETSP) befindet sich eine ausgedehnte
Sauerstoffminimumzone (OMZ) in der Wassersdule, die einen erheblichen Einfluss auf die
lokale und globale marine Biogeochemie besitzt. Aufgrund der sauerstoffarmen Bedingungen
innerhalb der OMZ werden mikrobielle Prozesse des Stickstoffverlustes, wie Anammox und
Denitrifikation, in der Wassersaule verstarkt. Diese Prozesse fihren zu einem ausgepragten
Stickstoffdefizit, welches die Bioverflgbarkeit des Stickstoffs fir die Primarproduktivitat und
somit die Produktivitdt der Fischerei insgesamt reduziert. Damit ein ausgewogenes
Stickstoffinventar im ETSP lokal aufrechterhalten wird, musste dieses Stickstoffdefizit durch
andere Stickstoffquellen, wie den Auftrieb von Tiefenwasser oder N;-Fixierung, ausgeglichen
werden. Eine weit verbreitete Annahme ist, dass die Nj-Fixierung beglnstigt wird durch die
Verfligbarkeit von Eisen (Fe) sowie einen Uberschuss an anorganischem Phosphat (P) im
Verhaltnis zum anorganischen Stickstoff (N) (dieses Verhaltnis wird als P* definiert), wobei
beide Bedingungen im ETSP vorliegen. In den letzten Jahrzehnten wurde diese Annahme in die
meisten gekoppelten, biogeochemischen Zirkulations- und Stickstoffzyklusmodelle integriert.
Gemal diesen Modellen besteht ein enger raumlicher Zusammenhang zwischen Bereichen mit
hohem Stickstoffverlust, welche sich im Allgemeinen auf die OMZs begrenzen und Bereichen,
in denen die Nj-Fixierung stattfindet. Im Gegensatz dazu haben andere biogeochemische
Modelle gezeigt, dass ein rdumlicher Zusammenhang zwischen einem Stickstoffverlust und der
N2-Fixierung in der OMZ zu einem unkontrollierten Verlust von fixiertem N im ETSP flhren
konnte, was letztlich das lokale marine Stickstoffinventar destabilisiert. Ein unkontrollierter
Verlust von N kdnnte weitreichende Folgen fiir die Primarproduktivitat in dem Gebiet haben,
mit moglichen weiterfihrenden, negativen Effekten auf das Nahrungsnetz.

Zu Beginn dieser Arbeit im Jahr 2019 hatte man bereits ein gutes Verstandnis Uber die
GroRenordnung sowie die raumliche Verteilung des mikrobiellen Stickstoffverlustes im ETSP.
Andererseits warf aber auch die begrenzte Datenlage und das damit einhergehende
unzureichende Wissen Uber die raumliche Auflosung der N,-Fixierungsraten Fragen Uber deren
Bedeutung fur den ETSP auf. So steht eine Validierung der Ergebnisse der Modelle, die eine
raumliche Kopplung zwischen der Nj-Fixierung und dem Stickstoffverlust in der OMZ im ETSP
zeigen, derzeit noch aus. Insbesondere blieb dabei ungeklart, ob das Ausmald an N»-Fixierung
ausreicht, um die lokalen Stickstoffverluste auszugleichen und damit die hohe
Primarproduktivitat im ETSP aufrechtzuerhalten. Diese weitgehend unerforschte 6kologische
und biogeochemische Rolle der Nj-Fixierung erschwert eine angemessene Untersuchung des
marinen Stickstoffinventars lokal im ETSP.

Das Hauptziel dieser Dissertation bestand darin, die raumliche Verteilung sowie die 6kologische
und biogeochemische Bedeutung der Nj-Fixierungraten im ETSP genauer zu untersuchen,
wobei der Fokus spezifisch auf dem Auftriebsgebiet des Humboldt-Stroms (HUS) vor der Kiste
Perus lag. Im ersten Manuskript (Kapitel 2) dieser Dissertation wurde die Hypothese zur
raumlichen Kopplung untersucht, indem im HUS die rdumliche Verteilung und die Menge der
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N2-Fixierung in Bezug zu dem geschatzten Stickstoffverlust aufgeschlisselt wurde. Zudem habe
ich den Beitrag der kistennahen Nj-Fixierung als Stickstoffquelle fir die Produktivitat des
Phytoplanktons quantifiziert. Die Studie erstreckte sich auf den Bereich von 8° bis zu 16°
stdlicher Breite (°S). Wir haben dabei verschiedene Intensitaten der OMZ, des Stickstoffdefizits
sowie Gradienten von physikalischen und biogeochemischen Umweltfaktoren, einschlieflich
Sauerstoff (0z), Makro- und Mikronahrstoffen und die Priméarproduktivitat erfasst. Mit dieser
Studie liegt der erste umfassende Datensatz zu den kistennahen Nj-Fixierungraten im
nordlichen HUS vor. Dabei konnten wir einen Gradienten bzgl. der Breitengrade in den N;-
Fixierungsraten identifizieren, wobei hohere Raten in den produktiven Gewassern des Siidens
im Vergleich zur nordlichen Region mit geringerer Produktivitdt beobachtet wurden. Dieses
Muster in der regionalen Verteilung spiegelte die Intensitat der OMZ, des Stickstoffdefizits und
der Nitrit-Maxima wider, die auf mikrobielle Prozesse des Stickstoffverlustes hinweisen. Unsere
Beobachtungen zeigen, dass die Ny-Fixierungsraten in kistennahen, nahrstoffreichen
Gewassern nachweisbar, jedoch relativ niedrig sind und mit zunehmender Tiefe und Entfernung
von der Klste weiter abnehmen.

In dieser Dissertationsarbeit liefere ich eine umfassende Synthese, indem ich die Datensatze
zur Np-Fixierung aus verschiedenen Jahren und Jahreszeiten zusammenfihre, welche wahrend
der Ausfahrten im Rahmen des Collaborative Research Centre 754 (SFB754) gesammelt
wurden. Diese in-situ-Messungen ermdglichten es uns robuste, konservative Schatzungen der
N»-Fixierungraten und ihrer rdumlichen und zeitlichen Verteilung im ETSP abzuleiten. Im
Allgemeinen wurden Gber die Jahre und die Jahreszeiten hinweg konsistent relativ niedrige N»-
Fixierungraten mit weniger als 5 nmol N L'! d! beobachtet. Jedoch wurden auch wéhrend der
Sommermonate der Sidhemisphare hohere Nj-Fixierungsraten festgestellt, die aufgrund des
vereinzelten und punktuellen Auftretens einiger weniger hoher Raten tber 10 nmol N L d?
ein erhebliches Mall an Variabilitat aufwiesen. Wenn diese konservativen Schatzungen
integriert und auf den gesamten ETSP extrapoliert werden, zeigt sich, dass die Nj-
Fixierungraten in-situ niedriger sind als die von den Modellen vorhergesagten Schatzungen,
was die Charakterisierung der Region als Hotspot der N,-Fixierung in Frage stellt. Insgesamt
deutet diese Analyse darauf hin, dass selbst, wenn die kiistennahen Nj-Fixierungraten ihren
Hohepunkt in den Sommermonaten erreichen, sie immer noch geringer ausfallen als die
Modellschatzungen und sie nur einen geringen Anteil (etwa 0,4%) der gesamten
Primarproduktivitat des kiistennahen HUS’s ausmachen. Vergleicht man diese Schatzungen der
niedrigen N»-Fixierung mit den hohen Raten an Stickstoffverlust, welche derzeit im ETSP
beobachtet werden, so wird deutlich, dass die N-Fixierungraten nicht ausreichen, um die
lokalen Stickstoffverluste vollstandig auszugleichen. Aus biogeochemischer Sicht legen unsere
Ergebnisse daher nahe, dass die Nj-Fixierung und der Stickstoffverlust im ETSP raumlich
entkoppelt sind und eine hohere Nj-Fixierung in anderen Regionen stattfinden muss, um den
im ETSP auftretenden Stickstoffverlust auszugleichen.

Das unzureichende Wissen Uber die Umweltfaktoren, die die N,-Fixierung beeinflussen und
beschranken, hat es schwierig gemacht, die Feldbeobachtungen mit den Modellschatzungen in
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Einklang zu bringen. Um diese Llcke zu schlieRen, bin ich einen Schritt weiter gegangen und
habe die Zusammenhange und Wechselwirkungen zwischen der Nj-Fixierung und
Umweltfaktoren, welche deren Verteilung beeinflussen, untersucht (Kapitel 2 und 3). In Kapitel
3 dieser Arbeit wird dazu ein neuer Aspekt vorgestellt. Dabei hebe ich die potenzielle Ko-
Limitierung von Spurenmetallen wie Fe, Cobalt (Co) und Nickel (Ni) auf die N,-Fixierung im HUS
hervor. Im Gegensatz zur bisherigen Auffassung kdnnen wir zeigen, dass die Na-Fixierung in
diesem Bereich nur schwach auf das Vorliegen von P* und einen hohen Fe-Gehalt entlang der
Kiste reagiert (Kapitel 2 und 3). Darlber hinaus betonen wir, dass aufgrund des Vorkommens
von nicht-cyanobakteriellen  mikrobiellen  Stickstofffixierern ~ (NCDs), nicht-lineare
Wechselwirkungen zwischen verschiedenen Umweltfaktoren wie Spurenmetallen und
Phytoplankton-assoziierten organischen Stoffen einen Einfluss auf die N»-Fixierung haben
konnen. Wenn man sich also nur auf die Konzentration von Fe und P stitzt, um die Na-Fixierung
im ETSP vorherzusagen, ohne diese sich wechselseitig beeinflussenden Faktoren zu
beriicksichtigen, kann dies zu einer Uberschatzung der Rolle und des Beitrags der N-Fixierung
in dieser Region fuhren. In Kapitel 3 wird somit ein neuer Blick auf potenzielle EinflussgroRen
auf die Na-Fixierung im HUS geworfen, welche moglicherweise bislang ibersehen wurden und
einer weiteren Untersuchung bedirfen. Insgesamt liefert diese Dissertation nitzliche
Erkenntnisse fir zuklnftige Feldstudien und Experimente zu den EinflussgrofRen auf die N-
Fixierung in OMZs.

In Kapitel 4 untersuche ich die Verflgbarkeit von Nitrat, welche aus dem Auftrieb von
Tiefenwasser hervorgeht, als primare Stickstoffquelle fir die Primarproduktivitat im ETSP. Die
hierzu durchgeflhrte Studie konzentrierte sich darauf zu verstehen, wie Gradienten sowohl in
der Nitratkonzentration als auch in der Lichtintensitat die Nitrat- und Kohlenstoffaufnahme des
Phytoplanktons verandern und dadurch die Primarproduktivitat innerhalb des Systems
beeinflussen. Die direkte Reaktion natlrlicher Phytoplanktongemeinschaften auf
Verdanderungen der Licht- und Nitratverhaltnisse ist im HUS nach wie vor wenig erforscht. Diese
Wissenslicke stellt eine Herausforderung dar, wenn es darum geht, die Reaktionen des
Phytoplanktons in biogeochemischen Modellen, die darauf abzielen das Schicksal dieses
Okosystems im Zuge des Klimawandels vorherzusagen, genau zu parametrisieren. Meine
Ergebnisse zeigen, dass die Nitrataufnahme nur unter hoher Lichtintensitat durch die
Nitratkonzentration beschrankt ist, wohingegen die Kohlenstoffaufnahme allgemein durch die
Nitratkonzentration beeinflusst wird. Es st allerdings auch so, dass regenerative
Stickstoffquellen  wie  Ammonium die  Kohlenstoffaufnahme  erhéhen  koénnen.
Bemerkenswerterweise zeigte sich, dass bei niedrigen Nitratkonzentrationen die
Kohlenstoffaufnahme von der Nitrataufnahme entkoppelt war, was zu einem
Aufnahmeverhaltnis von Kohlenstoff zu Stickstoff Uber dem Redfield-Wert flihrte. Dieses
Verhalten, welches nicht dem Redfield-Verhaltnis entspricht, wurde im Zusammenhang mit der
Gegenwart einer mixotrophen Phytoplanktongemeinschaft beobachtet. Folglich kann die
Priméarproduktivitat im HUS nicht einfach anhand der durch den Auftrieb entstehenden Nitrat-,
Chlorophyllkonzentrationen und der Lichtabschwachung vorhergesagt werden. Der Einfluss der
regenerativen  Nahrstoffaufnahme und dieser  Nicht-Redfield-Produktivitat  konnte
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insbesondere in Phytoplankton-Gemeinschaften, die durch Mixotrophie gekennzeichnet sind,
eine grolRe Rolle bei der Aufrechterhaltung der Primarproduktivitat spielen. Diese Ergebnisse
besitzen wichtige Implikationen fir die Parametrisierung der Reaktionen des Phytoplanktons
auf Licht und Nahrstoffe, welche bei der satellitenbasierten Schatzung der Primarproduktivitat
im HUS verwendet werden.

Wenn man Uber die Zukunft des marinen Stickstoffkreislaufs im ETSP nachdenkt, ist es
unerlasslich, die gegenwartige Dynamik der Stickstoffzuwédchse und -verluste zu verstehen.
Diese Dissertation dient dem Zweck, unser Verstandnis der Verteilung und der GréfRenordnung
der Ny-Fixierung im ETSP auf einen aktuellen Stand zu bringen und so ihren Beitrag zur
Priméarproduktivitdt und zum Ausgleich des Stickstoffverlusts bewerten zu koénnen. Des
Weiteren tragen die erfassten Nj-Fixierungraten zu einer verbesserten Auflésung bei, auf
welcher die Extrapolationen der N»-Fixierung im ETSP im groSen MaRstab beruhen. Durch die
Analyse der Verteilung der N»-Fixierung tber physikochemische Gradienten hinweg und die
Untersuchung der Sensitivitat der N,-Fixierungsraten auf Veranderungen der Konzentration
von Fe und P in einer noch wenig erforschten, aber biogeochemisch und o6kologisch
bedeutsamen Region (Kapitel 2 und 3), tragt diese Arbeit zu einem wachsenden Verstandnis
der Faktoren bei, die die Ny-Fixierung in den OMZs beeinflussen. Wir heben hervor, dass die
Diskrepanz zwischen den Ny-Fixierungsraten in-situ und den Vorhersagen aus Modellen im
ETSP grofStenteils auf die unzuldngliche Berlicksichtigung anderer biogeochemischer Faktoren,
die potenziell die Nj-Fixierung beeinflussen, zuriickzufihren sein konnte sowie auf
unzureichende Kenntnisse Uber die Physiologie der nicht-cyanobakteriellen N-Fixierer, welche
im ETSP dominant vorkommen. Dariber hinaus kénnte die Ansicht, dass die Nj-Fixierung
hauptsachlich durch Fe und P beeinflusst wird, welche in Bezug auf den globalen Ozean weithin
anerkannt ist, gerade in Hinblick auf den ETSP, (berbewertet worden sein. Diese Ergebnisse
bilden somit eine wertvolle Grundlage flr zuklnftige Forschungsvorhaben zu den
EinflussgroRen auf die marine Nj-Fixierung. Zusatzlich liefert diese Dissertation Erkenntnisse
fir die Parametrisierung der Na-Fixierung in zuklnftigen Modellierungsstudien, welche die
marinen Stickstoffkreisldufe und ihre Anfalligkeit fir den Klimawandel untersuchen.
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1.1 General Introduction

1.1.1 The interlinking carbon and nitrogen cycles: Importance of
bioavailable nitrogen for primary production in the ocean

Marine primary productivity accounts for ~ 50% of the annual primary production globally
(Behrenfeld et al., 2001; Field et al., 1998). It makes up the foundation of the marine food web,
where trophic interactions mediate the transfer of energy to higher trophic levels (Falkowski,
1997; Messié and Chavez, 2015). The productivity of marine ecosystems primarily relies on the
availability and supply of nutrients. Among these, bioavailable nitrogen and dissolved inorganic
phosphorus (P) are the major nutrients, essential for the formation of biomolecules and
cellular components such as nucleic acids, proteins, and amino acids. Bioavailable or fixed
nitrogen (N) encompasses various oxidized and reduced inorganic and organic nitrogen forms,
including nitrate (NO3), nitrite (NO27), ammonium (NH4*), urea and dissolved organic nitrogen
(DON), henceforth collectively simplified to “bioavailable or fixed N”. Phytoplankton assimilate
(forward reaction) bioavailable N, P and dissolved carbon dioxide (CO;) to organic matter, and
respire (reverse reaction) organic matter following a stoichiometric relationship defined as the
‘Redfield ratio’ as depicted in Equation. 1 (Redfield, 1958). This ratio implies a strong
connection between macronutrient availability, phytoplankton productivity, and carbon
cycling. In the case of silicifying phytoplankton, such as diatoms, Silica (Si) also serves as an
essential element. Furthermore, phytoplankton also require trace amounts of other
micronutrients like Iron (Fe), Cobalt (Co), and Zinc (Zn), among others to function (Morel and
Price, 2003). Consequently, the biogeochemical cycling of macro and micronutrients in the
ocean plays a vital role in driving marine productivity.

106CO, + 16HNO; + H5PO, + 122H,0 (CH,0)06(NH3),4(HsPO,) + 1380, (1)

light
Liebig's Law of the Minimum states that the maximum yield of phytoplankton is determined
by the nutrient that is present in the least quantity relative to the demands for phytoplankton
growth (Liebig, 1855). In the present ocean, on timescales ranging from years to centuries,
productivity can be locally and temporarily limited by the availability and supply of bioavailable
N (Tyrrell, 1999). This N limitation becomes evident through an immediate increase in primary
productivity when fixed N is added to the surface ocean. Therefore, the processes that supply
bioavailable N to the surface ocean play a crucial ecological role in regulating marine
productivity and the export of carbon to the deep ocean (Gruber, 2004).

Phytoplankton production is primarily influenced by external N sources, referred to as “new
N”, resulting from the upwelling and vertical diffusion of NOs™ enriched waters (Raimbault and
Garcia, 2008) as well as microbial nitrogen fixation (henceforth N; fixation), and to a lesser
extent through atmospheric deposition of nitrogenous compounds, groundwater and river
runoff (Gruber, 2008; Jickells et al., 2017). This external nitrogen supports the growth of
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phytoplankton, known as “new production”. On the other hand, a significant but relatively
minor fraction of total primary production, termed “regenerated production” is sustained by
the recycling or regeneration of N within the euphotic zone in the form of NHa*, NO,", urea or
DON, (Dugdale and Goering, 1967). However, only new N can alleviate N limitation and
significantly impact organic matter export at magnitudes significant for CO, uptake (Karl et al.,
2002).

Over annual timescales, the export of sinking organic matter from surface waters balances new
production, thereby sustaining the role of the biological carbon pump in CO; uptake. In other
words, the metabolism of phytoplankton N is coupled with carbon (C) cycling, ecosystem
functioning, and the efficiency of CO, uptake. Assuming parallel C and N cycling, if bioavailable
N limits primary productivity, it also constrains the effectiveness of CO, uptake by marine
primary producers. Therefore, significant changes in the marine N inventory, which is known
to be sensitive to climatic conditions can have feedback effects on climate by reducing the
efficiency of the biological carbon pump due to N limitation on phytoplankton productivity
(Voss et al., 2013).

1.1.2 The marine nitrogen cycle in a snapshot.

The biogeochemical processes within the marine N cycle are highly dependent on and sensitive
to changes in dissolved oxygen (0,) levels in the environment. As a result of sharp gradients
between oxic and anoxic/hypoxic (zero/low O3) conditions, both water columns and marine
sediments exhibit a complex N cycle involving a diverse range of assimilatory and dissimilatory
microbial processes (Canfield et al., 2010). Throughout these processes, bioavailable N is either
oxidized or reduced, leading to the production of N-related compounds that can either
accumulate or be lost from the environment. The intricate transformations involved in this
cycle are illustrated in Figure 1 and described in detail below.

Despite the abundance of nitrogen in the Earth’s atmosphere (78%), it exists primarily as inert
nitrogen gas (N2). Through a process called N2 fixation, inert N, dissolved in seawater is
microbially converted to NHi* thus becoming bioavailable for marine organisms. The
assimilation of NHs* and NOs™ by marine phytoplankton is the dominant process in the marine
N cycle. NH4*is the preferred form of N for phytoplankton and macro-algae because it occurs
in the most reduced state, making its consumption more energy efficient (Galloway et al.,
2004).

In oxygenated conditions, an alternative process influencing NHs*, called ammonium
oxidation/ nitrification occurs, where NH4" is sequentially oxidized to NO,” and then to NOs.
Under anoxic/hypoxic conditions, this dissimilatory process can result in the intermediate
production of nitrous oxide (N20), a potent greenhouse gas with a higher global warming
potential than CO; (Canfield et al., 2010). Furthermore, in anoxic conditions, N,O is also
generated as an intermediate product during the stepwise microbial process of denitrification,
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involving nitrite reduction (Egn. 2a). However, the production of N,O while spatially variable is
only considered a minor sink of bioavailable N globally (Bianchi et al., 2012; Voss et al., 2013).
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Figure 1.1 A simplified schematic illustration of the marine nitrogen cycle and its microbial
pathways and transformations. Of particular importance are nitrogen (N;) fixation and
denitrification which are mainly responsible for mediating large and long-term changes in the
marine N inventory. Figure created with BioRender.com.

In O, depleted (anoxic to hypoxic) conditions, NOs™ is preferentially used as an alternative
electron acceptor for the degradation of organic matter during the process of Denitrification.
In this process, heterotrophic anaerobic bacteria sequentially reduce, NOs to N; via NO; and
N2O consumes NOs™ during organic matter remineralization (Eqn.2a,b) and has long been
considered the primary pathway for NOs reduction in the marine environment (Falkowski,
1997). Depending on the extent of anoxia, denitrification can be complete (fully anoxic) with
N, as the end product or incomplete (suboxic), thereby producing NO,. Significant
advancements in understanding the N cycle have recognized the importance of dissimilatory
nitrate/nitrite reduction to ammonium (DNRA) carried out by autotrophic and heterotrophic
bacteria. DNRA provides an alternative pathway through which bioavailable N can be retained
in the environment in the form of NH4* (Canfield et al., 2005).

Sequential denitrification reaction
NO3 - NO; - NO+ N,0 - N, (2a)

Redox denitrification reaction
2NO3 + 10e™ + 12H* -» N, + 6H,0 (2b)
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For decades, oceanographers were puzzled by the low to non-detectable NH4* concentrations
in low O environments. It was hypothesized that NH4* in these environments might undergo
anaerobic oxidation to N, using either NOs or NO; as electron acceptors (Richards et al.,,
1965). Evidence for such a pathway was first discovered in a wastewater treatment plant in
1995 (van de Graaf et al., 1995). Subsequently, autotrophic anaerobic bacteria were found to
mediate the loss of bioavailable N in marine environments such as anoxic shelf sediments,
semi-enclosed basins, and the water column of Oxygen Minimum Zones (OMZs), through the
process of anaerobic oxidation of ammonium (anammox), (Thamdrup and Dalsgaard, 2002;
Kuypers et al., 2003, 2005). During anammox, ammonium is oxidized using NO; (Eqn. 3) and
the process is considered less sensitive to O, than denitrification (Kalvelage et al., 2011). While
the quantitative significance of anammox on a global scale remains debated, regionally it is
considered the dominant pathway for N loss in the Oman shelf and OMZs associated with
major upwelling systems off Namibia, Peru and Chile (Thamdrup et al., 2006; Jensen et al.,
2011; Kuypers et al.,, 2005; Hamersley et al., 2007). Nonetheless, from a geochemical
perspective, both denitrification and anammox (hereafter N loss) are responsible for the
removal of bioavailable N from the marine system, although they differ in their stoichiometry
(Paulmier et al., 2009).

NH} + NO; - N, + 2H,0 (3)

The ocean is a large reservoir of bioavailable N, which constitutes about 6% of all the dissolved
N in seawater. In general, these microbially-mediated reduction-oxidation (redox) reactions
that occur within the water column and sediments regulate the inventory of N in the global
ocean. Of these processes, Ny fixation and denitrification are characterized by rate-limiting
feedback that primarily regulate the marine N inventory. Hence, on long-time scales, they are
ultimately responsible for large deviations in the bioavailable N inventory and consequently
influence bioavailable nitrogen availability, rates of primary production and export of organic
carbon to the deep ocean (Galloway et al., 2004).

1.2 Marine nitrogen fixation

1.2.1 The evolutionary process of fixing nitrogen.

Atmospheric nitrogen gas (N2) is composed of two nitrogen atoms that are strongly bound by
a triple bond (N=N), making it difficult and energetically costly to break. As a result, most
organisms are unable to assimilate N, once it is dissolved in water. However, a specialized
group of diverse bacteria and archaea called diazotrophs possess the nitrogenase enzyme
complex which catalyzes the enzymatic reduction of N, gas into bioavailable forms such as
ammonia (Capone and Carpenter, 1982). Nonetheless, even for these specialized organisms,
N, fixation is an energetically demanding process, requiring the consumption of 16 adenosine
triphosphate (ATP) units for every N> molecule reduced.
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Despite the energetic cost associated with N» fixation, the ability to fix Ny is widespread across
the Tree of Life. The evolutionary origin of Nitrogenases is believed to trace back to a reduced
atmosphere and ocean (low O3), approximately 3.5 billion years ago when early thermophilic
methanogens evolved the capacity to fix N; as a means to circumvent a severe N limitation in
their environment (Kasting and Siefert, 2001). Today, nitrogenase is responsible for catalyzing
the production of up to half of the bioavailable N on Earth (Falkowski, 1997). The overall
reaction of the nitrogenase enzyme complex is summarized in Equation 2 below.

N, + 8H* + 8e™ + 16ATP — 2NH; + H, + 16ADP + 16P, (4)

The primary form of nitrogenase that is extensively studied is the molybdenum (Mo)-
dependent nitrogenase which is encoded by the nifHDK gene, made up of two subunits. The
nifH subunit encodes the dinitrogenase reductase, (an iron protein) while the nifDK subunit
encodes the dinitrogenase (an Iron-Mo protein). Hereafter | refer to nifHDK as nifH: the
functional marker gene for N3 fixation. nifH gene is the preferred biomarker in the study of
diazotrophic diversity because it is highly conserved and widespread in bacteria and archaea
phyla (Raymond et al., 2004; Zehr et al., 2003; Turk-Kubo et al., 2012; Jayakumar et al., 2012).
Nitrogenases are therefore considered metalloenzymes, utilizing trace metal cations as a
cofactor in their active site. These metal centres, particularly for iron (Fe), confer diazotrophs
higher Fe requirements compared to non-diazotrophs (Kustka et al., 2002).

Due to the evolutionary history of nitrogenases in low and potentially transient O, conditions,
all nitrogenases are sensitive to O, and are permanently inhibited by its presence (Robson and
Postgate, 1980). However, diazotrophs have developed species-specific mechanisms to
protect themselves from oxygen damage. Examples include temporal separation of N; fixation
and oxygenic photosynthesis in Crocosphaera spp and enzymatic oxygen scavenging in
Trichodesmium spp (Berman-Frank et al., 2001b; Inomura et al., 2019). Thus, it has long been
assumed that diazotrophs are sensitive to redox conditions and associated impacts on Fe
availability in their environment (Gruber, 2004).

The dependence of nitrogenase on Fe is perhaps an evolutionary relic of the Archaean Ocean
when Fe was soluble and highly abundant relative to Mo (Anbar and Knoll, 2002). Apart from
Fe, the evolution of nitrogenases was also influenced by changes in the availability of other
trace metals in the ocean, which were associated with shifts in the oceans’ oxidative state
(Anbar and Knoll, 2002). The availability of cobalt (Co) in Archaean times played a crucial role
in the proper functioning and assembly of the nitrogenase enzyme complex. Thus, links have
been established between earlier sulphidic/euxinic ocean conditions and N; fixation (Zerkle et
al., 2006; Boyle et al., 2013; Anbar and Knoll, 2002), as sulphidic conditions influence the
bioavailability of redox-sensitive bio-essential trace metals like Co and Fe in the ocean (Silva et
al., 2001). Over time, alternative forms of molybdenum-free nitrogenases emerged such as
those containing vanadium (vnfDK) or only iron (anfDK) in their active site (Hales et al., 1986;
Chisnell et al., 1988; Boyd et al., 2011). Therefore, the varied trace element requirements and
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selection imprinted in common and alternative nitrogenases reflect the oceanic redox states
and associated trace metal availability in seawater throughout the evolution of the
nitrogenases (Zerkle et al., 2006, 2005; Dupont et al., 2006).

Hence the changing redox chemistry of the ocean connects the activity of diazotrophs to the
availability of trace metals (Zerkle et al., 2005). Therefore, one may question whether modern
N, fixation would be possible without the early forms enabled by Fe, Mo, Co and other
bioavailable trace metals. Consequently, although the primary role of Fe in diazotrophy has
long been assumed, understanding the impact of other transition metal availabilities on the
functionality and diversity of diazotrophs can provide insights into what may control
diazotrophy in a changing ocean. Regardless of the specific pathway for the evolution of N,
fixation, it is evident that its evolution over time was driven by environmental changes in which
early life forms encountered a nitrogen crisis. These changes in the environments, including
variations in the ocean’s oxygenation state, influenced the availability of trace metals that play
a crucial role in the structure and reactivity of nitrogenases and thus the relevance of
diazotrophs in the environment (Boyd and Peters, 2013).

Considering that environmental controls like Fe and phosphorus (P) are currently used to
parameterise the biogeography of N fixation in the modern ocean, but do not fully explain the
observed patterns of N; fixation, it is important to explore other potential factors (Luo et al.,
2014; Ward et al., 2013; Monteiro et al., 2011; Berman-Frank et al., 2005; Romero et al., 2013).
The evolutionary pathways and metabolic flexibility of diazotrophs, which have enabled them
to survive and function in transient ocean redox states and other environmental conditions
should therefore not be ignored as marine biogeochemists ascertain the controls of nitrogen
fixation in the modern ocean. In the face of a changing ocean, it is therefore crucial to consider
the potential for this metabolic flexibility and adaptability in environmental conditions such as
trace metal utilization by diazotrophs. It is plausible that short- to long-term changes in the
ocean’s redox state and associated environmental conditions could create favourable
conditions under which N; fixation in dynamic environments could be enhanced even if
temporarily. Thus, understanding the metabolic plasticity of diazotrophs in response to varying
environmental conditions, whether transient or permanent is essential to predicting N; fixation
in a changing ocean.

1.2.2 Traditional and changing perspectives of marine nitrogen
fixation, its Protagonists and Drivers

The majority of N; fixation in the ocean has traditionally been attributed to photoautotrophic
cyanobacterial  diazotrophs, particularly the filamentous and non-heterocystous
Trichodesmium spp (Capone et al., 1997), as well as diatom symbionts like Richelia (Karl et al.,
2012). Trichodesmium spp are commonly found in warm (20°C — 24°C) and highly stratified
nitrogen-depleted sub-surface waters with high light intensities (Capone et al., 1997, 2005; Karl
and Letelier, 2008; Luo et al., 2014). Their ecological success is often demonstrated by large
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blooms occurring in oligotrophic tropical and sub-tropical surface waters in the North Atlantic
North Pacific oceans and the Arabian Sea (Benavides and Voss, 2015; Capone and Carpenter,
1982; Dore et al.,, 2008). The high light intensities in surface waters are beneficial for
photoautotrophic diazotrophs to meet the high energy demands of N fixation (Luo et al.,
2014). Additionally, warm temperatures are partly associated with high respiration rates, which
are essential for maintaining an anoxic cellular environment for diazotrophs in highly
oxygenated surface waters (Breitbarth et al., 2007).

Due to the high energy demand associated with N fixation, diazotrophs were traditionally
believed to fix N2 only when it provides a competitive advantage over assimilating bioavailable
N forms such as NOs’, which require relatively more energy (Howarth et al., 1988). As a result,
the deficiency of NOs in oligotrophic waters favoured diazotrophs to outcompete faster-
growing non-diazotrophic organisms (Arrigo, 2005). In oligotrophic waters, NO3™ deficit is also
tied to inorganic nitrogen and phosphorus (P) ratios (N:P) being lower than the Redfield ratio
of 16:1, enabling P to become available for diazotrophs once all the bioavailable N is depleted
at a relatively faster rate by non-diazotrophic phytoplankton (Sohm and Capone, 2006).

Diazotrophs require ~ 5 -100 fold more Fe than non-diazotrophs due to Fes’ role in nifH (Kustka
et al., 2003; Berman-Frank et al.,, 2001a; Hutchins and Boyd, 2016). Hence, blooms of
Trichodesmium spp in the North Atlantic have been associated with a high input of Fe to the
surface ocean through aeolian dust deposition (Moore et al., 2009; Langlois et al., 2008).
However, the evidence for large-scale Fe limitation of N; fixation in the global ocean is largely
circumstantial, as results from Fe addition experiments have either yielded inconclusive or no
relationship between N; fixation and Fe concentrations (Hood et al., 2000).

Thus, the concept of a diazotrophic niche in the oligotrophic ocean has been shaped by these
observations of diazotrophs and the surrounding environmental conditions (Luo et al., 2014).
For these reasons, Trichodesmium spp has been used as a model organism to parameterize
diazotrophy in most global and regional ecological and biogeochemical models of N; fixation in
the ocean (Luo et al., 2014; Ward et al., 2013; Monteiro et al., 2011). However, currently,
Trichodesmium spp is estimated to contribute ~60-80 Tg N yr, accounting for only 25 — 50%
of the geochemically estimated N fixation rates globally (Mahaffey et al., 2005; Gruber and
Sarmiento, 1997). This implies a missing N source potentially originating from other less
considered or unknown organisms. Nonetheless, in comparison to Trichodesmium spp, the
ecophysiologies of other potentially significant marine diazotrophs are currently less
understood.

Ongoing advancements in molecular techniques and integrative genome analyses, along with
the use of imaging data, have led to more accurate explorations of the diversity, abundance,
distribution and controls of diazotrophs in the ocean (Zehr et al., 2003; Karlusich et al., 2021).
nifH genes have been observed in diverse marine environments outside the traditional niche.
Currently, nifH genes have been recovered from arctic waters and nutrient-rich upwelling

16



Chapter 1: Introduction

regions and aphotic environments (Fernandez-Méndez et al., 2016; Sipler et al., 2017; von
Friesen and Riemann, 2020; Bonnet et al., 2013; Dekaezemacker et al., 2013; Bonnet et al.,
2013). These observations are therefore challenging the notion of a diazotrophic niche
confined to the tropical and subtropical oligotrophic ocean.

Moreover, the traditional perception of Trichodesmium spp as the predominant diazotroph in
the global ocean is being reconsidered as new genetic datasets and molecular techniques from
global expeditions have broadened their reach and expanded our knowledge. Unicellular
cyanobacteria such as UCYN-A1, UCYN-A2, UCYN-B, UCYN-C, and diatom symbionts such as
Calothrix (Cornejo-Castillo and Zehr, 2021), as well as non-cyanobacterial diazotrophic species
(NCDs) are gaining recognition. Cultured UCYN-B, specifically Crocosphaera spp, has been
shown to make a significant contribution to the nitrogen budget in the North Pacific and
Atlantic Oceans (Montoya et al.,, 2004; Zehr et al., 1998). Some NCDs, which are mostly
heterotrophic and were previously unknown, have been discovered to possess and express the
nifH gene in oxygenated waters, cold upwelling systems (<17°C), OMZs, and aphotic
mesopelagic waters indicating their ubiquity and potential importance in diverse environments
(Bonnet et al., 2013; Farnelid et al., 2013; Loscher et al., 2014; Dekaezemacker et al., 2013;
Fernandez et al,, 2011; Halm et al., 2012; Jayakumar et al., 2012; Riemann et al., 2010, 2022).

Current progress is also being made in incorporating these less-represented diazotrophic taxa
into biogeochemical models, which has improved the characterization of N, fixation
distribution in the ocean (Luo et al., 2014; Tang et al., 2019b; Tang and Cassar, 2019). Our
understanding of large-scale physical and biogeochemical controls, including inputs and
availability of phosphorus (P), bioavailable N and Fe, is also advancing across ocean basins and
regions (Weber and Deutsch, 2014; Sohm et al., 2011). Trichodesmium spp and Crocosphaera
spp among other diazotrophs have demonstrated the ability to utilise alternative P sources such
as dissolved organic phosphorus (DOP), and exhibit plasticity in their carbon-to-phosphorus
ratio, allowing for low cellular P quotas (Filella et al., 2022; Dyhrman et al., 2006; Karl and
Bjorkman, 2015). This suggests that while P is necessary for N, fixation, it may not be the
primary driver for diazotrophs distribution and activity in other parts of the ocean (Moutin et
al., 2008; Fu et al., 2005; Mulholland et al., 2002).

Although it has been traditionally assumed that N fixation benefits from a deficit of NOs,
accumulating evidence from field studies and culture work has demonstrated diazotrophs
presence, growth, and activity under modest concentrations of NOs™ and NH4* concentrations
(Knapp, 2012; Shiozaki et al.,, 2018; Inomura et al.,, 2018; Turk-Kubo et al.,, 2018;
Dekaezemacker and Bonnet, 2011). This suggests that N, fixation may not be as sensitive to
inorganic nitrogen as previously believed. Perhaps a threshold of inorganic N availability exists
below which N; fixation can still take place if P is available. Nonetheless, the proportion of N
to P (N:P ratio) may play a critical role, as high concentrations of inorganic N can offset N»
fixation rates even when P is replete (Knapp, 2012).
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Furthermore, high Fe availability is suggested to create co-limiting conditions for other
biochemical trace metals such as Nickel (Ni) and Co in some diazotrophs like Trichodesmium
(Middag et al., 2020; Ho, 2013). This raises the question of whether other trace metals beyond
Fe may exert control on marine N; fixation at regional scales (Tuo et al., 2020). In general, all
these findings challenge the classical niche concept for diazotrophs and highlight our limited
understanding of the factors and mechanisms that regulate marine N; fixation in the ocean.

The roles, quantitative significance, and success of the diverse assemblage of diazotrophs in
their local environment are a function of physiological adaptations in their environment and
the ecological conditions that promote and maximize their growth and activity (Zehr and
Capone, 2020). Our view of the controls on N; fixation in the ocean is evolving to consider the
diversity and metabolic flexibility of diazotrophs in local marine environments and their
interactions with other plankton. Dissolved organic matter has been shown to stimulate
heterotrophic diazotrophs in aphotic environments and coastal productive waters (Rahav et
al., 2013; Bonnet et al., 2013; Bentzon-Tilia et al., 2015). Additionally, the interior of carbon-
rich particles in euphotic oxygenated waters favour the growth and activity of heterotrophic
diazotrophs (Moisander et al., 2017). Notably, NCDs are active within organic-rich particles that
create micro-niches with restricted O, diffusion, protecting NCDs from 0O, damage
(Chakraborty et al., 2021; Pedersen et al., 2018). Top-down control from zooplankton grazing
has also been proposed to play a role in the regulation of N; fixation patterns globally (Wang
et al., 2019; Landolfi et al., 2021).

While the concept of a diazotrophic niche seems to hold for a large part of the oligotrophic
ocean, these emerging patterns in marine N fixation are challenging traditional paradigms of
N, fixation in the ocean. These examples highlight that N fixation occurs in a much wider range
of environments, and the diversity of diazotrophs and the environmental controls on N3 fixation
in the ocean extends beyond our current understanding. Therefore, these advancements
indicate that there is a complex interplay between physical, chemical, and biotic factors that
govern the distribution and activity of diazotrophs in the ocean that is yet to be fully
understood. One may expect that at local to regional scales, depending on the specific species,
different constellations of these factors may be involved in the regulation of N; fixation.
However, assessing the local and global distributions of diazotrophic species remains a
challenging task, which presents significant research challenges for accurately quantifying the
importance of N, fixation in the ocean. The ecology and N3 fixing mechanisms of NCDs are still
largely unknown owing to the difficulty in isolating marine isolates for experimental work. As a
result, obtaining robust direct estimates of N; fixation from NCDs and incorporating them in
the global N inventory is still a challenge (Bombar et al., 2016; Turk-Kubo et al., 2014). These
uncertainties contribute to the discrepancies between observed and model-predicted N;
fixation rates in the ocean and have implications for the assessment of the marine N inventory
(Codispoti, 2007). One of the key insights from these advancements is that a comprehensive
understanding of the dynamics of the ocean N inventory requires considering the full diversity
of marine diazotrophs, improving N fixation rate measurements and their accuracy, and
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gaining a better understanding of the range of environmental conditions and mechanisms that
regulate marine N; fixation.

1.2.3 The Conundrum of a balanced marine nitrogen budget and
associated feedback

The marine N inventory is kept in balance by the processes releasing N (as N2, N2O) back into
the atmosphere (anammox and denitrification) and the inputs of bioavailable N (N fixation).
This has been the focus of several previous studies, which have yielded conflicting results on
whether these processes are in equilibrium.

Models estimating N, fixation can be categorised into three groups based on their
considerations of spatial patterns and timescales. The first group of models, using geochemical
gradients and deviations in N:P ratios from the Redfield ratio (excess phosphorus and nitrate
deficits - P*, N*), suggest that the marine N inventory is stabilized by negative feedback
mechanisms emanating from the spatial separation of N fixation and N loss as shown in Figure
1.2a (Gruber, 2004). In these models, denitrification is the dominant N loss process in coastal
sediments and OMZ waters, such as those found in the eastern tropical South Pacific,
southwest Africa, and the Arabian Sea. On the other hand, the majority of N, fixation occurs in
subtropical and tropical oligotrophic gyres of the Northern Hemisphere, where high
concentrations of Fe are deposited from dust (Codispoti et al., 2001).

(0] (ii)

Euphotic zone

Figure 1.2a. The spatial separation paradigm shows the biogeochemical negative feedback
preventing large shifts in the marine N cycle. (i) and (ii) indicate the negative stabilizing
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feedbacks (feedback 3 and 4) that ensue when N; fixation and N loss are spatially separated.
In (i), N2 fixation is self-limiting due to the supply of excess bioavailable nitrogen once the
organic matter is remineralized (Rem N) and in (ii) denitrification generates nitrogen deficits
which reduces the amount of bioavailable N for non-diazotrophic phytoplankton, hence a
decline in organic matter export. Adapted from Landolfi et al (2013). Figure created with
BioRender.com

Robust estimates from these geochemical extrapolations indicate an imbalanced oceanic N
budget emanating from denitrification being more than N, fixation (Codispoti, 2007; Voss et
al., 2013; Gruber and Galloway, 2008; Gruber, 2008; Falkowski, 1997). Marine N; fixation is
estimated at 140 £ 50 Tg N yr! (Voss et al., 2013 and references therein) whereas marine N
loss is estimated at 350 - 450 Tg N yr! due to relatively higher estimates of sedimentary
denitrification (~ 300 Tg N yr) than in the water column (~ 150 Tg N yr), (Codispoti, 2007;
Lam and Kuypers, 2011; Brandes and Devol, 2002). Plausible reasons for this imbalance include
either unidentified N inputs through organisms not covered by existing direct and geochemical
methods, limited spatiotemporal coverage of N fixation measurements i.e. Ny fixation is
underestimated (White et al., 2020), or that denitrification is overestimated (Brandes and
Devol, 2002). Some models also assert an imbalance due to the assumption of inflexible
elemental ratios used in many model parameterisations (Wang et al.,, 2019; Weber and
Deutsch, 2014). Furthermore, inaccurate estimation of global marine N, fixation due to the
different methods employed in Ny fixation assays, some of which underestimate N; fixation
rates potentially contributes to this imbalance (White et al., 2020; Mohr et al., 2010; GroRkopf
et al., 2012).

The second group of models, based on indirect estimates obtained through inverse modelling
approaches suggest that strong stabilizing feedback maintains the stability of the marine N
inventory through a tight spatial and temporal coupling of N; fixation and N loss (Deutsch et
al., 2007; Moore and Doney, 2007; Tyrrell, 1999). Deutsch et al. (2007) hypothesized that this
feedback is particularly relevant in upwelling areas adjacent to zones of intense N loss such as
OMZs (Figure 1.2b). The mechanism is presumed to operate as follows: denitrified OMZ waters
with low inorganic N:P ratios (relative to Redfield 16:1) are upwelled to the surface, promoting
the growth and activity of diazotrophs once all the bioavailable N has been consumed by other
phytoplankton, and assuming other elements such as P and Fe are non-limiting (Figure 1.2b).
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Euphotic zone

Oxygen Minimum Zone

Figure 1.2b. Schematic of a spatial coupling between N fixation and denitrification (N loss) in
OMZs close to upwelling systems as predicted by Deutsch et al. (2007). Due to intense
denitrification in the OMZ (1), waters with N:P ratios lower than the Redfield ratio (16:1) are
upwelled into the euphotic zone (2) thereby stimulating N> fixation (3). Diazotrophs drawdown
P and add new N to fuel more productivity thus restoring the N:P ratio towards Redfield (4)
and enhancing organic matter export to the OMZ (5). In this scenario, N, fixation and N loss
sustain each other in a positive feedback loop. Gears indicate the transformation of N:P ratios
by the uptake and release activities of phytoplankton, diazotrophs, and denitrifiers. Figure
adapted from White et al. (2013).

Regionally in OMZs, testing the spatial coupling hypothesis is underpinned by challenges in
obtaining accurate estimates of N; fixation rates due to a low number of observations and
limited geographical range and known controls for Ny fixation in these regions (Zehr and
Capone, 2020). Another key uncertainty in the rates of N fixation is the high spatial and
temporal variability which is closely linked to the variability (spatial and temporal) in the supply
of its model-based biogeochemical controls N, P, and Fe (Ward et al., 2013; Fowler et al., 2013).
Interestingly, the recent re-evaluation of global N, fixation supports the dominance of high N;
fixation in oligotrophic subtropical gyres rather than in upwelling regions (Wang et al., 2019).
Hence, it is still not clear whether N; fixation rates in OMZs such as the ETSP can occur at
magnitudes enough to replenish the N loss as hypothesized by Deutsch et al. (2007).

The third set of biogeochemical models indicates that strong homeostatic controls have kept
the marine N inventory stable over the last 5000 years (Gruber, 2004; Altabet, 2007). These
contrasting arguments indicate that both the timescales and control mechanisms
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underpinning N2 fixation and N loss at regional, basin and global scales are not well understood.
Nonetheless, an alluded imbalance cannot be ignored, since animbalanced N inventory cannot
be sustained over time and would therefore have major implications for marine primary
productivity, which is largely limited by bioavailable N (Moore et al., 2013; Bopp et al., 2013).
Moreover, positive and negative feedback that regulate carbon turnover may either amplify or
mitigate changes in the ocean that are tightly coupled to the nitrogen cycle. This demands a
re-evaluation of discrete measurements of N3 fixation and N loss at local and basin scales and
the techniques used to extrapolate these measurements to the global scale.

In general, all methods of estimating basin-and global scale N; fixation have considerable
biases and assumptions. In addition, there are large variations between models concerning the
magnitude and spatial pattern of diazotrophy regionally. Nevertheless, the distribution of
nutrients and their ratios remains to be the best way for estimating N fixation at the basin to
global scale. On much smaller regional scales, methodological errors underestimating direct N2
fixation measurements limit their comparability temporally within regions or between regions
(Mohr et al., 2010; GroRRkopf et al., 2012). Hence currently the relative balance of bioavailable
N inputs and removal, and the coupling of these processes at regional, basin and global scales
are yet to be conclusively resolved, leaving oceanographers on a persistent search for the
missing Tgs’ of N. Considering the many fluxes and pathways in the marine N cycle, extensive
measurements especially on N3 fixation are still required to constrain their range of values and
reduce the high uncertainty. In light of this, there is no better time than the present to quantify
N, fixation and assess the factors that control the temporal and spatial distribution of N;
fixation rates at all spatial scales. The focus of this dissertation is to assess N; fixation, its
magnitudes, and controls, and elucidate its biogeochemical role in one of the most relevant
environments for the marine N cycle, the OMZ in the northern Humboldt Upwelling System
(HUS) off Peru.

1.3 Study area: The Northern Humboldt Upwelling System
1.3.1 Physical Conditions, biogeochemistry, and system variability

This dissertation will focus on one region highly susceptible to ocean deoxygenation: the OMZ
associated with the HUS. The HUS is located in the Eastern Tropical South Pacific (ETSP) off the
coast of Peru between 5°S and 20°S (Figure 1.3a). It is one of the four eastern Boundary
Upwelling systems (EBUS; California, Canary, and Benguela systems) located on the western
side of the major continents.

Within the HUS, the prevailing wind direction is parallel to the coast, due to a large-scale
pressure difference between the South American continent and the Southeast Pacific Ocean.
As a result, equatorward winds blow along the west coast of the South American continent,
generating equatorward currents on the Peruvian coast as illustrated in Figure 1.3a below
(Karstensen and Ulloa, 2009). These currents consist of the Peru Coastal Current (PCC), located
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near the coast at ~ 100 km with a vertical extent of up to 50 m from the surface (Huyer et al,,
1991). Further offshore, beyond 180 km, the Peru Current (PC), also known as the Humboldt
Current flows at depths of up to 500 m between 15°S and 20°S. The equatorward wind stress
generated by these currents, primarily the PCC, leads to an offshore transport of water to the
left of the wind direction in the Southern Hemisphere called Ekman transport (Brink et al,,
1983). This offshore divergence of surface waters results in a process called upwelling, where
cold nutrient-rich deep waters from below 150 m are transported to the surface along the
coast (Karstensen and Ulloa, 2009). In addition to the Ekman transport, another process,
Ekman pumping occurs offshore, which refers to the vertical velocity induced by the Ekman
transport and also triggers an upward flux of nutrients through coastal upwelling (Kdmpf and
Chapman, 2016).

Two major southward flowing currents are associated with these upwelled waters in the HUS
(Fig. 1.3a): the surface Peru-Chile Counter current (PCCC) and the subsurface Peru-Chile
Undercurrent (PCUC). PCUC predominantly flows along the coast at 100 m depth, with a
vertical extent of 300 m — 400 m (Chaigneau et al.,, 2013). It is mainly fed by the Pacific
Equatorial Undercurrent (EUC) and transports warm, saline, low-O;, and nutrient-rich waters
southward, serving as the main source of coastal upwelled waters (Tsuchiya and Talley, 1998).
The PCUC particularly intensifies between 8°S and 16°S, which covers most of the Peruvian
coast (northern HUS) and weakens south of 16°S. Within the Peruvian coast, the PCUC is
strongest between 9°S and 12°S during summer and weakens in winter (Chaigneau et al., 2013;
Brink et al., 1983). Additionally, at 100 — 300 km offshore of the Peruvian coast, between the
two equatorward currents, the other poleward flowing current, the PCCC also transports
equatorial warm and saline waters poleward (Tsuchiya and Talley, 1998).

Upwelled nutrient-rich waters trigger seasonally variable high phytoplankton productivity at
the coast dominated by large diatom blooms (Franz et al.,, 2012). This high surface
phytoplankton productivity makes the region exceptionally productive in secondary
production and consequently supports one of the most economically significant single-species
fisheries in the world, the anchovy fishery (Chavez et al., 2008; Pauly and Christensen, 1995).
The rich biological productivity of the HUS generates high organic matter which sinks to depth
triggering changes in water column biogeochemistry due to the creation of a unique feature
called the oxygen minimum zone.
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Figure 1.3a. Schematic of the northern Humboldt Upwelling system indicating the main cold
surface (blue) and warm subsurface currents (red) and the Pacific Equatorial Undercurrent
(EUC, black) that feeds the PCUC. Currents not drawn to scale. Figure modified from Karstensen
and Ulloa (2009).

Due to its proximity to the Equatorial Pacific, the HUS is impacted by strong interannual
variability associated with the El Nifio Southern Oscillation (ENSQO) and the Pacific Decadal
Oscillation (PDO), (Stramma et al., 2020). ENSO is characterized by warm El Nifio and cold La Nifia
phases on a two-to-seven-year cycle (Penven et al., 2005). El Nifio conditions are associated with
reduced upwelling, a deep thermocline, high sea surface temperatures (SST), and nutrient
limitation in surface waters which results in low primary productivity. During La Nifia, the
thermocline shallows, trapping nutrients in euphotic waters resulting in higher phytoplankton
productivity (Barber and Chavez, 1983).

1.3.2 The oxygen minimum zone (OMZ) and its role in the marine N
cycle

The Peruvian OMZ associated with the HUS is the shallowest and most intense OMZ globally
(Bettencourt et al., 2015), (Figure 1.3b). It is estimated to cover ~34% of the total OMZ area
worldwide, defined by anoxic-hypoxic waters with dissolved O, concentrations of < 20 umol
Kg'/0.5ml Lt (Karstensen et al., 2008; Stramma et al., 2008; Helly and Levin, 2004). The core
of the OMZ extends about 1000 km into the open ocean. The upper OMZ boundary is situated
between ~25 — 100 m water depth and can extend into the euphotic zone in certain areas of
the ETSP, thickening depth-wise by ~300 - 700 m in depth (Fuenzalida et al., 2009). Water
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masses and currents in the area regulate the thickness of the OMZ which is thickest between
5°S and 13°S and shows a distinct narrowing where the PCUC develops along the coastline
(15°S —20°S, Figure 1.3b). The lower OMZ boundary exhibits distinct latitudinal variations due
to the influence of a mid-depth circulation system in the region.

Water Depth [m]
[1/1w] uadixo

Ocean Data View

EQ 10°S 20°S 30°S 40°S

Figure 1.3b. Example of a latitudinal transect at 80°W showing the dissolved O, concentrations
from the World Ocean Data, WOD13 (Boyer et al., 2013), and primary water masses in the
HUS. (PCUC: Peru-Chile Undercurrent, CPCDCC: Chile-Peru Deep Coastal Current, AAIW:
Antarctic Intermediate Water, and PDW: Pacific Deep Water). 1 ml L't = 45 umol Kg. White
dotted lines demarcate the Peruvian OMZ.

The formation and maintenance of the Peruvian OMZ is a combination of complex physical and
biogeochemical processes, that are considered to interact threefold; (1) the rich biological
productivity of the HUS generates high organic matter whose remineralization consumes O; as
it sinks to depth, (2) a sharp permanent pycnocline limits vertical mixing between the
oxygenated surface mixed layer and subsurface waters (Fiedler and Talley, 2006) and (3) a
weak deep circulation impedes advection of oxygenated waters from below the pycnocline
(Fiedler and Talley, 2006; Helly and Levin, 2004). These low O, conditions impact nitrogen
cycling and ecosystem productivity (Figure 1.2b). NOs (which is energetically the next
favourable and predominant electron acceptor after O,) is preferentially respired from organic
matter through denitrification resulting in a loss of bioavailable N and the formation of a
secondary NO2  maxima under incomplete denitrification (Lam and Kuypers, 2011). This NOy
fuels anammox, another N loss pathway prevalent in the Peruvian OMZ (Dalsgaard et al., 2012).
Thus, the strong secondary NO;  maxima, found at depths of 30 m to 400 m and extending 300
km offshore between 10°S and 20°S is usually interpreted to be an active sign of N loss
(Codispoti, and Packard, 1980). A scientific debate regarding the contribution of denitrification
and anammox in the Peruvian OMZ is still ongoing. Recent work suggests however that
anammox is the dominant pathway for water column N loss in the ETSP, often taking place in
sinking organic matter particles and OMZ bottom waters (Karthduser et al., 2021; Lam et al,,
2009). In general N loss in the ETSP OMZ is well understood and estimated to account for ~25%
of global water column N loss albeit with significant temporal variability associated with ENSO
and PDO (Bianchi et al., 2012; Codispoti, 2007).
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While the OMZ may be a net sink of N, it represents a major source of dissolved inorganic
phosphorus (P) due to its proximity to the continental shelf. P associated with metal oxides
such as iron (Fe) oxides buried in sediments is released back into the water column under
reducing conditions (Figure 1.4), resulting in surplus phosphate (P*), (Ingall and Jahnke, 1994).
Therefore P* is simultaneously accompanied by large amounts of bioavailable Fe (Noffke et al.,
2012). Hence nutrient-rich upwelling source waters from the OMZ feature inorganic N:P ratios
lower than Redfield often expressed as an N-deficit relative to P concentrations (N*=N-16.P).
This N:P stoichiometry of upwelled OMZ waters in addition to the reduced O; levels are both
proposed to provide a niche for diazotrophs in the OMZ of the ETSP (Deutsch et al., 2007). This
has been the basis on which a spatial coupling between N loss and N, fixation has been
hypothesized for OMZs proximate to upwelling regions (Deutsch et al., 2007).

1.4 Motivation and Objectives

The ratio of N3 fixation and N loss controls the inventory of bioavailable N for marine primary
productivity in the global ocean. The hypothesis of Deutsch et al. (2007) of a close spatial link
between N; fixation and nitrogen loss and therefore the prediction of high N; fixation rates in
the ETSP is antagonistic to the traditional paradigm for a stable marine N inventory (Gruber,
2004), which is based on an inter-basin separation of the two processes (Figure 1.2a).
Therefore understanding the magnitudes and distribution of N; fixation and N loss in the HUS
system is essential to assessing potential feedback, the sensitivity of the local N inventory to
climate-related changes, and potential cascading effects on dependent ecosystem
components and functions such as primary productivity.

A critique of the hypothesis proposed by Deutsch et al. (2007) is based on a theoretical
stoichiometric discrepancy between N, fixation and N loss (Paulmier et al., 2009). The
denitrification of newly fixed organic matter consumes bioavailable N (NOs’) at a higher
inorganic N:P ratio (N:P 120:1) compared to N; fixation inputs which are assumed to occur
under Redfield conditions (N:P 16:1), (Paulmier et al., 2009). The location and magnitude of N3
fixation relative to zones and magnitude of denitrification in OMZ waters are therefore of
biogeochemical significance. Under this imbalanced stoichiometry, the denitrification of
organic matter associated with newly fixed N in OMZ waters would generate a much greater
loss of bioavailable N than is fixed through N, fixation (Canfield, 2006; Landolfi et al., 2013).
This in turn stimulates N fixation due to the upwelling of waters with low N:P ratios and high
Fe close to the coast. The increased N; fixation rates would support more organic matter inputs
which further sustain denitrification and amplify the N deficit, thus initiating a vicious cycle
composed of self-sustaining feedback (Fig. 1.2b). If this cycle persists, accumulating N deficits
may result in runaway N loss in the ETSP as hypothesized by Landolfi et al (2013).

The maintenance of the OMZ and N loss involves a combination of processes, including the
supply of N for primary productivity, fluxes of organic matter that support microbial
respiration, and the intensity of mixing and ventilation (Karthduser et al., 2021; Duteil and
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Oschlies, 2011; Ganeshram et al., 1995). Among these, only the organic matter fluxes would
be potentially influenced by N; fixation at the regional scale. Hence a proposed coupling
between N; fixation and N loss requires that the magnitudes of N; fixation are sufficient to
enhance productivity and sustain organic matter export to the zones of denitrification. To allow
for stabilizing feedback in the N inventory, Landolfi et al. (2013) hypothesised that fixed N could
be transformed and packaged in forms such as dissolved organic nitrogen that are less
bioavailable and readily advected away from OMZ waters. Otherwise, N, fixation and
associated organic matter may need to be spatially separated from sites of denitrification to
avoid a runaway N loss.

The ecological, biogeochemical and economic dynamics of the northern HUS are closely linked.
The fisheries yield is tightly coupled to the primary production (Messié and Chavez, 2015).
Hence the strong reliance of the economy on the fisheries sector makes marine productivity a
key component of the economic dynamics (Messié and Chavez, 2015; Christensen et al., 2014;
Pauly and Christensen, 1995). As bioavailable N is the key nutrient limiting primary productivity
in marine systems, the productivity of the northern HUS scales with the availability of
bioavailable N (Messié et al., 2009). A runaway N loss as hypothesized by Landolfi et al. (2013)
threatens nutrient availability for primary productivity in the northern HUS. Hence
understanding the inputs and outputs of nitrogen in the system is essential in evaluating large-
scale, cascading effects on ecosystem productivity.

To date, the majority of studies conducted in the HUS have primarily focused on elucidating
the pathways of N loss, with limited attention given to N inputs via N; fixation. Thus, the
understanding of N loss processes in the region is relatively well-established, with estimates
suggesting that it contributes ~1/3 of the global N loss (Dalsgaard et al., 2012; Bianchi et al,,
2012; Chang et al., 2010; Codispoti, and Packard, 1980; Gruber and Sarmiento, 1997). Thus,
the lack of a comprehensive dataset that resolves N; fixation rates in both space and time
constraints our understanding of the spatial distribution and importance of N; fixation in the
HUS. There is also limited empirical data from the region supporting a direct clear link between
N, fixation rates, and the availability of Fe and P, deemed primary conditions regulating N
fixation in the ocean (Ward et al., 2013). Thus, there is an incomplete understanding of what
controls N; fixation in the ETSP. This has hindered the accurate assessment of the regional
marine N inventory, potential feedback mechanisms, and their impact on N turnover and
productivity.

Therefore, the main objective of this doctoral dissertation was to investigate the spatial
distribution of N; fixation relative to N loss in the ETSP. We aimed to assess whether coastal
water masses above and within the OMZ serve as hotspots for N; fixation in order to determine
the potential for positive feedback on regional N cycling. Increasing the measurements of N;
fixation and elucidating its relation to environmental conditions in the HUS is crucial for
advancing our understanding of its biogeochemical significance locally, as well as in the global
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ocean. By doing so significant strides can be made in comprehending and evaluating the fate
of N fixation in an ocean ridden by climate change. The specific aims were to:

(a) Explore the spatial distribution of the N; fixation rates in relation to the OMZ and N loss
signal, coastal-offshore, and meridional gradients in environmental parameters (Chapter 2), in
order to identify biogeochemical and physical conditions associated with the presence of N;
fixation.

(b) Quantify the role of N; fixation in supplying new N for primary productivity and
compensating the regional N deficit in the OMZ of the HUS (Chapter 2)

(c) Test the sensitivity and response of N; fixation to environmental conditions, including
N:P supply ratios and excess phosphorus in upwelled waters and trace metal availability
(Chapters 2 and 3)

(d) Evaluate how nitrate availability and light irradiance regulate nitrate and carbon uptake
in the ETSP (Chapter 4).

1.5 Chapter Synopsis and author contributions

This doctoral dissertation is part of the “Humboldt Tipping” project, which is a subproject of
the BioTip research focus funded by the German Federal Ministry of Education (BMBF). The
project ran from 2019 — 2023 with the aim of assessing the risk of reduced productivity in the
Humboldt upwelling system (HUS) off the west coast of Peru. The participating institutes were
GEOMAR Helmholtz Centre for Ocean Research, Christian-Albrechts University (CAU-Kiel), The
University of Hamburg, The University of Bremen, Leibniz Centre for Tropical Marine Research,
Instituto del Mar del Perd, Group for the Analysis of Development (GRADE) and The Pontifical
Catholic University of Peru.

This dissertation is part of work package 1 (WP1): Biogeochemical and ecological tipping points
of the HUS focusing on evaluating the spatial distribution and biogeochemical role of N
fixation in the Humboldt Upwelling System, related biogeochemical feedbacks on the nitrogen
cycle and cascading effects on regional primary production. The upcoming three chapters of
this doctoral dissertation (Chapters 2- 4) are based on a scientific cruise (MSM80) conducted
during the Austral summer of December 2018 — January 2019 and focusing on coastal
upwelling systems in a changing Ocean.

Chapter 2: Published manuscript

Kittu, L. R., Paul, A. J,, Fernandez-Méndez, M., Hopwood, M. J., & Riebesell, U. (2023). Coastal
N fixation rates coincide spatially with N loss in the Humboldt Upwelling System off Peru.
Global Biogeochemical Cycles, https://doi.org/10.1029/2022GB007578.

Chapter 3 presents the first spatially resolved dataset of N; fixation rates from the Eastern
Tropical South Pacific (ETSP). Insitu N, fixation rate measurements were conducted across six
onshore-offshore transects covering three-quarters of the Peruvian coast. N, fixation rates
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were measured from the euphotic oxic waters to subsurface OMZ waters to include gradients
in physical and biogeochemical environmental conditions. Alongside rate measurements,
physical and biogeochemical environmental variables were also measured. As a novelty of this
study that sets it apart from previous studies on N; fixation from the region, total dissolved
trace metals concentrations including Fe were measured directly from the N; fixation
incubations to determine in-situ Fe availability at the onset of incubations. This manuscript,
therefore, reports on the magnitude, ecological (new N inputs for primary production), and
biogeochemical (replenishing of local nitrogen loss) role of N, fixation rates in the HUS and
potential environmental controls.

Chapter 3: Submitted manuscript

Kittu, L. R., Hopwood, M. J,, Paul, A. J., Ferndandez-Méndez, M., Bach, L. T., Achterberg, E. P &
Riebesell, U. (2023). Cobalt and nickel moderate N fixation rates in the Eastern Tropical South Pacific.
Submitted to Science Advances.

Chapter 3 reports results from a combination of a machine-learning statistical model (Boosted
regression trees) on the observation dataset reported in Chapter 2 and bioassay experiments
where key biogeochemical variables were manipulated to observe their influence on N;
fixation rates. Two models were run where in addition to other variables, the role of Fe as a
trace metal was investigated (Fe model) versus the inclusion of other trace metals such as
Nickel (Ni), Cobalt (Co), Zinc (Zn), and Copper (Co) and the relative ratio of Co to Fe (TM model).
At one offshore and coastal station on the Peruvian coast, bioassay experiments were
conducted to investigate the response of N; fixation rates to different phosphorus
concentrations in upwelled waters, Fe, Co, and Ni additions (added through mineral leachate)
inincubations. Combining the results from these methods, this chapter demonstrates the weak
response of N, fixation to Fe and P. As a novel part of this dissertation work, | show the
potential for Co and Ni in regulating N3 fixation in the ETSP and hypothesise the pathways
through which this regulation may take place.

Chapter 4: Draft manuscript

Kittu, L. R., Fernandez-Méndez, M., Paul, A. J., & Riebesell, U. (2023). The impact of nitrate and
light availability on nitrate and carbon uptake rates in the Humboldt Upwelling System off Peru. /n
preparation for Limnology and oceanography

Chapter 5 presents results from nitrate and carbon assimilation experiments conducted at five
stations along the Peruvian coast. Under different nitrate concentrations, nitrate uptake and
its contribution to carbon uptake under variable light conditions were investigated using **N
and 13C isotopes. Furthermore, we conducted pigment composition analyses via high-
performance liquid chromatography (HPLC) to assess the distribution of phytoplankton at the
respective stations. My results indicate that in a mixotrophic-dominated phytoplankton
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community under low nitrate concentrations, carbon and nitrate uptake are decoupled. Thus,
we propose the role of regenerated nutrients in maintaining primary productivity in the ETSP.

Table 1. Author contributions
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Key points

e A north-to-south pattern in N; fixation rates was observed implying increased N
turnover between 12°S and 16°S where N loss was pronounced.

e The highest N; fixation rates were measured in coastal productive waters above and
within the OMZ, showing no clear relationship with Fe or P.

e The magnitude of N; fixation was low compared to predictions, estimated to account
for ~0.3% of primary production and <2% of local N loss.

Abstract

Marine nitrogen (N3) fixation supports significant primary productivity in the global ocean.
However, in one of the most productive regions of the world ocean, the northern Humboldt
Upwelling System (HUS), the magnitude and spatial distribution of this process remains poorly
characterized. This study presents a spatially resolved dataset of N; fixation rates across six
coastal transects of the northern HUS off Peru (8°S — 16°S) during austral summer. N3 fixation
rates were detected throughout the waters column including within the OMZ between 12°S
and 16°S. N fixation rates were highest where the subsurface Oxygen Minimum Zone (OMZ,
0, <20 umol L'Y) was most intense and estimated nitrogen (N) loss was highest. There, rates
were measured throughout the water column. Hence the vertical and spatial distribution of
rates indicates colocation of N; fixation with N loss in the coastal productive waters of the
northern HUS. Despite high phosphate and total dissolvable iron (TdFe) concentrations
throughout the study area, N fixation was still generally low (1.19 + 3.81 nmol L't d) and its
distribution could not be directly explained by these two factors. Our results suggest that the
distribution was likely influenced by a complex interplay of environmental factors including
phytoplankton biomass and organic matter availability, and potentially iron, or other trace
metal (co)-limitation of both N; fixation and primary production. In general, our results support
previous conclusions that N3 fixation in the northern HUS plays a minor role as a source of new
N and replenishes the regional N loss.

Plain Language Summary

High phytoplankton productivity in the Humboldt Upwelling System (HUS) is underpinned by a
rich supply of nutrients, such as nitrate, brought to shelf surface waters from depth. However,
marine microbes use up some of the nitrate in low-oxygen waters converting it back into
nitrogen gas (N2). Future climate change projections indicate that nitrate availability may
decline in the surface ocean. Less phytoplankton growth in the HUS due to reduced nitrate
supply could impact ocean services like fish production and biological carbon drawdown.
Previous studies hypothesize that biological nitrogen fixation by microbes is present in the HUS.
Here we studied the distribution and amount of nitrogen fixation in this region in relation to
environmental conditions, to better understand if the inputs and losses of nitrogen are
balanced. Our results indicate that nitrogen fixation rates are too low to counterbalance the
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local nitrogen loss and do not contribute significantly to the nitrogen supply for phytoplankton
growth. The availability of phosphate and iron is thought to control biological N fixation rates
on a global scale, but within the HUS we are unable to find evidence for this suggesting that
other environmental factors, such as organic matter availability, control biological nitrogen
fixation.

2.1 Introduction

Bioavailable nitrogen such as nitrate, nitrite, or ammonium, limits marine primary productivity
in surface waters due to fast phytoplankton uptake relative to the supply (Moore et al., 2013).
Therefore, processes that supply nitrogen (N) to the surface ocean are key to regulating marine
productivity and the associated export of carbon to the deep ocean (Gruber, 2004). In the
marine environment, the uptake of dinitrogen gas (N2) by nitrogen-fixing microbes
(diazotrophs) is widely recognized as a significant source of new bioavailable N (Gruber &
Galloway, 2008). Therefore, diazotrophy has the potential to regulate marine productivity and
influence the strength of the biological carbon pump (Karl et al., 2012). An understanding of
the spatial distribution of N; fixation and the factors that regulate the growth of diazotrophs is
essential to comprehending past and future changes in bioavailable N and the associated
ecosystem services.

At a steady state and a global scale, inputs of bioavailable N to the oceans should be at
equilibrium with loss of N through microbially mediated processes such as denitrification and
anammox (anaerobic ammonium oxidation). To keep the global marine N inventory at
equilibrium, stabilizing feedback mechanisms between N gain and N loss processes are thereby
required. Inputs of bioavailable N are thought to be spatially separated from losses due to
factors such as iron (Fe) limitation, temperature, and macronutrient availability which
constrain diazotrophy and influence diazotrophs’ response to the local N loss (Gruber, 2004).
Whilst N fixation is primarily known to take place in surface waters of open ocean
environments, about a third of the global ocean N loss is ascribed to Oxygen Minimum Zones
(OMZs, Karstensen et al., 2008). In these zones, oxygen (O») concentrations are low enough
(OMZis loosely defined herein as 02 <20 pmol L%, Supplementary Info, Text. S1) for both N loss
mechanisms, denitrification, and anammox to take place (DeVries et al., 2012). The OMZ in the
Eastern Tropical South Pacific (ETSP) is one such region where a substantial portion of global N
loss is known to occur (Hamersley et al., 2007; Kalvelage et al., 2013). As a result of the low O3
concentrations in subsurface waters of the ETSP, preferential N loss over phosphate (P) results
in surplus P conditions over available nitrate in the water column (P*, defined using the
Redfield N:P ratio of 16, Deutsch et al.,, 2007; Redfield, 1958). In addition, and of direct
relevance to diazotrophs given the high Fe requirement of the N; fixing enzyme nitrogenase,
there is a pronounced release of Fe from shelf sediments into the water column (Kustka et al.,
2003; Noffke et al., 2012). These conditions of increased phosphate relative to N, and high iron
availability should theoretically favour the growth of diazotrophs. As a result, biogeochemical
models have predicted that high N3 fixation in the ETSP could potentially replenish the intense
N loss taking place in subsurface coastal waters (Deutsch et al., 2007). However, contrasting
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observational and biogeochemical evidence for spatial separation of N2 fixation and N loss in
the ETSP suggests that the regional N inventory in the ETSP could be balanced by external N
inputs through high N fixation rates observed in the Western Tropical South Pacific (Bonnet
et al.,, 2017; Wang et al., 2019). There is uncertainty concerning the role of N; fixation in the
ETSP and to what extent it may balance the regional N loss.

A biogeochemical model by Landolfi et al. (2013) demonstrated that colocation of N; fixation
and N loss as hypothesized for the ETSP OMZ (Deutsch et al., 2007), could result in a self-
sustaining destabilizing feedback in the N cycle. This emanates from a stoichiometric
imbalance, whereby the denitrification of newly fixed organic matter occurs at a higher
inorganic N:P ratio (120:1) than N; fixation inputs under Redfield conditions (N: P~16:1,
Paulmier et al., 2009). This results in an enhanced N deficit which could stimulate more N;
fixation. A vicious cycle can ensue if this feedback persists, whereby complete remineralization
of organic matter associated with newly fixed N via N; fixation would lead to a net loss of
bioavailable N from the system. To date, this hypothesized feedback and its implications on
the local and global marine N inventory have yet to be assessed. Due to a scarcity of data, and
a limited geographical range of observations, N; fixation estimates from regions with intensive
N loss are mainly based on a few measurements extrapolated to large regions. Given the high
spatial and temporal variability of diazotrophic abundances, activities, and species distributions
(Gradoville et al., 2017), especially across dynamic shelf regions, these extrapolations have
considerable uncertainties. For the ETSP in particular, it is still unclear for example how
temporal patterns of N, fixation may be influenced by long-term climate variability and
environmental changes associated with the El Nifio-Southern Oscillation dynamics on which N
loss processes like denitrification have been shown to respond sensitively to (Yang et al., 2017).

Furthermore, there is an ongoing debate concerning the extent to which N; fixation rates are
controlled by environmental conditions such as in situ O, temperature, organic matter,
phosphate, and iron availabilities (Knapp et al., 2016; Luo et al., 2014; Wang et al., 2019).
Currently, there is only limited evidence to support a clear link between excess phosphate and
Fe availability as primary regulators of N fixation rates within the OMZ of the ETSP (Bonnet et
al., 2013; Chang et al., 2019; Dekaezemacker et al., 2013; Fernandez et al., 2015; Ldscher et
al., 2014, Selden et al., 2021; Wang et al., 2019), despite these factors being widely attributed
to determining the spatial niche in which diazotrophy can occur (Ward et al., 2013). However,
a confounding factor in assessing the role, particularly of Fe, on diazotrophy is that trace metal
concentrations are rarely measured in parallel with N3 fixation rates partly due to high chances
of sample contamination. This could be a contributing factor to the apparent lack of a clear
relationship between Fe and measured rates. Herein, to investigate the distribution and
magnitude of N fixation in relation to environmental conditions in the ETSP, we conducted
measurements across 6 transects from north to south of the northern HUS off the Peruvian
coast. We measured N fixation across gradients of latitude, and physical and biogeochemical
conditions, including Fe concentrations within the incubations used to determine N fixation
rates. We aimed to evaluate the distribution of N, fixation in relation to environmental
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conditions and assess the potential colocation of N; fixation and estimates of bioavailable N
loss in the northern HUS.

2.2 Materials and Methods
2.2.1 Study area and hydrographic sampling

The cruise took place during a warm austral summer (December 23, 2018, to January 30, 2019)
characterized by ~ 0.7 — 0.8 °C above average sea surface temperatures (SSTs) and weak
southeast trade winds during an El Niflo. We measured N; fixation rates, nutrient
concentrations, and hydrographic data from 26 stations in the ETSP onboard RV Maria S
Merian (cruise MSM 80). Sampling extended along six transects (Figure 1) off Peru from 8° 30’S
to 16° 30’S at distances of 4 to 293 km from the shore. Our sampling strategy was optimized
to cover spatial and vertical gradients of O, micro- and macronutrients, primary productivity,
and light and upwelling intensities.

At each station, vertical depth profiles of temperature, salinity, dissolved oxygen (O2),
photosynthetically-active radiation (PAR), chlorophyll a fluorescence, and turbidity were
obtained using a Seabird (SBE-911 plus, Seabird-Electronics, USA) conductivity-temperature-
depth (CTD) profiler equipped with double temperature (SBE 3) and O, sensors (SBE43), a LI-
COR Bio spherical PAR sensor and a Wet Labs ECO-FLNTURTD chlorophyll-turbidity sensor. O3
concentrations from discrete water samples (Winkler titration) were used to calibrate the CTD
oxygen sensor. The CTD and sensors were mounted on a 21x10 L Niskin bottle rosette water
sampler from which discrete water samples were collected.

Satellite-derived MODIS Chl a (NASA Ocean Biology Processing Group, 2017) and SSTs
(NASA/JPL, 2020) were downloaded as 8-day composites covering the dates each transect was
sampled: Transect 1 (27-31 December 2018), Transect 2 and 3 (1 — 8 January 2019), Transect
4and 5 (9 — 16 January 2019) and Transect 6 (17 — 24 January 2019).

2.2.2 N, fixation incubations and particulate matter isotopic
composition

Seawater samples from each station were collected from four to six depths distributed from
the surface (¥ 5 — 10 m) to a maximum of 300 m covering the OMZ (02 <20 pumol L1). A
subsample (0.4 — 1.5 L), was immediately filtered (GF75, Advantec, 25 mm @, 0.3 pm nominal
pore size) for natural abundance of particulate organic carbon and nitrogen concentrations
(POC/N) and isotopic compositions (83Cpoc/8™°Npon).

N, fixation rates were determined from triplicate incubations following the modified *N-N3
dissolution technique (GroRkopf et al., 2012; Mohr et al., 2010). 2.3 L Nalgene transparent
polycarbonate bottles were pre-cleaned with 10% HCL and rinsed three times to minimize
trace metal contamination before filling with seawater samples. Oxygen contamination during
seawater collection was minimized by filling the bottles gently and bubble-free from the
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bottom with a tube, allowing the overflow of about half the bottle volume before closing the
headspace of the bottle free with septa-fitted caps. This same method was applied for
collecting Winkler samples that were used for CTD calibration. Incubation bottles were
amended with 100 mL of *N-N,-enriched seawater (Supplementary Info, Text S2) yielding an
average dissolved N, isotope abundance (*’N atom %) of 3.90 + 0.02 atom % (mean * SD) in
the incubation bottle. Blank incubations using atmospheric air instead of »N-N; isotope
addition were performed to track any natural changes in the 8'°N that may not have been a
result of °N-N addition. The use of air for the blank incubation introduced small amounts of
dissolved O changes against background concentrations calculated to range between 0 — 0.6
% in OMZ incubations and 0 — 0.14% in euphotic zone incubations. Bottles were incubated for
24 hin on-deck incubators with a continuous flow of surface seawater. Incubators were shaded
to receive 100, 40%, 30%, 15%, 5%, and 0% (Lagoon blue neutral density light screens, Lee light
filters) of incoming PAR corresponding to approximate in-situ PAR conditions of sampled
depths. After 24 hrs, entire incubation bottles or, in cases of high biomass, subsamples from
individual incubations (range of PON on filter 4.73 —177.02 pg/filter) were filtered under gentle
pressure (200 mbar) onto pre-combusted GF75 (Advantec, 25 mm @, 0.3 pm nominal pore size)
and treated with acid (1M HCI for 2 minutes) to remove particulate inorganic carbon. Filters
were oven-dried overnight at 60°C, packed in tin capsules, and pelleted for further analysis. All
filters were analyzed for POC/N concentration and isotopic composition (§%*Cpoc/6™Npon) on
an elemental analyzer (Flash EA, ThermoFisher) connected to a mass spectrometer (Delta V
Advantage Isotope Ratio MS, ThermoFisher) with the ConFlo IV interface (ThermoFisher).

2.2.3 N; fixation rates, limits of detection, and error analysis

Volumetric absolute N; fixation rates were computed as shown in equation (1) according to
Montoya et al. (1996)

_ te=i
o ASON—Adoy _ [PON]
N, fixation rate = LN (1)
Ang* PfON At

Whereby Aron represents the isotope abundance (**N atom %) of PON in the natural
abundance samples (t = 0), blank (t; =) and final (t = f) incubations respectively. Ay,
represents the isotope abundance of the dissolved inorganic N; pool (added + ambient)
available to Nj fixers calculated according to White et al (2020), and At represents the
incubation period. The concentration of added *°N, gas in the enriched water was estimated
from ideal gas law and the ambient N gas was estimated using gas solubility equations adapted
from Weiss. (1970) (Supplementary Text S2). Following a Wilcoxon test for paired samples
between the blank incubation and the natural abundance, we observed a significant difference
in the isotope abundance of the PON between the two sets of samples (Supplementary Info,
Figure S1) indicating that natural changes were taking place in the incubations, independent
of isotope addition. Hence, we used the >N atom% enrichment from the blank incubation
rather than the natural abundance for our calculation to ensure that detectable changes in the
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5N isotope signal from our amended incubations account for naturally occurring changes and
bottle effects that were not associated with >N, tracer addition.

For each station, volumetric rates were trapezoidal depth-integrated (areal rates) from the
surface through to the maximum depth sampled per station (depth range = 20 — 250 m). To
integrate rates, we assumed that N; fixation rates were constant from the surface (0 m) to the
depth of the shallowest rate (often 5 — 10 m and always within the surface mixed layer depth).
POC concentrations were also integrated to similar depths as N; fixation rates.

Limits of detection (LOD) were calculated as described by White et al. (2020) using standard
propagation of errors based on observed variability between triplicate samples (Bevington &
Robinson, 2002; Gradoville et al., 2017). Any measured N; fixation rates below the limit of
detection for each respective measurement were assumed to be equal to O nmol N L d*!
before any further statistical analysis was done. See Supplementary Info, Text S3 for detailed
explanations concerning LOD calculations.

2.2.4 Inorganic nutrients, Chl a, and Trace metal analyses

Unfiltered samples for dissolved inorganic nitrogen (nitrate (NOs’), nitrite (NOy) and
ammonium (NH4%), hereafter DIN), phosphate (PO4* or DIP), and silicate (Si(OH)4) were
collected in triplicate. Concentrations were measured onboard using an autosampler (XY-2
autosampler, SEAL Analytical) and a continuous flow analyzer (QUAAtro Autoanalyzer, SEAL
Analytical) according to Holmes et al., 2011; Morris & Riley, 1963; Murphy & Riley, 1962. The
LOD was calculated from blank measurements as blank + 3 times the standard deviation of the
blank during each measurement (LOD NOs = 0.133 umol L}, NO;” = 0.011 umol L}, NHs* =
0.040 pmol L%, Si(OH)s = 0.130 umol L?, POs* = 0.009 pumol L?1). The precision of the
measurements was estimated from the average standard deviation between triplicate
measurements (NOs = 0.028 umol L}, NO; = 0.018 pumol L'}, NH4* = 0.029 umol L%, Si(OH)4 =
0.013 umol L}, POs* = 0.003 pumol L). Dissolved organic phosphorus (DOP) was measured
using the persulfate oxidation approach outlined in Hansen & Koroleff, 1999 with an oxidizing
decomposition reagent (Merck, Germany). P* was calculated from DIN (NO3 +NO; + NH4*) and
DIP measurements after Deutsch et al. (2007) using equation (2) where Rig:1 is the integrated
ratio of DIN and DIP in seawater and organic matter (Redfield, 1958).

p* = [POi_]— [NO3 J+[NHF]+[NOZ ]

Ri6:1 2)

To measure total dissolvable (Td) trace metal concentrations available within our N fixation
incubations, seawater samples were taken unfiltered from the Niskin bottle where N fixation
samples were collected. Samples were retained in 125 ml low-density polyethene sample
bottles (Nalgene) which had been pre-cleaned (Mucasol®, followed by 1 week in 3 M HCl and
1 week in 3 M HNOs with 3 deionized water rinses after each stage). Plasticware for sampling
was cleaned similarly. Sample bottles were pre-rinsed three times with a few millilitres of the
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sample before filling. Sample bottles were stored double-sealed in sample bags. Total dissolved
trace metal concentrations were determined via inductively coupled plasma mass
spectrometry (ICPMS) after preconcentration, per Rapp et al. (2017). Samples were acidified
with ultrapure hydrochloric acid (UpA grade, Romil) to pH 1.9 and left sitting for >6 months,
subjected to 4 h UV irradiation in 30 mL fluorinated ethylene propylene bottles,
preconcentrated offline using a SeaFAST system (Elemental Scientific Inc), and then analyzed
on an Element XR ICPMS (Thermo Finnigan). The trace metal reference material CASS-6 was
also analyzed to assess the accuracy of the analytical procedure (Supplementary Info. Table 1).

As the main purpose of measuring total dissolvable iron (TdFe) was to ascertain the Fe available
to diazotrophs as incubated, which may diverge from ambient concentrations, some degree of
contamination would not detract from the purpose of the study. At 3 stations which were 6, 9,
and 234 km from the coast, triplicate samples were taken to check for data reproducibility
(Supplementary Info, Figure S2a). The similarity of triplicate TdFe samples (Supplementary Info,
Figure S2a) suggests a limited degree of random contamination, and concentrations are in the
range of Total particulate Fe and dissolved Fe concentrations determined on a prior cruise
(Hopwood et al., 2021) with a GEOTRACES compliant trace metal clean rosette system and
clean lab ( Supplementary Info, Figure S2b). Due to a benthic Fe source in this region, the
extremely high TdFe concentrations are realistic for coastal shallow stations (Chever et al,,
2015) and would likely mask any modest degree of Fe contamination during handling
(Supplementary Info, Figure S2b)

To assess trace metal and macronutrient coupling, we calculated a diagnostic tracer as a
measure of Fe colimitation with PO4> (TdFep*) using equation (3), (Parekh et al., 2005; Tang,
Wang et al., 2019). Rrep represents average phytoplankton uptake requirements for multiple
nutrient availabilities based on the extended Redfield ratio (C7.7sN1Si1Po.0s26)1000F€0.469 (MoOOTE,
2016). Positive values for TdFep* suggest Fe is in excess relative to measured PO4*, while
negative values indicate Fe deficiency.

TdFe," = [TdFe] - Reep x [PO3 ] (3)
2.2.5 Estimating fixed nitrogen loss

To estimate water column N loss, a DIN deficit (Ngef) method, as described originally by
Codispoti et al. (2001) was used. Ngef estimates the amount of fixed nitrogen removed from a
parcel of water integrated over space and time assuming no mixing. Ng4es was estimated as the
difference between the expected DIN (Nexp) considering N loss was absent and observed DIN
(Nobs) from our study according to equation (4) by Chang et al. (2010). Nexp Was calculated
considering Redfield (Redfield, 1958) organic matter respiration regenerating a local average
inorganic N:P ratio of 15.8 for waters outside the ETSP OMZ where anaerobic DIN loss is
assumed to be 0. The value 0.3 pmol L't denotes the concentration of POi_ remaining when
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DIN is zero in the N:P relationship. Based on this definition, positive values of Ngef estimate DIN
loss that has occurred in a water mass within in the Peruvian OMZ.

Nges = 15.8[POF™ - 0.3] - [ NO3 +NH}+NO; ] (4)
2.2.6 Statistical analyses

Across the entire dataset of N, fixation, a Spearman’s rank correlation was used to examine
the potential relationships between N; fixation rates and physical, biogeochemical, and
biological parameters across the northern HUS.

Gradients in biogeochemical variables could influence the magnitude and distribution of N3
fixation rates in the water column, Therefore, three water column depth horizons were
identified based on PAR/fluorescence and O, concentrations: the euphotic zone (oxic waters
within the euphotic zone), the oxic zone (describing all sampled depths below the euphotic
zone with O, concentrations >20 pmol L'!) and the OMZ zone (describing deeper depths where
0, concentrations were <20 pmol L?). See Supplementary Info, Text S1 for further details of
how depth horizons were delimited. Measurements of N, fixation rates, and physical and
biogeochemical variables were then grouped based on the depth horizons. To test for the
differences in the distribution of N fixation rates and physical and biogeochemical variables
between the three depth horizons, a non-parametric one-way analysis of variance (ANOVA)
with Kruskal-Wallis test was performed. A Dunns multiple comparison test was applied post
hoc to analyze differences between every pair of groups. By applying these two techniques we
increased the chance to reveal relationships that may not follow a linear distribution.

The spatial distribution of some environmental variables such as measured O3, satellite-derived
SSTs, and surface Chl a from MODIS were interpolated using the Akima package in R (code
(TOMS 760 et al., 2021). All statistical analysis and data visualizations were performed with R
studio version 1.3.959.

2.3. Results
2.3.1 Oceanographic conditions

Our cruise took place in the northern HUS, covering almost half of the Peruvian coast from
north to south (Figure 1a). Our stations encompassed coastal locations where the lower
boundary of the OMZ is ~600 m, and offshore locations where the lower boundary of the OMZ
is >600 m (Kalvelage et al., 2013). Transects 1 and 2 were located on a wide shelf area off
northern Peru where mean MODIS SSTs ranged from 21°C to 24°C (Figure 1a) with averages of
22.12 +£1.82°C (Supplementary Info, Table 2). Vertical temperature and salinity distribution at
the time of sampling exhibited a typical upwelling pattern of low surface temperatures (~ 20°C)
and a reduced vertical temperature gradient close to shore with low salinity waters (<35.1,
Supplementary Info, Figures S3, and S4). A pronounced subsurface salinity maximum
developed past the shelf edge probably as a result of offshore drift of high salinity waters. In
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addition, a thick (~70 m depth), well-oxygenated water layer was observed in all stations from
the northern transects (Figure 2). The upper boundary of the OMZ (02 =20 umol L!) extended
from 51 m to 150 m and O, concentrations were below the detection limit (2 =3 umol L ) in
deeper waters between 200 and 650 m depth. In all stations above the shelf from Transects 1
and 2, O, concentrations were consistently above 50 umol L' and an upward shoaling of
oxyclines was also observed in stations above the shelf edge, indicating the influence of
enhanced mixing and advection in coastal subsurface waters.

Transect 3 covered the central shelf at 12°S off Callao, marking a transition between the north
and south of the HUS. Cool mean MODIS SSTs (~ 19°C) at the coast and salinity gradients
indicated active or recent upwelling (Figure 1a). Surface waters were associated with elevated
mean MODIS Chl a (Figure 1b) and increased turbidity (Supplementary Info, Table 3, Figure S6).
In contrast to the northern shelf transects, salinity was in general slightly lower and
homogenous throughout the water column (35.05) showing a weak subsurface salinity
maximum (Supplementary Info, Figure S4). Towards oceanic waters at the transect edge, SSTs
slightly increased to 24°C. All stations sampled from Transect 3 were coastal with an OMZ
thickness ranging between 80 and 420 m (Figure 2). A shallow OMZ was observed where the
upper boundary of the OMZ ranged between 20 and 70 m and O; concentrations were below
detection between 100 m and 550 m.

On the southern Peruvian coast where the shelf is relatively narrow, hydrographic features
between 14.5°S and 16°S indicated that upwelling was active during our sampling. A signal of
low Oy, nutrient-rich waters appeared at the surface (Figure 2, Figure 4a). Low SST (~ 18°C) was
observed close to the coast accompanied by upward shoaling of oxyclines very close to the
coast at 14.4°S (Figure 2, Supplementary Info, Table 2, Figure S3). In offshore stations, mean
MODIS SSTs reached a maximum of ~22°C and vertical O, and temperature profiles indicated
a shallow (~20 m thick, Supplementary Info, Figure S3) well-oxygenated layer of warm surface
water. Absolute temperatures and vertical gradients decreased eastwards towards the coastal
stations in all southern transects (Transects 4-6). Around 15°S (Transect 5), local vertical
shoaling of isotherms was observed above the shelf. High Chl a and POC concentrations (Figure
1) were observed in surface waters of coastal stations in the southern transects consistent with
a narrow surface turbidity layer at 15.3°S (Supplementary Info, Figure S6). Additionally, a
narrow-oxygenated surface water layer was observed, mostly separated from a shallow OMZ
by the 17°C isotherm, although O; concentrations were still lower than the northern transects
(Supplementary Info. Table 2). In the southern part of the study area, the upper boundary of
the OMZ ranged from 4 m - 58 m. Between 50 m and 735 m across all stations from Transects
4 -6, 02 was below detection.
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Figure 1. (a) Mean MODIS (NASA/JPL, 2020) sea surface temperature (SST) in the study area
overlain by depth-integrated Particulate Organic Carbon (POC) concentrations at each station.
(b) Mean MODIS (NASA Ocean Biology Processing Group, 2017) surface Chlorophyll a
concentration (Chl a) overlain by integrated N fixation rates (umol N m=2d?) for each station
along the six across-shelf transects (T1-T6). Crosses on (b) indicate rates below detection. 8-
day average products of SST and Chl a covering the dates each transect was sampled were
used to generate figures a and b respectively. Black dotted and dashed lines show 200 m and
2000 m bathymetry to indicate the edge of the shelf and shelf slope, respectively.

2.3.2 N, fixation rates

Measured N; fixation rates showed a latitudinal trend, on average increasing from north to
south of the Peruvian coast (Figure 2). This trend was consistent with significant latitudinal
differences in SSTs, PO4*, P*, DIN:P, Ndef, turbidity, POC, and PON (Supplementary Info. Table
2). Rates ranged between undetectable in the two northern transects (Transect 1 and 2) to a
maximum of 30.97 nmol N L' d"! at Transect 5 with an overall average and standard deviation
of 1.19 + 3.81 nmol N L'1d* (n=103 measurements). Detectable N, fixation rates between 12°S
to 16°S (Transects 3 — 6), were measured above the shelf (range 0.38 —=30.97 nmol N L' d ! n=
75 measurements) corresponding to waters with DIN:DIP ratios below 16 (Figure 3a).

Considering the depth distribution of the rates, the highest mean N fixation rates (1.73 + 4.82
nmol N L't d, n=62) were measured in warm (19.3 + 2.22 °C), oxic waters (>20 umol L) within
the euphotic zone (12 — 73 m) albeit with high variability between depths (Supplementary Info.
Table 3). The second average rates, 0.45 + 0.59 nmol N L' d"! were measured within cooler
waters of the OMZ where 0> concentrations were lowest and P* and TdFe," were highest
(Supplementary Info. Table 3) while the lowest average rates were measured from oxic waters
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(0.12 + 0.40 nmol N L't d). A Kruskal-Wallis one-way analysis of variance testing for the null
hypothesis that the distribution of N, fixation rates between the depth horizons has identical
medians was insignificant (Kruskal-Wallis p>0.05, Supplementary Info. Table 3).
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Figure 2: Measured N fixation rates (empty orange circles) overlayed on the vertical
distribution of O, concentrations (umol L) along the six transects. The black dotted lines and
blue full line with triangles indicate the upper boundary of the OMZ waters (0, <20 umol L?)
and the depth of the euphotic zone (PAR = 1%) respectively. Purple crosses indicate depths
where N3 fixation rates were below detection. The red box indicates offshore stations defined
as those in which the lower boundary of the OMZ was >600 m.

N, fixation rates were significantly positively correlated with POC, turbidity, and Chl g, all
factors that were used as proxies for phytoplankton-associated organic matter availability
(Figure 3b). In addition, temperature and oxygen were also positively correlated with N3
fixation. Despite the co-occurrence of high Nj fixation in surface waters with high DOP
concentrations (Supplementary Info. Table 3), a weak positive relationship observed between
N, fixation and DOP was not significant. DIN and DIN:P were both negatively correlated with
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N, fixation rates across the whole dataset, with the lowest values observed in southern
transects (Transects 4-6, Supplementary Info. Table 2).

Depth-integrated N, fixation rates (areal, 0 — 250 m ) ranged from 18.20 to 582.11 umol N m™
d* (average * sd, 124.04 + 138.94 pmol N m=2d) showing latitudinal differences from the
central to the southern extent of our study (12°S and 16°S). Albeit with high variability, average
areal rates were highest in Transect 5 (188.15 + 262.80 umol N m=2d, Supplementary Info,
Figure S5).

2.3.3 Macronutrients and total dissolved iron

For all stations, PO3~ and DIN concentrations in waters above the OMZ ranged between (0.50
-2.60 umol L) and (0.10 — 33.17 umol L) respectively (Figure 4a, Supplementary Info, Figure
S6). Beyond the respective limits of the euphotic zone across all stations (12 — 73 m), DIN and
POi_ concentrations exceeded 15 and 2 umol L}, respectively. DIN:DIP ratios ranged between
0.05-15.17 (average in the euphotic zone was 10.00 + 3.73, average in oxic waters was 13.76
+ 1.46), indicating a deficit of dissolved inorganic nitrogen throughout the water column
(Figure 3, Supplementary Info. Table 3). PO3~ concentrations were low in Transect 1 and 2
(1.49 + 0.56 umol L) coinciding with high DIN concentrations which resulted in low P* values
(<0.5) down to 200 m (Figure 4a, Supplementary Info. Table 3). For Transects 3 — 6, PO;~
concentrations were on average higher (1.94 + 0.68 umol L?) than in the north (Figure 4a).
Coupled with slightly lower NO3 concentrations, high P* values were measured (0.73 + 0.35
umol 1) between the central and southern part of our study reflecting DIN loss in most of the
water column (Figure 5b, Supplementary Info, Figure S8). Upward shoaling of waters with high
P* was observed in OMZ waters throughout the study area, indicating a tendency of upward
advection of denitrified waters with high PO;~ relative to DIN (Supplementary Info, Figure S8).
DOP concentrations were higher in the euphotic waters (0.24 + 0.17 umol L) and lower at
depth (range = 0 — 0.15 pmol L'Y). The highest DOP concentrations were measured from the
surface waters of Transect 4 (1.18 umol L™!) and at a coastal station of Transect 6 (0.54 umol L°
L (Supplementary Info, Figure S9).

Total dissolvable iron (TdFe) concentrations were high in most of the incubations with slight
differences in TdFe concentrations between the northern (28.11+ 50.61 nmol L), central
(82.71 £ 127.17), and southern (36.31 + 40.47 nmol L) transects (Supplementary Info. Table
2). The highest TdFe concentrations were measured from subsurface waters close to the coast
at 12°S (461.84 nmol L1). Generally, depth distributions indicated lower concentrations in
surface waters close to the coast which occasionally increased towards deeper waters
(Supplementary Info. Table 3). However, uniformly high TdFe concentrations were measured
in surface waters of stations closest to the coast at 14°S. Concentrations in the euphotic zone
(depth range, 12 —73 m) ranged from 1.18 to0 216.53 nmol L' (mean + SD = 22.23 + 35.03 nmol
L'Y). In the oxic waters below the euphotic zone, TdFe concentrations increased with depth
from 8.06 to 223.49 nmol L' (mean + SD = 55.70 + 78.06 nmol L) but showed high variability
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due to sporadic high concentrations >200 nmol L™ in subsurface waters at most coastal stations
in Transect 2. Within O;-deficient waters, average concentrations were slightly higher than
those in oxic waters but similarly with high variability (68.22 + 87.13 nmol L!). TdFe," followed

a similar pattern as absolute TdFe concentrations (Supplementary Info, Figure S10).
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Figure 3. (a) Relationship between DIN and PO3~ concentrations for all stations during the
cruise. The size of the circles corresponds to measured N; fixation rates and the colour
corresponds to dissolved organic phosphorus concentrations (DOP). Grey points and points
with black rings depict samples where DOP concentrations and N fixation rates were below
the detection limit respectively. (b) Spearman correlation coefficients plot including N3 fixation
rates and environmental variables (n = 103). Positive and negative correlations are displayed
in orange and purple respectively. The colour intensity and size of the circles are proportional
to the correlation coefficients. Non-significant correlations (adjusted p-value >0.05) are
indicated by black crosses.
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Figure 4: Profiles of (a) PO3 concentrations and (b) total dissolvable iron (TdFe) along the 6
transects during the cruise. TdFe data corresponds to measured TdFe in each discrete
incubation where N, fixation measurements were made. The red dot in figure b indicates the
highest TdFe concentration (461.84 nmol L1).
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2.3.4 Estimates of bioavailable nitrogen loss

Accumulation of NO; in OMZ waters is considered a signal of active N loss since it is consumed
as a substrate for anammox and is an intermediate product of denitrification (Lam et al., 2009).
In this study, we use its presence to estimate N loss occurrence and its spatial association with
N, fixation. To estimate N loss from a water parcel, we calculated the nitrate deficit (Ngef),
estimating the conversion of NO3 to N; gas. Between the northernmost transect at 8°S and
the central transect at 12°S, a weak secondary NO, maximum was observed where NO;
concentrations ranged between 0.01 — 2.14 pmol L?, except for the most coastal station at
Transect 3 where subsurface NO; concentrations close to the bottom reached 3.26 pmol L%
(Figure 5a). A weak Ngersignal (0 — 5 umol L) was only observed in subsurface waters beyond
200 m in Transects 1 — 3. Above these depths, Nger was mostly below 0 pmol L (Figure 5b)
indicating a reduced active N loss signal in the water mass.

At Transect 4 (14°S), stations closest to the coast had a deeper and pronounced NO,; maximum
below 150 m. Beyond 50 km distance from the coast, the depth of the secondary NO,
maximum from all stations reduced to 50 m. The profile of NO3 in Transect 4 indicated a local
NO; decline between 100 and 250 m depth (Figure 5a). In Transect 5 where the highest N>
fixation rates were measured, a much more pronounced secondary NO; maximum was
observed in deeper layers, extending from ~100 m, despite a shallow upper boundary of the
OMZ from 50 m. Maximum NO3 concentrations of up to 8.3 umol L™t were measured between
250 and 300 m depth at Transect 5. At the most southern transect along 16°S, a sharp oxycline
was observed in which NO, was seen to accumulate in shallow OMZ waters from 30 m (Figure
5a) extending to ~300 m and reaching a maximum of 8 — 8.3 pumol L' at most stations.
Consistent with the occurrence of a secondary NO; maxima, our results reveal a strong N loss
signal in coastal subsurface waters between 12°S and 16°S, as indicated by positive Ngef values
of up to 25 umol L (Figure 5b, Supplementary Info. Table 2). However, this signal was less
pronounced in surface waters above the upper boundary of the OMZ (0 — <50 m).
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Figure 5: Distribution of (a) nitrite (NO3) concentrations and (b) calculated DIN deficit (Ngef)
along the 6 transects during the cruise. The dotted line in figure b denotes the upper boundary

of the OMZ layer with O, concentrations < 20 pmol L.
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2.4. Discussion

Within the ETSP, previous studies have shown that heterotrophic diazotrophs such as
proteobacteria are dominant and contribute significantly to N; fixation in the region (Bonnet
et al., 2008; Jayakumar & Ward, 2020; Loéscher et al., 2014; Turk-Kubo et al., 2014). While
unicellular cyanobacterial diazotrophs like Crocosphaera spp have been observed sporadically,
they are not the dominant diazotrophs and their relative contribution to total N fixation in the
ETSPis negligible due to substantially low abundances (Bonnet et al., 2008; Loscher et al., 2014;
Turk-Kubo et al., 2014). In a previous study by Chang et al. (2019), N; fixation rates were only
detected in euphotic waters, where the abundances of nitrogenase (nifH) copies from
proteobacteria were high with a lack of sequences from cyanobacterial diazotrophs. This
demonstrates that the vertical distribution of heterotrophic diazotrophs in the ETSP is
independent of light. Similarly, N, fixation rates in our study did not seem to be influenced by
light availability as they were measured throughout the water column, from surface to aphotic
waters within the OMZ without significant differences in depth horizons (Supplementary Info.
Table 3). Based on this evidence, heterotrophic diazotrophy in surface waters cannot be
excluded and we argue that the presence of high fixation rates in euphotic waters is not
necessarily an indication of autotrophic diazotrophy. Inferring from the aforementioned
studies, our observations strongly suggest that the rates we measured here can also be
primarily attributed to heterotrophic diazotrophs.

2.4.1 Spatial and vertical distribution of N, fixation rates in relation
to environmental conditions

To the best of our knowledge, this study reports the first extensive distribution of N; fixation
rates covering a notable part (8°S - 16°S) of the coastal northern HUS (4°S — 20°S) off the
Peruvian coast. It is also one of few studies to combine N; fixation measurements with TdFe
concentrations from the incubations. At a global scale, the biogeography of diazotrophy is
predicted by considering POi_and Fe availability (Ward et al., 2013), with diazotrophy across
most of the ETSP predicted to be limited by low Fe availability (Knapp et al., 2016). Yet on the
nearshore spatial scales considered herein, this does not appear to be the case as N fixation
rates were often lower than model predictions despite high POi_and TdFe availability.

One noteworthy finding of our study was a latitudinal pattern in the distribution of N fixation
rates. All N; fixation rates in the north were below detection in comparison to measurable rates
in the central and southern latitudes. This could be explained by unfavourable conditions for
diazotrophy in the north as conditions controlling N; fixation may not be uniform along the
coast. Rates below detection in the north were associated with the upwelling of highly
oxygenated, warm waters (>20°C, Figure 1a, 2, Supplementary Info. Table 2). Under such high
O conditions, diazotrophs could run into oxidative stress under which the activity of the
nitrogenase enzyme is repressed or even inhibited unless Oj-avoiding mechanisms such as
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organic particles are utilized (Inomura et al.,, 2017). However, significantly lower POC
concentrations and turbidity in the north (Supplementary Info. Table 2) suggest that O,-
avoiding mechanisms through phytoplankton-associated organic particles were likely limited
in this area. Lack of measurable N; fixation rates was also associated with the absence of a
secondary NO; maximum (NO3 <2 umol L', Figure 2, 5a), high availability of PO?{ and DIN
concentrations and TdFe availability (Supplementary Info. Table 2). The main Fe source in the
Peruvian shelf region is benthic (Chever et al., 2015), and whilst short-term redox dynamics are
also clearly important for regulating the inventory of Fe in the water column (Rapp et al., 2020),
the highest Fe concentrations are generally expected in the region from ~7 to 13° S where the
shelfis broad and shallow (Bruland et al., 2005). Yet, despite low TdFe concentrations (<5 nmol
L'!) in some cases, positive TdFep* (0.27—222.59 nmol L'!) was observed in all northern stations
especially close to the coast. Hence neither phosphorus and or iron limitation seemed to be
evident.

Throughout the central and southern part of our study area, detectable N; fixation rates
between 12°S and 16°S coincided with high surface Chl a (Figure 1b), high POC concentrations,
high turbidity, higher POZ‘ concentrations and lower O, concentrations compared to the
northern transects. Correspondingly, a Spearman correlation analysis revealed that across the
entire dataset, N, fixation rates were significantly positively correlated with Chl a, POC, and
turbidity (Figure 3b). This direct link between N; fixation and phytoplankton-associated organic
matter has previously been observed in the ETSP and elsewhere in the South West Pacific
(Selden, et al.,, 2021; Shiozaki, et al.,, 2014). Organic particles, consume O, when being
remineralized, generating anoxic micro-niches that can protect heterotrophic N; fixation
against Oy inhibition in highly oxygenated waters (Klawonn et al., 2015). This is evident in that
dissolved O, concentration was positively correlated with N; fixation rates and similarly with
POC and turbidity (Fig. 3b). Therefore, while O, concentrations were still high in surface
euphotic waters in the central and southern regions, high particulate organic matter may have
increased the presence of anoxic micro-niches and thereby contributed to mitigating the
negative impacts of O availability on N; fixation. Organic matter is also a source of energy for
heterotrophic N; fixation and has been demonstrated to enhance N; fixation in experiments in
the ETSP (Dekaezemacker et al., 2013; Klawonn et al., 2015; Léscher et al., 2014). This would
further explain the high N3 fixation rates in surface productive waters in the southern part of
the study area (Figure 1) and the lack of detectable rates in comparatively low productivity and
highly oxygenated waters in the two northern transects.

Our measured rates may, however, be underestimated compared to in situ rates due to
incubation artefacts, in particular, elevated incubation compared to in-situ temperature as well
as potential O, contamination. Higher incubation temperatures (22.91 + 1.36°C) relative to in-
situ conditions (15.21 + 1.46°C) may have been on the upper end of thermal tolerances for N;
fixers associated with cool upwelled waters (3 — 18°C) such as the Gamma4 y-proteobacteria
abundantly observed from the ETSP (Cheung et al., 2021; Loscher et al., 2014; Turk-Kubo et al.,
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2022; Turk-Kubo et al., 2014). Dissolved O, concentrations in the incubation bottles may have
been higher than in situ because even though we overflowed the bottles with samples to
minimize atmospheric contact with the sample, we could not exclude O, contamination when
filling incubation bottles or during the introduction of isotope-enriched waters. This would
result in slightly higher O, concentrations in the incubations and potentially higher diffusion of
O3 into organic particles (Chakraborty et al. 2021), which could both act to suppress N fixation
rates. While we cannot quantify these effects, this likely had some impact on the profiles of N;
fixation rates because these factors would make the largest difference in rates where both in
situ temperature and O; concentrations are lower, such as at depth and in sub-oxic waters.
Nevertheless, these methodological limitations do not compromise the main finding of a
latitudinal pattern of N; fixation rates but are rather in support of the observed low N fixation
rates in northern waters with significantly higher O, conditions (Supplementary Info Table 2).

Low magnitudes of N fixation rates under phosphate availability are puzzling considering that
phosphorus availability has been used to predict high N3 fixation in this region (Deutsch et al.,
2007). A significant negative relationship between N; fixation and POi_ as indicated by the
Spearman correlation analyses could perhaps demonstrate consumption of POZ’ by the
planktonic community, including diazotrophs. However, POi_ was not depleted and therefore
much higher N; fixation rates would be expected for the POi_and TdFe concentrations
measured herein if these were the key limiting factors. The residual POZ" may suggest that
alternative phosphorus sources or factors may play a primary role in regulating N fixation rates
in the study area. Diazotrophs have been known to synthesize hydrolytic enzymes to acquire P
from alternative sources such as DOP (Dyhrman & Haley, 2006, Farnelid & Riemann, 2008;
Mevyer et al., 2016, 2017; Somes & Oschlies, 2015). However, the low to undetectable DOP
concentrations and an insignificant relationship between N; fixation and DOP mean our data
are insufficient to demonstrate any role of DOP for N; fixation in this study. Nevertheless,
evidence that POi_ availability did not translate to expected high N, fixation suggests the
possibility that the diazotroph community in the ETSP may have a different response to
POZ"avaiIabiIity and/or requirements of alternative phosphorus compounds such as organic
phosphorus.

High positive TdFe* throughout the study area (Supplementary Info, Figure S10, Table 2, 3),
which is also a common feature of the coastal ETSP (Blain et al., 2008) indicates that there is
enough iron, relative to phosphate, to support complete consumption of PO3~ and thus
support N; fixation in the coastal waters of the northern HUS. The generally high TdFe
availability in this study also indicates the potential for much higher N fixation rates if iron
were the major limiting factor for N; fixation in the ETSP (Dutkiewicz et al., 2012). Yet higher
TdFe concentrations in coastal waters did not always translate to high N fixation rates and in
some cases, N fixation rates were not detectable despite TdFe availability (Supplementary
Info. Table 2). Therefore, the disproportionately low or undetectable N, fixation rates despite
TdFe availability across most of the incubations from the shelf region are striking. Yet, across
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the entire dataset, slight differences in TdFe concentrations by latitude and coastal-offshore
dynamics appeared to be spatially concurrent to differences in N, fixation rates
(Supplementary Info. Table 2 and 3). Despite the high variability in both N fixation rates and
TdFe concentrations, general trends indicated that increasing N fixation rates from north to
south coincided with a similar increase in TdFe concentrations (Supplementary Info. Table 2).
Hence, whilst overall TdFe availability suggests that TdFe was non-limiting and therefore not a
major controlling factor for N, fixation rates in this study, patterns in the magnitude and
distribution of N3 fixation rates versus the absolute concentrations of TdFe may point towards
either further subtleties as to exactly how bioavailable TdFe is to diazotrophs, non-linearities in
its regulation of N fixation, or other chemical, physical and ecological constraints on N fixation.
Therefore, dedicated experiments are required to disentangle and understand the complex
relationships between Fe availability and N fixation in the ETSP.

From 27 N3 fixation stations sampled, 11 were characterized as offshore (lower boundary of
the OMZ >600 m, Figure 2) and observed to have lower TdFe concentrations (1.18 — 90.29
nmol L'!) relative to coastal stations (1.15—461.84 nmol L'!). These differences were associated
with higher N fixation rates at most coastal stations than at offshore stations. Our
observations are consistent with previous studies reporting the lowest (maximum <1 nmol N
L't d?) to non-detectable rates from open ocean low productivity waters off Peru (Chang et al.,
2019; Dekaezemacker et al., 2013; Loscher et al., 2014, Selden, et al., 2021). These patterns
altogether suggest that, while sedimentary iron in coastal waters is high, insufficient iron
availability in open ocean waters may to some extent still limit/colimit N; fixation in large parts
of the ETSP (Wang et al., 2019). Whilst this may occur as a direct influence of TdFe availability
on N3 fixers, it also presents the potential for an indirect effect of iron. Low TdFe availability
also limits phytoplankton productivity (Browning et al., 2018, Hutchins et al., 2002), thereby
resulting in low organic matter availability which is attributed to stimulating heterotrophic N»
fixation (Bombar et al., 2016; Riemann et al., 2022).

Our study highlights that the controlling factors for N, fixation may be variable globally among
different ocean regions. Specifically for the northern HUS, the controls on N; fixation may
consist of non-linear correlations between multiple environmental factors. Therefore,
predicting N, fixation rates solely on iron and PO?{ without considering other interlinking
factors such as organic matter availability may have resulted in an overestimation of the role
and contribution of N; fixation in the ETSP (Wang et al., 2019). It is worth mentioning that
Chang et al. (2019) did not detect any N; fixation activity beyond the euphotic zone during
austral winter, additionally revealing the temporal heterogeneity and patchiness of N, fixation
activity within the northern HUS. Considering the known seasonality and climate-associated
variability in physical and biogeochemical conditions such as primary productivity (Messié &
Chavez, 2015), which could ultimately influence N; fixation in the northern HUS, we
hypothesize that seasonal variability of N2 fixation rates is likely to occur, but will be challenging
to constrain due to the sporadic occurrence of high N, fixation rates in summer (Fernandez et
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al., 2011; Loscher et al., 2014), and the period of observations required to extract seasonal
variability above interannual and interdecadal dynamics.

2.4.2 Magnitudes of N, fixation and potential impacts on biomass
production and nitrogen inventory of the ETSP

Averaged over the entire water column (0 — 300 m), our volumetric rates (1.18 + 3.81 nmol N
L't dt, n = 103 measurements) are in agreement with the global average of N, fixation rates
(1.4 + 4.6 nmol N L d?) reported from coastal regions by Tang et al. (2019), and other
observations from the ETSP (Bonnet et al., 2013; Chang et al., 2019; Dekaezemacker et al.,
2013; Fernandez et al,, 2011; Knapp et al., 2016; Loscher et al., 2014; Selden, et al., 2021).
When integrated through the water column (5 — 250 m), areal N; fixation rates (18.12 — 582.11
umol N m=2d?, Figure 1b) are within the range but on the lower end of integrated rates (0 —
400 m, 2 —950 umol N m=2d) reported from the ETSP by Fernandez et al. (2011). Save for the
highest areal rate (582.11 pmol N m=2d!), most of our rates are lower (<200 pmol N m2d+?)
than the average model predictions of N fixation for the region (~500 umol N m2d?) by
Deutsch et al. (2007). In line with several model results, our data confirm that predicted N
fixation rates may be overestimated (Moore & Doney, 2007; Wang et al., 2019), especially
considering that observed N; fixation rates from the ETSP are comparably lower in austral
winter (Chang et al., 2019).

Our sampling strategy focused on the coastal band where the highest volumetric N fixation
rates (up to 800 umol N m2 d?) have been measured to date (Loscher et al 2014, 2016).
Episodic sulfidic events, now commonly reported from the Peruvian OMZ and eddy events
(Schlosser et al., 2018; Schunck et al., 2013), were previously associated with the high coastal
N, fixation rates and gammaproteobacterial diazotrophic activity along 12°S (Station 19, 12°
30’S 77°W) by Loscher et al. (2014, 2016). This suggests that N, fixation in the ETSP may be
significantly enhanced under extreme episodic events such as sulfidic events (Loscher et al,,
2014). These high N fixation rates indicate that despite the patchiness, the dominating
diazotrophic community in the ETSP given the right conditions is capable of high N, fixation
rates comparable to those measured during Trichodesmium blooms in the North Atlantic
(Capone et al., 2005; Fonseca-Batista et al., 2019; Mulholland et al., 2012). In contrast to
Loscher et al. (2014), we measured eight times lower integrated N; fixation rates of 162.95
umol m2d* along the same latitude (Station 46 at 12°S, 78°W), the closest station to Station
19 of Loscher et al. (2014), a decade later but during the same season. Furthermore, it should
also be noted that for a large number of N; fixation rates from previous studies in the HUS and
reported herein, N, fixation rates were consistently below detection. Hence, whilst the
potential for high N; fixation rates may exist in the northern HUS, our study demonstrates an
uncertainty of whether these high N; fixation rates are sustained over time. Considering that
previous studies have similarly reported both detectable and low to no N; fixation in the
northern HUS, N, fixation rates seem widely variable and intermittent both spatially and
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temporally (Chang et al., 2019; Dekaezemacker et al., 2013; Loscher et al., 2014; Selden et al.,
2021). However, while N3 fixation may occur year-round, N; fixation rates in the coastal waters
of the northern HUS during austral summer do not seem to be substantially high as
hypothesized by Deutsch et al. (2007). These results provide further evidence to support
previous conclusions that the ETSP is likely not a “hotspot” for N fixation (Chang et al., 2019;
Knapp et al., 2016; Selden et al.,, 2021; Wang et al., 2019). Nevertheless, the temporal
variability of N; fixation needs to be considered in regional nitrogen budgets, since coastal
waters may have a previously underestimated contribution to new nitrogen inputs in the HUS
when N; fixation rates are episodically enhanced.

Net 13C primary production rates measured in the same incubation bottles as N> fixation ranged
between 0.02 —104.09 pmol C L'*d* with an average mean of 17.00 + 28.41 umol C L'*d"* from
the euphotic zone (Kittu et al., 2021). Assuming the Redfield ratio (C:N~ 6.6), (Redfield, 1958),
we calculated that the contribution of measured N; fixation to new primary production by
providing new nitrogen to the euphotic zone ranged between ~0.0 and 0.50 % (average, 0.05
+ 0.11%). This demonstrates that N, fixation was a measurable but minor source of new
nitrogen to support local new primary production during our cruise. It is therefore evident that
other N sources e.g. from upwelled nitrate or regenerative nutrients (e.g ammonium) are more
important for supporting the observed high primary productivity in the region (Ferndndez et
al., 2009; Hauschildt et al., 2021).

Nevertheless, the occurrence of N; fixation in the coastal waters of the northern HUS might be
relevant for N cycling in the highly productive Peruvian upwelling system due to the extent to
which it counterbalances bioavailable N loss. Our observations do support the Deutsch et al.
(2007) hypothesis for a spatial coupling of N; fixation and bioavailable N loss in the southern
coastal productive waters off Peru, which may be important for feedback on the nitrogen
inventory in the region (Landolfi et al., 2013). To assess this, we considered the distribution of
N loss estimates from Nger calculations and secondary NO, maxima measurements. Using
estimates of microbial respiration and NO3 deficit, Codispoti and Packard (1980) established
that 76% of the total N loss in the ETSP occurs from the main secondary NO; maxima zone (>2
umol L1), within a 175 km band from the coast. Based on these estimates, they demarcated a
coastal area of 3.26 x 10'* m? between 10°S and 25°S where NO; concentrations were
positively correlated with denitrification rates. Our sampling area (8 to 16°S) covered
approximately half of the total area demarcated with pronounced N loss. N, fixation rates
between Transects 3 and 6 were associated with surface and subsurface waters featuring a
calculated high Ny, (Figure 5b, 5—25 umol L'1) and a pronounced secondary NO; maxima in
0> deficient coastal waters (NO3 range = 2 — 8 umol L?) starting from 30 m deep (Codispoti &
Packard, 1980; Kalvelage et al., 2013). Within this area, high denitrification and anammox rates
of up to ~6.1 mmol N m~ d! amounting to a total N loss of 12 Tg N yr'! have been reported
(Karthéuser et al., 2021).
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To account for the potential biogeochemical significance of N; fixation in the ETSP, we
compared reported estimates of N loss in the ETSP (range 9 — 25 Tg N yr?, Kalvelage et al.,
2013; Karthauser et al., 2021), to N; fixation rates measured during our study. We applied a
similar approach to Karthauser et al. (2021) and Bonnet et al. (2013) by considering the same
spatial extent of N, fixation as for N loss to extrapolate our rates and roughly estimate annual
N> fixation inputs over the entire area of the coastal OMZ susceptible to N loss (3.26 x 10t m?).
Using an integrated N, fixation rate of 69.46 + 120.02 umol N m?dtaveraged from 25 stations
within 175 km from the coast, total N3 fixation potentially amounts to ~0 — 0.32 Tg N yr,
replenishing ~0 to 1.3% of the N lost. Based on these estimates, N fixation rates from the
region would need to be 10 — 100-fold higher to balance the N loss, therefore demonstrating
the low potential for austral summer N; fixation rates to compensate for N loss in the coastal
waters of the northern HUS off Peru. While these are only rough estimates of the potential
importance of Ny fixation in the northern HUS, we note that our estimates are on the lower
end of annual estimates of N fixation rates for the ETSP reported by Bonnet et al. (2013) which
included rates from further offshore and towards the end of austral summer (0.16 — 10%).
Potential explanations for this difference could be that our samples, taken up to 300 m did not
cover the extent of aphotic waters at depth (up to 2000 m) from where N fixation rates were
attributed to largely contribute to total areal N fixation in the ETSP (Bonnet et al., 2013).
Additionally, we note that while denitrification and anammox are mainly restricted to the sub-
surface anoxic and sub-oxic waters within the 175 km coastal band (Kalvelage et al., 2013), N2
fixation in the ETSP occurs over a larger spatial extent, albeit at much lower rates in the open
ocean and aphotic waters beyond 300 m (Bonnet et al., 2013; Chang et al., 2019;
Dekaezemacker et al., 2013; Loscher et al.,, 2014; Selden et al., 2021). Considering the large
area of aphotic and open waters, even low but persistent N; fixation rates may significantly
contribute to higher annual estimates. Therefore, the spatial scale and coverage of N; fixation
over which rates are measured and extrapolated are important to consider for these
comparisons. Hence our estimates from just the coastal region, within 300 m depth may be
underestimated especially considering the high variability observed in N fixation rates within
this study and potential seasonal variability yet to be thoroughly investigated. To better
understand the relationships between these two processes, we recommend that both
measurements of N fixation and N loss processes should be taken from the same samples in
parallel.

In general, our results highlight that while the spatial coupling of N fixation and N loss is
evident in coastal waters of the ETSP associated with the OMZ (Dekaezemacker et al., 2013;
Loscher et al., 2014), this doesn’t necessarily suggest that N3 fixation counterbalances the high
N loss reported from the region. The colocation of these two processes as shown in this study
supports the hypothesis that self-reinforcing feedbacks on the N cycle are likely to occur at the
local scale (Landolfi et al., 2013). Considering the stoichiometric imbalance in N; fixation and
N loss (Landolfi et al., 2013), the significance of N fixation in the ETSP may be more related to
the feedback that ensues concerning the N inventory rather than to its minor direct role in
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nitrogen supply for primary productivity. The presence of N; fixation in proximity to low oxygen
waters along the coast could enhance the N deficit thereby creating a self-sustaining cycle
between N loss and N fixation that results in net N loss locally. Hence on short (e.g., annual)
time scales and considering temporal variability in N fixation rates, our results suggest that
the hypothesized positive feedback on the N inventory of the northern HUS (Landolfi et al.,
2013) could be strengthened by enhanced N; fixation in the coastal waters where both
phytoplankton productivity and N loss are high. If the hypothesis of a vicious cycle holds,
colocation of N loss and N; fixation in the coastal OMZ of the northern HUS could trigger
regional changes in the N inventory (Landolfi et al., 2013). These stoichiometry-driven changes
in the size of the local N inventory may lead to bottom-up-regulated perturbations in food web
dynamics and the efficiency of the biological pump at a local scale (Falkowski, 1997). Over
longer time scales, however, the N loss in the northern HUS has been hypothesized to be
counterbalanced by basin-wide N inputs through high N fixation rates observed in the
Western Tropical Pacific (Bonnet et al., 2017; Wang et al., 2019). However, for a local
replenishment, it is still unclear whether such a large increase in annual N; fixation rates, 10-
100 fold to be proportional to local N loss estimates, is regionally plausible in the ETSP.

2.5 Conclusion

This study provides the highest resolution of the spatial distribution of N, fixation so far
reported from the northern HUS, with a stronger focus on coastal waters compared to previous
studies. Our data revealed notable latitudinal differences in N fixation in the northern HUS
coinciding with a similar latitudinal pattern in N loss. N fixation was below detection in the
northern transects between 8 and 10°S and increased from the central to southern transects
towards the region of intensified N loss and higher primary productivity. This indicates that N;
fixation in the northern HUS may be mostly confined to the southern part of coastal waters
above and within the region of intense N loss. This latitudinal pattern is likely a result of a
complex interplay of multiple environmental factors which include organic matter availability,
and potential factors that regulate it such as the availability of trace metals (Fe). These factors
may have direct and indirect effects on the regional distribution of N; fixation in coastal waters
of the northern HUS off Peru. Despite the observed negligible contribution of diazotrophy to
supporting new primary productivity, the colocation of low N; fixation and high bioavailable N
loss (nitrate and ammonia loss via denitrification and anammox) close to the coast provide
evidence that there is potential for local self-sustaining feedback along the coast that could
potentially lead to a runaway loss of N as previously hypothesized. Hence, we postulate that
on short timescales, this positive feedback could be strengthened via future changes in
deoxygenation, phytoplankton organic matter production, and trace metal biogeochemistry,
especially in relation to sporadic occurrences of sulfidic events. Further studies are however
required to quantify and determine the strength, and biogeochemical and ecological
implications of this positive feedback for the coastal system as N2 fixation rates would need to
be 10 — 100 fold higher than currently measured rates to match the rates of N loss from the
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same region. Additionally, temporal shifts in N fixation rates associated with seasonality need
to be accounted for, which is challenging due to the current patchy distribution of observed N
fixation rates.
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Supplementary Information

Supplementary Text

Text S1.Preparation of *°N, enriched and blank seawater and incubation conditions

BN,-enriched seawater was prepared by degassing prefiltered (0.2 um) surface seawater from
each station, using a peristaltic pump slowly recycling (100 mL min™) the seawater through a
degassing membrane twice (Mini-Module Membrana-G542) under maximum vacuum pump
pressure (960 mbar). The degassed water was directly transferred into a 2 L (**N,-enriched) or
1L (blank incubation) gastight Tedlar bags (Cell Scientific Corp) fitted with a septum. Degassed
water in the 2 L Tedlar bag was then amended with 1 mL *°N, gas (98 atom % °N, Cambridge,

58



Chapter 2: Manuscript |

Lot no: 1-18404) per 100 mL of degassed water. The bubble of >N, gas was dissolved by gently
slapping the enriched bubble with a ruler until the bubble disappeared. Complete dissolution
of the gas bubble resulted to an average calculated °N; concentration of 414.8 + 3.0 pmol L
(mean + S.D). 100 ml of enriched seawater was added to each incubation bottle. Bottles were
gently mixed by rotating ~10 times before being incubated. For the blank incubations,
degassed seawater in the 1 L Tedlar bag was amended with atmospheric air (1 mL per 100 mL)
and dissolved in the same way as for the >N, -enriched seawater. Depending on the depth at
which samples were collected and the amount of incoming PAR measured by the PAR sensor,
samples were incubated in one of the 5 incubators corresponding to the closest % of measured
insitu incoming PAR (100, 40%, 30%,15%, 5% and 0% ). Samples from below the euphotic zone
where incoming PAR was below detection were all incubated in a 6th dark incubator covered
by a black mesh.

Text S2: Limit of detection and minimum quantifiable rate calculations

N, fixation rates considered above the limit of detection was based on two criteria. 1.)The
accuracy and precision of >N/*N isotopic ratios scales with sample mass. For our study, we
performed an instrument linearity test using standards ranging from 6 to 90 ug N to establish
the lower limit of sample mass at which analytical accuracy and precision of the ®N/*N ratio
could not be ascertained. The precision and accuracy of samples below 12 ug N was considered
too low for rate calculation. Hence all samples with filter mass <12 pug N were considered
unsuitable for rate calculation. 2.) The limit of detection (LOD) for each triplicate was calculated

by substituting Abdy — AtpfgliI with the value of three times the standard deviation of seven
12.5 pg standards (0,001343616 atom%) as described in White et al. (2020). To account for
the variability of the LOD attributed to different PON mass on each filter, a respective LOD was
calculated for each triplicate filter after which a mean was determined and used to ascertain
whether the average N fixation was below or above LOD. Triplicates that pass both criteria
were averaged to calculate the mean volumetric N; fixation rates per depth. In some cases,
only the N; fixation rate from one triplicate with a mass > 12.5 ug was above LOD hence a
standard deviation for that depth could not be calculated. To avoid overestimation, all average
volumetric rates below the respective LOD were assigned a value of 0 nmol N L d! before
further analysis. The uncertainty of each triplicate measurement was calculated for each depth
using standard methods of error propagation to derive the minimum quantifiable rate (MQR)
(Gradoville et al., 2017a).

Text S3: Delimiting Euphotic zone and O, Minimum Zone (OMZ)

We define the euphotic zone as the depth where PAR was reduced to 1% of its surface value.
In stations where PAR was not available, such as for night stations, the euphotic zone was
calculated based on an empirical relationship between the diffuse attenuation coefficient and
chlorophyll concentrations as described in Morel and Maritorena (2001). No agreed-upon
method is used to delimit the OMZ due to a wide range of O, concentrations that they
encompass at which an alternative electron acceptor is utilized once O, reaches a certain
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threshold. Therefore, to define the relevant OMZ waters in the context of our study we loosely
used a subjective criterion of O, <20 umol L. This threshold was specifically chosen to cover
a range of subsurface Oz levels (0 - 20 umol kg?') at which detectable N loss activities
(anammox and denitrification) have been reported from literature and O sensitivity assays
(Hamersley et al., 2007; Kalvelage et al., 2011, 2013; Lam et al., 2009). Based on this criterion,
the upper and lower boundaries of the OMZ were calculated for each station to demarcate the
water masses at which N loss is expected to be taking place. Accordingly, the demarcation of
stations as offshore or coastal was based on the definition by Kalvelage et al (2013). Whereby
a station was considered offshore if the lower boundary of the OMZ (0, < 20 umol L%?)
exceeded 600 m assuming that in coastal stations the OMZ is still in contact with the sediments
at water depths <600 m.

Supplementary Figures
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Figure S1. Mean and standard deviation of triplicate total dissolvable iron measurements
performed at 3 stations
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Figure S2: Interpolated vertical profiles of temperature along each transect. White vertical lines
are temperature measurements from CTD profiles
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Figure S3: Interpolated vertical profiles of salinity at each transect. White vertical lines denote
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Figure S4. Averages (+ SD) of areal N; fixation rates (umol N m? d-!) at each transect.
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Figure S5: Concentration of particulate organic matter (POC) overlain on interpolated
distribution of turbidity across the six transects. White vertical lines denote turbidity
measurement points from CTD profiles.
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Figure S6: Interpolated vertical profiles of dissolved inorganic nutrients (nitrate + nitrite) along
each transect. Black dots denote the depth of sample collection.
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Figure S7: Interpolated vertical profiles of excess phosphate (P*) along each transect.
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Figure S8: Concentration of dissolved organic phosphorous (DOP) in discrete samples from

each transect. Grey circles indicate DOP was below the detection limit.
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Abstract

Excess dissolved inorganic phosphorus over nitrate (P*) and dissolved iron concentrations are widely used
to constrain global predictions of N fixation and force biogeochemical models. There is a sound
mechanistic basis for this, as P* and iron conditions theoretically create a chemically and ecologically
favourable niche for diazotrophs. However, field observations indicate that neither P* nor iron
distributions correlate with N; fixation rates in the Eastern Tropical South Pacific. Herein, using a
comprehensive dataset from the ETSP, we statistically show that both cobalt and nickel explain more
variability in N fixation rates than iron, dissolved inorganic phosphorus, and P*. We verify that neither
phosphorus nor iron addition significantly increased N fixation rates using bioassay experiments.
However, the supply of additional trace metals including cobalt and nickel via olivine leachate significantly
enhanced N fixation rates in coastal surface waters. Combined, our statistical and experimental results
suggest that correlations between cobalt, nickel, and N fixation rates are likely not coincidental as they
better explain patterns of N; fixation in the ETSP than iron and phosphorus.

3.1 Introduction

Di-nitrogen fixation by diazotrophic (N fixing) bacteria is responsible for almost half of the supply of
bioavailable nitrogen that supports oceanic primary productivity(1). Diazotrophs are known to have
higher iron (Fe) requirements than non-diazotrophs due to the biochemical role of Fe in their
photosystems and as a cofactor in the enzyme nitrogenase(2). Under replete macronutrient conditions,
diazotrophs face a competitive disadvantage due to the high energetic cost of N fixation(3) and are
outcompeted by non-diazotrophic organisms. Classically, a niche for diazotrophy is therefore
characterized by high Fe, high dissolved inorganic phosphorus (P)(4), and low fixed nitrogen
concentrations(5) such as in the oligotrophic equatorial Atlantic where extensive blooms of the
diazotrophic cyanobacteria Trichodesmium are often observed(6). However, contrasting
biogeochemical model results have so far revealed that no single factor can accurately predict
marine N3 fixation in the global ocean(7, 8).

The Eastern Tropical South Pacific (ETSP) is one of the world’s most productive eastern boundary
upwelling systems where the upwelling of nutrient-rich waters supports high primary production. As a
result of heterotrophic decomposition of sinking organic matter combined with poor ventilation, an
extensive oxygen minimum zone (OMZ) is found at depth(9). The low oxygen (O2) conditions are
considered favourable for diazotrophs because they relieve inactivation of nitrogenase by O,(5) and are
conducive to redox processes that supply benthic Fe and P to the water column(10). Therefore, studies
have suggested that enhanced N; fixation rates should be expected in the ETSP due to an excess of P (P*)
created through preferential nitrogen loss and high Fe supply(11). Whilst there is a strong
mechanistic rationale for using P* and Fe distributions to define the diazotrophic niche(12),
model-projected patterns of N fixation in the ETSP have been difficult to reconcile with direct
observations, potentially challenging the role of Fe and P* as the main drivers of N; fixation
rates(4, 13). Irregular, sporadic high N fixation rates, comparable to those associated with
Trichodesmium blooms in the oligotrophic North Atlantic(14) have been reported from the ETSP off Peru
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in association with sulfidic events(15), high productivity(16), and anticyclonic eddies(17). These
discrete observations suggest particular conditions that may stimulate N; fixation. However,
explicitly defining these conditions remains a challenge.

An understanding of what controls in situ N fixation rates in the ETSP has been constrained by
limited observations, sampling bias towards summertime in tropical and subtropical oceans,
and a paucity of studies that fully resolve biogeochemical properties, particularly trace metal
concentrations and N3 fixation rates simultaneously. Using Boosted Regression Tree models
(BRT) on a comprehensive dataset of N; fixation rates and biogeochemical variables collected
across the northern Humboldt Upwelling System (HUS)(18-20) we examined the
environmental factors that influence the distribution of N fixation rates in the northern HUS.
Additionally, in two bioassay experiments at a coastal and offshore station (Fig.1), we enhanced
P and trace metal concentrations by the addition of upwelled water, iron (lll) chloride (FeCls),
and olivine leachate to surface waters (Supplementary methods) to probe the response of N;
fixation rates to upwelled P and multiple trace metals. Mineral sources, such as olivine, are in
many contexts a more environmentally relevant source of trace metals than spikes of individual
dissolved elements. There are however numerous other effects of mineral particles on marine
biogeochemistry, such as an increased surface area for bacterial growth(21), and for these
reasons, we opted to use leachate rather than a direct mineral source to minimize other
concurrent effects. As neither P* nor Fe appears to explain the observed variation in N3 fixation
rates across the ETSP and to some extent globally, the main goal of this study was to unravel
the biogeochemical factors that explain most of the variance in N fixation rates, and establish
if those factors have a causative or coincidental relationship with N fixation. Here we provide
evidence that both cobalt (Co) and nickel (Ni), rather than Fe or P*, explain most of the variance
in N3 fixation rates across the ETSP. Considering an emerging interest in the potential use of
minerals such as olivine for ocean alkalinity enhancement (OAE)(22), our results provide an
unexpected and potentially beneficial link between OAE and the nitrogen cycle which warrants
further investigation.
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Offshore station
Sampling depth =18 m
Surface Chl a = 0.34 nug L1
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TdFe = 8.07 nmol L1
TdCo = 0.07 nmol L1
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Surface Chl a =42.9 ng'l
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Fig. 1. Map of study area off the Peruvian coast. The map indicates the sampling sites for
bioassay experiments (diamonds) and the location of stations where data was collected for the
BRT statistical models (circles) overlain on bathymetry.

3.2 Results and Discussion

3.2.1 Evidence for the potential role of Co and Ni Influencing N;
fixation in the ETSP

The influence of trace metals such as Co and Ni on marine productivity and N3 fixation is
thought to be subtle relative to Fe and has therefore received less attention. However, across
the northern HUS, a statistical model based on a previous field dataset of N; fixation rates(19),
shows that total dissolvable cobalt (TdCo), TdCore* (an index for the relative concentrations of
TdFe and TdCo), and total dissolvable nickel (TdNi) explained up to 28% of the variability in N2
fixation rates (Fig. 2B). The marginal effect plots for TdCore* (Fig. S1A) indicate a positive effect
on N; fixation rates as TdCore™* values increased towards 0. We however note that TdCore™ was
consistently below 0 (negative) in most of the study area due to relatively high Fe
concentrations indicative of Co limitation in the region. Low TdCore* from these field
observations and surface water used in bioassay experiments (all <O) are consistent with
previous studies suggesting Co concentrations (range 0 — 0.4 nmol L) in the ETSP are low
relative to Fe and within the range known to proximally constrain phytoplankton growth (23—
25). Additionally, all other trace metals included in the TM model had a significantly higher
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influence on N; fixation rates than TdFe. The high model performance of the TM model (R? =
87%) suggests that a combination of other environmental conditions can be used to better
explain N3 fixation in the northern HUS, and likely have a larger influence than Fe alone (Fig.
2B).

A Fe model : N, fixation rate (R2= 0.78 = 0.10) B TM model : N, fixation rate (R2= 0.87 £ 0.07)
ey = TdCo* I
. TdNi I —
oine [ DINP
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Fig. 2. BRT model results on the relative importance of environmental variables in explaining
the variability of N fixation rates. Two model configurations are used (A) the Fe Model looks
at 15 predictor variables including TdFe as the only trace metal of interest and (B) the TM
model with 20 variables, including other trace metals (TdCo, TdCo*, TdNi, TdZn, and TdCu) in
addition to TdFe. The % of explained variation indicates the proportion of variability in the N>
fixation rates explained by each variable. The error bars indicate the mean and standard
deviation of the importance of each predictor variable determined from 30 BRT model runs of
each respective model configuration. The blue shades indicate significant variables with an
influence above what could be expected by chance (=100/no of variables), indicated by the red
dotted line). Increasing blue color gradient indicates the relative importance of significant
variables. R? in brackets represents the % of total deviance explained by the model, indicating
the overall performance of the model in describing the variability of N; fixation rates.

3.2.2 Iron and phosphorus are not the primary drivers of N, fixation
rates in the northern HUS

We performed bioassay experiments to assess the validity of the model outcomes, where P
and TdFe concentrations in surface waters were increased through the addition of upwelled
water and FeCls (Fig. 3C, D). As a result, both P* and TdFep* (the excess of Fe relative to P)
increased (Fig. S2A, C). Yet neither of these manipulations produced a significant increase in
N, fixation rates relative to unamended incubations (Fig. 3A). The absence of a clear response
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for N fixation rates and '3C uptake rates (as a proxy for phytoplankton productivity) to Fe and
P addition even at the offshore station where TdFe concentrations were low was particularly
surprising, as Fe deficiency in offshore waters is the commonly invoked reason to explain both
low N3 fixation rates(26) and low primary productivity in the high-nutrient, low-chlorophyll
region of the ETSP(27). These results indicate that Fe was not the primary driver for both N;
fixation and 13C uptake rates and other factors were likely limiting N fixation rates in offshore
surface waters.

The addition of olivine leachate increased the concentrations of both Ni and Co, increased
TdCo* in the +Qli treatment relative to the control, and significantly increased N; fixation rates
in coastal TdFe-rich surface waters (Fig 3A, E, F, Fig. S2D). Similarly, Ni and Co addition at the
coastal station significantly enhanced 3C uptake rates in the +Oli treatment (Fig. 3B). Due to
high variability between triplicates, enhanced N fixation rates from the +Oli treatment at the
offshore station were not statistically significant. Nevertheless, the slight increase in N2 fixation
rates offshore under Ni and Co addition points towards the potential for both Co, and Ni to
limit N, fixation rates in offshore waters off Peru. Closer to the sedimentary source of Fe at the
coast(10), surface water TdFe concentrations were 3-fold higher than offshore (Fig 1, 3D) and
N, fixation rates were only significantly enhanced following Co and Ni addition. These results
suggest a biochemically dependent colimitation of these trace metals (Type Il limitation(28)).
Therefore, whilst Fe availability in Fe-deplete areas may to some extent limit N, fixation, under
replete Fe conditions, any addition of Co and or Ni may increase N; fixation rates. These
bioassay results concur with the results of the statistical models positing that when additional
trace metals are considered, the role of Fe in enhancing N fixation rates in the coastal Fe-rich
waters of the HUS appears to be relatively minor and that relative concentrations of multiple
trace metals have an important role in influencing N fixation rates (Fig. 4).

The minor role of TdFe, P, and P* in influencing N fixation rates is broadly consistent with
observations from measured N; fixation rates across the ETSP region, suggesting a weak or
minor influence of these factors on in situ N3 fixation rates(29). Our results provide evidence
that factors other than Fe and P are likely to have a key role in influencing N, fixation and,
unexpectedly, corroborate a role for Ni and Co in influencing both the distribution and
magnitude of N3 fixation rates in coastal waters of the ETSP.

74



Chapter 3: Manuscript Il

1A b 30{B -
Station i
0.4 -
o 5 = 8ffst10lre ab a _ | e
T i oastal © -
E ‘_I"C 03 a = F,-c'j 204
S L s L
202794 g g9
= o ] = o
> E0l] = O E 10-
d d -
00] = & = - i - I
0.1 - 0 1 - s -
T C +10% +25% +50% +Fe +Oli C  +10% +25% +50% +Fe +Oli
UW UW UW UW UW UW
20{C 150
5 N = 1001
= 141 S
2 - -+ m g
= 11 oy =
o . £ 50 - - "
o [
0.8+ -
N - = g W= W
0.5 0 — ==
C  +10% +25% +50% +Fe +Oli C  +10% +25% +50% +Fe +Oli
UW UW UW , UW UW UW
p— 5
201 E F
— — 207
1 1.5 O
2 w | E 5
= 1.0 =
3 Z 104
F 05- 1| F
N B TR SR 5 |
00l —m— —m= -8 —m wn = =" = g
C  +10% +25% +50% +Fe +Oli C  +10% +25% +50% +Fe +Oli
UW UW UW UW UW UW
Treatment Treatment

Fig. 3. N2 fixation rates and nutrient conditions corresponding to treatment manipulations. (A,
B) Mean effects of upwelling source water (UW), iron (Fe), and olivine (Oli) addition on N;
fixation rates and '3C uptake rates at a coastal and offshore station. (C-F) initial concentrations
of P, TdFe, TdCo, and TdNi concentrations respectively in each treatment from the two
experimental stations. Error bars indicate the standard deviation of three replicate bottles for
each treatment. Alphabetical letters show the results of a test for statistically significant
different means on N fixation rates (one-way ANOVA, followed by a Tukey multiple
comparison test). Treatments with a common letter are statistically indistinguishable at the 5%
significance level (p < 0.05). No significant difference in N3 fixation rates across all treatment
combinations was observed from the offshore station.
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3.2.3 Towards a mechanistic understanding of the role of Co and Ni
for N, fixation

In field observations, trace metal co-limitation of N; fixers may be difficult to disentangle purely
from biogeochemical tracers such as TdCore* and can only be confirmed through trace metal
addition incubation experiments. Both our statistical model results and bioassay experiments
highlight that the relative availability of Co to Fe rather than their absolute concentrations play
an important role in regulating N, fixation. This is especially highlighted by the bioassay
experiments where N fixation rates were neither significantly enhanced by the availability nor
additional input of Fe alone in both experiments. N, fixation was enhanced only under Co and
Ni addition in coastal waters. Our study is the first to show from both field and experimental
work that multiple trace metals may regulate N; fixation rates in the ETSP. When all trace
metals, rather than just Fe, are included in a statistical model (Fig. 2B) the similarity of the %
explained variation for all metals, turbidity, and Chlorophyll a (chl a), which each explains 5-
11% of the variance, could simply reflect a close association between N fixation rates and
organic matter. Organic matter is a major pool of metals such that total dissolvable metals, chl
a, and turbidity may change roughly proportionately. Yet the low % explained variation for TdFe
does, unexpectedly, question the validity of model approaches that selectively use Fe to predict
N, fixation.

While our model is statistical rather than mechanistic, the combination with experimental
evidence provides support for the mechanistic roles of Co and Ni in regulating N fixation in the
ocean. An influence of Co and Ni on N3 fixers, whilst to our knowledge a novel suggestion for
the control of in situ marine N3 fixation rates, is not a new paradigm in the global ocean. Cobalt
is known to play a key biochemical role in vitamin B1, synthesis (cobalamin) and P acquisition
by substituting zinc in the enzyme alkaline phosphatase(30). Under Fe replete conditions,
evidence for a coregulatory role of Co on primary productivity has previously been observed in
the ETSP off Peru(23), Costa Rican upwelling dome(25), and the Southern Ocean(31). Cobalt
addition to Fe replete surface waters consistently enhanced primary productivity in bioassay
experiments(23, 32, 33), providing evidence for Co (co)limitation with Fe in marine
phytoplankton. Diazotrophs such as Crocosphaera spp, an obligate producer of cobalamin and
Trichodesmium spp are also known to have high Co requirements(30, 34—-36).

Both of our BRT statistical models also substantiate a more important influence of dissolved
organic phosphorus (DOP) in explaining the variability of N, fixation rates, relative to both P
concentrations and P* (Fig. 2A). Previous field studies have associated high N fixation rates
and abundances of diazotrophs in the ETSP with elevated surface DOP concentrations(37),
suggesting a role for DOP as an alternative phosphorus source for diazotrophs either exclusively
or in addition to P. Alkaline phosphatase hydrolyzes DOP and enables biological utilization of P
compounds in cells(38). Crocosphaera watsonii, also present in the ETSP(15), has shown a
robust capacity to upregulate alkaline phosphatase activity to access bioavailable P from DOP,
indicating a dual role and requirement for Co (in addition to cobalamin synthesis) in their
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growth apparatus(39). Heterotrophic bacteria including gamma-proteobacteria, some of which
can fix N2, are known to utilize alkaline phosphatase and may have additional Co requirements
since they are also a major microbial source of cobalamin in the ocean(40). Hence high Co
availability may generally up-regulate the activity of alkaline phosphatase(41) and enhance N»
fixation rates in diazotrophs that can utilize DOP as a phosphorus source(39, 42).

A potential role for Nias a regulator of N, fixation rates is more perplexing. Ni availability is not
considered a limiting factor for marine planktonic organisms mainly because surface Ni
concentrations are never fully depleted, though it is not necessarily the case that residual Ni is
bioavailable(43). A specific role for Ni in N, fixing bacteria is now well established with the
determination that Ni is an essential cofactor in oxygen and hydrogen protecting enzymes
Nickel-superoxide dismutase (Ni-SOD)(44) and NiFe-hydrogenase(45) respectively.
Nitrogenase is extremely sensitive to permanent inactivation by 02(46). Ni-SOD activity in N
fixers hence provides essential oxidative protection for nitrogenase, especially in surface
oxygenated waters(44, 47). Additionally, N fixation is accompanied by the production of
molecular hydrogen (H), which has an inhibitory effect on nitrogenase. Therefore, almost all
known diazotrophs contain the Ni requiring metalloenzyme NiFe-hydrogenase which oxidizes
H> to hydrogen protons while consuming O, and producing energy(45) both of which benefit
N fixation. This demonstrates a potential link between Ni uptake, energy production, toxicity
stress regulation (O, and H3), and N, fixation rates (Fig. 4). The high Ni requirement makes N;
fixation subject to Ni limitation(48). For example, in waters with ambient TdNi concentrations
>2 nmol L%, culture experiments with Trichodesmium have demonstrated increased Ni-SOD
levels(49, 50), N fixation activity, and growth rates(51, 52) following Ni addition.

On a global scale, observations and model Ni data have linked heavy Ni isotopes in surface
ocean waters to high N; fixation(53). This provides evidence that marine diazotrophs utilize
isotopically light bioavailable Ni, leaving behind an isotopically heavy Ni pool. Similarly, in
surface waters of the North Atlantic subtropical gyre, low Ni concentrations in surface waters
have been associated with high Ni uptake by N, fixers stimulated by high Fe inputs(43). A
potential coupling between Fe and Ni may therefore influence N;fixation in the ocean. Such a
coupling, already observed in the subtropical North Atlantic(43), could be widespread but
especially evident in coastal OMZ regions with high Fe inputs or a tendency for trace metal co-
limitation(23). Whilst most direct evidence for the influence of Ni on N3 fixation is related to
Trichodesmium, it is plausible that diazotrophic heterotrophs and unicellular cyanobacteria
may possess similar biochemical requirements for Ni, a topic for further exploration.

To the best of our knowledge, nitrogenase is not known to have any direct dependence on Co
or Ni. However, regulatory roles for Co and Ni either through P uptake, vitamin B1, synthesis,
energy synthesis, or H, and O, protection suggest plausible mechanistic explanations for our
statistical model results and corroborating bioassay results. Our results infer that potential co-
regulating factors such as Co and Ni availability require closer attention and suggest that the
direct influence of Fe and P in regulating in situ N; fixation rates in the ETSP may have been
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overstated in biogeochemical models. In light of our results, other trace metals in addition to
Fe need to be considered when assessing future biogeochemical changes and feedbacks on N
fixation rates in the ocean.

3.2.4 Controls of N; fixation in the ETSP: A complex interplay of
environmental drivers

The regulation of N fixation by environmental conditions can take place simultaneously at a
molecular level, related to transcription and translation of nitrogenase, and at a physiological
level, related to growth and activity, each modulated by a different set of interacting
environmental controls(54). We hypothesize that the requirements for Ni and Co are linked to
the biochemical demands for N; fixation either directly for the nitrogenase enzyme, energy
production, and growth or indirectly through organic matter availability(15) and expression of
metalloenzymes responsible for O, and H, removal (Ni) and P uptake (Co), (Fig. 4). In the
Peruvian OMZ, where redox conditions are partly responsible for the observed variability in
trace metal distributions(55), N; fixers may face trade-offs related to energy allocation for
these biochemical demands. Such trade-offs may additionally be tightly linked to trace metal
and macronutrient gradients such as DIN:P ratios (Fig. S1A). In a scenario where low Co and Ni
concentrations prevail, first, diazotrophs may allocate more energy to stress regulation than
to growth and N; fixation activity since they may also be P-limited, and second, phytoplankton
organic matter production is limited. Overall, these conditions may result in slower growth of
N, fixers, low diazotroph abundances(56), and accumulation of H»(57, 58) ultimately resulting
in low N; fixation rates. Under a scenario featuring high Fe, and P, additional Ni, and Co
availability may enhance the capacity of N3 fixers to utilize these replete Fe and P conditions
for rapid and optimal growth and N; fixation even in oxygenated waters. Additionally,
phytoplankton productivity would be enhanced under additional Co and Ni availability (Fig. 3b),
thereby increasing the availability of phytoplankton-associated organic matter, an important
energy and potential P source for heterotrophic N3 fixers(59) (Fig. 4).

Our results posit that the control of N fixation in the northern HUS involves a complex interplay
of micro, macronutrient, and organic matter availability. The variability of these driversin space
and time could explain the observed mismatch between models and observations(26), and the
high variability, marked by intermittent high N3 fixation rates so far observed from the region
despite overall low rates year-round. Our results have important implications for predicting N>
fixation rates at a regional scale in the ETSP and projecting how they will change in the face of
climatic perturbations of environmental drivers. The paucity of trace metal data alongside N
fixation rates makes it difficult to conclude with certainty the extent to which Ni and Co and
possibly other trace metals may influence N; fixation in the global ocean. Yet a co-regulating
role of Fe, Ni, and Co for N3 fixation rates certainly adds to a long-standing discussion on which
nutrients limit marine primary production on geological timescales and points towards, as is

78



Chapter 3: Manuscript Il

the case for the modern ocean, the tendency of multi-nutrient colimitations to constrain in situ
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3.2.5 Implications for carbon dioxide uptake

The main aim of using olivine in this study was to supply multiple trace metals in the
incubations. Nevertheless, our results are of topical relevance given the emerging interest in
olivine as a potential mineral alkalinity source to increase ocean carbon storage and mitigate
ocean acidification (‘ocean alkalinity enhancement’)(22). Our bioassays show, for the first time,
that the addition of olivine can stimulate both N; fixation and carbon fixation, thereby revealing
a link between this climate intervention method to the marine nitrogen cycle. Hence this
additional effect of olivine-based ocean alkalinity enhancement could affect ocean ecosystems
and their capacity to sequester carbon dioxide (60) and provide other ecosystem services.

3.3 Materials and methods
3.3.1 Bioassay experiments

Sample collection

The influence of phosphorus and trace metals on N; fixation rates was determined using
bioassay experiments conducted on the MSM80 cruise off the northern HUS in the Eastern
Tropical South Pacific (austral summer, December 23, 2018, to January 30, 2019, R/V Maria S
Merian). Two 4-day long bioassay experiments (Fig.1) were conducted at an offshore station
and coastal station starting December 30, 2018, and January 10, 2019, respectively (denoted
as offshore and coastal experiments hereafter). At each station, temperature and salinity were
recorded using a Seabird 911 CTD (SBE-911 plus, Seabird-Electronics, USA). For the offshore
and coastal experiments, water samples for bioassays to determine N fixation rates were
collected from near-surface waters at 18 and 10 m (Table. S1). During both experiments,
upwelling source waters were collected from the oxygen minimum zone at a depth where the
0, concentrations dropped below the detection limit of the O, sensor (1.5 pmol L?), (Table.
S2).

Experimental manipulations

Bioassay experiments were conducted involving three amendments with upwelling waters
(+UW), iron (+Fe), and olivine (+Oli). Additionally, four incubations for the control were
performed with surface water at each station, of which 3 were incubated. Overflow of about
half the bottle volume was allowed while filling all incubation bottles to minimize oxygen
contamination.

For the +UW treatments, 3 acid-cleaned 10 L Nalgene polycarbonate carboys were filled with
near-surface seawater from the Niskin bottles. Upwelled source waters were mixed with
surface waters in each carboy at three proportions (10%, 25%, and 50%), indicating the amount
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of UW added to replace surface water. 4 x 4.5 L Nalgene bottles were filled for each UW water
treatment.

For the +Oli treatments, surface water was directly transferred from the Niskin bottles into 4 x
4.5 L acid-cleaned Nalgene bottles. Incubation bottles were then enriched with Co and Ni
through the addition of olivine leachate prepared by dissolving olivine in prefiltered surface
seawater. Briefly, in a 2.5 L acid-rinsed (3M HCI) polycarbonate bottle, 38.32 g of commercially
available olivine sand (Mg?*Fe?*); SiO4) was suspended in 500 ml of pre-filtered surface
seawater (0.2 um pore size sterile filter, Whatman). Headspace was left in the bottle to allow
the solution to equilibrate to avoid drastic changes in carbonate chemistry. After 10 days the
solution was then filtered through 0.2 um sterile filter (Whatman) to remove large olivine
particles. 112 ml of the leachate was then added to 4 x 4.5 L incubation bottles corresponding
to the +0li treatment. Because olivine dissolves non-stoichiometrically in the short-term(22),
the olivine was dissolved 10 days before each experiment (27/12/2018 — offshore experiment,
07/01/2019 — coastal experiment) and shaken each day to maximize the dissolution of olivine
and release of trace metals. The main aim of adding olivine in the experiment was to simulate
trace metal addition rather than to change particle load or carbonate chemistry. Considering
the small mixing ratios and short dissolution time, we did not expect significant changes in
carbonate chemistry (Fig. S3D, E) therefore factors such as alkalinity and pH changes were not
considered in this study.

For the Fe treatment, surface waterin 4.5 L incubation bottles was amended with Fe. A5 pmol
L' stock solution was prepared once on 27/12/2018 by dissolving 0.135 mg of iron (I11) chloride
hexahydrate (FeCls, Merck) into 45 ml of prefiltered surface water (0.2 um nominal pore size,
Whatman). 5 ml of this stock solution was added to four Fe treatment bottles.

All experimental bottles were mixed gently after amendments. For each treatment, 3 bottles
were incubated to determine N, fixation rates. The 4™ bottle was used to determine initial
macronutrients and trace metal concentrations in the incubation bottles after treatment
amendments.

N, fixation measurements

N fixation rates were determined according to the modified >N-N; gas dissolution method(61,
62) where 100 ml of seawater enriched with °N labelled N, gas was added to each treatment
incubation bottle. For the control, filtered and degassed seawater without N-N, gas was
added to each bottle. All treatment bottles and the controls were capped without headspace,
ensuring no bubbles then incubated for 4 days in an on-deck incubator with a continuous flow
of seawater. After 4 days, subsamples from each incubation were filtered under gentle
pressure (200 mbar) onto pre-combusted (450°C, 4 hours) GF75 filters (Advantec, 25 mm @,
0.3 um nominal pore size) and treated with acid (1M HCI for 2 minutes) to remove particulate
inorganic carbon. All filters were analyzed for particulate organic matter to determine the mass
and isotopic composition (§13CPOC/8>NPON). Filters were analyzed on an elemental analyzer
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(Flash EA, ThermoFisher) connected to a mass spectrometer (Delta V Advantage Isotope Ratio
MS, ThermoFisher) with the ConFlo IV interface (ThermoFisher). N, fixation rates were then
calculated according to Montoya et al.(63). The limits of detection for N, fixation were
determined according to the method outlined in White et al.(64).

Macronutrient and trace metal analyses.

Ambient macronutrient and trace metal concentrations before treatment amendments were
determined from the fourth control bottle. Samples were taken unfiltered directly from the
Niskin bottles. After treatment manipulations, samples were collected from the 4™ incubation
bottle to determine starting macronutrient and trace metal concentrations and particulate
organic carbon and nitrogen isotopic composition (§*3C-POC/8'°N-PON) in the incubations.
Samples for dissolved inorganic nitrogen (nitrate (NO3), nitrite (NO") and ammonium (NH4"),
hereafter DIN), phosphate (PO4* here after DIP) before incubation were analyzed onboard
using an autosampler (XY-2 autosampler, 199 SEAL Analytical) and a continuous flow analyzer
(QUAAtro Autoanalyzer, SEAL Analytical)(65—67).

Seawater samples were taken unfiltered from each fourth treatment bottle and the control to
measure total dissolvable (Td) trace metal concentrations available within our N fixation
incubations. Samples were retained in 125 ml low-density polyethylene sample bottles
(Nalgene) which had been pre-cleaned (Mucasol®, followed by 1 week in 3M HCl and 1 week
in 3M HNOs with 3 deionized water rinses after each stage). Plasticware for sampling was acid-
cleaned similarly. Sample bottles were pre-rinsed three times with a few millilitres of the
sample before filling. Sample bottles were stored double-sealed in sample bags. Total dissolved
trace metal concentrations were determined via inductively coupled plasma mass
spectrometry (ICP-MS) after preconcentration, per Rapp et al. (2017). Samples were acidified
with ultrapure hydrochloric acid (UpA grade, Romil) to pH 1.9 and left sitting for >6 months,
subjected to 4 h UV irradiation in 30 mL fluorinated ethylene propylene bottles,
preconcentrated offline using a SeaFAST system (Elemental Scientific Inc), and then analyzed
on an Element XR ICP-MS (Thermo Finnigan). The reference material CASS-6 was also analyzed
to assess the accuracy of the analytical procedure (Table. S4).

Nutrient supply ratios

To assess trace metal and macronutrient coupling, we calculated three diagnostic tracers as
measures of relative nutrient availabilities and limitations i.e DIP limitation with DIN (P*)(11),
Fe limitation with PO (TdFep*)(7, 68), and Co limitation with Fe (TdCore*)(23) using equations
1, 2 and 3, respectively. Rnp, Rrer, and Rreco represent average phytoplankton uptake
requirements for respective nutrient availabilities based on the extended Redfield ratio(69)
(C7.75N1Si1Po.0626) 1000F€0.469 CO0.012Ni0.0625.

p* = [PO?{]— [NO3 J+[NHZ [+[NOZ]

(1)

Rn:p
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TdFep" = [TdFe] - Reep x [PO} ] (2)
TdCor, = [TdCO] - Reg.pe X [TdFe] (3)
3.3.2 Sample collection of the model dataset

N, fixation rates, macronutrients, and trace metal samples for the dataset used in the statistical
model were collected and analyzed similarly as described above.

Statistical analysis

All statistical analyses and data visualizations were performed with R studio version 1.3.959. In
the bioassay experiments, the response (N fixation rates) among different treatments were
compared by using a one-way ANOVA. A Tukey multiple comparison test was applied post hoc
to analyze differences between each pair of treatments at the 5% significance level.

The relative influence of environmental variables on N; fixation using Boosted
regression tree models

The underlying data used for the statistical model included 103 measurements collected from
27 stations across the northern Humboldt upwelling system. The datasets for N; fixation rates,
dissolved organic and inorganic nutrients, and trace metals can be found under Kittu et al. (19),
Kittu et al. (20), and Kittu et al. (18) respectively. Potential predictor variables were defined
based on a literature review on the physiological and ecological controls of N fixation both
from a marine and terrestrial perspective. Using this data, two statistical model configurations
were defined and run: the iron (Fe) model and the trace metal (TM) model. The Fe model was
used to determine the importance of Fe as a factor influencing N2 fixation rates in addition to
other physical and biogeochemical variables. Therefore, this model included TdFe as a trace
metal and the tracer TdFe,". The TM model builds up on the simple Fe model by including
variables related to other trace metals such as TdCo, TdCoFe*and TdNi, TdZn, and TdCu as
additional potential trace metal controls for N; fixation.

To explore the relative contributions of each predictor in explaining N fixation for each
respective model, we used boosted regression tree models (BRT)(70). BRTs can detect
nonlinear relationships between response variables and their drivers. Furthermore, BRTs are
robust to co-dependency amongst drivers which is common in ecology.

BRT analysis was carried out with the R package gbm(71) and the gbm.step function using a
gaussian error structure and 10-fold cross-validation. To run the model, we chose an optimal
combination of model characteristics such as tree complexity, learning rate, and bag fraction
that minimizes the estimate of error (Table. S3). The bag fraction introduces randomness into
the models and controls overfitting. A bootstrapping of 30 model runs was performed to
ensure stable estimates of the model evaluation parameters and generate a standard deviation
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of the contribution of each driver. As a measure of model performance, the percentage of
deviance explained by the model, the mean residual deviance, and the mean correlation
between observed and predicted values during cross-validation was used (Table. S3). To
determine the environmental drivers that had a significant influence on the N, fixation, a
threshold defined by 100/number of variables for each model was used indicating a relative
influence above that expected by chance(72). Model performance measures were based on
model performance parameters provided in Table S3. Before the BRT model exercise, all N3
fixation rates were logarithm-transformed to base 10 to balance the importance of extreme
values in the response variable.
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Fig. S1. Marginal effect plots for environmental variables on N; fixation from the TM model.

The ten most influential drivers (A —J, relative importance >5%) from the TM model are shown.

The plots show the mean relative effect of each variable (in parenthesis) on the variability of

N, fixation. The y-axis indicates the response to N; fixation rates while changing the

explanatory variable (x-axis). Black tick marks at the inside top of each plot show distribution

of N fixation observations across each variable.
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Fig. S2. Nutrient supply ratios in bioassay experiments. (A) excess phosphorus (B) DIN:DIP ratio
(C) excess total dissolved iron relative to phosphorus (D) excess total dissolved cobalt relative
to iron in each treatment before incubation at the two experimental stations. Error bars
indicate the standard deviation of triplicate measurements.
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Fig. S3. 13C fixation rates and biogeochemical variables measured from bioassay experiments.
(A) Dissolved inorganic nitrogen (B) total dissolvable zinc, (C) total dissolvable copper (D)
alkalinity measured from each treatment before incubation and (E) the change in alkalinity
between the +0li treatment and the control at the two experimental stations. Error bars
indicate the standard deviation of triplicate measurements.
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Table S1. Environmental conditions at bioassay stations.

Variable Experiment 1 Experiment 2
Location Off-shelf - Peru Coastal - Peru
Station number (Cruise MSM80) 15 51

Latitude (°N) -8.969 -13.389
Longitude (°W) -80.067 -76.437
Distance from coast (km) 156 27

Bottom depth (m) 1029 101

Euphotic zone depth (m) 40 18

Average temperature in euphotic zone (°C) 22.27+1.35 19.35+0.95
Average oxygen in euphotic zone (umol L?) 235+ 21 123 +51
Average turbidity in euphotic zone (NTU) 0.12+0.03 0.50+0.26
Control/surface water depth (m) 18 10
Control/surface chl a (ug L) 0.34 42.9

Table S2. Chemical composition of upwelling source waters (UW) at bioassay stations

Variable

Experiment 1

Experiment 2

Location

Depth of upwelling source waters (m)
DIN concentrations (umol L)
Phosphate concentrations (umol L?)

DIN:P
P*

TdFe concentrations (nmol L?)

TdFe*

TdCo concentrations (nmol L)

TdCo*
TdNi concentrations (
TdZn concentrations (

TdCu concentrations (nmol L?)

nmol L)

Off-shelf - Peru
150
31.61+0.00
0.64 +0.05
49.69 + 3.60
-1.33£0.05
39.95+0.61
39.95+0.61
0.15+0.02
-0.85+0.03
5.02+£0.49
14.68 £1.91
2.91 +0.16

Coastal - Peru
80

28.50 £ 0.02
2.54+0.01
11.23+0.04
0.76 £ 0.01
114.03 +7.56
114.03 +7.56
0.33+0.06
-2.52+0.24
4.67+0.12
12.178 +0.59
8.13 +0.16

X =y indicates mean + standard deviation.

88



Chapter 3: Manuscript Il

Table S3. BRT model characteristics and model performance measures of BRT models. Model
performance measures were estimated from 103 observations using 30 model runs and 10-
fold cross-validation and include the mean and standard deviations of the total deviance for
saturated models, residual deviance, Pearson correlation coefficient (cv correlation), and the
proportion of deviance. The proportion of deviance explained is comparable to an R?value in
a regression. n indicates the number of explanatory variables in each model.

Model configuration Fe model (n = 15) TM model (n = 20)
Model characteristics
Learning rate 0.005 0.005
Tree complexity* 3 3
Bag fraction 0.5 0.5
Model performance
measures
Total deviance 0.082 0.089
Mean residual deviance 0.068 + 0.004 0.01 £ 0.01
CV correlation** 44.38 + 5.32 50.09 + 0.06
Proportion of total deviance 77.52 £10.30 87.15 £7.15

explained (%)

*Tree complexity controls how many levels of interactions are fitted, learning rate determines
the contribution of each new tree to the model and bag fraction specifies the proportion of data
to be randomly selected while fitting each simple model i.e 0.5 means half the data was used
to parametrize the model and the other half to evaluate it.

**The CV correlation is the correlation between the testing and training data across all model
runs

Table S4. Certified and measured mean and standard deviation (std) of the standard Reference
material for trace metals (CASS-6) in nmol L!. Reference material was run with pre-
concentration alongside the samples.

Trace metal Measured mean Measuredstd Certified mean Certified std

(nmol L) (nmol L) (nmol L) (nmol LY)
Cadmium (Cd) 0,199 0,003 0,193 0,016
Iron (Fe) 27,988 0,151 27,934 2,149
Nickel (Ni) 6,880 0,400 7,122 0,682
Copper (Cu) 9,322 0,632 8,340 0,504
Zinc (Zn) 18,040 1,004 19,422 2,753
Cobalt (Co) 1,139 0,193 1,140 0,088
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Abstract

In the Humboldt Upwelling System (HUS), where ambient nitrate concentrations are high but
variable due to natural upwelling, the primary regulation of phytoplankton productivity is
attributed to seasonal differences in light availability within the mixed layer depth. However,
there is still limited comprehensive research from the region on the responses of
phytoplankton communities to changing light and nutrient conditions. This knowledge gap
makes it challenging to accurately parameterise phytoplankton responses in biogeochemical
models aiming to estimate primary productivity and predict its response to climate-related
changes in light and nitrate availability. To address this gap, we investigated the direct
influence of varying light intensities and ambient nitrate concentrations on nitrate and carbon
uptake rates at five stations in the HUS off Peru. The stations were carefully selected to
represent a gradient in ambient nitrate concentrations ranging from low to high (2 — 14 umol
L'1). At each station, we conducted incubations of natural phytoplankton communities from
the Chlorophyll a (Chl @) maxima under a range of light conditions (0 to 750 pmol photons m
s1) for 24 hours. The incubations were supplemented with N nitrate and *3C carbon isotopes
to measure nitrate uptake and corresponding carbon uptake at each light level. Across all
stations, peak nitrate and carbon uptake rates across stations were observed at 30 — 40 % of
incoming irradiance (228. 68 + 25.57 umol m2 s1). At these optimal irradiances, nitrate uptake
rates scaled positively with ambient nitrate concentration, while carbon uptake rates did not,
indicating a decoupling of nitrate and carbon uptake in the phytoplankton community at
certain stations. Notably, stations with lower nitrate concentrations and nitrate uptake rates,
dominated by the mixotrophic dinoflagellate Akashiwo Sanguinea, showed higher carbon
uptake rates compared to diatom-dominated stations with high nitrate concentrations and
uptake rates. This finding suggests that regenerative nutrients may significantly enhance and
sustain carbon uptake in a mixotrophic-dominated phytoplankton assemblage with low nitrate
availability. Moreover, despite low Chl a concentrations at stations with low ambient nitrate
concentrations, carbon uptake rates surpassed those stations with higher nitrate and Chl a
concentrations. Correspondingly, C:N uptake ratios at these stations exceeded the Redfield
ratio at these stations, pointing towards the influence of regenerated nutrients in sustaining
carbon uptake at low nitrate conditions. Thus, this study demonstrates that carbon and nitrate
uptake rates in the HUS cannot be simply predicted based on irradiance and chlorophyll
concentrations, thereby adding complexity to the estimation and prediction of primary
productivity in the region. Thus, we emphasize the need for further uptake experiments to
explore the relationships between phytoplankton community structure, light and nutrient
availability. This is instrumental to understanding the factors that underpin productivity in the
HUS.
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4.1 Introduction

Amongst the essential nutrients for primary productivity in the ocean, bioavailable nitrogen
(N)is in limited supply relative to other nutrients, making it a crucial factor in regulating marine
primary productivity in the global ocean (Bristow et al. 2017). Therefore, the supply of N to the
surface sunlit zone, and the degree to which it is assimilated by phytoplankton determine both
the primary productivity and composition of phytoplankton communities in the ocean. In the
global ocean, the supply of N to phytoplankton is largely through the uptake of nitrate (NO3)
supplied from outside the euphotic zone by upwelling, diffusion or mixing. Thus nitrate is
commonly used as an indicator of ecosystem productivity in the ocean (Dugdale and Goering
1967).

The Humboldt Upwelling System (HUS), is renowned as one of the most productive eastern
boundary upwelling systems (Chavez and Messié 2009). The magnitude and spatial distribution
of primary productivity and biomass in the region are strongly influenced by a combination of
biological and physical processes. Seasonality in physical forcing determines the availability of
nutrients and the average irradiance that phytoplankton are exposed to within the surface
mixed layer (Thomas et al. 2009). These factors directly impact the physiology of
phytoplankton cells, ultimately shaping the seasonality of primary production in the HUS
(Pennington et al. 2006; Messié et al. 2009; Bouman et al. 2018). Consequently, the HUS
exhibits a seasonal paradox. In austral summer, when upwelling intensity is weaker, nitrate
concentrations are lower relative to winter months characterised by high upwelling intensity
and nitrate concentrations. Yet austral summer is characterised by diatom-dominated
phytoplankton blooms and higher autotrophic primary productivity relative to winter
(Pennington et al. 2006; Messié and Chavez 2015). This summer productivity makes up the
largest portion of the annual autotrophic production in the HUS (Chavez et al. 2008; Messié
and Chavez 2015). Nevertheless, despite lower nitrate inputs from upwelling during austral
summer, the concentrations remain favourable for phytoplankton growth (Barber and Chavez
1983). Hence, it is unlikely that phytoplankton productivity is primarily nitrate-limited during
austral summer. This suggests that the relationship between ambient nitrate concentrations
and phytoplankton productivity is not linear, and other factors may regulate primary
productivity in the HUS. Thus further investigation is required to unravel the mechanisms
underpinning this paradox.

The variability in mixed layer depth in the HUS is hypothesised to play a primary role in shaping
phytoplankton community structure and productivity in the HUS (Echevin et al. 2008;
Behrenfeld 2010; Messié and Chavez 2015). This is because the depth of the mixed layer
determines the light conditions experienced by phytoplankton cells, controls the nutrient flux
in and out of the euphotic zone and ultimately governs the availability of nutrients for
phytoplankton growth (Echevin et al. 2008). It is hypothesized that, under stable water column
conditions with reduced turbulence, an optimal mixed layer depth can provide the ideal
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combination of light and nutrients for maximum phytoplankton growth and productivity
(Bakun et al. 2015).

The rate of carbon uptake (photosynthesis) in phytoplankton is influenced by light irradiance
and nutrient availability; with light-harvesting being a linear function of both factors.
Therefore, to accurately estimate the productive potential of phytoplankton communities at
any given time, it is essential to quantitatively assess the efficiency with which phytoplankton
assemblages utilise light and nutrients to build biomass. Although the mechanisms for light
regulation on nitrate uptake are poorly understood, the influence of irradiance on nitrate
uptake by phytoplankton is assumed to be a saturation response (Maclsaac and Dugdale 1972).
Yet responses of nitrate uptake to irradiance have yielded contrasting responses, confirming
light dependence of nitrate uptake on one hand and a weak light dependence on another
(Muggli and Smith 1993). Thus, complex interactions among environmental variables may
influence non-linear responses of phytoplankton nitrogen utilisation to irradiance. The
coupling of nitrate and carbon uptake in Redfield proportions has been instrumental in the use
of nitrate concentrations as a proxy for primary productivity (Redfield 1958; Tyrrell 1999;
Arrigo 2005). Nevertheless, the influence of regenerative nutrients and non-Redfield
production poses challenges to the broad application of this coupling in predicting marine
primary productivity in the HUS (Arrigo 2005; Franz et al. 2012a; b). As such deviations from
the canonical Redfield production have been observed broadly in the ocean. For decades,
photosynthesis (P)-irradiance (I) relationships curves (Pl) have played a central role in models
of phytoplankton growth and satellite-based estimates of primary productivity by describing
the rate of photosynthesis (normalized to chlorophyll @) as a function of irradiance (Platt et al.
2017; 2018). By optimally calibrating the parameters of these curves to in-situ high-resolution
observations of fluorescence and irradiance, the rate of primary productivity at a specific
irradiance and chlorophyll concentration can be estimated (Jones et al. 2014). However, the
limited datasets on phytoplankton responses to light and nutrients in the HUS currently restrict
the application of ecological models and satellite-based tools for predicting and estimating
primary productivity over large spatial scales in the region.

Although phytoplankton generally exhibit a common response pattern to light, the
characteristics of this response can vary among different phytoplankton groups (Edwards et al.
2015, 2016). Thus, the parameters derived from Pl relationship curves can be influenced by
other environmental covariables (Platt et al. 1993), such as the composition of the
phytoplankton community structure and their efficiency in nutrient uptake and utilization. The
preconditioning light history of phytoplankton cells is also important in determining their
maximum potential carbon uptake rate and the associated light intensity at which
photosynthesis is no longer light-limited. This means that during the transitions to summer in
the HUS when phytoplankton cells have been exposed to low light conditions characteristic of
winter/spring, carbon uptake rates may be periodically enhanced compared to peak summer
months characterized by high but stable light irradiances. Thus, differential carbon and nitrate
uptake between seasons with varying light intensities can be expected to influence the overall
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productivity of the system even when nitrate concentrations are optimal (Dugdale and Goering
1967; Maclsaac and Dugdale 1972).

All these factors suggest that the parameters extracted from Pl curves in the HUS are dynamic
and this flexibility needs to be represented in ecological and satellite-based models to
accurately predict primary productivity. Currently, seasonal differences in phytoplankton
carbon and nitrate uptake response to changes in light, nutrients and with respect to the
phytoplankton community assemblage are largely uncharacterized in the HUS. This limits the
accuracy of approaches based on Pl relationships to estimate primary productivity in the region
and predict its fate under climate-related changes in the environmental variables. Therefore,
a detailed assessment of phytoplankton responses to variations in light, nutrients and
phytoplankton community assemblage in the HUS is required to understand the flexibility of PI
parameters in relation to environmental changes and optimize them for model applications
(Westberry et al. 2008). To investigate these relationships, we conducted simultaneous
BNitrate and 3*Carbon incubations under a range of light intensities at five stations in the HUS,
encompassing varying ambient nitrate concentrations and phytoplankton community
assemblage from the Chlorophyll @ maxima. Nitrate and carbon uptake rates were measured
under simulated in situ light conditions in the euphotic zone to obtain a better understanding
of the nitrate and carbon uptake response to light and their coupling at biogeochemically
distinct stations. Photosynthetic pigment analysis allowed for an assessment of the
phytoplankton functional groups constituting the photo autotrophic assemblage. Thus, our
uptake rates represent maximum in situ nitrate and carbon uptake rates from the euphotic
zone at each light level.

4.2 Methods

This study took place during the research cruise MSM80 on board R/V Marian S Merian from
December — January 2018-2019. We collected seawater samples with natural phytoplankton
communities at two central stations on 12°S (C1, C2) and three southern stations at 15°S (S1,
S2, S3 along the Peruvian coast. The station selection considered the different environmental
conditions between the central and the southern region covering a range of upwelling
strengths, nitrate concentration and Chlorophyll a (Chl a) fluorescence (Table. 1). This enabled
us to assess the role of these varying conditions on our response variables.
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Fig. 1. Map of study area showing mean MODIS(NASA/JPL 2020) sea surface temperature (SST)
in the study area overlain by sampled stations at the central (12°S) and southern transects
(15°S). Black dotted and dashed lines show 200 and 2,000 m bathymetry to indicate the edge
of the shelf and shelf slope, respectively.

4.2.1 Oceanographic Characterisation of sampling stations

At each station, depth profiles of temperature, salinity, dissolved oxygen (O3),
photosynthetically-active radiation (PAR) and Chl a fluorescence were taken. A Seabird (SBE-
911 plus, Seabird-Electronics, USA) conductivity-temperature-depth (CTD) profiler equipped
with double temperature (SBE 3) and O, sensors (SBE43), a LI-COR Bio spherical PAR sensor
and a Wet Labs ECO-FLNTURTD chlorophyll-turbidity sensor were mounted on a 21x10 L Niskin
bottle rosette water sampler from which discrete water samples were collected from desired
depths for the incubations and for nutrient analyses. We selected the sampling depth for our
incubations based on the depth of the respective chlorophyll a (Chl a) maxima at each station
as indicated by the fluorescence profiles. Unfiltered samples for nitrate (NO3™), phosphate
(PO4*>) and silicate (Si(OH)4) were collected in triplicate and measured onboard using an
autosampler (XY-2 autosampler, SEAL Analytical) and a continuous flow analyzer (QUAAtro
Autoanalyzer, SEAL Analytical) according to Morris & Riley(1963).
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Mixed layer depth (MLD) was determined from MSS vertical profiles. First, cross-validation
between the MSS sensors and the CTD sensors was performed to derive the potential density
anomaly profiles. The MLD was then defined as the depth where the potential density anomaly
exceeds for the first time the average potential density anomaly of the water layer between
the surface and the actual depth by 0.05 gkg™. Due to the vessel impact the stratification in
the first five meters of the water column was disturbed. Thus, the minimum MLD was set to
5m even if the iterative MLLD estimation revealed a shallower MLD. The euphotic zone was
defined as the depth where Photosynthetic Active Radiation (PAR) was reduced to 1% of its
surface value, calculated as outlined in Kittu et al. (2023).

4.2.2 > N-nitrate and 3C uptake incubations

Nitrate and carbon uptake rates at each station with specific ambient nitrate concentration
were obtained from samples collected at the Chl g max and incubated under a range of
irradiances. For the incubation experiments, seawater samples from the Chl a max at each
station were collected from the Niskin bottles into triplicate 1 L acid-cleaned (10% HCL) and
Milli Q rinsed polycarbonate bottles. Nitrate and carbon uptake rate measurements were
conducted using a dual stable isotope technique involving the addition of a *C and >N isotope
in the same assay (Shiozaki et al. 2009). Uptake rates were determined from the incorporation
of 13C and >N isotopes into particulate organic matter (POM).

For nitrate uptake rates, 2.5 mg of >N potassium nitrate (KI>NOs) was dissolved in 15 ml of
Milli Q. 1 ml of this stock solution was then added to each 2 L incubation bottle to achieve
isotope enrichment <12 atom % of ambient nitrate concentrations. Because nutrient
concentrations were measured only after incubations were started, the enrichment of >NOs
at Station S3 exceeded 12 atom % (Dugdale and Wilkerson 1986) of the ambient nitrate
concentrations (18.4 atom%). Such high enrichments of the available nitrate pool may
artificially enhance uptake rates in tracer bioassays. However, considering the low nitrate
uptake rates at station S3, there is little indication that our isotope addition stimulated
substantial uptake.

For carbon uptake, a stock solution was prepared by dissolving 240 mg of C sodium
bicarbonate (NaH'3COs, 98 atom %, Sigma Aldrich-Merck KGAa, Darmstadt, Germany) into 10
ml of Milli Q. 500 pl of the stock solution was added to each replicate incubation bottle, roughly
corresponding to 3-4 atom % enrichment.

After isotope addition to triplicate bottles, one bottle was immediately filtered for ambient
particulate organic carbon/ nitrogen concentrations (POC/N) and, natural abundance isotopic
composition (8°N and &'3C). To obtain these measurements, seawater volumes of 0.5 = 1.5 L
were gently filtered (200 mbar) through a pre-combusted (500°C for 6h), 0.3 um pore size glass
fibre filter (GF-75, Advantec, 25 mm @, 0.3 um nominal pore size).
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The remaining replicate bottles were incubated for 24 h under different light conditions in on-
deck incubators with surface seawater continuous flow to maintain constant seawater
temperature. To simulate variable incoming irradiance, incubators were shaded with neutral
density screening to reproduce light conditions at 100%, 405, 30%, 15%, 5%, and 0% of
incoming irradiance (Lagoon blue neutral density light screens, Lee light filters). Since the Chl
a max was shallower than the euphotic zone, our samples represent maximum nitrate and
carbon uptake rates from the euphotic zone at each light level (Table 1). Incubations were
terminated by gently filtering samples (200 mbar, volume range 0.2 — 1 L) onto 0.3 um pre-
combusted GF/75 filters (Advantec, 25 mm @, 0.3 um nominal pore size).

After filtration, all filters (natural abundance and incubation filters) were acidified with 1M HCL
for 2 minutes to remove inorganic carbon before being packed in 2ml cryovials and frozen (-
20°C) for storage and transported to the laboratory in Kiel, Germany. In the laboratory, filters
were thawed and oven-dried overnight at 60°C, encapsulated in tin capsules, and pelleted for
further mass spectrometry analysis (mass detection limit, 15 pg of N). All filters were analysed
for particulate (POC/N) and isotopic N and C composition (§3Cpoc/8*Npon) on an elemental
analyzer (Flash EA, ThermoFisher) connected to a mass spectrometer (Delta V Advantage
Isotope Ratio MS, ThermoFisher) with the ConFlo IV interface (ThermoFisher).

4.2.3 Nitrate and Carbon uptake rate calculations

To get a precise measure of nitrate uptake related to the phytoplankton community but
independent of biomass, we calculated the absolute nitrogen uptake (p1sn, tmol N L't d™?). This
depicts the total amount of nitrate taken up by a phytoplankton community without
considering the biomass. As shown in Equation 1 below, p1sy was achieved by multiplying the
PON-specific nitrate uptake rates (Visn) with the average of the PON (natural abundance and
final) as recommended by Dugdale and Wilkerson. (1986).

Absolute nitrate uptake rate (p15N) = VN X [X(PON(t=f&0))] 1

Whereby PON®=/0 is the PON concentration of samples after incubation (t = f) or the natural
abundance samples (t=0). At represents the incubation period.

The specific uptake rate Visn (N d!) is a biomass-dependent metric interpreted as the unit of N
taken up per unit particulate N. This rate provides a measure of the efficiency of nitrate uptake
relative to the biomass (PON) of the phytoplankton community. Visy was calculated as the
average (X) of the specific uptake rate considering the initial (natural abundance) and final
(after incubation) isotopic abundance (**N atom %) of PON as shown in Equation 2 below

APON(e><s)
t=1/0 2
Atot - Apon X At

PON-specific uptake rate (Vi5y) = X
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Whereby Apon(exs) represents the >N atom % excess enrichment of the samples calculated by
subtracting the natural abundance *N atom % (AS51) from the final >N atom % of the filter
after incubation (AbSf). Awt is the SN atom % of the dissolved nitrate pool available in the
incubation (ambient + added).

13C uptake rates (hereafter carbon uptake rates, pmol C L't d), were calculated according to
Slawyk et al(1977) as shown in Equation n 3 below

-f -
AboC—Abol . [POC]
DICtot - ApoC At

BC uptake rate (p,,.) =

Whereby Apoc represents the 3C atom % of POC in the natural abundance samples (t = 0) and
enriched samples after incubation (t = f). DICy,; represents the 3C atom % of the total DIC
amount in the incubation bottle taking into consideration the naturally available fraction of
IDIC and the additional '3C isotope added for enrichment. For this study, a constant value of
2166 umol L't was used for all incubations as the ambient concentration of DIC, which is
representative of the region based on a previous study (Fernandez et al. 2009).

To account for the effects of variable Chl a concentration at the different stations, absolute
nitrate and carbon uptake rates were normalised to Chl a from each sampled depth. Hence
nitrate and carbon uptake rates are reported as pmol N (ug Chl a)* L't dt and umol C (ug Chl
a)t L'td?) respectively. Normalising the uptake rates to Chl a biomass provides a standardised
way to compare the efficiency of nitrate and carbon uptake across the different stations and is
relevant for use in ecological model parameterisations.

4.2.4 Pigment concentrations

For High-Performance Liquid Chromatography (HPLC) pigment analysis, samples were
obtained by gently filtering 1 — 2 L of seawater through GF/75 filters (200 mbar, Advantec, 25
mm @, 0.3 um nominal pore size). The filtered volume ranged from 0.5 — 1.5 L depending on
the productivity of the station. Precautions were taken to minimise exposure of samples to
light by using foil to cover filtration bottles. Filters were shock frozen in liquid nitrogen and
stored in cryovials at -80°C until analysis.

In the laboratory, pigments were extracted in a homogenizer (Precellys, Montigny-le-
Bretonneux, France) by mixing filters with glass beads and 100% HPLC grade acetone (Baker
8142, Avantor, Radnor, PA, United States). Extracted samples were then centrifuged (10 min,
4.C, 5200 rpm), the supernatant removed with a syringe and filtered through Teflon filters (0.2
um pore size). Photosynthetic pigments were analyzed through reverse-phase high-
performance liquid chromatography on a HPLC Ultimate 3.000 analyzer with an Eclipse XDB-
C83.5u4.6x 150 column (Thermo Scientific Waltham, MA, USA). The total Chl a concentration
was computed as the sum of Chl-a and divinyl Chl-a (dyv-Chl-a) as Prochlorococcus contains
only dyv-Chl-g as its primary light-harvesting pigment.
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With the CHEMTAX program v 1.95, HPLC concentrations were used to determine the
phytoplankton community composition based on taxa-specific pigment ratios of
phytoplankton (Mackey et al. 1998). By calculating the ratios between taxa-specific pigments
and total Chl a [ug L], we determined the individual contribution of 9 taxa to the total Chl a
(diatoms, dinoflagellates, cryptophytes, pelagophytes, haptophytes (e.g., coccolithophorids
and Phaeocystis), prasinophytes, chlorophytes, Synechococcus and Prochlorococcus). Pigment
ratios were obtained from a previous study conducted in the ETSP (Meyer et al. 2017).

4.2.5 Statistical analysis

All results are reported as the mean of triplicate experiments + SD. To analyze the influence of
interacting irradiance and nitrate concentrations on nitrate and carbon uptake rates and C:N
uptake ratios, 3D scatter plots were generated in R. A General Additive Model (GAM) with a
smooth thin-plate spline interpolation was applied to the dataset to fit the 3D surface on the
data points. A Spearman’s rank correlation analysis was used to examine the potential
relationships between nitrate uptake and carbon uptake rates and physical, biogeochemical
variables. All statistical analyses were conducted using R (Version 4.0.3, packages stats,
ggplot2; The R Foundation).

4.3 Results
4.3.1 Physical and biogeochemical conditions

Our study was performed at 5 stations across 2 transects in the Northern Humboldt Upwelling
System (HUS) that showed a range in nutrient concentrations (Table. 1) and phytoplankton
community composition (Fig. 5). Stations C1 and C2 were located in coastal waters along the
12°S transect which was considered as a transition zone for the Peruvian region with regard to
physical and biogeochemical conditions present at the time of this cruise (Kittu et al. 2023). In
contrast, Stations S1, S2 and S3 were located at 15°S located within coastal to offshore waters
(station S3). With general SSTs ranging between 20 — 24°S, higher SSTs were observed in the
northern part (22°S — 24°S) relative to the southern region of the HUS (20 -22°S). However, the
lowest temperatures at sampled depths were observed at Station C1 closest to the coast at
12°S (Supplementary Fig. Sla). Within the euphotic zone where all the samples for the
experiments were collected from, the water column was well-ventilated with oxygen levels
>180 umol L (except for station C2 where oxygen concentrations were below 50 umol L*
(Supplementary Fig. S1b).

During our study, the euphotic zone depth at 12°S and 15°S was relatively similar ranging
between 26 — 35 m and averaging at 30.5 £ 6.4 m and 27.00 £ 6.08 m respectively (Table 1,
Supplementary Fig. S1). The mixed layer depth (MLD) was generally shallow ranging between
6.5 and 8 m and often below the depth of Chl @ maxima for all stations (5m) except for station
S2 (12m), (Table 1, Supplementary Fig. S1).
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Nitrate profiles indicated lower concentrations within the euphotic zone and an increase with
depth (Supplementary Fig. S1d). However, at the Chl a max where samples were collected
(Table 1), nitrate concentrations were lower at stations that were further away from the coast
(C2, S3) than closer to the coast where nitrate concentrations were highest (C1 and S3). Nitrate
concentrations within the samples collected for the experiment ranged from 2.66 — 13.90 umol
L'l. Taken together, low in situ temperatures and oxygen concentrations and high nitrate
concentrations, observed from Station C1 (Supplementary Fig Sla, b,d), a station closest to the
coast at 12°S reveal that the waters were freshly upwelled relative to old waters at station C2
where in-situ temperatures and salinity were high and nitrate concentrations were low
(Supplementary Fig S1a,c).

Table 1: Environmental data for the experimental stations

Station C1 Cc2 S2 S1 S3
Latitude 12°S 15.3°S
Description Coastal Coastal Coastal Coastal Offshore
Euphotic zone
26 35 31 30 20
(m)
Thermocline
32 30 27 14 12
(m)
Mixed Layer
8 7 6.5 7.5 7
Depth (MLD)
Sampling
depth (Chl a 5 5 12 5 5
max) (m)
Chla (ug/l) 22.93 2.53 20.8 3.57 17.19
Nitrate
concentration 13.90 4.04 9.18 6.82 2.66
(umol/I)
Phosphate 1.36
) 0.47
concentration 1.26 1.10 1.33
Silicate — 18
concentration ' ' 3.42 2.56 3.98
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4.3.2 Nitrate uptake

Across all stations, the highest nitrate uptake rates were observed at an optimum average
irradiance of 228. 68 + 25.57 umol m*2 s, corresponding to 30 — 40% of incoming irradiance.
Nitrate uptake at the most coastal stations, C1 and S1 peaked at 30% of incoming irradiance
corresponding to 203.34 £ 16.23 umol m2 s, Fig. 2a). At C1, the station with the highest
nitrate concentrations, significantly higher nitrate uptake rates (to 0.5 umol N (ug Chl a)? L
d) relative to the other stations were observed at suboptimal light irradiances(~ 150 umol m-
2s1). Further away from the coast but still in coastal waters, at stations C2 and S2, the nitrate
uptake rates peaked at 40 and 100 % incoming irradiance respectively corresponding to 240.78
umol m?2 st and 512.60 umol m2 s respectively. At stations, C2 and S1, nitrate uptake
declined towards zero at maximum irradiances (600 umol ms). Corresponding to the lowest
nitrate concentrations nitrate uptake rates were lowest at the most offshore station along 15°S

(station S3) and did not respond to light variability despite high Chl a concentrations measured
from this station (Table 1).
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Fig. 2. Influence of light intensity on the rate of Chl a normalised (a) nitrate uptake, (b) carbon
uptake and (c) carbon: nitrogen uptake (C:N) ratio at each station. Black vertical lines indicate
positive and negative standard deviation around the mean of three triplicate measurements.
The dashed horizontal line in panel (c) indicates the Redfield ratio (6.6). The gradient of blue
indicates increasing ambient nitrate concentrations.

4.3.3 Carbon uptake

Carbon uptake rates generally increased exponentially with increasing incoming irradiance at
all stations peaking at 30 - 40% of incoming irradiance (200 — 250 umol m2 s, Fig. 2b). At this
optimum irradiance levels, carbon uptake rates between stations did not scale with nitrate
concentrations. All stations except for Station S2 (high nitrate, high chl a) had carbon uptake
rates above 4 umol C (ug Chl a)* L't d* at the optimum irradiance levels. The lowest carbon
uptake rates at these optimum irradiances were observed from Station S2 (2.60 umol C (ug
Chl a)* L't d1). Additionally, despite this station having high ambient nitrate concentrations
(Table. 1), carbon uptake remained stable at higher incoming irradiance (Fig. 2b). Similar to
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nitrate uptake, the highest carbon uptake rates were at the station with the highest nitrate
concentrations. observed from Station. Beyond 40% of incoming irradiance, photoinhibition,
in carbon uptake rates was observed at stations C2 and S3, the stations where ambient nitrate
concentrations were below 5 umol L (Fig. 3). However, at 100 % (600 -700 umol m2s?), an
increase in carbon uptake was observed at the most coastal stations C1 and S1 (Fig. 2c, 3).
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Fig. 3. Linear regression plots of Chl a normalised carbon uptake rates and nitrate uptake rates
at each incoming irradiance (shown at the top). Black vertical lines indicate positive and
negative standard deviations of the mean of triplicate carbon uptake measurements. The red
line indicates the Redfield C:N ratio (6.6). Stations above and below this line at each light
irradiance indicate a decoupling between carbon and nitrate uptake rates.

103



Chapter 4: Manuscript Il

a TSNijtrate uptake-Irradiance-Nitrate Curve b 3¢ uptake-Irradiance-Nitrate Curve
/ 8
- 15 ‘
2 To
- T 6 SRR
' L6 ““‘“
1.0 +1.0 © A%t
= <
Cxe > | 4
© D05 Q i
S 5
S5 > a o
L = 235
© 2 05| O €
= E 23
z3, - =, 2
2,0 2,0
/)). 400
O’O/ % . /)'O/
R =
Q 12 eo\©
&~y X(O
7 9’70@ 0 W

Fig. 4. 3D surface scatter plot of the relationships between nitrate and carbon uptake with light
and ambient nitrate concentrations across the five sampled stations. The surface was created
by applying a GAM with a smooth thin-plate spline interpolation on the data points to predict
the pattern.

4.3.4 Phytoplankton community composition

In three out of the five stations sampled (stations C1, S1 and S3), diatoms had the highest
contribution to the total phytoplankton assemblage, dominating > 50% of the phytoplankton
community. At 12°S, the most coastal station (Station C1) was mainly dominated by diatoms,
while away from the coast (Station C2), a more diverse community consisting mainly of
Synechococcus and Haptophytes followed by Cryophytes was observed. Further South at 15°S,
a mixed phytoplankton community dominated by diatoms, Cryophytes and some Haptophytes
was present at stations S1 and S3. At both coastal stations at 15°S (stations S1 and S2), the
mixotrophic dinoflagellate Akashiwo Sanguinea was observed (confirmed by microscopy),
primarily dominating Station S2 (Fig. 5).
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Fig. 5. Phytoplankton community assemblage. The relative contribution of different
phytoplankton groups and species to total Chla concentration based on Chemtax analysis of
phytoplankton pigments (HPLC).

4.4 Discussion

The primary focus of our work was to investigate the effects of light and nitrate concentrations
on nitrate and carbon uptake rates from a bulk phytoplankton community in the productive
HUS off Peru. With this in mind, the stations considered herein covered a wide range of
phytoplankton community assemblage and productivity (Chl a concentrations), and nutrient
concentrations (Table 1). 3 Carbon uptake rates are considered herein as a measurement of
phytoplankton productivity but in order to distinguish the biomass-driven aerial primary
productivity from the actual productivity of the individual cells, we normalized the carbon
uptake rates by Chl a as a proxy of photosynthetic biomass. Our results show that irrespective
of differences in phytoplankton community assemblage, Chl a and PON concentrations, nitrate
uptake and corresponding carbon uptake rates resembled a Michaelis-Menten response
pattern to light intensity. Notable differences in nitrate and carbon uptake rates and the
potential for nitrate, light and other nutrients limiting phytoplankton productivity during our
study were observed between the stations. We discuss the implications of the observed effects
for estimating primary productivity in the HUS.
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4.4.1 Regulation of nitrate uptake rates by light and nitrate
concentrations in the HUS

In field studies, the influence of light is often masked by other factors that control
phytoplankton productivity such as cell abundance and environmental preconditioning. These
factors largely contribute to differences in baseline rates during experiments. Thus normalising
uptake rates to Chl a biomass allows for comparisons across steep gradients of Chl a to be
made. Our Chl a normalised nitrate and carbon uptake rates indicate that the optimum light
level where maximum nitrate and carbon uptake rates were realised was similar across all
stations (228. 68 + 25.57 umol m2 st equivalent to 30 — 40% of incoming irradiance), except
for Station S2 where nitrate uptake did not respond to light irradiance. We consider this
irradiance range optimal for the phytoplankton community across the study region. It is widely
accepted that nitrate concentrations primarily regulate nitrate uptake rates in the ocean. We
observed that maximum nitrate uptake rates at optimum irradiance across all stations scaled
with nitrate concentrations (Fig 2a, 4a), thus confirming the direct role of nitrate
concentrations in regulating phytoplankton nitrate uptake. This proportionality in nitrate
uptake rates to nitrate concentrations probably reflects the differences in both phytoplankton
species composition (Fig. 5) and the physiological state of the phytoplankton community at
variable N conditions (Table. 1). Thus our results indicate that despite the differences in
phytoplankton biomass and assemblage between stations (Fig. 5) the phytoplankton
physiological capacity for maximum nitrate uptake at optimal irradiances was largely regulated
by ambient nitrate concentrations.

The direct mechanisms by which light regulates nitrate metabolism in phytoplankton are
considered species-specific. Nitrate uptake is known to be dependent on light as an energy
source, either directly or indirectly through photosynthesis due to the presence of nitrate-
activated ATPase in some marine phytoplankton (Cochlan et al. 1991). This provides a
physiological basis for coupling light and nitrate uptake, whereby the energy (ATP) generated
from photophosphorylation is required for the functioning of uptake enzymes. Previous studies
have shown that under replete nutrients and treating light intensity as a substrate following
Michaelis-Menten kinetics, nitrate uptake by natural phytoplankton assemblages show a
rectangular hyperbola response to light intensity (Maclsaac and Dugdale 1972). Such a
relationship assumes no nitrate uptake at 0 light intensity followed by an exponential increase
peaking at optimum light irradiance and a plateau at high light irradiances beyond the optimum
range. Based on the negligible nitrate uptake rates observed at O incoming irradiances (< 0.06
umol N (ug Chla)? L, Fig. 2a), we interpret this as the absence of dark nitrate uptake during
our study, but consider the impact of suboptimal light irradiances on nitrate uptake rates.

At nitrate concentrations below 10 umol L%, nitrate uptake rates were low and
indistinguishable by stations (nitrate concentrations) when light levels were suboptimal (<100
umol m=2s?). The similarity in low Chl a normalised nitrate uptake rates at low irradiance across
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stations with low varying nitrate concentrations suggests that a degree of light limitation
influences the regulation of nitrate uptake (Fig. 4a). On the other hand, at station C1, where
nitrate concentrations were highest (13.9 umol L%), nitrate uptake was significantly and
distinctly enhanced at suboptimal incoming irradiance (15% of incoming irradiance, ~100 umol
m= s) relative to all other stations. This, suggests that under high nitrate conditions,
significant nitrate uptake can still take place at light irradiance below the optimum range. Our
results imply that during periods of deep vertical mixing such as in winter months when the
mixed layer depth can be much deeper and nitrate concentrations are high and relatively
homogeneous due to intense upwelling, phytoplankton can still take up nitrate despite lower
irradiance relative to summer (Wilkerson and Dugdale 1987). Comparable studies under low
irradiance such as during winter months are thus required to verify these results. This
observation can also be expected when nitrate-limited phytoplankton near or below the
bottom of the euphotic zone receives an upwelling pulse of nitrate as has been observed in
the Central North Pacific (Kiefer et al. 1976). Nevertheless, these uptake rates are lower than
the potential maximum nitrate rates that could be achieved at optimal irradiance levels,
indicating the interaction of light and nutrients for maximum nitrate uptake. Additionally, it is
still not certain whether the assimilated nitrate under low light irradiances can be utilised
efficiently by phytoplankton to influence growth and productivity at these suboptimal
irradiances. Under low-light and high nutrient conditions of surface waters in upwelling areas,
nitrite excretion is linked to ~60 % of phytoplankton nitrate uptake due to incomplete nitrate
assimilation thus leading to the development of a nitrite maxima (Kiefer et al. 1976; Collos
1998). Additionally, the release of dissolved organic nitrogen (DON) by phytoplankton is
coupled to nitrate uptake (Hu and Smith 1998; Bronk 2002). Thus such phenomena could result
in a bias of nitrate-based new production estimates using the °N tracer technique (where N is
assimilated in the particulate matter) due to the loss of the *°N tracer in nitrite and DON during
incubation. Hence such experiments parameterising nitrate uptake to light would require
nitrite and DON to be accounted for in incubations. Whilst we cannot assess these dynamics
using this dataset, they should be considered especially when estimating net nitrate uptake in
the HUS between seasons with varying light, and nitrate concentrations.

Following the Michaelis-Menten kinetics, it is expected that nitrate uptake would be
maintained at high light intensities considering ambient nitrate concentrations are non-limiting
(Maclsaac and Dugdale 1972). Contrary to this expectation, we observed that beyond the
optimum range of irradiance (600 — 700 pmol m*2 s, 100 % incoming irradiance), nitrate
uptake rates declined at stations C2 and S1 where nitrate (< 7 umol L?), and Chl a
concentrations (< 4 ug L) were low (Fig. 2a, 4a). Such as response is common in oligotrophic
regions (Maclsaac and Dugdale 1972). Nonetheless, at stations C1 and S2 where nitrate (>9
umol L), and Chl a concentrations (> 20 pg L) were high, nitrate uptake rates did not decline
but demonstrated a rectangular hyperbola behaviour (Fig. 2a). These observations indicate
that the capacity of phytoplankton communities to maintain high nitrate uptake rates at higher
light irradiances is largely regulated by a combination of nitrate and Chl a concentrations. (Fig
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2a, 4a). Thus we hypothesise that beyond the optimum irradiance range, either nitrate
concentrations were limiting at low nitrate stations or that photoinhibition of nitrate uptake is
more prevalent under low nitrate and Chl a conditions. Unfortunately due to the paucity of
data at higher light irradiances in our study, we cannot adequately discuss photoinhibition of
nitrate uptake from this study. Nevertheless, it appears that nitrate concentrations were a
limiting factor at these stations and it suffices to say that nitrate uptake at lower Chl a and
nitrate concentrations is regulated at least to a significant degree by both light and nitrate
concentrations. This observed response of nitrate uptake to light resembles the well-known
occurrence of light inhibition of photosynthesis. Thus nitrate uptake decline at higher light
irradiances quite normally suggests itself as an explanation for the failure of nitrate uptake in
the HUS to respond to increasing light under low nitrate conditions. Under oligotrophic
conditions, nitrate uptake has also been suggested to be limited by other factors such as a
second critical macronutrient or micronutrient such as iron (Dugdale and Goering 1967;
Dugdale 1972; Hutchins et al. 2002; Bruland et al. 2005). Station C2 and S1 were observed to
have the lowest silicate and phosphate concentrations suggesting as well potential colimitation
of nitrate uptake rates by other macronutrients.

Our results demonstrate that the uptake of nitrate in the HUS reflects the role of light, nutrient
and phytoplankton biomass conditions, indicating that profiles of uptake should be analysed in
terms of the interacting influences of these variables. This highlights the importance of
photosynthesis-Irradiance-nutrient (PIN) curves to identify and interpret basic patterns of
uptake profiles rather than their exact prediction. Generally, predicting these responses in the
HUS would require more data than available in this study.

4.4.2 Relating phytoplankton community Structure to uptake
dynamics

The stations investigated herein indicate a degree of spatial heterogeneity in the
phytoplankton community assemblage and give insights into its role in regulating nitrate and
carbon uptake rates. At both transects, the phytoplankton community at coastal stations was
typical for the coastal Peruvian region, reflecting a stronger dominance of diatoms (Fig. 5),
(Franz et al. 2012b; Bach et al. 2020). Stations further away from the coast were characterised
by a more diverse phytoplankton assemblage consisting of Synechococcus and to a lesser
extent the presence of cryophytes and haptophytes (C2 and S3). Exceptions to these patterns
were however observed at Station S2, where the phytoplankton assemblage was dominated
by the mixotrophic dinoflagellate Akashiwo Sanguinea. This dinoflagellate was also present but
less dominant at stations C2 and S2 (Fig. 5).

Such heterogeneity in this region can be ascribed to dynamic upwelling and relaxation events
at the coast, characterised by Ekman transport of coastal waters offshore (Kdimpf and Chapman
2016). The low nitrate and high Chl a concentration, at Station S3, is characteristic of advected
coastal waters dominated by a dying bloom of diatoms, as is indicated by a lack of response in
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nitrate uptake rates across all light intensities (Fig. 2a, 5). It is important to mention that station
S3 was not a coastal station, suggesting a likelihood of ageing coastal post-upwelling waters,
low in nitrate and high in Chl a concentration advected offshore. Whereas Station C2 was
characterised by warmer, more saline (due to evaporation) waters advected away from the
coast. At this station, the low Chl a and nutrient concentrations and the dominance of a post-
bloom phytoplankton community dominated by Synechococcus and haptophytes relative to
diatoms demonstrate a succession of the phytoplankton community structure typical for the
Peruvian upwelling system (Fawcett and Ward 2011; Franz et al. 2012b; Paul et al. 2022). Both
stations (C2 and S3) were characterised by high phytoplankton diversity but differed in the
dominant phytoplankton community (Fig. 5). Nonetheless, carbon uptake rates at these
stations were enhanced with increasing irradiance despite lower nitrate concentrations and
relatively lower Chl a concentrations at Station C2 (Fig. 3, 4b). Thus despite a non-diatom
dominated phytoplankton community and low Chl a concentrations at Station C2, high carbon
uptake rates comparable to those under higher nitrate conditions were realised. While diatoms
are known to contribute disproportionately to primary production in upwelling systems
(Kudela and Dugdale 2000; Fawcett and Ward 2011), our results indicate that other
phytoplankton groups encompassed in a diverse assemblage may perhaps contribute equally
to primary productivity even when nitrate and Chl a concentrations are lower. Based on our
results, primary productivity would likely be overestimated at station S2 characterised by high
nitrate and high Chl a concentrations, while being underestimated at Station C2 where both
Chl a and nitrate conditions were lower just by upscaling Chl @ measurements to productivity.
These results highlight the complexity of using fluorescence measurements and light to
estimate primary productivity in the HUS.

At maximum irradiances beyond the optimum range, carbon uptake rates were photo-
inhibited only at the stations with the lowest ambient nitrate, indicating the potential for
photo-inhibition of carbon uptake in phytoplankton under low nitrate conditions <5 umol L.
These results indicate that despite the important role of light, nutrient concentrations may set
the limit of maximum carbon and nitrate uptake rates and hence primary productivity. This
interpretation is supported by increasing nitrate and carbon uptake rates at maximum
irradiance at stations where nitrate concentrations were high (> 6 umol L}, stations C1 S1, and
S3, Fig. 2, Supplementary Fig. S2). At these stations, neither photoinhibition of nitrate nor
carbon uptake was observed (Fig. 2a,b), indicating that high nutrient concentrations can buffer
the onset of photoinhibition for nitrate and carbon uptake rates in upwelling waters. At high
nitrate conditions, saturating nitrate and carbon uptake rates are much higher relative to low
nitrate conditions (Fig. 4, Supplementary Fig. S2). These differences in uptake patterns at
maximum irradiance indicate that during summer months, phytoplankton can increase their
productivity at high irradiances as long as nitrate is not limiting. Thus, our results emphasise
the interacting role of irradiance and nitrate concentrations in enhancing phytoplankton
productivity in nutrient-rich waters of the HUS.
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4.4.3 Carbon uptake rates are decoupled from nitrate uptake rates
evidence for the influence of other nitrogen sources.

Our results demonstrate that the capacity for primary productivity rates (carbon uptake) to
reach values characteristic of coastal high-productive systems is weakly correlated with the
availability of nitrate and nitrate uptake rates (Fig. 4b). We observed that despite low nitrate
uptake rates at suboptimal light irradiances (S1, S2, S3), the response in carbon uptake rates
scaled with light intensity at all stations. Additionally, similar carbon uptake rates at suboptimal
light intensities despite very low nitrate uptake rates were observed at all stations. Thus, this
reflects a basic similarity in the phytoplankton's carbon uptake capacities at suboptimal
irradiances irrespective of differences in prevailing nitrate concentrations and phytoplankton
community assemblage. Corresponding to these patterns, C:N uptake ratios at stations S1, S2,
and S3 were above the Redfield ratio of 6.6 (10 - 77) at all light levels. Thus our results suggest
a decoupling between carbon and nitrate uptake rates at low nitrate concentrations (2.66 —
6.82 umol L). Decoupled carbon and nitrate uptake rates were most evident at Station S3,
where nitrate uptake rates at all light levels ranged from 0 to 0.1 umol N (ug Chl a)* L}, yet
carbon uptake rates exhibited a strong response to light. These observations were in sharp
contrast to stations with high nitrate and high Chl a concentrations (C1 and S2), where
observed C:N uptake ratios were below or close to Redfield (Fig. 2d, 3) at all light irradiances.
Notably, despite similar nitrate uptake rates at optimum irradiances between Station S2 and
S1, carbon uptake rates at Station S1 were three-fold higher. Perhaps this difference may be
explained by the difference in the dominant phytoplankton community at these stations. From
optimum to high irradiances, all stations dominated by diatoms exhibited higher carbon uptake
rates than the station dominated by Akashiwo sanguinea.

Our results demonstrate that the variability in maximum nitrate and carbon uptake between
stations is not simply described by the interacting influences of light and nitrate
concentrations. Carbon and nitrate uptake were both limited by low nitrate concentrations
during our study but not in the same way across stations. It may be assumed that generally, an
inadequate supply of other nutrients imposes considerable physiological variability in the
phytoplankton assemblage. Additionally, the diversity of the phytoplankton community
encompassing mixotrophic phytoplankton seems to have played a role in modulating the
different responses in nitrate and carbon uptake between the stations.

The high carbon uptake rates corresponding to low nitrate uptake rates at Station S3 bring
insight into the potential influence of regenerated nitrogen sources in supporting
phytoplankton carbon uptake and productivity. Additionally, the positive response of carbon
uptake rates to increasing light intensity, despite low nitrate concentrations suggests a role for
irradiance in the uptake of these regenerative nitrogen sources. Conversely, it is also plausible
that nitrate may have been internally stored in phytoplankton cells and not detected in
nutrient measurements where samples were pre-filtered (Bode et al. 1997). Thus, the
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phytoplankton community was capable of unproportionally high carbon uptake rates relative
to nitrate concentrations and nitrate uptake rates.

Other nitrogen sources that might have been relevant in our study area could include dissolved
inorganic nitrogen such as ammonium and DON compounds like urea which are also known to
play a large role as an N source for phytoplankton (Berman and Bronk 2003). In open ocean
surface waters, dissolved organic nitrogen, mostly originating from exudation by
phytoplankton blooms make up 83% of the composition of nitrogen pools (Berman and Bronk
2003). At high light intensities, DON can be photochemically broken down to generate
bioavailable N such as ammonium and nitrite which can be directly assimilated by
phytoplankton (Bronk 2002; Berman and Bronk 2003). This may potentially explain the
increasing carbon uptake at high light intensities at station S3, despite the negligible light
response of nitrate uptake (Fig. 2a,c, 3). Our results highlight that future studies estimating
nitrate and carbon rates in the HUS need to account for the influence of other nitrogen sources
to understand the link between phytoplankton productivity and various nitrogen sources and
quantify their relative importance in the HUS.

Additionally, a higher than Redfield C:N uptake ratio at the low nitrate stations despite low
nitrate uptake rates suggests a range of interacting phenomena; either nitrate limitation,
excess carbon uptake and/or a high rate of turnover for carbon. Such high uptake C:N ratios
have previously been observed in healthy eutrophic phytoplankton populations that grow on
nitrate but ambient nitrate concentrations are too low to maintain maximum specific uptake
rates, hence the total nitrate taken up is too low (Maclsaac and Dugdale 1972; Sasai et al.
2022). In general, this unproportional response of carbon uptake to nitrate uptake adds
another layer of complexity when estimating primary productivity and its relationship to
upwelling inputs of nitrate in a seasonally variable region such as the HUS. Our results highlight
that in addition to complicating our view of carbon and nitrogen coupling in the HUS, this non-
Redield behaviour in carbon and nitrate uptake may compromise stoichiometric calculations
of primary productivity from nitrate uptake rates (or vice versa) using the Redfield C:N ratio in
the euphotic zone.

4.5 Conclusion

Our results indicate that nitrate and carbon uptake in phytoplankton communities estimated
using stable isotopes are regulated by the interaction between the phytoplankton community,
irradiance level and nitrogen availability. We demonstrate that Redfield productivity was only
observed under high nitrate conditions, whereas at low nitrate stations, non-Redfield
productivity was observed despite high Chl a concentrations. This suggests that carbon and
nitrate uptake at low nitrate conditions are decoupled. We hypothesise the potential role of
regenerated nitrogen sources and internal nutrient storage to maintain primary productivity
under low nitrate concentrations and light irradiances below optimum for phytoplankton. As a
result, simply predicting carbon uptake rates or phytoplankton productivity using Redfield
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stoichiometric conversions with nitrate uptake may result in an underestimation of carbon
uptake rates in the HUS.
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Fig. S1. Vertical profiles of (a) Temperature, (b) oxygen, (c) salinity and (d) nitrate
concentrations from the five investigated stations. The red vertical line demarcates the

sampling depth at each station.
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vertical lines indicate positive and negative standard deviation around the mean of triplicate
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According to current estimates, one of the proposed reasons for the global imbalance in the
marine nitrogen (N) inventory and therefore a deficit in oceanic bioavailable N is attributed to
a total bioavailable N loss term exceeding the N-gain in the ocean (Codispoti, 2007). It is
considered unlikely that N loss is overestimated (Codispoti, 2007), thus the apparent N deficit
(100-250Tg N yrt)is believed to be a result of underestimated N fixation as the major source
for bioavailable N (Zehr and Capone, 2021). One contributing factor to this underestimation is
the limited spatiotemporal coverage of N, fixation rates in the global ocean (Luo et al., 2012).
Furthermore, a lack of comparability in N; fixation measurements due to the different methods
used presents another challenge (White et al., 2020). Up until the first global N, fixation
database by Luo et al. (2012), N, fixation in the ETSP was singled out to be largely understudied.
The ETSP houses one of the world’s largest OMZs with significant N loss estimates making it
crucial to understand N; fixation patterns in this region for a comprehensive evaluation of the
regional marine N cycle.

The data presented in Chapter 2 alone are insufficient for a comprehensive assessment of the
magnitude of N; fixation rates in the HUS across space and time. Multiple up-to-date datasets
of N3 fixation are therefore required to assess its ecological and biogeochemical significance in
the ETSP. Thus, in addition to my results from Chapter 2, | compiled N; fixation rates from
previous field campaigns conducted during the SFB754 project in the ETSP to gain a broader
perspective (Loscher, 2018, 2016b, a). By analysing the combined field data set, | draw
conclusions based on overarching ideas to enhance our understanding of the regulation and
role of N; fixation for productivity and balancing the regional N cycle of the ETSP. Building upon
these findings, | identify knowledge gaps that require investigation and suggest research
advancements needed to improve our knowledge of marine N; fixation and N cycling in the
ETSP.

Summary of the main findings
The findings of this dissertation show that

the magnitude of N; fixation rates in the HUS off Peru is low relative to model-
predicted rates from the region. The low rates of N, fixation only replenish a minor
fraction of the local N loss (<3%) and support a small portion of primary productivity
(<0.4 %) in the coastal HUS.

ii. a southward latitudinal intensification of Ny fixation rates during austral summer
along the Peruvian coast mimics the intensity of the OMZ and N loss signal. High N>
fixation rates were measured above and within OMZ waters associated with a
pronounced secondary nitrite maximum (9 umol L) and a high nitrate deficit (~25
umol N). Thus, N, fixation rates are reported from above and within waters
undergoing N loss.

iii. Iron (Fe) and phosphorus (P) do not seem to be the primary drivers for the
magnitude and distribution of N fixation in the ETSP.
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iv. N, fixation in the northern HUS is potentially regulated by a complex interplay

between;

a. phytoplankton-associated organic matter

b. potential co-limitation between Fe and other trace metals such as nickel (Ni)
and cobalt (Co)

c. an indirect role of O; influencing redox conditions within the water column.
While O, doesn’t seem to directly influence N; fixation, the redox conditions it
creates directly influence trace metal mobility and anaerobic metabolisms that
may favour diazotrophy.

5.1 Characterising the patterns and magnitudes of N fixation in the
ETSP

5.1.1 Spatial distribution and seasonality of N, fixation

Over the past decade, there has been a significant accumulation of N; fixation data in the HUS.
To make an initial estimation of the regional magnitudes of marine N; fixation, | compiled a list
of previous datasets from the ETSP (Figure 5.1a). This compilation serves as a valuable first step
in assessing the spatial distribution, and seasonality of N;fixation rates in the ETSP (Fig 5.3). To
ensure comparability between cruises, all N, fixation measurements considered for this
estimation were collected using the N3 dissolution method in 24-hour incubations (White et
al., 2020). A total of 423 volumetric N; fixation rates and 94 integrated profiles of N3 fixation
rates spanning from 0 and 600 m of the water column were considered for this estimation. A
list of other N; fixation datasets which were not included in this analysis due to incomparable
methods used is provided in Supplementary Info, Table. S1.

This analysis confirms the results of Chapter 2, where the distribution of N; fixation rates was
shown to follow a latitudinal and longitudinal trend similar to the intensity of the OMZ and N
loss (Fig. 5.1, 5.2). The volumetric N3 fixation rates were binned into five depth intervals within
the water column 0-5 m, 5-25 m, 25-100 m, 100-200 m and 200 — 600 m, to detect any
patterns or correlations with depth and gradients associated with phytoplankton productivity
and O; conditions. Average rates were calculated for each bin (Fig. 5.2). The highest N, fixation
rates were observed in near-surface coastal waters (0 — 100 m) along the central and southern
shelf, with a decline in rates at depth and moving away from the coast (Fig 5.13, ¢, 5.2). Beyond
100 m, both within the coastal OMZ, as well as in open ocean waters, N; fixation rates were
low and sporadic (< Inmol L™ d1).

119



Chapter 5: Synthesis and Outlook

_Nitrogen loss

61 0 £ R
oy
81 0 L/ /D
,;10’ O
=
121 © TR
©
=
§_14. o ;:u
£
z
-161 © 'g
O oo €
-18 é
-207 } . 0 200 400 km
-85 -80 -75 -70 '
' Longitude(°E)
Cruise-Season-Year | - Outer OMZ

© M135-A-2017 © M90-SP-2012

o M93-5-2013 M - Middle OMZ
© M138-W-2017 < M91-S-2012 A& MSM8

0-S-2018 o _ outer oMZ

Figure 5.1: (a) Spatial distribution of N; fixation measurements in the HUS across 6 cruises. (b)
the areal extent of the secondary nitrite maxima demarcating (c) the region of anammox-based
N loss in the (1) the inner/coastal OMZ at 175 km from the coast, (M) the middle OMZ at 175 —
300km, and (iii) the outer OMZ >300 km from the shore. Black dotted and dashed lines in (a)
show 200 and 2,000 m bathymetry to indicate the edge of the shelf and shelf slope,
respectively. Figures b and c are adapted from Codispoti and Packard. (1980) and Karthauser
et al. (2021) respectively.

Elevated rates were predominantly observed in productive coastal waters towards the
southern part of the HUS (12°s — 18°S) where the OMZ is shallowest (upper OMZ boundary ~10
m) and most intense (Chapter 2). The coastal OMZ, located at depths less than 600 m water
depth, between the central and southern shelf of the Peruvian upwelling system (Fig. 5.1b,c,
10°S — 16°S) exhibits the highest N loss rates (Kalvelage et al., 2013; Karthauser et al., 2021;
Codispoti, and Packard, 1980). In Chapter 2, | documented an N deficit ranging between 10
and 25 umol L in the coastal OMZ between 12°S and 16°S. In contrast, in the northern region
(8 — 10°S), where most N; fixation rates were below detection to relatively low <1 pmol Ld?,
the OMZ is deeper and weaker and the N deficit was less pronounced (<1 pumol LY). Thus, |
conclude that the N; fixation rates observed in the ETSP primarily occur along the coast, above
and within the OMZ waters characterised by high N loss rates and a significant N deficit. Thus,
a local colocation of coastal N fixation and N loss processes in the northern HUS seems
evident. These findings challenge traditional perspectives on N; fixation in the ocean since
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coastal waters above and below the surface mixed layer are currently underrepresented in
global N; fixation budgets (Tang et al., 2019; Wang et al., 2019).

Despite relatively low N fixation rates (<1 nmol L't d!) in deeper (>100 m) and open ocean
waters of the ETSP, previous studies suggest that low and persistent N» fixation rates in aphotic
waters account for 90% of total water column N; fixation in the ETSP (Bonnet et al., 2013;
Chang et al., 2019; Dekaezemacker et al., 2013; Léscher et al., 2014; Selden et al., 2021).
Furthermore, the offshore OMZ has lower N loss rates but still contributes significantly to
integrated water column N loss (~38%), (Fig.5.1b,c, Kalvelage et al., 2013; Wang et al., 2019;
Codispoti, and Packard, 1980). This substantial contribution of N; fixation from aphotic and
offshore waters is primarily due to integration approaches of low and patchy rates over the
large volume of these waters. However, given the methodological challenges associated with
low biomass and O; thresholds when estimating N fixation rates and N loss respectively, the
accuracy and precision of these rates is questionable if detection limits are not reported (White
et al., 2020; Gradoville et al., 2017b; Kalvelage et al., 2011). Thus, we highlight that including
these rates should be considered with caution in regional estimates of N loss and N; fixation.

The ETSP is characterised by its high dynamism, influenced by intense seasonality and
interannual variability driven by ENSO (Pennington et al., 2006; Yang et al., 2017; Fowler et al.,
2013). To assess the temporal variability of N fixation rates, all studies presented in Figure
5.1a were categorized into seasons, although it should be noted that these datasets were
collected over multiple years and under different ENSO conditions. Across seasons, ~60% of
the rates fell within the range of 0,001 to 15 nmol L't d** while only 1.8% of the rates were
between 15 and 66 nmol L't d*. A proportion of rates (31%) were below the detection limit,
and there was no discernible pattern associated with the likelihood of N; fixation rates falling
below detection in terms of season or year (Supp Info Fig. A2). This indicates the presence of
small-scale patchiness in the spatiotemporal distribution of N, fixation in the ETSP even within
the same season.

N> fixation rates in the HUS exhibit low median values (< 1 nmol L' d'!) throughout the seasons,
indicating that seasonality in rates is not pronounced (Fig 5.3). However, the observed high
variability in our estimates is likely attributed to patchiness and sporadic localized occurrences
of enhanced N; fixation rates during the productive austral summer months. In a previous
study, elevated N fixation rates (~20 - 66 nmol L' d}, integrated rates ~ 800 umol m=2 d1)
were reported during summer off the Peruvian coast at a coastal sulphidic station, suggesting
that sulphidic events may sporadically enhance N, fixation rates (Loscher et al., 2014; Schunck
et al., 2013). Although we cannot confirm the presence of a sulphidic event during the MSM80
cruise (Chapter 2), these events are known to be frequent, persistent, and typically observed
during austral summer. Additionally, they are known to be restricted to neutral or La Nifia
phases when primary productivity and organic matter production are high (Callbeck et al,,
2021; Schunck et al., 2013). Based on the Southern Oscillation Index (SOI) used to describe
ENSO, our sampling months (Dec 2018 - Jan 2019, Chapter 2) corresponded to an SOl index
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between 1 and 0, indicating La Nifia to neutral phase
(https://www.ncei.noaa.gov/access/monitoring/enso/soi). Despite their frequency, sulphidic

events in the ETSP often go unnoticed due to the activity of sulphide oxidizing nitrate-reducing
bacteria that detoxify sulphide to sulphate (Lavik et al., 2009). Therefore, we cannot entirely
rule out the possibility of a sulphidic event during the cruise period. Nonetheless, nearly a
decade after Loscher et al. (2014) reported sporadic high rates, we also observe a few rates
but of similar magnitude during austral summer (10 — 30 nmol N L d*?, Fig 5.3, Chapter 2).
Thus, it can be inferred from this compiled dataset that sporadic high N; fixation rates appear
to be a common feature of the HUS during the summer months.
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Fig 5.2: Mean and median volumetric N; fixation rates in (a) 0-5 m, (b) 5-25 m, (c) 25-100 m,
(d) 100-200 m, and (e) 200 - 600 m depths.

Aninteresting observation about these sporadic rates is that they are comparable in magnitude
to those observed during Trichodesmium spp and UCYN-A blooms in the North Atlantic and the
Western Tropical South Pacific (Fonseca-Batista et al., 2019; Mulholland et al., 2012; Bonnet
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et al., 2017; Messer et al., 2016). While these ocean regions differ substantially in terms of
nutrients, these sporadic rates in the ETSP highlight the potential for ecologically and
biogeochemically relevant N, fixation inputs in localized pockets of the water column if
conditions are episodically favourable. However, the high variability and sporadic nature
associated with these estimates present a challenge in establishing patterns of N; fixation in
the ETSP and identifying the key environmental controls. If these sporadic N, fixation rates
during austral summer or La fiina phases dominate the collected datasets characterised by a
large number of low N3 fixation rates, they could lead to an overestimation of local N; fixation
in the ETSP. Additionally, significant uncertainties remain regarding whether these high rates
are sustained on annual to interannual time scales, which would be crucial for their relevance
in primary productivity and N cycling. Thus, conducting regular sampling programs at finer
temporal and spatial scales (vertical and horizontal) throughout all seasons will aid in
accounting for this high variability.
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Figure 5.3: Violin plots indicating the (green) mean and stdDev and (red) median of volumetric
N, fixation rates from the northern HUS off Peru across seasons. Data represented include
SFB754 (Fig. 5.1) and MSMB&O (presented in Chapter 2) cruises. The Inset figure is a close-up of
the distribution on the lower values (0 -10 nmol N L't d) of the main chart.
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5.1.2 Assessing the regional versus basin-wide coupling of N; fixation
and N loss: Implications for the marine N inventory

The most direct diagnostic of the biogeochemical role of N; fixation is its ability to compensate
for N losses at a regional, basin, and global scale. Globally, heterotrophic denitrification serves
as the primary sink for oceanic fixed nitrogen. However, studies focusing on the Peruvian OMZ
have failed to detect significant denitrifying activity within this region. Instead, anammox has
been identified as the dominant process responsible for the high N loss. Annamox accounts for
73% (19 Tg N yrt, volumetric rates ~5 - 225 nmol N L™t d!) of the estimated N loss rates (9 - 26
Tg N yr-1) for the entire ETSP (Codispoti, and Packard, 1980; Karthauser et al., 2021; Kalvelage
et al., 2013; Callbeck et al., 2017). Denitrification is detectable only during summer months in
southern coastal waters associated with sulphidic events, occurring at rates comparable to N;
fixation rates (~2-5 nmol N L't d?), (Kalvelage et al., 2013). Therefore, it seems that on an
annual scale, the average high N; fixation rates during summer coincide with THE occurrence
of denitrification. However, this coupling does not appear to be sustained all year round. N;
fixation rates are lowest in winter and autumn (Fig. 5.3), and to date, no denitrification has
been reported during these seasons. Thus, whilst a balance in magnitudes between N, fixation
and denitrification is apparent, | infer that a net loss of nitrogen is highly likely if these two
processes are indeed spatially and temporally coupled, considering the positive feedback
hypothesised by Landolfi et al. (2013). For this synthesis, | will use the collective term “N loss”
from here on which encompasses mainly anammox but also includes denitrification.

In this dissertation, | capitalise on the extensive N; fixation dataset collected in the ETSP to
evaluate its biogeochemical role. By calculating average integrated N, fixation estimates that
are more representative of the coastal Peruvian OMZ, we find that N3 fixation accounts for less
than 5% of the coastal N loss from the inner OMZ off Peru (Fig. 5.1b,c, Table 1). Additionally,
fixed N estimates of 0.22 + 0.32 Tg N yr! for the coastal Peruvian system where rates are
highest would only replenish a small proportion of global N loss (0.12 + 0.16%). Extrapolating
these rates to the entire Peruvian OMZ, our estimates only account for up to 13% of the N loss
at the highest end (Fig. 5.1c, Table 1). To achieve a local balance within the Peruvian OMZ, N,
fixation rates would need to be 2-3 times higher. However, there is currently limited evidence
for consistently high N, fixation rates throughout the year in the ETSP (Supplementary Info,
Table S1), and the variability in our estimates is high. Therefore, it is highly uncertain whether
these conservative N; fixation rates when extrapolated to the entire ETSP would sufficiently
compensate for the regional N loss. While it is apparent that N, fixation and denitrification can
co-occur spatially and temporally in the Peruvian OMZ (Fig 5.1) as suggested by Deutsch et al.
(2007), a closer examination of the magnitudes in this dissertation presents contrasting views
of the spatial coupling hypothesis from a biogeochemical perspective. Based on these
estimates extrapolated to the ETSP, the low magnitudes of N3 fixation rates and high variability
suggest that the ETSP does not play a significant role in locally compensating for N loss. Thus,
at least on timescales of up to a year, the greater loss of fixed nitrogen relative to inputs in the
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ETSP implies a sustained net N loss in the regional N inventory, as N fixation appears to only
partially compensate for N loss. Therefore, if the local N inventory is to be balanced, the deficit
would need to be compensated for through higher N; fixation rates elsewhere.

Maintaining a balance between N, fixation with N losses is crucial for sustaining ocean
productivity both regionally and globally over long time scales. However, accurately obtaining
estimates of basin-scale rates by extrapolating from limited observations remains a persistent
challenge given the relatively low density and limited geographical range of such observations
in the ocean. The recently updated database of N; fixation rates compiled by Shao et al. (2023)
serves as a valuable reference, offering a larger number of global N; fixation measurements
compared to a decade ago (Luo et al., 2012). According to this database, the South Pacific basin
is responsible for ~49% of global N, fixation (~180 Tg N yr!), confirming its status as a basin-
wide “hotspot” for diazotrophy (Bonnet et al., 2017, 2023; Messer et al., 2016). In comparison,
the ETSP contributes ~13% of N; fixation rates within the South Pacific, representing a
significant but minor fraction relative to the rest of the South Pacific basin.

Previously, conservative basin-wide estimates of N, fixation using N deficits (N*) have
hypothesized that N; fixation in the Pacific Ocean is not uniformly distributed but primarily
concentrated in the western (from ~140°W) of the subtropical gyres (Deutsch et al., 2001). The
newly updated database of N; fixation rates supports this hypothesis, revealing an increased
number of high in-situ N3 fixation rates in the South Pacific, particularly in the western part of
the basin. Currently, average measured rates from the Western Tropical South Pacific (WTSP)
are 5 - 10 times higher than those observed in the ETSP and are temporally sustained (Bonnet
et al.,, 2017, 2018; Messer et al., 2016; Berthelot et al., 2017; Knapp et al., 2018). These high
in-situ rates reinforce the significance of large-scale intra- and inter-basin N transport in
maintaining a balanced fixed-N budget at both local and global scales (Wang et al., 2019).
Therefore, | propose that the elevated N deficits resulting from intensified N loss rates
(anammox and denitrification) in the ETSP are transported through shallow circulation
pathways and compensated by N; fixation occurring in the WTSP. Based on the current
estimates (Table 1), it appears that a basin-wide coupling of N inputs and losses is sufficient to
generate robust basin-wide stabilizing feedback at least on annual scales (Bonnet et al., 2018,
2017; Berthelot et al., 2017; Messer et al., 2016; Knapp et al., 2018).
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Table 1: N; fixation rates from synthesised conservative estimates and model predictions in
comparison to current N loss estimates (denitrification and anammox) in the Peruvian OMZ
and extrapolated to the ETSP. For comparison basin-wide and global estimates of N, fixation
and N loss rates are also reported. Proportion of nitrogen loss refers to the amount of N loss
compensated by N; fixation.

Mean N; Areal Proportio
Ocean o Areal N> ] o
) fixation o nitrogen Latitudinal n of
Region area (x fixation (Tg ] ,
5, 5 | rate (umol 71 loss' (Tg N range nitrogen
10%? m?) N yr)
N m=2d?) yri) loss (%)
Model predicted
ETSP
(Deutsch et 21 547.95¢ 58.83¢ 26+ 4.1° 0°-20°S 100
al., 2007)

First order estimates from this dissertation (measurement based)

Coastal/Inner
) 13292 + 6°S - 1.83+
Peruvian 0.32 0.22 £0.322 | 12b(anammox) .
192.92° 17.5°S 2.67
omz
Total
19d(anammox)
Peruvian 13292 + rificati 547+
1.53 1.04 + 1.51¢ | 10d(denitrificatio | 5eg _ 9(°g
OMZ (coastal 192.92¢ ) 7.95
+ offshore)
ETSP (This 13292 + 1427 + 4 58.87
) ) 21 26+4.1 0° - 20°S
dissertation) 192.92¢ 20.71°¢ 68.80

Version 2 global database of N, (measurement based)

South Pacific 69 250 + 66 88 + 238 0°- 45°S

Global Ocean 181 + 208 201h 90 - 100

This dissertation, °(Karthauser et al., 2021), ¢ Extrapolated from average N fixation in inner
OMZ where N; fixation is highest, ¢(Kalvelage et al., 2013; Hamersley et al., 2007; Codispoti,
and Packard, 1980; Deutsch et al., 2001; DeVries et al., 2012), © (Deutsch et al., 2007),
fcombined anammox and denitrification rates, 8Shao et al., 2023), " (Wang et al., 2019).

N, fixation is a common process in the marine environment and even low background rates in
the ETSP may have considerable implications for primary productivity if the colocation with N
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loss supports the accumulation of N deficits, as hypothesised by Landolfi et al. (2013).
Considering the tight coupling between nitrogen and carbon cycles, a sustained decrease in
fixed N in the ETSP could have profound effects on short-term primary productivity. A key
guestion arising from this dissertation is whether the stoichiometric constraints highlighted by
the vicious cycle hypothesis are also valid for anammox, the dominant N loss pathway in the
ETSP and whether its prevalence year-round may mitigate the negative consequences of a
positive feedback (net N loss) in the ETSP.

Given the substantial increase in global N input and output terms over the years (Table 1), even
small imbalances, positive or negative could have significant local and regional implications.
Therefore, it is important not to overlook the mismatch between measured and model-
predicted N; fixation rates in the ETSP. While future global model projections of N; fixation
show similarities, regional projections from different models differ considerably (Yao et al,,
2022). It is worth noting that models with similar structures can exhibit significant
discrepancies in N; fixation and other nitrogen cycle processes without differing in their net
primary productivity (Davies-Barnard et al., 2022; Oschlies et al., 2019). Thus, caution needs to
be exercised when using global trends in N; fixation rates to predict regional patterns of
primary productivity, as certain regions may be influenced by local environmental factors that
are not necessarily reflected in global N; fixation patterns, which are assumed to be primarily
driven by Fe and P* (Chapter 3).

Our findings raise concerns regarding the specific factors within different N, fixation
parameterizations in biogeochemical models that contribute to regional variations in N3
fixation. Itis thus crucial that the accuracy of these model projections of N, fixation be assessed
closely. Moreover, the influence of combined N sources from anthropogenically fixed
atmospheric deposition and terrestrial runoff is rapidly increasing due to intensified fertiliser
use in coastal agriculture. This increase can have contrasting effects, either boosting coastal
primary productivity and suppressing N3 fixation serving as negative feedback or contributing
to the expansion of OMZ due to high organic matter load, thereby creating favourable
conditions for heterotrophic N, fixation (Duce et al., 2008; Gruber, 2004; Kim et al., 2014).
Consequently, accurately predicting how primary productivity in the ETSP may be altered by
changes in regional and basin-scale N inputs and losses requires precise local
parameterisations and simulations of N inputs (N fixation, terrestrial runoff and atmospheric
deposition) as well as N losses, and the elemental cycling of redox-dependent biochemical
micronutrients in the ETSP. Currently, this remains a knowledge gap that needs to be
addressed in future research.

5.1.3 Conservative estimates of N, fixation rates in the ETSP support
a minor ecological role of N; fixation

While the temporal resolution of N fixation rates in the ETSP is still limited, the combined
cruise work shown in Figure 5.1a provides a good overview of the magnitudes of coastal N>
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fixation rates across seasons (Fig. 5.3), which can aid in understanding and assessing the role
of coastal N; fixation in the ETSP. In Chapter 2, we report average volumetric N fixation rates
of 1.19 + 3.81 nmol N L*! d?, (mean % stdDev) which fall within the same range as or
conservative estimates from the synthesised datasets herein (1.58 = 5.32 nmol N L't d%, mean
+ stdDev) and align with average N, fixation rates reported from coastal waters globally (1.40
+4.61 nmol NL*d? Tang et al., 2019a). Hence, the N, fixation rates reported in Chapter 2 are
considered to be representative of average coastal N; fixation rates in the ETSP region.

When integrating these conservative estimates throughout the water column, N fixation
amounts to 132.92 + 192.92 umol m2 d*!, which is two to five times lower than the average N>
fixation rates predicted by Deutsch et al. (2007) for the ETSP (545.945 pumol m2 d?). Our
estimates are in relatively good agreement with other incubation-based (bubble and bubble-
free methods) and isotope-based estimates of N, fixation from the ETSP (38 + 74 umol m2 d°
1 Selden etal., 2021; Chang et al., 2019; Dekaezemacker et al., 2013; Meyer et al., 2017; Knapp
et al., 2016) and comparable to estimates from the South Pacific Gyre (94 £ 61 umol m=2 d?,
Halm et al., 2012). This indicates that there is an agreement across several studies that when
N, fixation rates are integrated to depth, the ETSP does not exhibit elevated N, fixation rates
as predicted by Deutsch et al. (2007).

In Chapter 2, the estimated N fixation in the coastal HUS off Peru was found to support <0.3%
of daily primary productivity. To assess its ecological significance, we compared the average
daily and yearly N» fixation inputs against respective primary productivity estimates (16.40
pumol C Lt d-%, ~900 Tg C yr') from the coastal Peruvian system (Pennington et al., 2006;
Fernandez et al.,, 2009). We determine that N; fixation contributes to ~0.4% of primary
productivity in the coastal Peruvian upwelling system. Thus, | demonstrate the minor role of
N, fixation as a source of N for new productivity in the ETSP, where an estimated 50% of new
N is contributed by upwelled nitrate and regenerative N sources from the region (Fernandez
et al., 2009). However, despite its minor ecological impact on primary productivity, low but
persistent coastal N; fixation above and within the OMZ may remain biogeochemically relevant
locally due to its spatial and perhaps temporal coupling with N loss processes.

In well-characterised “hotspots” of N; fixation, such as the tropical and subtropical oligotrophic
waters of the North Pacific and the Western South Pacific, volumetric rates are 1 - 2 orders of
magnitude higher than the ETSP (500 and 1200 pmol m2 d?), (Berthelot et al., 2017; Bonnet
et al., 2017; Mulholland et al., 2019; Capone et al., 2005; Carpenter and Capone, 2008). If we
consider these magnitudes to be representative of hotspots, it can be concluded that these
conservative first-order estimates of N; fixation rates in the ETSP, across seasons and years,
align with previous findings indicating that this region is unlikely to be a “hotspot” for N;
fixation (Chang et al., 2019; Knapp et al., 2016; Selden et al., 2021; Wang et al., 2019; Shao et
al., 2023).
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My analysis confirms that model estimates of N fixation rates in the ETSP may indeed be
overestimated. These findings highlight a significant mismatch and discrepancy between direct
measurements of Ny fixation and model predictions in the ETSP, which has been previously
acknowledged in other biogeochemical models (Deutsch et al., 2007; Wang et al., 2019; Shao
et al., 2023; Deutsch et al., 2001; Moore and Doney, 2007). It is important to note that these
estimations are based on an average of a limited number of highly resolved studies focused on
the coastal HUS and should therefore be considered first-order estimates for the ETSP. This
discrepancy is likely associated with model parameterizations governing the regulation of N;
fixation. Therefore, we suggest that this mismatch is taken into account in the development of
biogeochemical models aiming to predict N fixation in the ETSP.

5.2 Developing perspectives on the ecological and biogeochemical
controls for N; fixation in the ETSP

5.2.1 Weak response of coastal N, fixation rates to Fe and P suggests
model biases

To achieve the average integrated N; fixation rates reported in this synthesis, (132.92 £ 192.92
umol N m? d1), estimated P uptake rates would average 8.31 + 12.06 pmol P m? d'* under
Redfield conditions. Sedimentary P fluxes to the water column in the Peruvian region are 10 -
100 times higher (1040 + 730 umol P m d!) than the estimated P utilization for these N,
fixation rates (Lomnitz et al., 2016). Additionally, high P concentrations and positive P* values
were observed in the study area in relation to low N fixation (Chapter 2). A small uptake term
from N; fixation in addition to phytoplankton uptake may be masked by the high sedimentary
P fluxes entering the water column, making it challenging to assess based on standing stocks
of P often measured during research cruises. Nonetheless, these simple estimations indicate
that the conditions for P availability and concentrations necessary to support N fixation are
met in the HUS. This conclusion is further supported by the bioassay experiments in Chapter
3, where the addition of upwelled waters to N; fixation incubations resulted in increased P
concentrations. However, even the highest increase in P concentrations did not correspond to
a significant enhancement of N, fixation rates compared to the control. Our results align with
a previous study that indicated a minor role of N; fixation as a mechanism for P reduction in
the ETSP (Meyer et al., 2017). Additionally, we demonstrate that both P and P* explain < 4% of
the variability in N fixation rates in the region (Chapter 3). The correlation between N fixation
rates and N:P ratios did not show a significant relationship and indicated that most rates were
measured at N:P ratios > 5, with an upper threshold of 11 beyond which N; fixation rates were
below detection (Chapter 2, Fig 5.4b, c). Therefore, while P concentrations were non-limiting
in the study area, their contribution to enhancing N; fixation was minor, and the relative
availability of N to some degree did not appear to restrict N, fixation activity (Fig. 5.4b).
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Fe concentrations in the Peruvian shelf often exceeded 1 nmol L at the surface and increase
with depth, reaching concentrations of up to 100 nmol L. Such elevated concentrations are
not unigue to the ETSP and are attributed to redox processes associated with the OMZ, leading
to increased sedimentary Fe (Il) release from anoxic coastal sediments (Noffke et al., 2012;
Rapp et al., 2020; Scholz, 2018). Under anoxic conditions, the high Fe supply, along with the
preferential release of phosphorus (P) during N loss, creates a Fe:P:N ratio conducive to N3
fixation (Lomnitz et al., 2016; Noffke et al., 2012). Therefore, it is not entirely surprising that
N, fixation rates, as reported in Chapter 2 and observed across multiple studies to date
(Supplementary Info, Table. S1), are highest in shelf Fe-rich waters above and within the OMZ,
where conditions may favour diazotrophic growth relative to the open ocean. It is important
to note that our results do not discount the possibility of iron limitation for N; fixation in open
ocean waters, which were not the focus of this dissertation work. Fe availability in the open
ocean of the ETSP is limited due to weak lateral transport and scavenging processes (Bruland
et al., 2005; Rapp et al., 2020). Therefore, previous reports of relatively low to undetected N»
fixation rates from open ocean waters within the ETSP have suggested that low Fe
concentrations are a major limiting factor for N3 fixation in this region (Knapp et al., 2016).
Nonetheless, contrary to the expected strong influence of Fe, low magnitudes of N; fixation
close to the coast indicate a minor role of Fe in enhancing coastal N; fixation rates in the ETSP
(Fig. 5.4a).

Response of No fixation rates to Fe, P and N:P

a -
5 2|R?=0.13 p = 0.00023 b
- y=0.11-0.047 x
" .
P . -
%\ @g 1 )
— o = ° L4
‘l_ \ Q\Q o ° ..s
o \ = © - ® ] °
A\ E c 0 :. «°® 8
—1.0 g8 . o *
z 1g
QEO,S— 5":—\' CY) 0 00 meramme® ©aun
25207 0 5 10 15
£ 27057 0.01 c
B
8’2’ 0.05
fs] L0
%0, 0. 1o 0° 0.00
1.
3 K )
(%’o/ 03 p5 g?e“\“\ 0.05
¢)
<y A -0.10
| - 015
05 5 05 ! 0 5 10 15

Figure 5.4: (a) 3D surface scatter response plot showing the relationship between N; fixation,
Phosphate and total dissolved iron concentrations. The graph is a 3D projection of all measured
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values from Chapter 2. Circles indicate the data points. Surface interpolations are model
predictions of the observed relationship performed using a General Additive Model (GAM) fit.
The blank surface represents no data in the range of concentrations of either or one of the
response variables. (b) linear regression of N3 fixation rates and N:P and (c) non-linear mean
response of N; fixation to the range of N:P ratios. Black tick marks at the inside top of Figure
(c) show the location of N; fixation observations along the X-axis. Due to considerable non-
detectable rates (converted to zero), a and few high rates, the N; fixation rates were log
transformed to balance the importance of extreme values in the analysis (log of the sum of
rate value and half of the smallest non-zero value).

In Chapter 3, the statistical model that included Fe as the only trace metal demonstrates a
lower model fit compared to when other trace metals were included, suggesting that other
trace metals may also play a significant role in N3 fixation regulation. This finding was further
supported by bioassays experiments in which N; fixation did not significantly respond to the
addition of Fe (as FeCls) addition. These observations confirm the minor influence of Fe in
regulating N fixation rates in Fe and P-rich coastal waters of the HUS. These findings raise
guestions on the role of Fe and P in regulating coastal N3 fixation in the ETSP, as has been
widely referenced in field studies and biogeochemical models. Thus, | propose that
parameterizing N; fixation rates based on the availability and concentrations of P and Fe has
likely led to an overestimation of model-based estimates of N; fixation rates in the ETSP (Table.
1, Section 5.1.2, 5.1.3).

The high Fe requirement in N3 fixing organisms is primarily associated with the photosynthesis
process, in addition to nitrogenase requirements, in autotrophic cyanobacterial diazotrophs
such as Trichodesmium spp (Berman-Frank et al., 2001a). However, for non-cyanobacterial
diazotrophs (NCDs) that are reported to dominate the ETSP, the absence of a photosystem
may result in reduced Fe requirements. Furthermore, some diazotrophs such as Crocosphaera
spp which have also been reported in the ETSP (Kittu et al. in prep) have demonstrated efficient
adaptation mechanisms for Fe utilisation. These involve allocating Fe to the photosynthesis
reaction during the day and reusing it at night for nitrogen fixation, thereby decreasing the
overall Fe requirements (Saito et al., 2011). Taken together, these explanations suggest that
Fe requirements for the dominant diazotrophic groups along the Peruvian coast are likely
adequately met. Therefore, the low rates of coastal N, fixation (Fig. 5.4a) point towards
additional parameters that may regulate N; fixation rates locally.

For decades, marine biogeochemists have sought to generalise stoichiometric controls on N;
fixation, primarily focusing on geochemical tracers of N, P and Fe (Ward et al., 2013).
Consequently, regional rates in the ETSP have been derived by combining spatial deviations in
the N:P ratio from the canonical Redfield ratio, (often defined as N*) with the measures of the
rate of ocean circulation (Deutsch and Weber, 2012). While this approach may have some
validity at global scales, our findings indicate that the application of these tracers in
biogeochemical models may have limitations at regional spatial scales. The discrepancy
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between model-predicted N, fixation rates from Deutsch et al. (2007) and our conservative
estimates from the synthesised datasets, coupled with the low explanatory power of N:P and
P (Fig. 5.4), indicate that a fundamental assumption in diagnostic models (based on spatial
variations in P* and N* and N:P restoration) namely the assumption of constant N:P
stoichiometry at Redfield stoichiometry partially invalidates model-based estimates of N,
fixation in the ETSP.

Deviation from Redfield N:P (16:1) relationship may not always be attributed solely to N inputs
or losses but could arise from variations in the stoichiometry of nitrate uptake and
remineralisation (Martiny et al., 2013; Mills and Arrigo, 2010). In Chapter 4, we demonstrate
that upwelled nitrate and other regenerative nitrogen sources, such as ammonium play a
major role in driving primary productivity in the ETSP and to a large extent regulate N:P ratios
(Franz et al,, 2012). Furthermore, N:P ratio signals resulting from N loss and N fixation can
offset each other if they occur in the same region or if host waters are mixed in a way that
prevents their construction (Marconi et al., 2017). These limitations suggest that the systemic
bias in estimates of N, fixation rates due to the assumption of constant phytoplankton N:P in
biogeochemical models is likely high in the ETSP. There is in principle a range of elements that
could limit N2 fixation in the ETSP, particularly considering the dominance of physiologically
unexplored NCDs and an absence of Trichodesmium spp. Our study highlights that the
assumption of a fixed Redfield N:P ratio for these elements seems to be a considerable
oversimplification of Ny fixation controls in the ETSP. Therefore, we conclude that other
elements besides N, P or Fe may serve as a stoichiometric or functional bottleneck to N;
fixation activity (Loscher et al., 2014; Turk-Kubo et al., 2014). Expanding our knowledge to
explore other unknown controls that control N; fixation could provide valuable insights into
the environments where N; fixation is significant or negligible, as well as its global
biogeography in the ocean.

5.2.2 Emerging controls of N fixation in the ETSP

An influence of cobalt (Co) and nickel (Ni) on N; fixation, whilst to our knowledge a novel
suggestion for the control of marine N; fixation rates, is not a new paradigm in other
environmental realms such as terrestrial systems. In the marine environment, Co and Ni are
considered to have a more subtle impact compared to iron (Fe) and thus have received limited
attention. In Chapter 3, | used statistical models and bioassay experiments to examine the
response of Ny fixation to various environmental factors including trace metals such as cobalt
(Co) and nickel (Ni). As a novel part of this dissertation work, my findings demonstrate that Co
and Ni have the potential to regulate N; fixation rates in the ETSP because they appear to limit
N, fixation activity at ambient concentrations (Chapter 3). While the absolute concentrations
of total dissolvable Fe (TdFe) and Co (TdCo) did exert a significant influence on N fixation, their
relative availability, specifically the excess Co relative to Fe (TdCo*), played a more prominent
role in explaining the highest variability of N, fixation rates in the ETSP. Through bioassay
experiments involving the enhancement of both Fe, Ni and Co, we verify that, in the presence
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of non-limiting Fe concentrations, additional Co and Ni enhanced N; fixation rates compared
to when Fe alone is replete. Thus, it appears that other elemental requirements can coexist in
diazotrophs in addition to Fe and P.

The elevated Fe concentrations observed along the coast can create co-limiting conditions for
other biochemically relevant trace metals such as Co and Ni, thus limiting the response of N,
fixation to the local availability of Fe (Chapters 2 and 3). In Chapter 3, we propose a hypothesis
elucidating the mechanistic pathways through which Ni and Co may enhance N; fixation rates
in the ETSP, owing to their crucial role as biochemical cofactors in metalloenzymes that support
the N fixation process. Recent studies have indicated that Crocosphaera spp and
Trichodesmium spp have an obligate Co requirement and exhibit enhanced growth rates when
Ni is added in incubations, suggesting a link between these trace elements and diazotrophs
(Bonnet et al., 2010; Rodriguez & Ho, 2014, 2015). In line with our findings, recent research
has emphasised the emerging role of Co in regulating marine N; fixation, given its function as
a cofactor in various biochemical enzymes that influence the growth and activity of
diazotrophs. Co serves a dual central role as a cofactor in vitamin B1, synthesis and alkaline
phosphatase, which is crucial for phosphate acquisition in cyanobacterial and heterotrophic
diazotrophs that utilize organic P sources (Bertrand et al., 2011; Dyhrman and Haley, 2006).
Furthermore, Co has been proposed to limit primary productivity in the ETSP, potentially
establishing an indirect link to N; fixation by supporting organic matter inputs (Browning et al.,
2018). While Co plumes have frequently been observed in the ETSP, Co scarcity in parts of the
ETSP may be associated with its sensitivity to redox conditions (Saito et al., 2017, 2004; Hawco
et al., 2016). This implies that during ventilation episodes or in surface oxygenated waters, a
significant amount of Co is biologically inert and thus limits the activity of phytoplankton and
diazotrophs (Browning et al., 2018; Rapp et al., 2017, Saito et al., 2004).

A potential role for Ni in regulating N; fixation is somewhat perplexing, considering that total
dissolvable Ni concentrations in surface waters are rarely depleted below 2 nmol L™ in surface
waters (John et al., 2022). In the Peruvian region, Ni concentrations typically range between 2
—10 nmol L}, which should theoretically be sufficient to support biological activity (Rapp et al.,
2020). However, recent studies suggest that not all residual Ni is bioavailable, indicating that
Ni can still be limiting biological processes that depend on its bioavailability (Middag et al.,
2020). While concentrations of redox trace metals such as Co and Fe increase under anoxic
conditions, redox-insensitive trace metals like Ni, do not display such patterns. Thus, Ni
concentrations throughout the water column are relatively consistent regardless of O;
conditions (Hopwood et al. pers. Comm, Biller & Bruland, 2013). Ni is deposited in shelf
sediments as a component of organic matter and is prone to strong ligand formation, rendering
it biologically inert (Dupont et al., 2010). Thus, in highly productive coastal regions such as the
ETSP, the high organic matter load in OMZ waters, particularly during summer, coupled with
burial in shelf sediments may act as a net sink for Ni (Saito et al., 2004). Consequently, despite
a strong Fe source from shelf sediments under anoxic conditions, low Ni bioavailability may co-
limit biological processes such as N; fixation.
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Our findings provide support for an emerging perspective that Ni and Co play a significant
regulatory role in N3 fixation within the Fe-rich coastal waters of the ETSP, challenging previous
assumptions for the primary role of P and Fe especially close to the coast. However, the extent
of Ni and Co's influence remains unclear. While it is known that both Co and Ni can regulate
the growth and activity of autotrophic diazotrophic and non-diazotrophic cyanobacteria, their
potential to modulate N; fixation in NCDs is still poorly understood (Huertas et al., 2014; Saito
et al., 2003). The precise threshold concentrations of Co and Ni for diazotrophs in the ETSP and
the global ocean have not been well characterised. Nevertheless, based on my findings, it
remains plausible that low concentrations of Ni and Co (Chapter 3), particularly relative to high
Fe and P may limit N, fixation, at least locally in the ETSP. Currently, resolving the role and
strength of overlooked environmental factors such as Co and Ni is complicated by the limited
available evidence, which so far reflects local rather than global processes. Therefore, future
studies will serve as valuable opportunities to test the proposed role of Ni and Co derived from
this dissertation work and determine the extent to which they regulate N; fixation in the ETSP
and on a global scale.

The advantages offered to diazotrophs' by their presence in proximity to the coast depend on
the physicochemical properties of the water column, the metabolic requirements and the
genetic capabilities of diazotrophs. In Chapter 2, we observed a significant positive correlation
between N; fixation rates and proxies for phytoplankton-associated organic matter availability,
including POC, turbidity, and chlorophyll a, particularly in the southern region where the
highest N fixation rates were observed. Our results support previous findings that indicate a
direct link between N; fixation and phytoplankton-associated organic matter in the ETSP
(Loscher et al., 2014; Selden et al., 2021). The enhanced availability of carbon-rich organic
particles in productive coastal waters during summer may serve as an energy source for
heterotrophic N; fixers (Bombar et al.,, 2016; Pedersen et al., 2018). Moreover, micro-
anaerobic environments within particles could provide suitable niches for diazotrophs,
protecting nitrogenase from O, damage (Severin et al., 2015; Gallon, 1981; Berman-Frank et
al., 2005). Thus, a dominance of heterotrophic diazotrophs associated with organic matter or
particles may explain the observation of the highest N; fixation rates in surface oxic waters
during summer (Chapter 2). The sporadic high rates perhaps reflect the heterogeneity of
particles, where Oy and organic carbon are optimal for diazotrophs. During other seasons
characterised by low primary productivity, such as autumn and winter (Pennington et al., 2006;
Echevin et al., 2008), lower organic matter availability would primarily limit heterotrophic
diazotrophs associated with organic particles in the ETSP as was previously demonstrated by
Chang et al. (2019). Indeed, sinking particles have been identified as loci for high diazotrophic
activity in various oceanic regions (Chakraborty et al., 2021; Pedersen et al., 2018). On the
other hand, a high organic matter load may also act as a net sink for Ni (John et al., 2022). Thus,
this may reduce bioavailable Ni concentrations to levels that can limit physiological processes
supporting growth and N; fixation activity such as protection from molecular hydrogen
produced during N; fixation (Chapter 2, Fig 5.5b,c). These contrasting effects of organic matter
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highlight the complexity of understanding its role in regulating N» fixation rates. Therefore, a
focused assessment is required to unravel the mechanisms by which N; fixation rates can be
enhanced within particles and quantify the response of N3 fixation to sinking organic particles
in the ETSP.

Despite the co-occurrence of N; fixation rates with an intense OMZ, our results did not reveal
a significant relationship between N fixation and O, concentrations. Instead, we propose an
indirect role of Oy in regulating N; fixation in the ETSP. Our findings suggest that the feedback
associated with redox changes in environmental variables under sub-oxic to anoxic conditions
may have a role in modulating N fixation rates (Fig. 5.5). Anoxic waters often underlie highly
productive surface waters with elevated organic particle export (Lam and Kuypers, 2011)
whose implications have been discussed above. Additionally, the oxidation state of seawater
in the water column primarily influences the distribution of redox-sensitive trace metals such
as Fe and Co (Zerkle et al., 2006). Consequently, short to long term fluctuations in O, levels can
result in significant changes in the concentration of these trace metals, generally exhibiting
enhanced concentrations under anoxic conditions (Fig. 5.5). Overall, the regulation of N
fixation in the ETSP appears to involve a complex interplay between the seawater redox state,
organic matter and trace metal availability (Chapter 2 and 3). It seems that there is a narrow
optimal window where these factors align to support significant N, fixation rates, but this
window is likely not sustained in time due to the dynamic nature of the ETSP. This window may
correspond to periods or localised pockets within the water column that result in the sporadic
episodes of enhanced rates so far reported despite consistently low rates (Kittu et al., 2023;
Loscher et al.,, 2014).

5.3 Potential mechanisms underpinning spatiotemporal patterns of
N fixation and N loss in the ETSP.

Anaerobic microbes exhibit varying sensitivities to O, depending on the specific metabolic
pathways involved. Exploring this redox sensitivity may provide insights into the observed
patterns of N fixation in the ETSP. Within the OMZ of the ETSP, nifH genes and transcripts are
predominantly associated with proteobacterial sequences, particularly methylotrophic and
heterotrophic bacteria including known sulfate-reducers and oxidisers and denitrifiers. This
demonstrates the potential for metabolic plasticity in the microbial assemblage of OMZs
(Bonnet et al., 2013; Chang et al., 2019; Jayakumar and Ward, 2020; Kalvelage et al., 2013;
Turk-Kubo et al.,, 2014; Loscher et al., 2014; Reeder and Loscher, 2022). Based on these
previous studies and the synthesis presented herein, we propose three scenarios that could
explain the spatial and temporal patterns and magnitudes of N, fixation rates, including the
latitudinal pattern, consistently low rates throughout the year and sporadic high rates in
summer.

Low N; fixation rates approaching the detection limit are consistently observed during austral
winter, autumn, and spring, as well as in the northern, less productive part of the HUS during
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summer (Fig. 5.3, Chapter 2). Within these spatial-temporal scales, common features such as
reduced stratification, higher dilution and a deep mixed layer contribute to the light limitation
of primary productivity (Chapter 4), resulting in lower organic matter production (Fig. 5.5a).
This limited organic matter availability has been proposed as a major constraint on both
complete denitrification and N fixation in the Peruvian OMZ especially in autumn and winter
(Dalsgaard et al., 2012; Ward et al., 2008; Chang et al., 2019).

Autonomous continuous profiling floats deployed off Peru have revealed episodic intrusions of
Oy into the OMZ core, predominantly occurring in winter and spring (Whitmire et al., 2009).
These events maintain O, conditions above the threshold required for complete denitrification
and sulphate oxidation or reduction (Ulloa et al., 2012). Although the frequency of these
intrusions is not yet well understood, such O, dynamics likely play a crucial role in regulating
the biogeochemical cycling of redox-dependent elements and processes like N; fixation and
denitrification. In the sequential process of denitrification, the second and third steps are more
sensitive to O3 sensitive than the first step (Eqn. 2a), thus complete denitrification would be
inhibited under periodic reoxygenation events or suboxic conditions. This may explain the low
to undetectable rates of complete denitrification reported during the winter-autumn season
in the ETSP (Kalvelage et al., 2011, 2013). However, anammox which can tolerate wider O;
fluctuations would still dominate due to the availability of nitrite from incomplete
denitrification (Dalsgaard et al., 2012; Kalvelage et al., 2013). Under these conditions, N3
fixation could still be dominated by particle-associated NCDs, and some cyanobacteria such as
Crocosphaera may also be present (Turk-Kubo et al., 2014, Kittu et al., in prep). However,
anoxic conditions created in organic particles may be temporary. Depending on particle size
and carbon-to-nitrogen composition in particles, diazotrophic activity could be carbon limited.
Additionally, O, diffusion into particles during reoxygenation events may exceed microbial
respiration and thus limit N; fixation (Chakraborty et al., 2021). Furthermore, concentrations
of redox-associated essential trace metals like Fe and Co may also be redox-influenced (Fig.
5.5a). Thus under, periodic anoxic conditions, the duration of time particles harbour low O,
micro niches and therefore support N, fixation may be short-lived. Molecular studies
conducted in the ETSP revealed that the presence and expression of nifH genes do not
necessarily correspond to N2 fixation activity. Meaning that even though nifH transcripts may
be present, post-transcription of nifH genes and metabolic strategies to actively fix N2 may still
be limited by environmental conditions within, and surrounding diazotrophic cells. This would
provide a possible explanation for the low baseline rates in the first spatiotemporal scenario,
especially in the euphotic zone (Turk-Kubo et al., 2014).

In the second scenario, when the ETSP experiences enhanced stratification and light availability
coupled with nitrate availability such as during summer, a shallower mixed layer and a thin but
highly productive euphotic zone develop (Fig. 5.5b). This configuration would result in higher
fluxes of organic matter and a shallower upper OMZ (Fig. 5.5b). First, the high organic matter
would provide carbon energy sources for particle-associated diazotrophs, such as NCDs.
Furthermore, the high organic matter inputs supply organic phosphorus, which has been
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shown to support the growth of diazotrophs such as Crocosphaera spp and gamma-
proteobacteria that are known to thrive mainly on dissolved organic over inorganic phosphorus
sources and have also been reported from the ETSP (Dyhrman and Haley, 2006; Ruttenberg
and Dyhrman, 2012). Second, the remineralisation of this organic matter consumes Oy,
resulting in persistent anoxic conditions where O3 levels are low enough to support organisms
with a denitrification pathway (Kalvelage et al., 2011). Denitrification has been shown to occur
mainly during episodes of high organic matter inputs along the Peruvian coast (Dalsgaard et
al., 2012; Thamdrup et al., 2006; Ward et al., 2008). Thus, this may partly explain the similarity
in the range of magnitudes (0 —5 nmol N L't d!) and the spatiotemporal coupling between N3
fixation and denitrification during the austral summer season (Chapter 2, Fig. 5.5b), (Kalvelage
et al., 2013; Loscher et al., 2014, 2016b; Kittu et al., 2023). Similar patterns can be expected
during periods of restratification, such as in spring when light limitation on phytoplankton is
relaxed relative to winter and primary production increases.

| propose that the apparent enigma of high nifH abundances but low N; fixation rates in the
ETSP may be attributed to the metabolic plasticity of diazotrophs. For instance, Dechloromonas
and Pseudomonadales clades (Pseudomonas stutzeri) found in the Peruvian OMZ exhibit
versatile metabolic capabilities, involving coupled denitrification and N; fixation within the
same cell (Reeder and Loscher, 2022). This suggests the existence of a cryptic N; fixation
process (Kalvelage et al.,, 2013; Reeder and Loscher, 2022). In such a case, the N, fixation
process is utilised to produce H, which can then be converted to electrons by a hydrogenase
(Li et al., 2022; Robson and Postgate, 1980). These electrons can be subsequently used in the
reduction of nitrate during denitrification (Fig. 5.5b). Furthermore, the assimilation of NH4*
generated from N, fixation may enable these organisms to circumvent the energetically costly
process of assimilating nitrate in an anoxic environment . In this case, N, is derived internally
from nitrate reduction.

The periodicity and seasonality of denitrification, characterised by low to no detectable rates
during ventilation events and low organic matter periods, suggest the presence of a natural
feedback mechanism that may help maintain nitrate/nitrite within the OMZ. This feedback
mechanism could arrest the positive feedback loop between N loss and N; fixation at a
temporal scale (Su et al., 2015) and allow for anammox, an autotrophic process to prevail. This
means, in summer when denitrification is coupled with N; fixation rates, the N loss is only
partially replenished (section 5.1.2). Thus, at the end of summer, primary productivity in
overlying waters becomes N limited. Towards autumn and winter, strong top-down control
and a deeper mixed layer result in light limitation on phytoplankton activity, which decreases
primary productivity further (Landolfi et al., 2021; Echevin et al., 2008). Thus, a combination of
reduced phytoplankton-associated organic matter and intermittent ventilation events limits
denitrification rates and the coupling with N; fixation during these seasons, thus maintaining
nitrate within the OMZ (Canfield, 2006).
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Figure 5.5: Schematic illustration of the response of N; fixation and nitrogen loss under various
spatial and temporal scenarios. To the far left are simplistic profiles of oxygen (02) and
macronutrient (nitrate, nitrite, phosphate) distributions in the water column. On the far right
are simplistic profiles of trace metals (iron, nickel and cobalt), hydrogen sulphide (H,S) and
Chlorophyll a. On (b) and (c) is a schematic overview of proposed metabolic pathways of
diazotrophs in fully anoxic and euxinic conditions respectively. Figure created with
BioRender.com.

In the third scenario, we propose that sulphidic events may play a substantial role in enhancing
N, fixation rates in the ETSP (Fig 5.5c). Currently, sulphidic events have been reported to be
frequent in the ETSP, and their occurrence is predicted to increase in the future due to the
expansion of coastal deoxygenation (Callbeck et al., 2018, 2021; Schunck et al., 2013). Marine
sulphidic events are extreme cases of anoxia that occur after periods of intense upwelling and
high primary productivity, resulting in significant organic matter fluxes and remineralisation.
The organic carbon fuels microbial sulphate reduction and sulphide production in shelf
sediments. During summer, when ventilation is sluggish, dissolved hydrogen sulphide (H,S)
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diffuses out of the sediments and accumulates in nitrate-free anoxic shelf waters, reaching
concentrations exceeding 20 umol L'*(Callbeck et al., 2021; Schunck et al., 2013). In the ETSP,
sulphidic events have been frequently observed and have been shown to alter both N3 fixation
and N loss patterns (Callbeck et al., 2017, 2021; Kalvelage et al., 2013; Loscher et al., 2014).

For instance, two studies have reported sporadic observations of N, fixation rates above the
average range(> 10 nmol L1 d!, Supplementary Info, Fig. S1) at coastal sulphidic stations in the
ETSP (Schunck et al., 2013). Moreover, denitrification during the austral summer has been
linked to high H,S concentrations and the presence of denitrifier-sulphide-oxidising organisms
(Kalvelage et al., 2013). These findings establish a connection between sporadic N fixation
rates, denitrification and sulphidic events (Loscher, 2018; Ldscher et al., 2014). One possible
explanation for the association between N; fixation and sulphidic events is that H,S regulates
the bioavailability of bio-essential elements like Fe and Co. Sulphidic events in the Peruvian
OMZ coincide with exceptionally high dissolved (Fe?*) concentrations in the water column
(Schlosser et al., 2018). Furthermore, the dissolution of manganese oxides, Fe and Co sulphides
in localised organic particles or environments during sulphidic conditions may enhance the
bioavailability of Co (Dyrssen and Kremling, 1990; Hawco et al., 2016). Consequently, increased
concentrations of bio-essential trace metals such as Co and Fe and their utilisation in the
metalloenzyme active sites of diazotrophs could periodically enhance N, fixation rates during
austral summer months (Fig. 5.5c). In this scenario similar to diazotrophs-denitrifiers,
enhanced N; fixation may be relevant at a cellular level. However, more studies are required
to assess the fate of fixed N, and its relevance in the environment.

Metabolic plasticity is also common in sulfur-reducing and oxidizing bacteria. Metagenomic
studies have provided evidence that a significant proportion of sulphur-reducing and oxidizing
bacteria found in organic carbon-rich waters and sediments of the ETSP are also microbes
involved in facultative N; fixation depending on the level of anoxia (Fernandez et al., 2011; Gier
et al., 2016; Loscher et al., 2014; Reeder and Loscher, 2022; Turk-Kubo et al., 2022). For
instance, the diazotroph-sulfide-oxidiser Thiosirochaeta has been shown to actively fix Ny in
eutrophic OMZs with euxinic conditions (Farnelid et al., 2013; Jayakumar and Ward, 2020; Lavik
et al., 2009; Reeder and Loscher, 2022). In a small window where nitrate and H,S exist, the
oxidation of H,S with nitrate can serve as an electron source for the energetically expensive N»
fixation activity of diazotrophs sulphur/sulphide-oxidisers (Fig. 5.5c).

It is the case that sulphidic events and true anoxia can coexist within the water column of the
ETSP at least temporarily at different depths (Canfield & Kraft, 2022). The intermittency of
denitrification, sulphide oxidation and reduction and high N; fixation rates suggest that there
is a dynamic regime of seawater oxidation state from oxic to anoxic to euxinic waters which
could have considerable implications on N cycling locally at fine spatiotemporal scales.
Sulphidic events can be seen as analogues for past oceanic states in Earth's history when
persistent anoxic events, were characterised by ferruginous waters interspersed with euxinic
conditions (Boyle et al., 2013). Thus, these events reveal sequences of biogeochemical
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processes in response to intensifying ocean deoxygenation and high organic matter inputs and
should therefore be considered a framework to assess N cycling under sustained anoxic
conditions in the ETSP. Here the evolutionary history of diazotrophs and requirements may
bring insights into what may control N» fixation in this scenario.

The coupling of N fixation with other metabolic pathways such as denitrification, sulphide
oxidation and reduction suggests that local cellular-level N; fixation may be occurring, but may
not be detectable using currently employed methods. In both cases of diazotroph-denitrifiers
and diazotrophs sulphur-oxidisers, these metabolic pathways would circumvent the high
energy required for nitrate assimilation. However, the N, incubation method commonly used
to estimate Ny fixation rates may miss the signal of N3 fixation as N3 is primarily derived from
nitrate reduction rather than from atmospheric N». The kinetic isotope effect of consuming N3
generated from nitrate reduction versus atmospheric N, may differ substantially due to
stronger isotope fractionation during nitrate reduction (Ryabenko, 2013). Hence this could
provide an additional methodical underestimation of N; fixation in the ETSP, which would
partially explain the generally low measured N fixation rates.

My hypotheses are largely speculative, and considering the high energetic cost of N, fixation,
one might question why proposed organisms with metabolic plasticity would engage in such
an energetically demanding process of N; fixation to support other metabolic functions. In
addition to the presence of obligate N; fixers, a facultative anaerobic lifestyle of diazotrophs in
the ETSP could also be inferred from these hypotheses and has previously been suggested to
be prevalent in most NCDs (Turk-Kubo et al., 2022; Chakraborty et al., 2021). Thus, to further
investigate the pathways proposed, bioassay experiments under the hypothesised scenarios
with nitrate addition and tracking the release of °N, and incorporation of »>NH4* produced
via N fixation in biomass could be conducted. Alongside this, metagenome and
metatranscriptomic analyses need to be applied to explore the ecophysiology of diazotrophs
in the ETSP.

The complexity of interacting physical, and biogeochemical conditions within OMZs, suggests
that extrapolations of N; fixation controls from other well-studied regions and organisms may
not be applicable in the HUS. With these hypotheses, | highlight a largely unexplored niche for
organic matter and micronutrient controls extending beyond Fe in both field measurements
and biogeochemical models of N fixation. | propose that the next generation of models should
be able to couple biogeochemical cycles (macro and micronutrient and including sulphur
cycling) in a stoichiometric-explicit and flexible way to enhance our understanding and
predictive capabilities of Ny fixation at a regional scale in the ETSP. The need for such coupled
approaches is particularly crucial in the realm of marine biogeochemistry, which has
traditionally relied on the Redfield N:P ratio as a primary framework to define the biogeography
of biological processes such as N; fixation (Ward et al., 2013; Mills and Arrigo, 2010).
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5.4 Outlook

5.4.1 Predicted Dynamics of the ETSP

The ETSP faces severe threats of climate change as a result of anthropogenic activity since the
beginning of industrialization. These changes have direct and indirect impacts on the systems
productivity (Chavez et al., 2011). Rising temperatures in the atmosphere are predicted to
contribute to warming which in turn intensifies water column stratification (Schmidtko et al.,
2017). Under increased stratification, the fluxes of nitrate to the euphotic zone of the ETSP are
predicted to weaken, thus impacting nutrient availability for primary production (Cross-
chapter box on net primary production in the ocean, 2023). Additionally, stratification results
in an expansion of the thermocline which impedes the ventilation of subsurface waters and
reduces the resupply of O, into the OMZ (Keeling and Garcia, 2002). Increasing water
temperatures also lower the solubility of O, in the water column further promoting
deoxygenation. With an exponential increase in the coastal human population and need for
food, a predicted increase in domestic waste and the use of agricultural fertilizers will likely
increase anthropogenic eutrophication of coastal waters further amplifying the imbalance of
O, demands and resupply (Breitburg et al., 2018).

On the other hand, the predicted intensification of upwelling related to climate change,
bringing nitrate to surface waters while good for productivity (Gutiérrez et al., 2011) could
expand the OMZ through increased organic matter inputs to subsurface waters. Hence it
appears that changes in temperature, upwelling intensity and O, concentrations in the HUS
suggest an expansion and intensification of the OMZ with direct impacts on N loss (anammox
and denitrification) and associated feedbacks (Karstensen et al., 2008). This predicted
expansion of the OMZ in the HUS is currently confirmed by model results and observational
data (Stramma et al., 2008; Oschlies et al., 2008; Bopp et al., 2013). Hence the O;-sensitive
marine N cycle could be significantly impacted by these climate-related changes as the volume
of anoxic and hypoxic waters with O, concentrations below the threshold for microbial N loss
processes is likely to increase. The occurrence of sulphidic events associated with increased
organic matter demonstrates that such events can act as temporally limited hotspots of N turn-
over reflected by high N; fixation and N loss. Thus, these dynamics suggest a strengthening of
the positive feedback loop in the ETSP under the hypothesized scenarios (Fig. 5.5b, c).

How the marine N cycle responds to deoxygenation will determine long-term trends in nutrient
retention and marine primary production in the HUS. However, assessing these changes is
constrained by uncertainty in how the N source-sink balance will evolve (Buchanan et al.,
2019). Nevertheless, a reduction in bioavailable N from the system will have significant
implications for primary production that could shift the system from high to low productivity if
N loss persists under future expansion in the OMZ and is not compensated by enhanced N;
fixation at similar magnitudes (Landolfi et al., 2013; Weber and Deutsch, 2014). Small variations
in the ratio of N, fixation to N loss can significantly impact global atmospheric CO;
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concentrations and marine primary productivity at regional and global scales on short to long
timescales (Falkowski, 1997). These characteristics of the OMZ make the ETSP a key
environment for controlling the oceans' nitrogen balance (Yang et al., 2017) and therefore a
strategic region to keep understanding the potential feedback between the dominant
processes of N, fixation and N loss.

5.4.2 N; fixation in a modern changing ocean

The modern ocean is emerging as neither a direct extension of its earlier forms nor a simple
precursor to its future state. Today, we know just enough about the present conditions to
develop intriguing hypotheses about the future state and conditions of the ocean and its
associated life forms. The arguments presented in this dissertation offer explanations for the
observed spatiotemporal patterns and magnitude of N; fixation in the HUS, as well as its
potential implications in a dynamically changing ocean. These hypotheses should be primarily
viewed as fertile ground and a fresh perspective to guide future research endeavors.

The increasing availability of measurements in the global database of N; fixation rates over the
past decade has shown promise in unravelling the spatial and temporal patterns of N; fixation
(Luo et al., 2012; Shao et al., 2023). Nonetheless, these measurements have also given rise to
more questions, particularly when model predictions deviate from robust field observations
(Marconi et al., 2017; Wang et al., 2019). N, fixation is known to be energetically expensive
and highly sensitive to O inactivation unless cellular mechanisms or diazotroph behaviour
mitigate the influence of 0,. In addition, | demonstrate the potential for redox-related
environmental conditions such as trace metals to modulate N; fixation in reduced
environments. Considering the proposed expansion of oxygen minimum zones and the
consequent alterations in nitrogen inventories within oxygen-deficient water masses, this
dissertation provides insights for future research questions that may help advance our
understanding of N; fixation in OMZs (Lam and Kuypers, 2011; Canfield and Kraft, 2022;
Kalvelage et al., 2011; Stramma et al., 2008).

Considering the evidence for basin-wide coupling of N; fixation and N loss in the South Pacific,
gaps still remain in assessing the mechanisms governing this intra-basin coupling. Additionally,
the timescales at which this basin-wide coupling is relevant are currently not so well
understood. On the other hand, the biogeochemical implications of a local coupling of N;
fixation and N loss on short temporal scales in the ETSP are not clear in the context of an intra-
basin coupling. Thus, | propose that a dedicated study on the N cycle in the South Pacific is
needed to assess these knowledge gaps. The study would cover the east-to-west extent of the
basin on multiple transects. Concurrent N; fixation and N loss measurements should be
conducted at fine spatiotemporal scales to accurately assess the implications of locally variable
biogeochemical N cycle feedbacks in the ETSP for basin-wide N inventories or vice-versa.
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The roles and quantitative importance of different groups of N»-fixing microorganisms are a
function of physiological adaptations and ecological controls on growth and activity. These
factors, in turn, influence the geographic distribution, ecological competitiveness, and
activities of individual species and groups. Molecular-level studies have highlighted the
dominance of non-cyanobacterial diazotrophs (NCDs) such as Gamma-proteobacteria and
UCYN-A over the bloom-forming cyanobacteria Trichodesmium spp in the ETSP (Chang et al.,
2019; Loscher et al., 2014; Turk-Kubo et al., 2014). However, a major challenge lies in the fact
that many NCDs are to date unculturable, necessitating the development of novel cultivation-
independent approaches using natural populations. Nevertheless, Identifying and
understanding the physiological functioning of the dominating diazotrophs is important due to
the significant variations in size and activity exhibited by different species. Thus, progress in
culturing NCDs is crucial for understanding their growth, activity and physiological
requirements. This is not only essential for predicting N3 fixation rates but also the fate of fixed
N in the ETSP i.e., what role does it play in the ecosystem?

N, fixation is a highly regulated process both due to the high energy demand (high ATP and
reductant requirement), sensitivity to O, and associated trace metal availability. Thus, multiple
pathways are involved before rates can be measured. Unfortunately, the use of nifH gene
sequences is limited in predicting the metabolic strategies of diazotrophs (Turk-Kubo et al.,
2022). Whilst there is some agreement between nifH gene sequences and 16S rRNA gene-
based phylogeny, this agreement is more robust for cyanobacterial than for NCDs, which are
spread across multiple nifH clusters (Turk-Kubo et al., 2022; Zehr et al., 2003).

As has been discussed in this dissertation, the involvement of supporting proteins, and
enzymes beyond nitrogenase suggests that the complexity of N; fixation is influenced by the
interactions between the oxidative state of seawater, trace metal cofactors, energy and
alternative N sources. Therefore, although the detection of nifH gene abundances and
expression has been used to infer N; fixation activity in NCDs, it is not entirely accurate as N;
fixation activity can be subject to transcriptional and post-transcriptional control (Turk-Kubo et
al., 2022). This means that the recovery of nifH sequences and transcripts does not guarantee
the presence of organisms that are obligately capable and actively fixing N,. Some diazotrophic
taxa may lack the genes for a functional nitrogenase or dependent enzymes may be limited by
environmental conditions (Mise et al., 2021). Thus, the transient nature of N, fixation activity
associated with NCDs and facultative diazotrophs with diverse metabolic pathways, such as in
P. stutzeri presents a challenge in validating environmental rates with experimental data.
Therefore, inferring N fixation activity and metabolic strategies in diazotrophic species with a
high degree of metabolic diversity and flexibility using nifH gene abundances and expression
as in PCR-based approaches is unsatisfactory. This limitation hinders our understanding of the
activity and role of metabolically diverse diazotrophs residing in reduced environments such
as coastal OMZs and may explain the observed discrepancy between nifH sequence and
abundances and N3 fixation rates in the ETSP (Turk-Kubo et al., 2014).
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With ongoing global climate change, the physiological responses of diazotrophic groups to
environmental conditions may vary. Thus, it is crucial to mechanistically characterise the
metabolic strategies and lifestyles of NCDs to establish links between metabolic diversity,
active Ny fixation and environmental factors that promote their activity. In this regard, |
propose that in situ measurements should be coupled with bioassay experiments, that aim to
disentangle the drivers of N; fixation rates. Moreover, techniques exploring the genomic
potential and linking N, fixers to active N, fixation need to be applied in both in situ
measurements and bioassay experiments to assess the link between metabolic status and
activity of NCDs with environmental conditions. These techniques could include whole-
genome transcription analysis using pyrosequencing that can detect genes of unknown
functions. More broadly, efforts such as the TARA oceans expedition should also be conducted
and used to construct metagenome-assembled genomes to evaluate the full range of
metabolic potential for uncultured NCDs (Delmont et al, 2021). These large-scale
investigations have demonstrated the wealth of diversity in marine microbial communities and
functional genes in the ocean. Generally, understanding the ecophysiology of NCDs will pave
the way for novel models that are adaptive to the expanding diversity of diazotrophs beyond
Trichodesmium spp. This advancement will enable the mapping of species-specific growth
patterns, elucidating the factors governing their distribution, and evaluating their impact on N
cycling (Zehr and Capone, 2020). Such models are instrumental in accurately predicting N2
fixation rates over longer time scales and forecasting the potential effects of climate change.

One limiting factor to predicting N; fixation rates is the paucity of studies reporting trace metal
data in parallel with N; fixation rates in the ETSP. Among the five datasets presented in this
synthesis, only three include accompanying Fe data, and only one encompasses a wide range
of trace metals beyond Fe (Kittu et al., 2021). Considering the potential role of trace metals
demonstrated in this dissertation work (Chapter 3), and their importance throughout the
evolutionary history of diazotrophs, it should become common practice to comprehensively
sample trace metal distributions alongside N fixation measurements. Sustaining efforts such
as the GEOTRACES Program is crucial for obtaining a better understanding of how trace metal
distributions impact biological processes such as diazotrophy in various oceanic regions. The
stoichiometry of macro and micronutrient utilization can vary under different nutrient and O,
regimes (Ho et al 2003). Hence, a fundamental question arising from this doctoral dissertation
is whether environmental changes associated with water column redox chemistry, such as the
predicted decline in O, concentrations (Bopp et al., 2013), trigger evolutionary innovation in
marine diazotrophs or enable the emergence of metabolic pathways that existed but remained
suppressed over time. Therefore, integrated studies examining diverse gene expressions of
metalloenzymes and trace metal requirements for diazotrophs should be adopted in bioassay
experiments and field studies to unravel the extent to which trace metals regulate N; fixation
in reduced environments like OMZs.

When examining the distribution of Ny fixation in the global ocean, it becomes apparent that
marine N; fixation exhibits variations across various temporal and spatial scales both regionally
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and globally. The concept of space, as utilised in most studies, encompasses N fixation across
different geographical locations in the ocean, from water column to sediments, and from
coastal to open ocean. Moreover, it can also include processes and interactions at the cellular-
to-molecular level. At a temporal scale, the dynamics of geological timescales and changes that
occur within that timescale are often investigated after changes have occurred, making it
challenging to detect tipping points in processes like N; fixation within a system. Thus, on
shorter timescales and local geographic scales, it is crucial to identify and develop reliable
proxies for N; fixation to gain insights into the impacts and sensitivities of the nitrogen cycle to
immediate environmental changes. Currently, each component of these complex
spatiotemporal scales is studied independently by different disciplines such as genetics,
organic chemistry, geobiology, and physical and biological oceanography among others.
However, progress can be expedited through research approaches that integrate multiple
disciplines to bridge the existing gaps. Considering the sporadic behaviour and high variability
of Ny fixation rates associated with NCDs in the ETSP, single-cell N; fixation rates both from in
situ measurements and bioassay experiments are critically needed to validate the role of NCDs
in marine N; fixation and better understand their activity. In this regard, coupling isotopic
incubations and nanoSIMS (nanoscale secondary ion mass spectrometry) in both in situ and
bioassay experiments may enable measurements of targeted NCDs single-cell N; fixation rates.
Additionally, in the case of particle-associated NCDs, the use of nitrogenase immunolabelling
approaches can be useful in understanding the mechanisms involved in organic matter-
associated N; fixation (Geisler et al., 2019).

Although discoveries have resulted in major changes in perspectives, numerous questions
remain to be resolved before a comprehensive understanding and accurate predictions of N3
fixation can be achieved. Certainly, studies on quantifying N2 fixation in various environments
are essential to enhance the resolution upon which large-scale extrapolations are based. In
parallel, bioassay experiments under in situ conditions as we have shown are beneficial for
disentangling the drivers of N; fixation rates. As we look into the next decade of more N,
fixation measurements that will increase its predictive capacity, promises of exciting new
insights and yet more paradigm shifts in our understanding of marine N; fixation are evident.
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Figure S1: Violin plots indicating the mean and standard deviation and median of volumetric
N, fixation rates from the northern HUS off Peru across years. N; fixation rates from Sum 2018
are the focus of this dissertation work. All other rates were collected during SFB754 cruises
(Kittu et al., 2021a). Numbers in parenthesis indicate number of observations per study.
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Table S1: Range of all volumetric N; fixation rates reported from the ETSP OMZ between 2006
and 2019

Volumetric
Austral N> fixation
Region Depth (m) | Location Season, ’ Reference
ear rate (nmol
y N L»l dl)
Summe- | 0—2.5 (2006,
. . Spring 2011) (Fernandez
ETSP- Chile 0-50 35-38.5°S 2006, 2009, etal., 2015)
2011 | 0-12010M
Spring 2005
ETSP - Peru | 0-400 0°-20°S | &Summer 0-4 gt:z:naznodlelz)
2007 ’
Transects at Summer (Loscher et
ETSP - Peru 0-100 10 Soand 2008/2009 BDL-30 al. 2014)
15°S
Transectsat | Summer — (Bonnet et
ETSP - Peru | 0-2000 10°S and Autumn BDL—-0.80 al., 2013)
20°S 2010/2011 ’
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