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Abstract

Despite the scientific interest on nitrogen (N) in the marine environment and its key role in
global biogeochemical cycles, there are still uncertainties about the mechanisms that
control its cycle and how to quantify them. N fluxes to and within the ocean are likely to
increase in the future due to anthropogenic activities. To understand the consequences of
these anthropogenic perturbations in the ocean, natural fluctuations in the N cycle must be
understood. In this context, the general objective of this PhD thesis is to characterize
elemental and isotopically the inorganic and organic (dissolved and suspended) N pools, in
the Cape Verde Frontal Zone (CVFZ) from the information collected during two
oceanographic cruises carried out in summer and autumn 2017. This highly dynamic zone
is located at the southern end of the Eastern Boundary Upwelling Ecosystem of the Canary
current. In the CVFZ, convergence of tropical and subtropical Atlantic waters occurs,
forming the thermohaline Cape Verde front (CVF). In addition, this region is characterised
by large vertical and horizontal export fluxes of organic matter and inorganic nutrients, due
to the interaction of the CVF with the Mauritanian coastal upwelling and its Cape Blanc
Giant Filament.

We observed that the distributions of inorganic and organic N species, and the -O2:N:Si:P
stoichiometric ratios in the epipelagic layer of the CVFZ were dictated by the position of
the CVF and its interaction with meso- and submeso-scale structures (meanders, eddies,
filaments). This stoichiometry reflected severe N limitation at surface mixed layer, and
preferential N mineralisation in the water below pycnocline and in meso- and bathypelagic
layers. Geographical heterogeneity in dissolved (DON) and suspended particulate (PON)
organic nitrogen distributions and their stoichiometry were also observed within each of
the different water masses of contrasting origin present in the study area (North and South
Atlantic Central Water, Subpolar Mode Water, Mediterranean Water, Antarctic
Intermediate Water, Labrador Sea Water and North East Atlantic Deep Water).
Nevertheless, our analysis indicates that DON and suspended PON have a minor impact on
local mineralisation processes, suggesting that regenerated nitrate in CVFZ was mainly
derived from sinking POM. This higher contribution of sinking POM was also supported
by the distribution of 8Ny, and '°0yo; and the average values obtained for each water

mass in the CVFZ.

Key Word: Inorganic N, organic N, dissolved N, suspended N, nitrate isotopes, N cycling,
basin scale, mesoscale, submesoscale, water masses, Cape Verde Frontal Zone.
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Resumen

A pesar del interés cientifico sobre el ciclo del nitrodgeno (N) en el medio marino y su papel
clave en los ciclos biogeoquimicos globales, aun existen ciertas lagunas sobre los
mecanismos que controlan su ciclo y como cuantificarlos. Ademas, se pronostica que los
flujos de nitrogeno hacia y dentro del océano aumenten debido a efectos antropogénicos.
Para comprender las consecuencias de estas perturbaciones antropogénicas en el océano,
debemos entender las fluctuaciones naturales en los procesos del ciclo del N. En este
contexto, el objetivo general de esta tesis consiste en caracterizar elemental e
isotopicamente el nitrogeno inorganico y organico (disuelto y en suspension), en la Zona
Frontal de Cabo Verde (CVFZ), a partir de la informacion recopilada durante dos camparias
oceanograficas realizadas en verano y en otofio del 2017. Esta zona de gran dinamismo esta
situada en el extremo Sur del ecosistema de afloramiento costero de la Corriente de
Canarias. En la CVFZ se produce la convergencia de aguas tropicales y subtropicales del
Atléntico, formando el Frente termohalino de Cabo Verde (CVF). Esta region, esta
caracterizada, ademas, por grandes flujos de exportacion de materia organica y nutrientes
inorganicos, tanto verticales como horizontales, debidos a la interaccion del CVF con el
afloramiento costero de Mauritania y el filamento gigante de Cabo Blanco

En esta tesis se observd que las distribuciones de N orgéanico e inorganico, asi como las
relaciones estequiométricas de -O2:N:Si:P, en la capa epipelagica del CVFZ, las dictan la
posicion del CVF y su interaccidn con las estructuras de meso- y submesoescala en la zona
(meandros, remolinos, filamentos). La estequiometria obtenida refleja una severa
limitacion de N en la capa superficial, mientras que por debajo de la picnoclina y en las
capas meso- y batipelagicas mostro una mineralizacion preferente de N. Las distribuciones
de nitr6geno orgéanico disuelto (DON) y particulado (PON) y sus estequiometrias
mostraron cierta heterogeneidad geogréafica en las diferentes masas de agua presentes en el
CVFZ (Aguas Centrales del Atlantico Norte y Sur, Agua Modal Subpolar, Agua
Mediterraneo, Auga Intermedia Antartica, Agua de Labrador y Agua Profunda del
Atlantico Nororiental). Los anélisis mostraron que tanto DON como PON, tienen un
impacto pequefio en los procesos locales de mineralizacion, lo cual sugiere que el nitrato
regenerado en la region de estudio, se deriva principalmente por la mineralizacion del
material particulado en sedimentacién. Esta mayor contribucion por parte del material
particulado en sedimenta, la corrobora la distribucién obtenida de "°Nyo; Y 8'%0no; ¥

sus valores medios en cada masa de agua presente en la CVFZ.

Palabras Clave: N inorganico, N organico, N disuelto, N particulado, ciclo de N, isétopos
de nitrato, escala de cuenca, mesoescala, submesoescala, masas de agua, zona frontal de
Cabo Verde,.
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Introduction

1.1. Nitrogen in the marine environment

1.1.1 Nitrogen reservoirs

Nitrogen (N) is one of the most abundant elements in the biosphere and is essential for
all life forms. The N cycle is the most complex of Earth’s biogeochemical cycles, consisting
of an unusually diverse set of transformations, which are mainly carried out by different
specialized microorganisms (Gruber, 2008; Casciotti, 2016). Transformation of dinitrogen
gas into combined forms of N in nature includes the formation of nitric oxide by lightning
and ultraviolet rays, but the most significant processes consist on the formation of
ammonia, nitrite, and nitrate by soil or aquatic microorganisms. N is a key component of
the Earth's biogeochemistry, due to its critical role of N controlling primary production
(Gruber, 2008; Gruber and Galloway, 2008).

N is present in a variety of forms with different states of matter (gas, dissolution,
suspension, solid) and oxidation states: nitrate (NO3", +5), nitrite (NO2", +3), nitric oxide
(NO, +2), nitrous oxide (N20, +1), dinitrogen (N2, 0), ammonium (NH.4", -3) and organic
nitrogen (ON, -3) (Gruber, 2008; Sipler and Bronk, 2015; Zhang et al., 2020).

The major N reservoir on Earth is the atmosphere, where it mostly occurs as N (Fig.
1.1) (Gruber, 2008; Zhang et al., 2020). Despite the high concentration of combined N in
the crust and ocean sediments (e.g., as ammonium in silica minerals and silt and as organic
N in sedimentary rocks and sediments) (Fig. 1.1), its exchange with the ocean is smaller
than ocean-atmosphere exchange of N2 (Berner, 2006; Houlton et al., 2018; Zhang et al.,
2020).

In the ocean the most abundant N form is also N2 (20,000 Pg N) (Galloway et al.,
2004). The ocean is also the largest reservoir of combined N on Earth, containing about 50
or 176 times more combined N than the biosphere (Fig. 1.1) (Moore et al., 2013; Zhang et

al., 2020, and references there in).
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Figure 1.1. Estimated size of the main global combined N (available) reservoirs (red square), in
comparison with the higher non-combined N reservoir on the Earth (Atmospheric N2) in Tg of N (= 1 x 102
g of N). Note that all numbers except atmospheric N are reported as combined N. For this reason, the high
N2 reservoir in the ocean is non-reflected. (size values taken from Zhang et al., 2020).

1.1.2 Nitrogen in the ocean

N2 represents about 95% of the total N in the ocean (Voss et al., 2013), due to its high
partial pressure in the atmosphere and to the stability of the N triple bond. Despite the large
amount of N in the form of N, it is almost considered an inert gas similar to Argon,
biologically inaccessible except for diazotrophs (Gruber, 2008; Zhang et al., 2020).

The combined N reservoir is primarily composed of nitrate, nitrite, ammonia, and
organic N, in the form of dissolved and particulate, suspended or sinking, organic
compounds (Voss et al., 2013). Nitrate is the most abundant combined N form (about 88%),
followed by dissolved organic nitrogen (DON) (12%), the leftover 0.3% being composed
of particulate organic nitrogen (PON), NO2~, NH4* and N2O (Gruber, 2008; Canfield et al.,
2010; Bertrand et al., 2015). The turnover time of these N forms ranges from minutes to
thousands of years (Gruber, 2008), being about 400 years for NOs~, 1-2 weeks for NH4"
and PON, while for DON could range between a few minutes to hundreds of years
depending on the variable reactivity of organic molecules (Gruber, 2008; Sipler and Bronk,
2015; Zhang et al., 2020).

Nitrate concentration in the ocean ranges from 0 to 10 umol kg™ in surface waters,
mainly due to consumption by phytoplankton, and from 20 to 50 pmol kg* in deep waters,
mainly due to remineralization of organic N and subsequent nitrification (Fig. 1.2);
(Gruber, 2008; Voss et al., 2013; Ward, 2014; Zhang et al., 2020). Average nitrite
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concentrations ranged from 6 nmol kg in the euphotic zone to 100 nmol kg™ at the base
of the euphotic zone (primary nitrite maximum) and > 5 umol kg™ in oxygen-deficient
zones (ODZs), characterized by low ventilation rates coupled with organic matter (OM)
decomposition and consequently higher O consumption (secondary nitrite maximum)
(Fig. 1.2a,b and c) (Sarmiento and Gruber, 2006; Gruber, 2008; Casciotti, 2016; Kim,
2016). Ammonium concentrations in the open ocean range from undetectable to a few 100
nmol kg2, with maximum values associated with the sunlit and dark aphotic zone (Fig. 1.2)
(Gruber, 2008).

The distribution of inorganic nitrogen below the euphotic zone is determined by
physical and biogeochemical processes (Pelegri and Benazzouz, 2015; Pelegri et al., 2017).
Physical processes are related with the vertical convective and diffusive fluxes between
surface and subsurface layers and the lateral transport and biogeochemical processes are

associate to remineralization, which is driven by the availability of OM, O2 and inorganic

nutrients.
a) 4 b) 0
umol kg pumol kg umol kg
0 10 20 30 40 0 10 20 30 40 0 100 200
0 0 0
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= e
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200 o] SNM
o)

400 <7

100

Ammonium*100
2000

=
:'.,_150
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Figure 1.2. Global means profiles of nitrate, nitrite and ammonium for epipelagic waters (a) and entire water
column (b) and nitrite and oxygen (green) concentrations in umol kg profiles, in ODZ regions (c) Note that
for a more intuitive visualization of the trends (compared to nitrate), nitrite and ammonium concentrations
have been multiplied by 100. In (a) and (b), the nitrate profile is based on data from the World Ocean Atlas
2001. The nitrite profile by averaging all data from the World Ocean Circulation Experiment and ammonium
profile was based on data from the Arabian Sea, the Southern Ocean, the North Atlantic, and the Equatorial
Pacific While in (c) nitrite profiles are taken form the Eastern Tropical North Pacific (brown) and Arabian
Sea (yellow) reflecting their primary nitrite maximum (PNM) and secondary nitrite maximum (SNM). (Taken
from Gruber, 2008 and Casciotti, 2016b).
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The major fraction of OM, dissolved OM (DOM), is classified according to its
reactivity as labile, semi-labile and refractory (Hansell and Carlson, 2015). Labile DOM is
produced and processed within the same water parcel, representing a minor fraction of the
bulk DOM (0.1%); semi-labile DOM (1% of bulk DOM) is processed far from where it
was produced because it is transported horizontally or vertically; and refractory DOM,
which is the majority of the oceanic bulk DOM, remains in the ocean without been degraded
by any organism for decades to thousands of years (Hansell and Carlson, 2013). In the
ocean, DON is mostly produced in the water column (autochthonous sources; Fig. 1.3) and
a minor part is supplied to the water column via surface (rivers) and ground waters and
atmospheric inputs (allochthonous sources) (Sipler and Bronk, 2015). DON presents higher
concentrations in surface waters, with a mean value of 4.4 + 0.5 umol L™ and decrease with
deep to values around ~2 umol Lt (Letscher et al., 2013; Sipler and Bronk 2015, Zhang et
al., 2020). Surface DON concentrations increased closer to the coast, reaching a mean
concentration up to 6 + 2 umol L (Letscher et al., 2013; Sipler and Bronk, 2015).
Particulate OM (POM) is differentiated from DOM as the fraction of marine OM retained
by a filter having a pore size from 0.2 pum (polycarbonate, polysulfone, or aluminium filters)
to 0.7 um (typically glass fibber filters; Repeta, 2015). POM is formed by living organism
and mainly their detritus, with different elemental (C, H, O, N, P) and biogeochemical
composition, as phytoplankton is rich in proteins and carbohydrates, and their detritus in
lipids (Rios et al., 1998). POM is classified into suspended and sinking fractions as a
function of their buoyancy, which is somewhat related to their size. Suspended POM
consists of particles smaller than 100 pm, with neutral buoyancy. On the contrary, particles
larger than 100 pum are considered part of the sinking POM pool (Alvarez-Salgado and
Aristegui, 2015).
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Figure 1.3. Conceptual diagram of the biogeochemical processes involved in in situ dissolved organic
nitrogen (DON) production in aquatic systems. (Taken from Sipler and Bronk, 2015).

1.1.3 Marine nitrogen cycle

The marine N cycle consists of an assortment of redox reactions (Fig. 1.4) due to the
ample range of possible oxidation states of N, mediated by enzymes, that transform one
species to another (Fig. 1.5). These reactions, which comprises nitrogen assimilation, N>
fixation, ammonification, nitrification, denitrification and anaerobic ammonium oxidation

(Anammox), control the inventory, distribution and speciation of N (Fig. 1.5) (Gruber,
2008).

Acid solution (v)
Basic solution (v)
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Figure 1.4. Standard reduction potentials of nitrogen in volts in acid solution at pH 0 (red) and in basic
solution at pH 14 (Blue) (Modified from (Winter, 1999)
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Figure 1.5. Overview of the marine N cycle, with N inputs shown in blue and losses in orange and yellow.
Internal cycle processes are color-coded to distinguish steps of particulate organic nitrogen (PON) production
[assimilation and grazing (green)] and remineralization [ammonification (brown) and nitrification, including
ammonia oxidation (pink) and nitrite oxidation (purple)]. Physical processes (upwelling, export of sinking
PON, air-sea gas exchange, and burial) are shown in black. The light-gray-shaded half circle represents
oxygen-deficient regions of the water column. (Taken from Casciotti, 2016).

1.1.2.1 Atmospheric deposition and continental inputs

Atmospheric deposition is an important source of combined N to the open ocean. N
is transported by air masses and released to the sea surface in the form of NOx (34%), NHx
(36%), and organic N (30%) (Duce et al., 2008; Voss et al., 2013), occurring as wet and
dry deposition. Continental inputs are important source of nitrate, PON and DON in coastal
systems, being estimated for river imputs as nitrate (40%), PON (40%) and DON (20%)
(Voss et al., 2013).

1.1.3.1 Assimilation

Because N is essential for phytoplankton growth, it is assimilated into biomass in
the euphotic zone (Gruber, 2008). This process consists on the transformation of nitrate or
ammonium into organic nitrogen by phytoplankton and dominates the marine N cycle (Fig.
1.5) (Gruber, 2008). NH4", which is at the same oxidation state than organic N (Fig. 1.4),
and does not require active transport across the cell wall, is the preferred combined N form
by phytoplankton (Mulholland and Lomas, 2008; Zouiten et al., 2013). Nevertheless,
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nitrate can be also assimilated (Fig. 1.5), but this process involves a higher amount of
energy, for the reduction of nitrate into ammonium (Fig. 1.4), which is catalyzed by the
enzymes nitrate and nitrite reductase, and for active transport across the cell membrane
(Campbell and Kinghorn, 1990; Solomonson and Barber, 1990; Gruber, 2008; Zouiten et
al., 2013).

Due to the high requirement of carbon (C) and N by phytoplankton, the assimilation
process is heavily linked to the photosynthetic C fixation (Gruber, 2008; Mulholland and
Lomas, 2008), producing the synthesis of organic matter through the coupled assimilation
of COz, NH4* or NOs™ and HPO42, which can be written as:

106 CO, + 16 NHf + HPO;2 + 48 H,0 + 14 H* > C;0cH;7504,N;¢P + 118 0,
106 CO, + 16 NO3 + HPO;? + 78 H,0 + 18 H* - CyggH;7504,N;cP + 150 O,

where C;96H17504,N;6P is the average composition of the products of synthesis and early
degradation of marine phytoplankton (Redfield et al., 1963; Anderson, 1995).

OM has a rather constant elemental composition with ratios similar to those found in
the inorganic forms, which reflect the relationship between biological production and
export. The export of biogenic particles and their subsequent remineralization provided a

consistent view of the distribution of these elements (Gruber, 2008).

Combined N is considered a limiting nutrient for biological productivity in most Earth
surface environments (Elser et al., 2007; Moore et al., 2013; Du et al., 2020). To determine
N limitation in the ocean, N and Phosphorus (P) ratios are compared with the canonical
N:P molar ratio of 16 for phytoplankton biomass (i.e., the so called “Redfield ratio”). N:P
ratios lower than 16 suggest potential N limitation (Redfield et al., 1963; Anderson and
Sarmiento, 1994; Geider and La Roche, 2002; Zhang et al., 2020).

These “Redfield ratios” constitute an important tool for understanding ocean
biogeochemistry and links between nutrient cycling, nutrient limitation, and other
important oceanographic processes (Mills and Arrigo, 2010; Deutsch and Weber, 2012)
Several studies have demonstrated that the N:P and C:N ratios vary in different ocean
regions (Weber and Deutsch, 2010; Martiny et al., 2013) and between surface and deep
waters. At the surface, labile DOM has average C:N:P molar ratio of 199:20:1, lower than
the refractory DOM of the deep waters, with average C:N:P molar ratio of 3511:202:1
(Hopkinson and Vallino, 2005). While, POM molar ratios also show large spatial
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variations, with higher molar ratios around 195:28:1 in low-latitude gyres (warm and
nutrient-depleted), than in upwelling regions (warm, nutrient-rich) with molar ratios around
137:18:1 and in high-latitude regions (cold and nutrient-rich) with molar ratios of 78:13:1
(Martiny et al., 2013).

1.1.3.2 Nz Fixation

Despite N2 is an inert gas, there are certain organisms called N fixers, with specific
enzymes (nitrogenase) able to reduce dinitrogen to ammonium (Fig. 1.5) (Mulholland and
Lomas, 2008). This process is denominated N fixation and is the most important N source

to the ocean to support biological production (Gruber, 2008; VVoss et al., 2013).

Traditionally, N> fixation has been associated to oligotrophic surface waters of the
subtropical Atlantic and Pacific oceans (Capone et al., 1997; Mahaffey et al., 2005).
Nonetheless, it has been shown that this process also occurs in marine sediments (Fulweiler
et al., 2007), oxygen-deficient subsurface waters (ODZs) (Bonnet et al., 2013; Fernandez
et al., 2011), nutrient-rich surface waters (Dekaezemacker et al., 2013; Hallstrgm et al.,
2022) and actually, N2 fixation also has been considered important in deep-sea
environments (Dekas et al., 2009; Zehr and Capone, 2020; Hallstrem et al., 2022). Mehta
et al. (2003) described a diverse group of organisms with nitrogenase genes (the enzyme
complex that catalyzes N fixation), and therefore potentially capable of fixing No.
Hallstrgm et al. (2022) found N fixation rates in meso-and bathypelagic layers of the Cape
Verde Frontal Zone ranging from 0.03 + 0.01 to 0.07 + 0.01 nmol N I* d*! by sinking
cyanobacterial diazotrophs.

1.1.3.3 Ammonification

Ammonification is the reverse process of NH4" assimilation. During the excretion
of organisms due to growth and metabolism recycling of macromolecules occurs. When
organic compounds in biomass are degraded, while C is oxidized to CO>, N remains in the
same oxidation state, being released into the water column in the form of ammonia, which
later reacts with H* or H2O to form ammonium (Fig. 1.4 and 1.5) (Gruber, 2008; Ward,
2014)
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1.1.3.4 Nitrification

Nitrification consists on the biological oxidation of ammonium to nitrate (Fig 1.5),
to produce energy by some bacteria and archaea which use oxygen as electron acceptor
(Vossetal., 2013). It proceeds in two-step: ammonium is oxidized to nitrite by ammonium-
oxidizing bacteria and archaea, which is followed by the oxidation of nitrite to nitrate by

nitrite oxidizing bacteria (Kim, 2016).
NH; +1.50, —» 2H* + H,0 + NO;
NO; +0.50, - NO3

Nitrification generally shows maximum rates closer to the bottom of the euphotic
zone (Ward, 2008). Intermediary compounds such as hydroxylamine (NH2OH), nitroxyl
(NO) and nitrous oxide (N2O) (Kim, 2016) are also formed during nitrification.
Nitrification is limited by low O levels; nitrifiers cease their activity at O2 concentrations
of 1 to 6 pmol kg (Henriksen et al., 1993; Ward, 2008). Furthermore, they tend to be
inhibited by sunlight, specially nitrite oxidizers (Vanzella et al., 1989; Ward, 2008).

1.1.3.5 Denitrification

Denitrification is the conversion of NOs™ to N2 (Fig. 1.5). In anaerobic conditions,
when O2is below about 2 umol kg™, some heterotrophic anaerobic bacteria use nitrite and
nitrate as electron donors (Kim, 2016). The process implies the reduction of nitrate to
nitrite, followed by nitric oxide and nitrous oxide and finally N2, which is the principal end-
product, accumulating nitrite and N2O as intermediates (Devol, 2015).

NO3 +2e” + 2H* - H,0 + NO3
NO; +e” +2H* - NO T+ H,0
2NOT+2e +2H* - N,0 T+ H,0
N,0T+2e +2H* > N, T+ H,0
In summary 2NO3z +10e” +12H* - N, T+ 6H,0

This process requires anaerobic conditions, which are mainly associated to shelf
sediments, coastal and ODZ (Kim, 2016).
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1.1.3.6 Anaerobic ammonium oxidation (anammox)

Annamox is used for energy production (Gruber, 2008), and it consist in the
oxidation of ammonium to N2 using NO™ as oxidizing agent (Fig. 1.5). Anammox is
produced under anaerobic conditions being inhibited in the presence of oxygen (Kim,
2016).

NH} + NO; — N, + H,0

1.1.4 Ocean nitrogen budget

The main N inputs to the oceans are associated with atmospheric deposition, N2
fixation and riverine flux (in the coastal zone). On the contrary, sediment burial,
denitrification and anammox are considered the main sinks for combined N, with
denitrification and anammox as the major sinks (Fig. 1.6) (Gruber, 2008; Voss et al., 2013;
Zhang et al., 2020).

Global marine N2 fixation is considered the major source of N to the oceans (Fig. 1.6),
and has been estimated at 125 Tg N y* (Gruber and Sarmiento, 1997). Many studies have
focused on estimating marine N> fixation, thought direct observation and models, finding
values from 60 to 330 Tg N yr! (Gruber, 2004; Brandes et al., 2007; Deutsch et al., 2007;
Eugster and Gruber, 2012; Grokopf et al., 2012; Fowler et al., 2015; Jickells et al., 2017;
Wang et al., 2019). Duce et al. (2008) estimated N fluxes for atmospheric deposition of
around 67 Tg N yr of which 23, 24 and 20 Tg N yr? corresponded to NOx, NHx and Norg
respectively. Finally, riverine N flux, are estimated around 40-60 Tg N yr? (Fig. 1.6), as
inorganic nitrogen (nitrate) (40%), PON (40%) and DON (20%) (Voss et al., 2013; Zang
et al., 2020).
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Figure 1.6. Nitrogen budget of the ocean (a) and simplified diagram of the N biological pump (b). In (a) the
vertical dot lines separates de ocean in proximal, distal to coast and open ocean, the horizontal dot line
represents 200 dbar deep, blue and black arrows represent inputs, orange and black arrows represent sinks,
arrows with blue outline and transparent represent exported N between zone. Main numbers are given in the
text. (Modified from Voss et al., 2013; reference values of biological pump are taken from Wollast et al.,
(1993) y Galloway et al., (2004).

Ocean N loss by N2O emission and burial in marine sediments are estimated around 1-
4 Tg N yrtand 22 Tg N yr respectively (Fig. 1.6) (Voss et al., 2013; Zang et al., 2020).
The N2 fluxes to the atmosphere due the denitrification and anammox have been estimated
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at 145-450 Tg N yr! (Gruber, 2004; Codispoti, 2007; Devries et al., 2012; Eugster and
Gruber, 2012; Hu et al., 2016; Jickells et al., 2017; Wang et al., 2019). Kuyper et al. (2003),
suggested that in anoxic regions of the Black Sea anammox supports around 40% of the
total N2 production, while in the anoxic waters of Golfo Dulce (Pacific Coast of Central
America), its account around 19-35% (Hort et al., 2003). The ocean has elevated
denitrification fluxes (200 to 300 Tg N y) compared with shelf sediment (100 to 250 Tg
N y1) and terrestrial ecosystems (4 to 8 Tg N y1) (Fig.1.6) (Voss et al., 2013). Authors
suggest that the ocean’s N budget trends to loss N, as a consequence of a significantly
imbalance with lower inputs than losses (Gruber and Galloway, 2008; Voss et al., 2013;
Zhang et al., 2020).

Marine biological processes in interaction with oceanic transport and mixing, control
the spatiotemporal variability of the various forms of combined N. In the euphotic layer,
the main process driving N changes in the ocean is photosynthetic fixation when carbon
and nutrients (nitrogen, phosphorus, iron, and others) are assimilated (Gruber, 2008). The
organic nitrogen generated by assimilation can result in the form of biomass, detritus, or
DON, which have different contributions to the efficiency and magnitude of the biological
pump. In addition, the bulk of these organic materials decompose in the surface layer
through dissolution, grazing and microbial hydrolysis but a small part survives and reaches
the depths of the sea and sediments providing a source of inorganic N to deeper waters,
highlighting the importance of understanding the mechanisms that control the partitioning
of OM production between DOM, suspended and sinking POM.

It is estimated that ~9000 Tg N year™ are fixed by photosynthesis in the global ocean
(Fig. 1.6b) (Galloway et al., 2004). Around 87% of this organic nitrogen is remineralized
to inorganic N in the euphotic zone, contributing to the regenerated production of the
ecosystem because the N returns to the same plankton population. The remaining 13% of
these photoautotrophically fixed N, around 1150 Tg N year, escapes rapid mineralization
in the surface layers and sink into the ocean interior (Fig. 1.6b), contributing to export or
new production as PON (90%) or DON (10%) (Galloway et al., 2004). The heterotrophic
oxidation of PON back to inorganic N during sinking is highly efficient, around 1136 Pg N
year™ and they are transported back to the upper layers by ocean circulation (Gruber, 2008).
Therefore, less than 2%, around 10 Tg N year of the exported material, reaches the deepest
layers and the seafloor of which 3 Tg N year is remineralized and 7 Tg N year* remaining

as reservoir (Fig. 1.6Db).

16



Introduction

In addition, it is also noticeable the large amount of anthropogenic new combined N
introduced in the marine environment and the consequent alteration of the marine N cycle
(Fig. 1.7). This is associated with food production and fossil fuel combustion, being
important the use of fertilizers, accumulating oxidized forms of N in the atmosphere and in
fresh surface and ground waters that end in the ocean (Galloway et al., 2004; Smil, 2004;
Gruber, 2008; Zhang et al., 2020).

Atmosphere ( B NOXx + NHy + organic N ,,

llluminated Fertilisation

_ " Net Primary
N,-fixat N
.l!“

_‘ Water Column

Denitrification

Benthic
Denitrification

Figure 1.7. Representation of negative feedback induced for the increment of atmospheric N deposition
associated to the anthropogenic effects. The sign of the response is given relative to a positive perturbation.
An increase in N increases net primary production and export, producing a positive N* perturbation,
increasing water column and benthic denitrification. This positive perturbation also decreased the competitive
advantage of diazotrophs decreasing N. fixation. Both processes compensate the initial perturbation
constituting negative feedback. Lighter gray arrows show N fixation damping reducing negative feedback
from denitrification. (Taken from Yang and Gruber (2016)).

Capone et al., (2008) showed the current competition of the industrial and biological
N2 fixation as a consequence of the Haber-Bosch process. In 1860 atmospheric combined
N input was estimated to be around 20 Tg N y?, 30% of which was anthropogenic.
Currently, the atmospheric input has triplicated to 67 Tg Ny, 80% being anthropogenic
(Duce et al., 2008). In the same way, human activities have roughly doubled river N flows
since the pre-industrial period (25 Tg N y!) to nowadays (40-70 Tg N y1) (Voss et al.,
2013; Zhang et al., 2020). Furthermore, this anthropogenic input of combine N increased
N20 production in the ocean (Duce et al., 2008; Galloway et al., 2004; Zhang et al., 2020).
At the same time, the N cycle is also reacting to a warmer and more acidic ocean, favouring

nitrification processes in subsurface waters and reducing the N2 assimilation in surface
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waters, due the alteration of the physiological behaviour and evolutionary success of the N
fixers (Capone and Hutchins, 2013; Zhang et al., 2020; Hutchins and Capone, 2022).

1.2. Stable isotopes in ocean biogeochemical nitrogen cycles

The utilization of stable isotopes of nitrogen and oxygen enables tracing of different
processes associated with the N cycle in the ocean. There are two different stable isotopes
of nitrogen, N and **N. According to Mariotti (1983), their range of natural variation is
99.6-99.87% as 1*N, and 0.3-0.4% as °N. Oxygen has three stable isotopes with a range of
natural variation of %0 (99.7-99.8%), 'O (0.03-0.04%), and 80 (0.1-0.2%) (Dole,1936;
Epstein and Mayeda,1953; Rosman and Taylor, 1998; Casciotti, 2016).

The N and O isotope ratios are generally expressed in delta notation (§'°N, 5'20),
which indicates the natural abundance of **N or 80 in a sample relative to the isotopic
composition of a reference material (N from atmospheric AIR for nitrogen and Standard
Mean Ocean Water (SMOW) for oxygen):

54X = [ﬁ—;’; _ 1] x 1000 (%o)

Where Rm and Rst represent the isotope ratio *°N:**N in a sample vs atmospheric AIR, or
the isotope ratio 80:%0 and *'0:1°0 in a sample vs SMOW (Coplen, 1996).

31N and §*0 in nitrate, nitrite, ammonium, DON and PON are controlled by the
areas where they originated and the biogeochemical processes by which they were formed
and transformed. As a result, °N is a tracer, central to study the N biogeochemistry of
marine ecosystems and its alteration by anthropogenic processes (Sigman et al., 1999;
Altabet, 2006; Rafter et al.,2013). The biologically mediated N transformations impact in
the N isotopic composition in unique ways. These different processes leave an unalterable
signature on the stable-isotopic composition of the N products and remaining substrates,
adjusting the abundance of N and N in oceanic N relative to the atmosphere (Sigman
and Casciotti, 2001; Casciotti, 2016; Marconi et al., 2017). This provides a record of the
sources that sustain biological productivity in the environment, which combined with
circulation and biogeochemistry, provides new insights into the rates and distribution of
marine N cycle processes (Glibert et al., 1982; Casciotti, 2016; Peters et al., 2018).

Nevertheless, for the resolution of the N cycle through the use of N isotopes, an
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understanding of the distribution of N isotopes and the nature of isotopic fractionation is
required (Altabet, 2006; Casciotti, 2016; Peters et al., 2018)

3'°N and §'80 values of different materials vary as a result of different reaction rates
for molecules containing each type of stable isotope during chemical, physical, and
biological processes. This difference is known as isotopic fractionation (Urey, 1947; Lane
and Dole, 1956). Isotopic fractionation occurs during chemical reactions, when nitrogen
bonds are broken or formed, and relative to the initial value, will give rise to 8*°N depleted
or enriched products. Most of the biologically mediated reactions involve discrimination of
the heavy isotope N due to a faster kinetic reaction rate for the ‘lighter’ 1*N, and it is a
key to elucidate the ecosystem patterns of 5°N of the marine N cycle (Fry, 2006).

One of the first studies on the isotopic composition of N in the marine environment
was carried out by Miyake et al. (1967). They defined some of the key features of oceanic

8" Nyo; patterns, with values near 5%o in deep waters. The average of 8"°Nyo; in the

marine environments is 4.7%o (Sigman et al., 2009). Compared with the substrate, the
products of an enzymatic reaction are normally depleted in heavy isotopes (Mariotti et al.,
1981). It occurs due to the preferential reaction of the molecules containing light isotope
(Altabet, 2006; Sigman et al., 2009; Casciotti, 2016a). The mean 5"°Nyo; in the ocean is

controlled by the global 6*°N budget, while the variability of §°N in a specific region is
associated to N budgets fluxes and internal N cycle of that region (Altabet, 2006; Marconi
etal., 2017)

In the marine N cycle, processes related with the N fixation are accompanied by a
reduction of §*°N values close to 1%o (Fig. 1.8). The introduction of O atoms occurs during
nitrification and it is provided mainly by ocean water and dissolved oxygen (Fig. 1.8). On
the contrary, the loss of light isotopes of nitrogen through denitrification, enriches in N
the residual nitrates. At depths characterised by intense denitrification, §°N can reach
values of >20%o (Fig. 1.8), generally associated with ODZ zones (Cline and Kaplan, 1975;
Kendall and Caldwell, 1998; Altabet, 2006; Casciotti, 2016).

During assimilation processes, nitrate is transformed in NH4*, and the light oxygen
isotope (*°0) is preferentially removed from the combined N pool while N is retained
(Casciotti, 2016). In a second step, as a consequence of the preference of phytoplankton

towards 1N of NH4*, there is a progressive enrichment of *°N in the NO3™ of the euphotic
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zone as it is consumed (Fig. 1.8) (Casciotti et al., 2002; Granger et al., 2004, 2008, 2010;
Casciotti, 2016).
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Figure 1.8. Overview of N and O fractionation processes in the microbial N cycle color-coded as in figure
1.5. The introduction of new N occurs through N fixation (blue) with a low 8®°N value, whereas the
introduction of new O from O and H,O occurs through nitrification (purple and pink arrows). The removal
of both N and O occurs during denitrification (orange), whereas NOgsassimilation (green) removes O from
the fixed N pool but retains N. Both processes increase the '°N and 60 of residual NO3". (Modified from
Casciotti, 2016))

The preservation of O isotopic signature in the analytic method in which NO3z™ and
NO2~ are converted to N2O is critical. Since the combination of 8*°N and §'80 values of
nitrate and nitrite are of great interest for the interpretation of the processes in the N cycle
in a specific region (such as denitrification or phytoplankton NO3~ assimilation) (Fig. 1.8)
(Sigman et al., 2009; Casciotti,2016). Furthermore, 5°N values can also be altered and
controlled by water mass mixing. Mixing yields intermediate values of §'°N with respect
to the original constituents. Therefore, the separation of local NOs™ isotopic signals versus
those due to mixing and transport, will help to understand the N cycle and their changes on
a global scale (Rafter et al., 2013; Yoshikawa et al., 2015; Rafter and Sigman, 2016; Peters
etal., 2018)
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1.3. The Cape-Verde Frontal Zone

1.3.1 Eastern Boundary Upwelling Ecosystems (EBUES)

Eastern boundary upwelling ecosystems (EBUES) comprise vast regions of the eastern
margins of the Atlantic and Pacific oceans (Fig. 1.9) (Bakun, 1990; Bakun et al., 2010,
2015). They are defined by a front between coastal upwelled waters and the adjacent
stratified ocean waters, regulated by equatorward coastal winds and Ekman dynamics
(Mittelstaedt, 1991). Under these wind conditions, the offshore Ekman transport and
upwelling of cold and nutrient-rich deep waters (Fig. 1.10) results in an intense biological
activity, becoming the most productive ecosystem of the global ocean (Carr and Kearns,
2003; Chavez and Messié, 2009; Demarcq and Somoue, 2015; Pegliasco et al., 2015). In
addition, the instabilities generated by the topography of the coast, the friction with the
bottom and the difference of water densities, together with the Ekman mean circulation,
favors the generation of mesoscale filaments and eddies near the coast that propagate
towards the interior of the subtropical gyres (Morrow et al., 2004; Chaigneau et al., 2009;
Lovecchio et al., 2017, 2018). The four major EBUEs are Peru-Chile and California-
Oregon upwelling systems, located in the Pacific Ocean, and the Canary and Benguela
upwelling systems, located in the Atlantic Ocean (Fig. 1.9) (Bakun and Nelson, 1991,
Pegliasco et al., 2015).

e
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Figure 1.9. The four major EBUEsS in the global ocean. The red rectangles delimit the EBUESs: California (a),
Humboldt (b), Canary (c) and Benguela (d) current systems (Modified of Abrahams et al., 2021).
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Equator

Figure 1.10. Coastal upwelling configuration, with Ekman offshore transport and upwelling of deep waters.
(Taken from (Bettencourt et al., 2020)).

1.3.2 Main features of the Cape Verde Frontal Zone

The Canary Current EBUE is located at the eastern boundary of the North Atlantic,
extending from the northern tip of the Iberian Peninsula at 43°N to south of Senegal at
about 10°N (Aristegui et al., 2004). Due to the trade wind patterns, the Canary Current
EBUE has year-round upwelling, except in the Iberian margin where upwelling occurs
seasonally (Aristegui et al., 2004; Benazzouz et al., 2014; Faye et al., 2015). The strong
short-time scale variability of trade winds, makes primary productivity especially spatial
and seasonally variable (Carr and Kearns, 2003; Auger et al., 2016).

The Cape Verde Frontal Zone (CVFZ) is a highly dynamic region located in the
southern boundary of the Canary Current EBUE, and may be divided in two major domains
formed by surface and upper-thermocline waters subducted at higher latitudes of both
Atlantic hemispheres: The South-eastern boundary of the North Atlantic subtropical gyre
(NASG) and the North-eastern North Atlantic tropical gyre (NATG) (Fig. 1.11) (Pelegri
and Pefia-1zquierdo, 2015). The anticyclonic NASG, comprises the Azores Current (AC),
the Canary Current (CC) and Canary Upwelling Current (CUC) flowing southward (Fig.
1.11); while in the cyclonic NATG are present the eastward North Equatorial Counter
Current (NECC) and the Cape Verde Current (CVC), which turn west south of the Cape
Verde Front around the Guinea Dome, and Mauritanian Current (MC) which flows
northward as a Poleward Under Current (PUC) (Fig. 1.11) (Klein and Siedler, 1989; Pelegri
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and Pefa-lzquierdo, 2015; Pelegri et al., 2017). Furthermore, the eastern margins of both
gyres constitute the boundary current system of North-West Africa (NWA) (Pelegri and
Pefa-lzquierdo, 2015).

The Cape Verde Front (CVF), was defined by Zenk et al. (1991) as the intersection of
the 36 isohaline at 150 dbar depth, and separates the eastern margins of the subtropical and
tropical Atlantic and associated water masses. Recently, Burgoa et al. (2021) extended this
definition vertically and established an equation which define the front location at any depth
from 100 to 650 dbar, based on an equal contribution (50%) of NACW and SACW. The
interaction of the CVF and the Mauritanian coastal upwelling, makes the CVFZ mesoscale

activity particularly intense (Lovecchio et al., 2018).
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Figure 1.11. Map of the main features and mean oceanographic currents in the Canary Current Large Marine
Ecosystem (CCLME) which coincides with the CC EBUE (Modified from Pelegri and Pefia Izquierdo, 2015)
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In addition, the along-shore convergence produced by the confluence of south and
northward currents along the CVF drives chlorophyll- and nutrient-rich waters, coming
from the tropical gyre and the coastal upwelling region, into the south-eastern edge of the
subtropical gyre. This favors the horizontal transport from the coast, and contributing to
develop the Cape Blanc Giant Filament (CBGF) (21°N) (Pelegri and Pefia-1zquierdo,
2015). This shallow mesoscale structure can be seen in color satellite images and is
associated with the offshore transport of upwelled waters. Around some prominent capes
of the African coast, these filaments are able to extend offshore from 100-1000 km,
exporting large amount of OM (Van Camp et al., 1991; Gabric et al., 1993; Helmke et al.,
2005; Pelegri et al., 2005; Alvarez-Salgado et al., 2007; Aristegui et al., 2009; Pastor et al.,
2012; Alvarez-Salgado and Aristegui, 2015; Ohde et al., 2015; Sangra, 2015). Upwelling
filaments affect the distributions of OM (Fig. 1.12) in the sense that suspended POM and
DOM are mainly exported horizontally offshore by the filament, while large fast-sinking
POM settles over the continental shelf and slope (Alvarez-Salgado and Aristegui, 2015).

open ocean slope shelf
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Figure 1.12. Schematic off-shelf export of dissolved (DOM), suspended POM (POMgysp) and sinking POM
(POMg;ink) organic matter by cold upwelling filaments and by intermediate (INL) and bottom (BNL) nepheloid
layers in the Canary Current Large Marine Ecosystem (CCLME). The water temperature is represented by
dark (colder) to light (warmer) blue. The blue arrows represent the uplift onto the shelf and offshore transport
of cold upwelled water. Green shadow corresponds to the chlorophyll evolution distribution from a surface
maximum (SCM) to a deep maximum (DCM) in the open ocean. oblique stripers, represent the DOM and
POMsusp transported by the filament; The solid circles represent POMsinc over the shelf; grey shades,
intermediate (INL) and bottom (BNL) nepheloid layers (Taken from Alvarez-Salgado and Aristegui, 2015).
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1.3.3 Water masses of the Cape Verde Frontal Zone

Water masses of different origin converge in the CVFZ. Between 100 and 700 dbar,
there are different central water masses such as the Madeira Mode Water (MMW), the
Eastern North Atlantic Central Water (ENACW) and South Atlantic Central Water
(SACW). ENACW converges with SACW, which is characterized by higher nutrient
concentration and lower temperature, salinity and dissolved oxygen concentration than
ENACW (Fig. 1.13) (Zenk et al., 1991; Pastor et al., 2015). At the CVF, due to the different
characteristics of ENACW and SACW, intense interleaving occurs, as well as formation of
meanders and eddies (Barton et al., 1998; Pérez-Rodriguez et al., 2001; Martinez-Marrero
et al., 2008; Meunier et al., 2012; Alpers et al., 2013; Pastor et al., 2015; Barcel6-LIull et
al., 2017). The layer from 700 to 1500 dbar is occupied by the intermediate Subpolar Mode
Water (SPMW), Antarctic Intermediate Water (AA) and the warmer and saltier
Mediterranean Water (MW) (Bower et al., 2002; Machin and Pelegri, 2009; Pastor et al.,
2015; Jerusalén-Lleo et al., 2023). Finally, the Labrador Sea Water (LSW) and upper and
lower North East Atlantic Deep Water (NEADW) occupy depths below 1500 dbar (Pérez-
Rodriguez et al., 2001; Lenborg and Alvarez-Salgado, 2014; Pastor et al., 2015; Jerusalén-
Lled et al., 2023).

The North Atlantic subducting zone constitute the formation area of the ENACW,
which is transported by the Portugal, Azores and Canary currents in the anticyclonic
circulation of the North Atlantic subtropical gyre, to the Canary Current EBUE region (Fig.
1.13) (Sarmiento and Bryan, 1982; Pastor et al., 2015). On the contrary, the source of
SACW is the subducting regions of the South Atlantic subtropical gyre, and is distributed
to the tropical and equatorial upper ocean from the equatorial current system (Fig. 1.13)
(Stramma and Schott, 1999; Pastor et al., 2015).

The low salinity AA is formed in the Sub-Antarctic region and is transported to the
North Atlantic by the South Atlantic and South Equatorial currents and the equatorial
currents system from the Subantarctic front to the CVFZ (Machin and Pelegri, 2009; Pastor
et al., 2015). SPMW originates in the eastern Subpolar gyre of the North Atlantic by the
mixing of near-surface waters (Pérez-Rodriguez et al., 2001; Jerusalén-Lleé et al., 2023).
The high salinity MW is formed in the Mediterranean Sea and flows into the Atlantic Ocean
through the bottom of the Strait of Gibraltar. This MW mixes intensely with ENACW and
then spreads along the Atlantic at about 1200 dbar (Fig. 1.13) (Bower et al., 2002; Pastor
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et al., 2015). The MW has a higher dissolved oxygen concentration than AA while the

latter is relatively rich in nutrients, particularly silicate (Pefia-1zquierdo et al., 2012).
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Figure 1.13. Main water masses present in the CVFZ. Arrows indicate the direction from its formation areas,
corresponding to: Labrador Sea Water (LSW), Iceland Scotland Overflow Water (ISOW), Subpolar Mode
Water (SPMW), Eastern North Atlantic Central Water (ENACW), Mediterranean Water (MW), Madeira
Mode Water (MMW), Southern Atlantic Central Water (SACW), Antarctic Intermediate Water (AA) and
Lower North East Atlantic Deep Water (LNEADW). The thickness and the color of the arrows indicate the
bathymetric layer of each water mass. MMW: light green thin lines. Central waters: dark green thin lines.
Intermediate waters: light blue thick lines. Deep waters: thicker dark blue lines. The yellow square represents
the study area and the orange zigzag line is the position of the CVF at the time of sampling (taken from
Burgoa et al., 2020) (Figure Taken of Jerusalén-Lled et al., 2023).

LSW is formed in the central Labrador Sea by deep convection, spreading eastwards
into the eastern North Atlantic, and south-eastwards with the deep western boundary
current (Fig. 1.13) (Talley and McCartney, 1982; Sy et al., 1997; Jerusalén-Lle6 et al.,
2023). ENADW is a mixture between Iceland Scotland Overflow Water (ISOW), Labrador
Sea Water (LSW) and Lower Deep Water (McCartney, 1992; Van Aken, 2000; Pastor et
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al., 2015). It is classified into Upper and Lower North East Atlantic Deep Water
(UNEADW and LNEADW). UNEADW, characterized by its high salinity, is composed
mainly of ISOW with LSW and MW (Pérez-Rodriguez et al., 2001; Lgnborg and Alvarez-
Salgado, 2014) and LNEADW is characterized by high oxygen concentration and results
from the mixing of ISOW and Antarctic Bottom Water (AABW) (Fig. 1.13) (Pérez-
Rodriguez et al., 2001; Lgnborg and Alvarez-Salgado, 2014).

1.3.4 Inorganic and organic N in the CVFZ

The CVFZ present a high physical and biogeochemical variability due to the
confluence of water masses of different origin and ageing. These water masses had
differences in nutrients and dissolved oxygen concentration. This makes the exchange of
inorganic N nutrients and organic N particularly intense (Barth et al., 2002; Pelegri et al.,
2005; Benitez-Barrios et al., 2011) and affects to the metabolic balance of surface plankton
communities (Alvarez-Salgado et al., 2001). In the CVFZ nutrient distributions are
controlled by the cyclonic and anticyclonic gyres and by coastal upwelling. Upwelling
systems supply nutrient-rich waters to the surface with a proportional enrichment of the
essential nutrient concentrations that will be used by the phytoplankton in the form of
nitrate, phosphate and silicate (Pelegri and Benazzouz, 2015; Pelegri and Pefia-l1zquierdo,
2015). These physical forcing with the large gradients in inorganic nutrients and dissolved
oxygen present in the CVFZ constitutes the dynamic of inorganic N nutrients and organic
N exports from the coastal margin (Helmke et al., 2005; Muller-Karger et al., 2005). The
typical nutrient concentration observed in upwelled waters of NW Africa are summarize in
Table 1.1.

Table 1.1. Nutrient concentrations (in pmol kg) observed in waters upwelled in the NW Africa upwelling
systems. (Aristegui et al., 2009)

Latitude T (°C) NO;~ PO, 2 SiO, Upwelled Water

Cape Timiris-Nouakchott ~19°N 14 20 15 10 SACW
Cape Blanc- Cape Corveiro  ~20° N 155 14-155 09-1 6.5-75 ENACW/SACW
Cape Sim, Cape Guir ~31°N 14.5 8-9 0.6-0.7 4-5 ENACW

Off Cape Blanc (at about 21°N), Von Appen et al. (2020) found very low nitrate
concentration (0.01 pmolkg ') in the upper layer, but at 20.9°N they found significant
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amounts (up to 5 umol kg™!). In contrast, just below 100 dbar, especially in the southern
part of the region of the northwest African upwelling system, they found high nitrate
concentrations values (20 pmol kg !). They suggested that the spatial distribution of these
nitrate values reflected the CBGF which came from the coast, which is cool and fresh and
still had non-zero nitrate values in the mixed layer. In addition, they found phosphate (0.06-
0.31pmol kg™ ') and silicate (1-2 pmol kg™ ') concentrations in the upper mixed layer in line
with the estimation by Bachmann et al. (2018) that phosphate and silicate are not thought
to be the limiting nutrients in this region.

Concerning Organic matter, the sinking fraction of POM has been thoroughly studied
at the CVFZ using sediments traps. Nowald et al. (2006), found maximum POM fluxes at
around 200 dbar close to the coast, and at 400 dbar further offshore, likely due the lateral
export by the CBGF. Schneider et al. (2003) found that even for large POM fluxes, > 150
mg m2d?, in the Northwest Africa upwelling region the average C:N molar ratio is 8.1,
which was significantly higher than canonical Redfield’s value of 6.7. Nowald et al. (2015)
showed that the deposition of Sahara dust had an important impact on the dynamics of
sinking POM due to their role in the aggregation of particles, indicating a close and fast
coupling between dust input and sedimentation of the material. These observations have
also been reported by other authors (Aristegui et al., 2004; Helmke et al., 2005; Fischer and
Karakas, 2009; Fischer et al., 2009; Iversen et al., 2010; Martiny et al., 2013; Martiny et
al., 2013; Fischer et al., 2016, 2019; van der Jagt et al., 2018; Sanchez-Vidal et al., 2020).
However, at the CVFZ there is a lack of information on suspended POM and DOM

distributions and their C:N ratios, which will be ameliorated in this PhD thesis.

1.4. The project FLUXES

The project “Constraining organic carbon fluxes in an Eastern Boundary Upwelling
system (Cape Blanc; NW Africa): role of non-sinking carbon in the context of the
biological pump” (FLUXES, CTM2015-69392-C31, -C32, -C33), is a multidisciplinary
effort, that encompasses physics, biogeochemistry and microbiology. In fact, the project
was divided in three subprojects, which are deeply interconnected to produce a truly

multidisciplinary study.
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The first subproject “Constraining organic carbon fluxes in an Eastern Boundary
Upwelling system (Cape Blanc; NW Africa): the role of non-sinking carbon in the context
of the biological pump” is focused on the estimation of primary production, plankton
community structure, biomass and metabolism, “active” and “gravitational” carbon fluxes

and its association to the lithogenic ballast component.

The second subproject “Constraining organic carbon fluxes in an Eastern Boundary
Upwelling system (Cape Blanc; NW Africa): submesoscale modulation of carbon
production, export and consumption” is focused on describing large-, meso- and submeso-

scale variability of the CVFZ and estimating carbon fluxes mediated by physical processes.

The third subproject, in which this PhD thesis is embedded, “Constraining organic
carbon fluxes in an Eastern Boundary Upwelling system (Cape Blanc; NW Africa):
elemental, optical, isotopic and molecular characterization” is focused on the study of the
origin, fate and dynamics of inorganic nutrients and non-sinking organic matter (dissolved
and particulate) in the CVFZ. Particularly, this PhD thesis is focused on inorganic and

dissolved and particulate organic nitrogen.

The field work of FLUXES consisted of two cruises The First cruise (Fig. 1.14),
FLUXES I, in August 2017, consisted of four transects defining a box embracing the CVFZ
(17°-23°N, 17°-26°W), which included 35 hydrographic stations 50 nautical miles apart.
Three types of stations were occupied during FLUXES I: short (nocturnal), medium
(diurnal) and long (full day), which lasted 3, 9 and 27 hours, respectively. Medium and
long stations were sampled from the surface to 4000 dbar, whereas short stations were
sampled down to 2000 dbar. The second cruise (Fig. 1.14), FLUXES I, in November 2017,
consisted on two main activities. On the one hand, two SeaSoar grids for high-resolution
characterization of the CVFZ and, on the other hand, two biogeochemical transects at high
spatial resolution (5 NM). In the biogeochemical transects a total of 48 hydrographic
stations were sampled from surface to 1500 dbar (Fig. 1.14). The first transect was made
of 36 stations along 175 NM (324 km), while the remaining twelve stations were occupied
during a second transect of 55 NM (102 km) perpendicular to the first one. Water samples
were taken at each hydrographic station from a rosette equipped with 24 Niskin bottles, a
conductivity, temperature and depth (CTD) probe, and sensors for dissolved oxygen,
fluorescence of chlorophyll, turbidity, transmittance and nitrate, vessel-mounted Acoustic
Doppler Current Profiler (ADCP) and turbulence data from a Turbomap. In addition, in
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FLUXES I, a Marine Snow Catcher of 100 L was used to separate particles based on their
sedimentation rates. From the view point of this PhD thesis, the aim of both cruises was to
collect data to study the distributions of inorganic and organic (dissolved and particulate)
nitrogen species at the large scale (30 NM) in FLUXES | and at meso- and submesoscale
(5NM) during FLUXES I1.
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Figure 1.14. Map of the FLUXES | and Il cruises. Dots represent the sampling stations. The box with dots
in blue (diurnal stations), black (nocturnal stations) and red (long stations) correspond to the FLUXES |
cruise; the numbers indicate the station number, from 1 to 35. The lines in cyan represent biogeochemical
transects in FLUXES |1 cruise (T1 and T2). The blue and red lines in the square on the right, represent the
Seasoar grids. The main geographic and oceanographic features and currents are represented. The black
arrows correspond to the Canary Current (CC), Canary Upwelling Current (CUC) and North Equatorial
Current (NEC), the grey arrows to the Mauritania Current (MC) and the Poleward Undercurrent (PUC) (taken
from Pelegri and Pefia-lzquierdo, 2015). The orange line represents the approximate position of the CVF
during the FLUXES I cruise (taken from Burgoa et al., 2021).

1.5. Aims of this PhD thesis

The overarching hypothesis of this PhD thesis is that the main hydrographic features
at large-, meso- and submeso-scale present at the CVFZ dictate the distribution of organic
and inorganic N forms in the region, with profound implications for dark-ocean

remineralization and biological pump efficiency.

The general objective of this PhD thesis is to characterize elemental and isotopically
the inorganic and organic (dissolved and suspended) N pools in the CVFZ in relation to the
main hydrographic features of the study area (CVF, filaments, meanders, eddies, ...), the
variety of water masses of contrasting origin that converge in the CVFZ, and the
biogeochemical processes that take place in this transitional zone between the productive
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Mauritanian upwelling and the oligotrophic adjacent ocean. This general objective has been

divided into the following specific objectives:

e Study the influence of the CVF on the inorganic and organic, dissolved and
particulate, N pools, and quantify the contribution of the organic N pools to water
column remineralisation in the dark ocean of the CVFZ at the large/regional scale.

e Assess the impact of meso- and submeso-scale structures (meanders, eddies,
filaments) on N distributions in the CVFZ, through the study of dissolved inorganic
nitrogen and dissolved and suspended fractions of organic nitrogen in the CVFZ,
and the O2:C:N:P stoichiometry for inorganic nitrogen and C:N ratios for organic
nitrogen.

e Assess the origin and biogeochemical transformations of nitrate (NO3~) through

their isotopic signatures of oxygen (5'80) and nitrogen (5'°N).

1.6. Structure of this PhD thesis

This PhD thesis consists of 6 chapters. The first chapter includes a general
introduction and presents the aims and structure of the thesis. In the second chapter, the
large-scale dynamics of the dissolved inorganic and organic N and -O.:C:N:P ratios relating
them to the position of the CVF, were analysed, in epi, meso- and bathypelagic layers, in
the CVFZ in August of 2017. The third chapter deals with the influence of meso- and
submeso-scale structures on N species distribution in the CVFZ in November 2017. In the
fourth chapter, the isotopic signatures of oxygen (5'0) and nitrogen (5'°N) in nitrate are
examined for the two cruises. Chapter 5 includes a general discussion and Chapter 6 the

conclusions of the PhD thesis.
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The research work presented in this chapter is also a contribution to the paper published in
Progress in Oceanography:

Valiente, S Fernandez-Castro, B Campanero, R., Marrero-Diaz, A., Rodriguez-Santana, A.,
Gelado-Caballero, M.D., Nieto-Cid, M., Delgado-Huertas, A., Aristegui, J., Alvarez-
Salgado, X.A., 2022. Dissolved and suspended organic matter dynamics in the Cape Verde
Frontal Zone (NW Africa). Progress in Oceanography, doi: 10.1016/j.pocean.2021.102727
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Abstract

In this chapter we study the role of dissolved inorganic and organic nitrogen species in the
biogeochemistry of the highly dynamic Cape Verde Frontal Zone (CVFZ), located at the
southern end of the Eastern Boundary Upwelling Ecosystem of the Canary current. This
area is characterized by large vertical and horizontal export fluxes of organic matter and
inorganic nutrients, due to the interaction of the Cape Verde Front (CVF) with the
Mauritanian coastal upwelling. While the flux, composition and biogeochemical role of
sinking organic matter have been thoroughly studied in the area, much less attention has
been paid to the dissolved (DOM) and suspended particulate (POM) organic matter pools
and particularly to dissolved (DON) and suspended organic nitrogen (PON). Full-depth
profiles of inorganic nutrients, DOM and POM were sampled during an oceanographic
cruise in the CVFZ, with four consecutive transects defining a box embracing the Cape
Blanc giant filament and the CVF. The distributions of inorganic and organic nitrogen, and
the stoichiometry of organic matter in the epipelagic layer were strongly influenced by the
position of the transects relative to the giant filament and the front. Geographical
heterogeneity in DON and PON distributions and their stoichiometry were also observed
within each of the different water masses of contrasting origin present in the study area
(North and South Atlantic Central Water, Subpolar Mode Water, Mediterranean Water,
Antarctic Intermediate Water, Labrador Sea Water and North East Atlantic Deep Water).
These facts suggest that water mass properties are re-shaped by transport and
biogeochemical processes occurring within the CVFZ. Nevertheless, our analysis indicates
that DON and PON have a minor impact on local mineralisation processes, representing
only about 18% of the local nitrate production. Intense lateral export of POM and DOM
out of the boundaries of the CVFZ is the likely reason behind these low contributions,
which confirm the prominent role of sinking organic matter to mineralisation processes in
this region. Remarkably, DOM distributions in the CVFZ are apparently affected by the

dissolution/desorption from fast sinking particles ballasted with Sahara dust.
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2.1 Introduction

The Eastern Boundary Upwelling Ecosystem (EBUE) associated with the Canary
Current extends from the northern tip of the Iberian Peninsula at 43°N to South of Senegal
at about 10°N (Aristegui et al., 2009). The intensity and persistence of upwelling-favorable
winds increase with decreasing latitude, evolving from weak and seasonal to the North to
strong and year-round to the South. The Canary Current EBUE is also characterized by an
intense mesoscale activity in the form of upwelling filaments associated with prominent
capes (Alvarez-Salgado et al., 2007; Lovecchio et al., 2018; Santana-Falcon et al., 2020)
and island eddies (Barton et al., 1998; Sangra et al., 2009; Cardoso et al., 2020). These
mesoscale structures may export large amounts of inorganic nitrogen and organic matter
produced over the shelf several hundreds of kilometres offshore (Gabric et al., 1993; Ohde
et al., 2015; Lovecchio et al., 2018). Mesoscale activity is particularly intense in the
southern boundary of the Canary Current EBUE due to the confluence of the Mauritanian
upwelling and the Cape Verde Front (CVF). The CVF separates the eastern margins of the
subtropical and tropical Atlantic regimes (Pelegri and Pefia-1zquierdo, 2015) and favors the
horizontal transport from the coast, contributing to develop the Cape Blanc Giant Filament
(CBGF) (21°N). This structure exports offshore massive amounts of biogenic organic
matter produced in the Mauritanian coast (Van Camp et al., 1991; Gabric et al., 1993). At
the CVF, Eastern North Atlantic Central Water (ENACW) encounters the slightly cooler,
less saline, nutrient-richer and oxygen-poorer South Atlantic Central Water (SACW) (Zenk
etal., 1991). In the frontal region, intense interleaving between the two water masses occurs
(Pérez-Rodriguez et al., 2001; Martinez-Marrero et al., 2008), as well as the recurrent
formation of meanders and eddies (Barton et al., 1998; Meunier et al., 2012; Alpers et al.,
2013; Barcel6-Llull et al., 2017).

Upwelling filaments, meandering fronts and eddies affect the metabolic balance and
distribution of surface plankton communities in the Cape Verde Frontal Zone (CVFZ)
(Olivar et al., 2016; Tiedemann et al., 2018; Aristegui et al., 2020). The CVFZ is
characterized by the lateral export of organic matter from the coast to the open ocean not
only in the surface nepheloid layer (SNL) but also in intermediate (INL) and bottom (BNL)
nepheloid layers (Karakas et al., 2006; Nowald et al., 2006; Fischer et al., 2009), which
affects carbon fluxes in the adjacent deep ocean waters (Alonso-Gonzalez et al., 2009;
Aristegui et al., 2020)
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The organic matter transported by these structures is dominated by slow sinking
(hereby named “suspended”) particulate (POM) or dissolved (DOM) forms, while fast
sinking POM (generally >100 pm) is less susceptible to horizontal advection (Alvarez-
Salgado and Aristegui, 2015). Differentiation between DOM, suspended and sinking POM
is of fundamental importance. Information on the elemental composition of DOM, and
suspended and sinking POM is crucial to understand the contrasting contribution of the
three organic matter pools to the respiration in the ocean interior, which dictates the
efficiency and magnitude of the biological carbon pump (Verdugo et al., 2004; Hopkinson
and Vallino, 2005; Boyd et al., 2019).

While an important effort has been made to characterize the origin, elemental
composition and fluxes of sinking POM in the CVFZ (Helmke et al., 2005; lversen et al.,
2010; Alvarez-Salgado and Aristegui, 2015 and references therein; Fischer et al., 2019),
the suspended POM and DOM fractions have received much less attention (Alonso-
Gonzalez et al., 2009; Aristegui et al., 2020; Burgoa et al., 2020). The aim of this work is
to study the dynamics of the dissolved inorganic nitrogen and dissolved and suspended
organic nitrogen in the CVFZ, and quantify the contribution of these pools to the water
column remineralisation in the dark ocean. Full-depth profiles of the dissolved inorganic
nitrogen and organic nitrogen content of DOM and suspended POM were obtained in a box
(17-23°N, 17-26°W) that embraced the CBGF and the CVF. Differences in dissolved
inorganic nitrogen and dissolved (DON) and suspended particulate organic nitrogen (PON)
stocks and their relative contribution to dissolved oxygen consumption and nitrate
mineralisation between transects (Northern, NACW domain; Southern, SACW domain;
Eastern, Coastal Transition Zone domain; and Western, open ocean domain) are examined

for the surface, central, intermediate and deep water masses present in the study area.

2.2 Materials and Methods

2.2.1 Sampling strategy

The FLUXES I cruise (R/V Sarmiento de Gamboa; Las Palmas - Las Palmas, 12 July
to 9 August 2017) consisted of four transects (Northern, Western, Southern and Eastern)
defining a box crossing the CVFZ, including 35 hydrographic stations 50 nautical miles
apart (Fig. 2.1). Three types of stations were occupied: short (nocturnal), medium (diurnal)
and long (full day), which lasted 3, 9 and 27 hours, respectively (Fig. 2.1). Medium and

long stations were sampled from the surface to 4000 dbar, whereas short stations were
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sampled down to 2000 dbar. A rosette sampler carrying 24 Niskin bottles of 12 L was used.
It was equipped with a conductivity, temperature and depth (CTD) probe (SeaBird SBE911
plus), and sensors for dissolved oxygen (SeaBird SBE43), fluorescence of chlorophyll
(SeaPoint SCF), and turbidity (SeaPoint STM). Sampling depths were selected based on
the continuous records of the sensors attached to the rosette. Fifteen levels were sampled
in medium and long stations (down to 4000 dbar) and 10 levels in short stations (down to
2000 dbar).

CTD conductivity was calibrated with water samples taken from the rosette and
analysed on board with a Guildline 8410-A Portasal salinometer. Samples for dissolved
oxygen (O2) determination were analysed on board by the Winkler potentiometric method
following the procedure described by Langdon (2010). The apparent oxygen utilization
(AOU) was calculated with the equation of Benson and Krause, AOU = Ozat — O2
(UNESCO, 1986), where Oos is the dissolved oxygen saturation. The fluorescence of
chlorophyll (Chl) sensor was calibrated with water samples taken at 4 depths in the photic
layer at each medium and long stations, where 500 mL of water was filtered and
phytoplankton cells concentrated on 25 mm GF/F filters for chlorophyll a determination.
Pigments were extracted with 10 mL of 90% acetone at 4°C in the dark for 24 h. The
extracts were estimated fluorometrically by means of a Turner Designs bench fluorometer
10-AU, previously calibrated with pure chlorophyll a (Sigma Co.), as described in Holm-
Hansen et al. (1965).

Water samples for the determination of inorganic nutrient concentrations were taken
directly from the Niskin bottles in 25 mL polyethylene vials that were frozen at -20°C until
analysis in the base laboratory. A similar procedure was followed for dissolved organic
carbon / total dissolved nitrogen (DOC : TDN) samples, which were collected in 30 mL
amber glass vials with Teflon stoppers. Although these samples were not filtered, they will
be named as DOC and TDN, because they mainly represent DOM due to the low
concentrations of POM in oceanic waters. For the analysis of the concentration of
particulate organic carbon and nitrogen (POC and PON), 2 to 5 L of water were filtered
onto pre-combusted (450°C, 4 hours) 25 mm Whatman GF/F filters in a filtration system
with a mild vacuum (pressure difference <300 mm Hg). Filters were transferred to 2 mL
Eppendorf vials and dried for 12 hours in a vacuum desiccator with silica gel. After drying,
they were frozen at -20°C until analysis in the base laboratory. Dissolved oxygen, inorganic

nutrients, DOC:TDN and POC:PON were collected at all stations and all sampling depths.
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Figure 2.1. Map of the FLUXES | cruise. The dots represent the stations (blue: diurnal stations; black:
nocturnal stations; red: long stations) the numbers indicate the station number, from 1 to 35. The main
geographic and oceanographic features and currents are represented. White arrows correspond to the Canary
Current (CC), Canary Upwelling Current (CUC) and North Equatorial Current (NEC), the grey arrows to the
Mauritania Current (MC) and the Poleward Undercurrent (PUC) (taken from Pelegri and Pefia-1zquierdo,
2015). The orange line represents the approximate position of the CVF during the cruise (taken from Burgoa
et al., 2021), and the colour contours near the coast represent the satellite chlorophyll a associated with the
Cape Blanc filament on 24/07/2017 (from Copernicus Marine Service).

2.2.2 Analytical determination

Micromolar concentrations of nutrient salts (nitrate, nitrite, ammonium, phosphate
and silicate) were determined simultaneously by segmented flow analysis in an Alliance
Futura autoanalyser following the methods of Hansen and Koroleff (1999) except for the
case of ammonium, which was measured by the fluorometric method of Kérouel and
Aminot (1997). Frozen samples were gently melted in the dark overnight and vigorously

shaken before analytical determination.

The determination of POC and PON in 25 mm GF/F filters was carried out by high
temperature catalytic oxidation at 900°C in a Perkin Elmer 2400 elemental analyser. At two
selected stations, one from the Eastern (coastal) and one from the Western (open ocean)
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transects, the filters were divided into two parts; one part was measured directly and the
other part was exposed to HCI fumes for 24 hours to remove CaCOs3 before determination.
After checking that CaCOs represented <10% of carbon in these filters, the rest of the filters
were analysed directly. Therefore, although we have measured total carbon, we will refer

to these measurements as POC because of the low levels of CaCOs.

DOC and TDN were analysed by high temperature catalytic oxidation at 680°C with
a Shimadzu TOC-V analyser connected in line with a TNM1 measuring unit. After melting,
the samples were acidified to pH <2 and degassed with high purity N2 to eliminate the CO>
before measurement. Aliquots of 150 pL were injected in the analyser. Measurements were
made in triplicate to quintuplicate. The accuracy was checked daily with the DOC:TDN
reference materials (CRM) provided by D.A. Hansell (University of Miami, USA).
Measured concentrations of the CRM were 44.9 = 1.7 umol C L (n = 10) and 31.7 + 1.4
pumol N L (n = 10); the certified values are 43—45 umol C L and 32-33 pmol N L (DSW
Batch 16-2016*Lot 05-16). DON concentrations were calculated as DON = TDN - DIN

where DIN is the dissolved inorganic nitrogen (nitrate + nitrite + ammonium).

2.2.3 Water mass analysis

An optimum multiparameter (OMP) inverse method (Karstensen and Tomczak,
1998) has been used for the quantification of the water types (WTs) that contribute to the
water samples collected in the CVFZ during FLUXES I. A water type (WT) is a body of
water formed in a particular region of the ocean with certain thermohaline and chemical

properties (Tomczak, 1999).

In our OMP, the variables used to define the WTs were potential temperature (0),
salinity (S), silicate (SiO4H4) and the conservative chemical parameter NO (NO = Oz + Rn-
NOs") (Broecker, 1974) where Ry was set to a constant value of 9.3 mol Oz mol NO5 !
(Anderson, 1995), and represents the Redfield ratio of dissolved oxygen consumption to
nitrate production during the mineralisation of biogenic organic matter in the ocean. We
identified 11 WT in the CVFZ: Madeira Mode Water (MMW); Eastern North Atlantic
Central Water (ENACW) of 15°C and 12°C; South Atlantic Central Water of 18°C and 12°C;
Subpolar Mode Water (SPMW); Antarctic Intermediate Water (AA); Mediterranean Water
(MW); Labrador Sea Water (LSW); and upper and lower North East Atlantic Deep Water
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(NEADW). The in-situ values of 0, S, SiO4H4 and NO from the rosette sampler collected
during the cruise were used to calculate the contribution of each WT to every sample, by

solving this set of mass balance equations per sample:

i

i

i
i

Where the subscript i corresponds to each WT and j to every sample; Xij are the proportion
of water type i in sample j; 6i, Si, (SiOsHs)iand NO; are the values of 6, S, SiOsH4 and NO
for WT i; 0j, Sj, (SiOsH4)jand NO;j are the values for each variable in sample j; and R are
the residuals of each the mass balance equations and for the mass conservation equation for

sample j.

These linear mixing equations were normalized and weighted. For normalization, the
mean and standard deviation values of the parameters of most of these WTs were obtained
from the literature (Table 2.1), except for AA and SACW of 18°C and 12°C, which were
defined from the average characteristics of these WTs in the Eastern Equatorial Atlantic,
between 5° N-5° S and 20-30° W (World Ocean Atlas, 2013). The equations were weighted
considering the measurement error of each parameter in relation to its variability in the
study area and its relative conservative nature. Weights of 10, 10, 2 and 1 were assigned to
0, S, NO and SiOsHa, respectively. The weights assigned to the NO and SiOsHs mass
balance equations were lower because both variables are affected by non-conservative
processes: SiOsHj4 is influenced by silica dissolution and the Ry of NO is variable, which
introduces more uncertainty in the mass balance equations. We assumed that the mass is

accurately conserved, so a weight of 100 was assigned to the mass conservation equation.

Since we have 5 mass balance equations and 11 WTs, in order to solve the OMP it is

necessary to define oceanographically consistent WT mixing groups, taking into account
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that mixing occurs with adjacent WTs along or across isopycnals and a maximum of 4 WTs
can mix simultaneously (Alvarez et al., 2014). The 5 groups of WTs defined, from surface
to 4000 dbar were: 1) MMW - SACW18 - ENACW15; 2) SACW18 - ENACWI15 -
SACW12 - ENACW12; 3) SACW12 - ENACW12 - SPMW - AA; 4) SPMW - AA - MW
- LSW; and 5) MW - LSW - LNEADW - UNEADW (Fig. 2.2). Each sample was assigned
to a particular group according to its 6 and S, and then the system of mass balance equations
was solved for each sample.

Table 2.1. Thermohaline and chemical characteristics (average value + uncertainty) of the water types (WT)
introduced in the OMP analysis of the water masses present in the CVFZ. Determination coefficient (R?),

standard error (SE) of the estimate and number of samples (n) of the multiple-regression of the measured and
back-calculated variables.

SiO4Hai NO;
WT 0; (°C) Si

(umol kg™) (umol kgt
SACW_182 18.03 +0.05 35.82 +0.03 51+0.1 260 + 8
MMW ® 20.0 £0.5 37.00 + 0.04 04+03 225 + 10
ENACW_15° 153+0.4 36.10 +0.02 22+17 264 + 8
SACW 122 12.0+0.1 35.16 + 0.01 108+0.1 345+ 7
ENACW_12°¢ 122+04 35.66 + 0.02 4.9+0.2 322+8
SPMW ¢ 8.2+0.4 35.23 +0.01 145+0.4 386+7
AA? 4.89 +0.03 34.51 +0.02 30.3+0.8 464 + 8
MW © 11.8+0.1 36.50 + 0.01 72407 304 +9
LSW ¢ 34+0.2 34.89 +0.12 195+0.4 446 + 9
UNEADW ¢ 2500 +0.003  34.940 +0.003 34.8+0.3 447 £ 7
LNEADW ¢ 1.980 £0.002  34.884 +0.003 44.4+0.3 462 +7
R? 0.999 0.999 0.988 0.977
SE 0.04 0.005 1.2 11
N 307 307 307 307

aThis work, taken from the WOA13 in the Equatorial Atlantic

b Alvarez and Alvarez-Salgado (2009); Lenborg and Alvarez-Salgado (2014)
°Perez et al. (2001); Alvarez and Alvarez-Salgado (2009)

dperez et al. (2001); Lenborg and Alvarez-Salgado (2014)
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Figure 2.2. Potential temperature (0) versus salinity (a), NO (b) and SiO4H. (c) for FLUXES I. Dots represent

the water samples collected and the shading colours in (a) identify the mixing group assigned to each sample.
Potential density contours are also shown in (a).
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The reliability of the OMP analysis was assessed with the determination coefficient
(R?) and standard error (SE) of the residuals of the linear regression between measured and
back-calculated variables (0, S, SiOsH4and NO) (Alvarez et al., 2014). Note that our OMP
reproduced the thermohaline and chemical fields during the cruise quite accurately, as
demonstrated by the high R? (>0.977) and low SE of the linear regression of the measured
and predicted values of 0, S, SiOsHs and NO (Table 2.1).

Samples located between the surface and the base of the deep chlorophyll maximum
(DCM) were excluded from the OMP analysis because the heat, freshwater and gas
exchange with the atmosphere and the non-conservative behaviour of Oz and nutrient salts
would disprove the assumption of conservation of the mass balance equations. Therefore,
the OMP was applied to 307 of the 419 samples of the FLUXES | cruise.

2.2.4 WT proportion-weighted average values

The WT proportion-weighted average value of any variable (N) in a given WT,
henceforward archetype concentration of N, can be calculated using the Xj; obtained as
detailed in section 2.2.3, and the concentration of N in each sample (Alvarez-Salgado et al.,
2013). The equation is:

v, = 2%l
2.0

Where N is the archetype value of N in water mass i; Xij is the proportion of WT i in sample
j and N;j is the value of N in sample j. The standard error of the archetype value is obtained

as:

Finally, the proportion of the total volume of water sampled during the cruise that

correspond to a given water mass (%VOL,) can be calculated as:

%VOL; = 100 -

2 Xij
n

45



Chapter 2:

Where n is number of samples. In this study, we have calculated archetype values of
Z, S, 0, AOU, HPO42, NO3~, DOC, DON, POC and PON for the 11 WTs identified in the
study area. Moreover, Ni values were calculated also for the Northern (stns 3 to 12,
excluding stations 1 and 2 over the continental shelf) and Southern transects (stns 19 to 29)
-separated by the CVF- and the Western transect (stns 12 to 19) -located in the open ocean-
and the Eastern transect (stns 29 to 35 and stn 3) near the coast (Fig. 2.1), to assess

geographical differences between transects for a given WT.

2.2.5 Multiple regression models

The fraction of the total variability of a non-conservative variable (e.g. HPO42, NO3~
, DOC, DON, POC, PON) explained by WT mixing can be calculated from a multiple linear
regression of n mixing equations (one per sample) with m coefficients (one per WT). The
explained variability is indicated by the determination coefficient (R?) and the explanatory

power by the standard error of the estimate (SE) of the multiple regression.

However, the distribution of HPO42, NOs-, DOC, DON, POC or PON depends not
only on the conservative mixing of WTs but also on the biogeochemical processes that
occur alongside mixing. The main biogeochemical process in the ocean interior is organic
matter mineralisation and it can be traced with the AOU (Alvarez et al., 2014). The
observed level of organic matter mineralisation is the result of the large-scale
mineralisation from the formation area of each WT to the study area and the local
mineralisation that occurs within the study area (Alvarez-Salgado et al., 2013), the CVFZ
in our case. On the one hand, the large-scale mineralisation is assumed to be included in
the archetype values of the different WT in the region and, therefore, accounted for by the
multiple linear regression with Xjj. On the other hand, a multiple linear regression with Xj
and AOU (for DOC, DON, POC, PON, NOs~ and HPO42) or NOs~ (for DON, PON and
HPO42) would quantify the effect of local mineralisation. In this multiple linear regression
of n linear equations with m + 1 unknowns, the extra unknown is the coefficient that relates
HPO42, NOs-, DOC, DON, POC or PON with AOU or NOs~ and represents the rate of
change of these variables with AOU or NO3™that does not depend on WT mixing (Alvarez-
Salgado et al., 2013). Therefore, when calculating the multiple linear regression of DON
or PON with Xj; and NOs", the coefficient of DON or PON to NO3z~ would represent the
contribution of DON or PON to local NO3™ production. On the other hand, the coefficient
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of AOU in the multiple linear regression of DOC or POC to AOU would represent the
contribution of DOC or POC to the oxygen utilization once multiplied by the Redfield ratio
of dissolved oxygen consumption to organic carbon mineralisation of 1.4 mol O2 mol C*
(Anderson, 1995).

2.2.6 Epipelagic layer

As indicated above, samples collected in the epipelagic layer were excluded from the
OMP analysis because of the non-conservative behavior of 0, S, SiOsHs and NO. Those
samples have been used to study the impact of the CVFZ on the biogeochemistry of the
epipelagic layer during the FLUXES | cruise. To do that, we have calculated average
concentrations of the different variables (Z, S, , AOU, Chl-a, NOs~, NO2~, NH4*, HPO4?,
SiO4H4, DOC, DON, POC and PON) at the surface (5 dbar), and the deep chlorophyll
maximum (DCM), as well as vertically-averaged from the surface to the base of the DCM.
Vertical averages considered the uneven vertical sampling spacing by using the trapezoid
rule to weight each sample. Average values were obtained for the whole cruise as well as
for each individual transect. In the Northern transect, the first two stations were excluded
because they are outside the box, and due to their position close to the continental shelf,
they are affected by distinct processes from those observed in the oceanic waters, biasing

the calculation of the average values of the Northern transect (Fig. 2.1).

2.3 Results

2.3.1 Hydrography settings of the CVF
2.3.1.1 Epipelagic layer

The relative position of the four transects with respect to the CVF during FLUXES |
can be documented using the isohaline that defines the front (36 at 150 dbar) (Zenk et al.,
1991) (Fig. 2.3a). According to this criterion, the Western and Northern transects were
located to the North of the front, while the front intersected the Southern and Eastern
transects at around stations 34 and 24, respectively (Fig. 2.1). Due to the dominance of
saline waters of North Atlantic origin to the North of the front, the average salinity was
significantly higher in the Northern and Western transects (36.7-36.8), than in the Southern
and Eastern transects (36.2) (p< 0.001) (Fig. 2.3a, Table 2.2). Mesoscale variability was

super-imposed over this large-scale pattern, notably due to the presence of a narrow
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intrusion of relatively cold and less saline water of South Atlantic origin centred at stn 5 in
the Northern transect. The mean depth-averaged temperature down to the base of the DCM
was 22.3°C with non-significant differences between transects (Fig. 2.3b, Table 2.2).
Nonetheless, the Southern transect was characterized by significantly higher (p< 0.0005)
surface (5 dbar) temperatures (26.1°C) than the Northern transect (23.9°C).

Table 2.2. Average + SE depth, temperature, salinity, apparent oxygen utilization (AOU), and chlorophyll

(Chl @), in the epipelagic layer during FLUXES | for the whole cruise and the Northern, Western, Southern
and Eastern transects at surface (5 dbar), deep chlorophyll maximum (DCM) and 5 dbar-DCM base (5-DCM).

Cruise North West South East
Depth (dbar)
5 dbar 51+0.1 52+0.1 49+0.1 5.0+0.2 53+0.1
DCM 56.5+45 62.1+9.0 81.8+59 50.1+£59 334+76
5-DCM 404+29 444+ 45 58.61+34 37.2+3.1 22.6+3.0

Temperature (°C)

5 dbar 24.7+0.3 239+04 250+0.1 26.1+0.1 245+ 05
DCM 21.1+0.2 206+£0.2 21.4+0.3 21.1+04 21.6 +0.6
5- DCM 223+0.1 21.8+0.1 224+£0.1 225+0.3 225+0.3
Salinity
5 dbar 36.5+0.1 36.8+0.1 36.8+0.1 36.3+0.0 36.3+0.1
DCM 36.5+0.1 36.7+£0.1 36.8+£0.1 36.3£0.4 36.2+0.1
5- DCM 36.5+0.1 36.7+£0.1 36.8+£0.1 36.3+£0.1 36.2+0.1
AOU (umol kg™
5 dbar -8.7x14 -11.1+25 -6.2+1.0 -4.4£0.7 -7.8+0.8
DCM 21.1+6.3 9.1+6.2 9.3+6.3 48.8+12.9 205+£176
5-DCM 142+48 -1.1+£45 45+£52 37.1+£9.0 21.6+130
Chl-a (ug L)
5 dbar 0.30+0.08 0.23+0.11 0.08 £ 0.00 0.14 £0.02 0.49+0.15
DCM 1.20+0.18 1.09 +0.42 0.46 £ 0.05 1.26 +0.30 1.56 +0.28
5-DCM 0.65 +0.09 0.61+0.23 0.29+0.03 0.65+0.12 1.06 +0.17
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Figure 2.3. Distribution of salinity (S) (a), potential temperature (6) in °C (b), Chl (chlorophyll a) in pg L
(c) and apparent oxygen utilization (AOU) in umol kg (d), in the epipelagic layer during the FLUXES |
cruise. The black line in (a) represents the 36 isohaline defining the location of the CVF, and the vertical
black lines represent the corners of the FLUXES I hydrographic box. The X-axis shows station number (a)
or section distance (d). Produced with Ocean Data View (Schlitzer, 2017).
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The DCM was shallower and with higher Chl-a levels towards the coast (Fig. 2.3c).
The average depth of the DCM and average Chl-a levels in the Northern and Southern
transects, were similar (p > 0.3) while the Western (oceanic) and Eastern (coastal) transects
showed the highest differences, being the DCM deeper and with lower concentrations in
the Western transect (Table 2.2).

AOU (Fig. 2.3d), increased significantly with depth (Table 2.2). As for salinity and
temperature, marked differences were observed between the Northern and Southern
transects: depth-averaged concentrations of AOU were significantly lower (p < 0.05) in the
Northern and Western transects (<4.5 umol kg™) than in the Southern and Eastern transects
(>20 pmol kg™?). The intrusion of water with South Atlantic origin at stn 5 was traced by
higher AOU values in the upper 100 dbar (Fig. 2.3d).

2.3.1.2 Meso- and bathypelagic layer

Below the epipelagic layer, in the depth range between 100-700 dbar, hydrographic
variability was governed by the distribution of the central water types. SACW_18 and
MMW, characterized by potential temperatures of 18°C and 20°C, respectively (Fig. 2.4ab,
Sla; Table 2.1), and centred at about 110 dbar (Table 2.3) were the shallowest central water
types. SACW_18 and MMW were defined by distinct salinity values, 35.82 and 37.00,
respectively (Fig. 2.4ab, S1b. Table 2.1), as expected for two water masses of contrasting
North and South Atlantic origin, and represented 4.78% and 5.48% of the total sampled
water volume (Table 2.3) or 9.9% an 11.4% of the volume of central waters. ENACW _15
was located deeper, centred at 240 + 14 dbar (Table 2.3) and represented 12.54% of the
total sampled volume or 26.1% of the volume of central waters. Most of the ENACW _15
was present in the Northern and Western transects (42.8% and 25.0% of the volume of this
WT, respectively), i.e. to the North of the CVF (Fig. 2.4c). SACW_12 and ENACW _12
were centred at 336 + 28 dbar and 442 + 19 dbar and were defined by a similar temperature
of ~12°C, but different values of salinity (35.16 and 35.66), SiO4H4 (10.8 and 4.9 pmol kg
1y and NO (345 and 322 umol kg™t) values (Table 2.1). ENACW_12 was the most abundant
WT sampled during the cruise with 18.09% (Fig. 2.4b. Table 2.3) or 37.6% of the volume
of central waters and was present in the four transects (from a minimum of 17.8% of the
total volume in the Western transect to a maximum of 28.6% in the Northern transect).
Conversely, SACW _12 occupied a volume of 7.25% (or 15.1% of the central waters) and

was mostly present in the stations of the Southern transect, where 57% of the volume of
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this WT was found (Fig. 2.4a. Table 2.3). Again, in the Northern section, around stn 5,
SACW _18 appears, although ENACW dominated in the rest of the transect (Fig. 2.4b, c).

Table 2.3. Percentage of the total volume of water sampled during FLUXES | that corresponded to each
water type (%VOLi) and archetype values = SE of depth (Zi), apparent oxygen utilization (AOUi), nitrate
(NOs7i), phosphate (HPO42i), dissolved organic carbon (DOCi), dissolved organic nitrogen (DONi),
particulate organic carbon (POCi), particulate organic nitrogen (PONi), and C:N ratios of DOM and
suspended POM for the water types intercepted during the cruise. Determination coefficient (R?), standard
error of the estimate (SE) of the multiple-regression of each variable; measurement error of each variable
(ME).

- : Y Py -
wT %VoLl (dﬁ:\r) (urﬁg llié;'l) (plr\lnf))IB kg;'l) (|,||;InF;CI)4kgI'1) (u?w(o)lcl_l‘l)
SACW_18 4.78% 102 £ 19 120.2+154 16921 0.44 +£0.09 589+25
MMW 5.48% 113+3 50.9+10.5 6.5+14 0.97 £0.05 58.7+1.6
ENACW _15 12.54% 240 £ 14 117.8+6.7 16.2+1.0 1.04£0.11 523+ 1.7
SACW_12 7.25% 336 +28 191.7+54 28.7+1.0 1.56 + 0.05 499+15
ENACW_12 18.09% 442 £ 19 171.2+£48 27.2x0.8 1.65+0.06 485+ 0.6
SPMW 7.18% 809 + 32 175.7+4.2 30.9+£0.7 1.92+£0.04 448 + 0.6
AA 10.62% 873 £54 172.6 £5.7 31.3+£0.6 1.91+£0.04 451+0.6
MW 3.09% 1455+118 119.4+9.2 259+1.2 1.64 £ 0.07 43.3+0.9
LSW 1558% 1688 £ 46 1040+ 2.6 23.9+0.3 1.54 +0.02 43.4+0.5
UNEADW 11.72% 2742 £ 93 88.0+£1.1 222+0.2 1.46 +0.01 43.4+£0.6
LNEADW 3.66% 3824 £ 101 85.1+17 224+0.2 148 £0.01 435+1

R? 0.94 0.95 0.94 0.63
SE 12.9 1.8 0.1 4.0
ME 1.0 0.1 0.02 15
DONi POCi PONi C:N DOM C:N POM
wT (umol LY (umol L) (umol LY)  (mol C mol N'Y)  (mol C mol N1

SACW_18 46+0.4 32+12 033013 127+11 9.9+16

MMW 5.1+03 27+10  025+0.10 11.6+0.7 10.9+13

ENACW_15 42+03 15+03  0.12+0.03 12.4+1.0 12.3+09

SACW_12 35+03 14+02  011%0.02 144+15 124+ 14

ENACW_12 34402 12401  0.09%0.01 144+1.1 125+0.8

SPMW 33+03  079+006 0.05+0.01 136+ 1.3 145+13

AA 31+03  081+006 0.06+0.01 146+ 13 142413

MW 30+04  070+011  0.05%0.01 144+19 142422

LSW 30+02  067+005 0.05%001 145+09 146+ 1.1

UNEADW 29+02  068+007 0.04+001 152409 15.6+1.3

LNEADW 31403  071+012 004001 148+ 15 17.3£20

R2 0.44 0.26 0.29
SE 0.9 1.3 0.13
ME 0.3 0.1 0.01
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Figure 2.4. Distributions of the water masses present in the CVFZ during the FLUXES | cruise. Vertical
black lines represent the corners of the FLUXES I hydrographic box. Water mass proportions in this figure
were derived with an OMP analysis applied to CTD data at 1 dbar vertical resolution. 6 and S were measured
directly with the CTD, while SiOsHsand NO values were reconstructed by fitting the measured water sample
concentrations to a non-linear combination of variables directly measured with the CTD (6, S, O2) (Fig. S1
and S2). The distribution of the water-masses among the panels was designed to avoid contour overlapping

and does not follow an oceanographic criteria. The y-axis can be read as station number (a) or section distance
in km (d). Note that depth scale is non-linear.
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The intermediate water domain, approximately between 700 dbar and 1500 dbar, was
occupied by AA, SPMW and MW. These water masses, of contrasting sub-Antarctic, sub-
Arctic and Mediterranean origin, have remarkable differences in 0, S, SiOsH4 and NO
(Table 2.1). It is particularly noticeable the salinity minimum observed in the Southern
transect at about 1000 dbar, which corresponds to AA (Fig. 2.4c, S1b). The shallowest
intermediate WT was the SPMW, centred at 809 + 32 dbar, with a temperature of 8°C and

representing 7.18% of the sampled volume (or 34.3% of the intermediate waters).

SPWM was followed by AA at a depth of 873 £ 54 dbar, which had the lowest salinity
(34.52) but the highest content of silicates (30.3 umol kg?) and occupied a volume of
10.62% (or 50.8% of the intermediate waters). This water mass was mostly present to the
South of the CVF (59.0% of the volume sampled in the Northern and Western transects)
while SPMW predominated to the North of the front (56.8% of the sampled volume in the
Eastern and Southern transects) (Fig. 2.4d). The deepest intermediate WT, MW, centred at
1455 + 118 dbar, was much less represented with 3.09% (14.8% of the intermediate waters)

and was almost absent in the Eastern transect (only 3.1% of the volume).

Finally, the deep waters domain was composed by three water types with similar
salinity, yet different silicate content (Fig. S1c) due to their contrasting origin. While LSW
is of pure North Atlantic origin, LNEADW and UNEADW are mixed with Antarctic waters
that confer their higher silicate concentration. LSW was defined by a silicate concentration
of 19.5 umol kg, it was located at 1648 + 46 dbar and represented 15.58% of the sampled
volume (50.3% of the deep waters), being the second predominant water mass sampled
during FLUXES 1. LSW was found in the four transects, ranging from 19.9% of the total
volume in the Eastern transect to 29.4% in the Northern transect (Fig. 2.4a). In contrast,
UNEADW was located deeper at 2742 + 93 dbar and had a silicate concentration of 34.8
umol kg, with a volume sampled of 11.72% (37.9% of the deep waters). LNEADW was
placed at 3824 + 101 dbar, with a silicate concentration of 44.4 umol kg™ and a small
representation of sampled volume of 3.66% (or 11.8% of deep waters). UNEADW was
distributed in the four transects, ranging from 18.7% of the total volume in the Eastern
transect to 29.0% in the Southern transect (Fig. 2.4d). In contrast, LNEADW concentrated
in the Northern and Western transects (75% of the total volume of this WT) while it was
practically absent in the Eastern transect. Bottom depth is the reason behind this difference
(Fig. 2.4c).
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AOU can be used to trace organic matter mineralisation in the meso- and
bathypelagic layers of the CVFZ (Fig. 2.5). In the central waters, the lowest archetype AOU
values (50 to 120 umol kgt) were found in the shallowest WTs (MMW, ENACW_15 and
SACW._18), while the highest archetype AOU (192 pmol kgt) corresponded to SACW_12
(Table 2.3). In intermediate and deep waters, AOU decreased significantly (p < 0.0005)
with depth from an archetype value of 176 pmol kgt in SPMW to 85 umol kg? in the
LNEADW. WTs mixing explained 94% of the variability of AOU, but the SE of 12.9 pmol
kg was an order of magnitude larger than the measurement error of ~1 umol kg™ (Table
2.3).

Regarding the geographical variability within WTs, ENACW _12, the only central
WT with significant presence in the four transects, showed significantly (p < 0.01) lower
AOU levels in the Northern transect (144 pumol kg™) and higher in the Southern transect
(204 pmol kg?; Table 2.4). In intermediate waters, AOU in SPMW and AA was also
significantly higher in the Southern transect (p < 0.05). In deep waters, archetype AOU
levels in LSW did not differ between transects, while in UNEADW, they were significantly
(p < 0.025) higher in the Southern and Eastern transects (90-96 umol kg™?) as compared
with the Northern and Western transects (83 umol kg?).

East South West North AOU
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Figure 2.5. Distributions of AOU in umol kg in the mesopelagic layer during the FLUXES 1 cruise. The
vertical black lines represent the corners of the FLUXES | hydrographic box. The y-axis can be read as station
number or section distance. Note that depth scale is non-linear Produced with Ocean Data View (Schlitzer,

2017).
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2.3.2 Biogeochemical variability in epi-, meso- and bathypelagic waters of the
CVFZ

2.3.2.1 Epipelagic layer
The distribution of NOs™ (Fig. 2.6a) matched with the distribution of AOU (Fig. 2.3d),

showing a marked increase with depth. Differences were observed North and South of the
CVF: depth-averaged concentrations of NOs~ were significantly lower (p < 0.05) in the
Northern and Western transects (<2.3 umol kg™) than in the Southern and Eastern transects
(>4.6 umol kgt). As for the case of AOU, the intrusion of water of South Atlantic origin
at stn 5 was also traced by higher NO3™ values in the upper 100 dbar.

NO; (Fig. 2.6b) and NH.* (Fig. 2.6c) were, in general, very low (<0.1 and <0.05
umol kgt) (Table 2.5), except in the surroundings of the DCM. The average concentration
of NO2~ at the DCM was 0.23 + 0.03 pmol kg, being significantly lower in the Western
transect (p < 0.025). An average NH4* concentration of 0.09 + 0.03 umol kg* was observed
at the DCM, with significantly (p < 0.01) lower values (0.02 + 0.03 umol kg?) in the
Western (oceanic) transect and higher values (0.19 + 0.10 pmol kg?) in the Eastern
(coastal) transect. NO>~ and NH4" also showed relatively elevated concentrations at stn 5 in
the Northern transect, coinciding with the relative maxima of temperature, Chl-a, AOU and
NOs", and minimum in salinity, reflecting the influence of the mesoscale variability of the

CVF in the distribution of biogeochemical properties.

Below the DCM, the Orthogonal Distance Regression (ODR) of NOz™ and salinity
(NOs =-21 (+1) - S+ 788 (+38); R? = 0.75; n = 107) indicates that 75% of the variability
of NOs™ depends on the mixing of the nutrient-poorer saltier North Atlantic waters with the
nutrient-richer fresher South Atlantic waters. The surface mixed layer was excluded from
this analysis due to oxygen exchange with the atmosphere. To separate the contribution of
mixing (traced by salinity) from mineralisation processes (traced by AOU), a multiple
regression of NOs~ with salinity and AOU was carried out, obtaining a R? of 0.97, and a
NO3z:AOU molar slope of 0.110 + 0.004 (NOs = -3.5 (+0.6)- S + 0.110 (+0.004)- AOU +
130 (+22); R? =0.97; n = 106).
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Figure 2.6. Distributions of nitrate (NO3") in umol kg (a), nitrite (NO2") in umol kg* (b), and ammonium
(NH4%) in umol kg (c), in the epipelagic layer during the FLUXES I cruise. Dots represent samples, vertical
back lines represent the corners of the FLUXES | hydrographic box and the white line in panel (a) represents
the base of the DCM. The x-axis shows station number (a) or section distance (c). Produced with Ocean Data
View (Schlitzer, 2017).

The concentration of HPO42 (Fig. 2.7a) matched the predominant form of inorganic
nitrogen, NOs™ (Fig. 2.6a). Marked differences were observed North and South of the CVF:
average concentrations of HPO42 above the DCM were significantly lower (p < 0.05) in
the Northern and Western transects (<0.3 umol kg™) than in the Southern and Eastern
transects (>0.5 pmol kg?) (Table 2.5). The intrusion of water with South Atlantic origin at
stn 5 is also traced by higher HPO4 values in the upper 100 dbar. Regarding SiOsHa (Fig.
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2.7b), a distribution parallel to NOz~ and HPO42 was also observed: significantly lower (p
< 0.005) concentrations were found above the DCM in the Western and Northern transects

(<1.9 pumol kgl) than in the Eastern and Southern transects (>3.2 umol kg?) (Table 2.5).

Table 2.5. Average * SE of nitrate (NO3"), nitrite (NO"), ammonium (NH,*), phosphate (HPO42), silicate
(SiO4H.) dissolved organic carbon (DOC), dissolved organic nitrogen (DON), particulate organic carbon
(POC), particulate organic nitrogen (PON), and C:N ratios of DOM and POM in the epipelagic layer during
FLUXES I for the whole cruise and the Northern, Western, Southern and Eastern transects at surface (5 dbar),
DCM and 5 dbar-DCM base (5-B DCM).

Cruise North West South East

NOs~ (umol kgt

Surface 0.25+0.04 0.30 £ 0.69 0.18 £0.09 0.20+£0.03 0.31+10

DCM 3.93+0.87 3.05+1.24 1.20+0.58 6.90 + 1.88 471+2.18

5-B DCM 3.2+0.6 19+0.8 0.95+0.38 55+13 4617
NO2~ (umol kg?)

Surface 0.04+0.01 0.04 +0.02 0.04 £0.01 0.02 £0.00 0.04 £0.02

DCM 0.23+£0.03 0.18 £ 0.07 0.14 £ 0.02 0.31+£0.07 0.27 £ 0.06

5-B DCM 0.14 £0.02 0.11+0.04 0.08 £0.01 0.14 £ 0.02 0.21 +£0.07
NH4* (umol kg?)

Surface 0.03+0.01 0.04 £0.01 0.02 +0.00 0.02 +0.00 0.04 £0.01

DCM 0.09+0.03 0.05+0.01 0.03+0.01 0.10+0.03 0.19+0.10

5-B DCM 0.06 +0.01 0.05+0.01 0.02 +£0.00 0.06 +0.01 0.12 + 0.06

HPO42 (umol kg

Surface 0.09+0.01 0.06 +0.02 0.10+£0.01 0.11+£0.01 0.1+0.03

DCM 0.36 + 0.06 0.26 £ 0.10 0.03+£0.01 0.60+0.11 04+0.14

5-B DCM 0.33+£0.03 0.20+£0.04 0.18 £ 0.00 040+0.11 0.4+0.19

SiOsH4 (umol kg

Surface 1.1+0.06 0.9+0.04 1.1+0.1 12+0.1 13+0.1

DCM 16+0.14 1.2+0.10 1.2+0.2 21+0.3 19+0.3

5-B DCM 1.8+0.10 1.3+0.10 14+0.1 1.7+05 20+1.0
DOC (umol L)

Surface 809+17 73.2+14 79.1+£19 84.7+25 829+3.1

DCM 69.8+1.4 626+14 67.1+£22 70.8+1.3 77.7+£3.2

5-B DCM 722+12 67.0+15 71.0+£1.7 747+14 79.2+26
DON (umol L?)

Surface 6.7+0.2 6.0+£0.3 6.5+0.2 7.0+£0.2 70+£05

DCM 6.2+0.2 5.8+0.3 58+0.2 6.1+0.2 6.9+0.5

5-B DCM 6.2+0.1 59+0.3 59+0.2 6.2+0.1 6.8+0.3
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Table 2.5. continuation

Cruise North West South East
POC (umol L)
Surface 6.1+1.0 59+21 28+0.3 41+£06 8.9+25
DCM 5.8+0.9 46+18 20+0.3 51+1.0 104+20
5-B DCM 51+0.8 55+15 24+0.2 45+£0.7 84+24
PON (umol L)
Surface 0.72+0.12 0.67 £0.22 0.32+0.01 0.45+0.06 1.18+0.31
DCM 0.72+0.11 0.49+0.15 0.24 +0.03 0.65+0.14 1.49+0.29
5-B DCM 0.61+0.10 0.61+0.18 0.26 £ 0.02 0.49+0.10 1.25+0.29
C:NDOM
Surface 121+0.2 12.2+0.3 122+ 0.5 121+0.3 11.8+ 0.6
DCM 11.3+0.3 10.8+04 116 +0.5 11.6 +£0.5 11.2+0.9
5-B DCM 11.9+0.2 115+04 121+05 123+04 11.6+0.3
C:NPOM
Surface 85+0.3 8.8+0.4 8.8+0.6 9.0+04 75+0.6
DCM 8.0+04 9.5+0.7 85+04 7.8+0.3 7.0+£0.9
5-B DCM 81+04 9.8+05 9.0+0.2 7.3+0.8 6.1+0.9

In surface waters down to the base of DCM, the average N:P molar ratio was 7.9 £
0.5, ranging from 2.8 + 0.1 at the surface to 10.9 = 0.5 at the DCM. For the N:Si molar
ratio, it ranged from 0.2 £ 0.1 at the surface to 2.4 £ 0.5 at DCM, with an average value
above the DCM of 1.89 + 0.3. When each transect was considered separately, in surface
waters, above DCM the N:P molar ratio ranged between 1.8 + 1.7 in the Southern transect
and 5.0 £ 3.5 in the Northern transect, being significantly higher in the Northern transect
(p< 0.05). At the DCM it ranged from between 8.4 £ 0.3 in the Western transect and 11.6
+ 1.7 in the Northern and Southern transect, being significantly lower in Western transect
(p< 0.05). Regarding the N:Si molar ratio, it ranged between 0.2 + 0.1 (Western transect)
and 0.3 = 0.7 (Northern transect) at the surface and from 1.0 + 0.5 (Western transect) to 3.3

+ 1.1 (Southern transect) at the DCM, without significantly differences between transects.

Below the DCM, the ODR of HPO42 and salinity (HPO4s2 = -1.07 (+ 0.04) - S + 39
(x1); R? = 0.81; n = 107) indicates that 81% of HPO4 variability was due to water mass
mixing. A multiple linear regression of NO3~ with salinity and HPO42 was also calculated
(NO3™ = 20.0 (20.7)- HPO42 +2.76 (+0.6)- S -103 (¥27); R? = 0.98; n = 102) obtaining a
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NOs :HPO4?2 molar slope of 20.0 + 0.7. However, the NO3™ :HPO4? slope is different
between transects, being significantly lower in the Northern and Western transect (p<
0.001), 15.0 + 0.4 and 17.1 + 0.4, respectively, than in Southern and Eastern transect with
a higher slope of 19.5 + 0.4 and 19.4 = 0.7 respectively. Water mass mix explained 68% of
SiO4H4 variability (SiOsHs= -4.9 (+ 0.3) - S + 184 (+12); R? = 0.68; n = 107). As for the
case of HPO4?, a multiple linear regression of NOs~ with salinity and SiOsH4 was also
calculated (NOs = 2.6 (+ 0.2) - SiOsH4 — 5.5 (1.0) - S +202 (£38); R? = 0.92; n = 102),
obtaining a NO3":SiOsH4 molar slope of 2.6 + 0.17. In addition, the multiple linear
regression of NOsz~ with salinity and SiO4H4, showed that the Northern transect had a
significantly lower NO3:SiO4Ha slope of 1.2 £ 0.4 (p< 0.05) than Western Southern and
eastern transect (3.1 £ 0.3, 2.5 £ 0.3 and 2.9 + 0.4 respectively).
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Figure 2.7. Distributions of phosphate (HPO42) in umol kg* (a), silicate (SiO4H,) in pmol kg* (b) in the
epipelagic layer during the FLUXES I cruise. Dots represent samples, vertical back lines represent the corners
of the FLUXES | hydrographic box and the white line in panel (a) represents the base of the DCM. The x-
axis shows the station number (b) or section distance (b). Produced with Ocean Data View (Schlitzer, 2017).

PON (Fig. 2.8a) and POC (Fig. S3a) concentrations showed similar distributions with
a marked decrease below the DCM. Maximum concentrations of PON and POC were

observed at the stations near the coast, in the Northern and Eastern transects. Maximum
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PON coincided with the DCM in the Eastern (1.49 + 0.3 pmol L) transect, while in the
Western (0.28 + 0.02 pmol L), Northern (0.7 + 0.2 umol L) and Southern (0.55 + 0.1
umol L) transects it was somewhat above the DCM (Table 2.5). In the upper 50 dbar, stn
5 shows very high values of POC and PON.
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Figure 2.8. Distributions of PON in pmol L* (a) and DON in umol L* (b) in the epipelagic layer during the
FLUXES | cruise, dots represent samples, vertical black lines represent the corners of the FLUXES |
hydrographic box and the white line in panel a represents the base of the DCM. The x-axis shows the station
number (a) or section distance in km (b). Produced with Ocean Data View (Schlitzer, 2017).

Average C:N molar ratios of POM above DCM were significantly lower in the
Eastern transect (p< 0.01) (Table 2.5). In the Western, Southern and Eastern transects,
minimum values of the C:N molar ratio of POM were associated with the DCM (Table
2.5). Below the DCM average C:N molar ratios of POM were higher in the Northern and
Western transects (>8.9) than in the Southern and Eastern transects (<7.3) (p< 0.005) (Table

2.5).

DON (Fig. 2.8b) and DOC (Fig. S3b) showed maximum average concentrations of
6.7 £ 0.2 pmol L't and 80.9 + 1.7 umol L™ at the surface (Table 2.5), and decreased with
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depth. DON and DOC levels were significantly higher in the Southern transect at the
surface, while at the DCM, the highest DON and DOC concentrations were found in the
Eastern (coastal) transect (Fig. 2.8a. Table 2.5). The average C:N molar ratio of DOM
throughout the epipelagic layer (5 to 200 dbar) was 12.0 £ 0.3, significantly higher than the
average C:N molar ratio of POM, 8.1 £ 0.4 (Table 2.5). Above the DCM, at the DCM and
below DCM average C:N molar ratio of DOM showed similar values in all transects (p>
0.05).

To quantify the contribution of DOC and POC to the oxygen demand and DON and
PON to the local NOs™ production, correlations with AOU (for DOC and POC) and with
NOs™ (for PON and DON) below the DCM were computed. DOC showed a significant
correlation with AOU (ODR; DOC = -0.07 (+ 0.01) - AOU + 67 (+ 1); R =0.29; n = 105).
The slope of the linear regression indicated that DOC supported around 10 = 1 %, of the
oxygen demand in epipelagic waters assuming a Redfieldian -O.:C stoichiometric ratio of
1.4 mol Oz mol C* (Anderson, 1995). When salinity was added to the multiple regression
(ODR; DOC = -0.17 (#0.01) - AOU— 17 (¥ 2)- S + 725 (+ 94); R? = 0.52; n = 105), a
significantly higher DOC:AQU molar slope was obtained, with DOC supporting 24 £ 1 %.
For the case of POC with AOU (ODR; POC = -0.014 (+ 0.005) - AOU + 4.4 (+ 0.5); R?=
0.07; n = 97), inclusion of salinity increased the POC :AOU coefficient to -0.076 + 0.007
(ODR; POC = -0.076 (+0.007) - AOU — 11 (+1)- S + 411 (+ 40); R? = 0.55; n = 97),
indicating that POC supported around 10 + 1 % of the oxygen demand of the epipelagic
waters below the pycnocline. When each transect was considered separately, DOC
supported similar percentage of the oxygen demand in all transects (p> 0.1). For the case
of POC, significantly higher POC:AOQU coefficients were obtained in the Northern and
Eastern transect (0.11+ 0.02 and 0.10 £ 0.01, respectively) than in the Western and
Southern transect (0.017 + 0.006 and 0.038 + 0.009, respectively) (p< 0.025). These
numbers indicate that in the Northern and Eastern transect, POC supports higher percentage

of the oxygen demand (>10 % vs <4%, respectively)

The simple correlation of DON with NOz™ (ODR; DON = -0.014 (+ 0.001) - NOs~
+6.2 (+ 0.1); R? = 0.48 n = 103), would indicate that DON supported 1.4 + 0.1 % of the
NOz™ production. However, when salinity was added to correct the water mass mixing the
multiple regression (DON = — 0.17 (+0.02) - NOs™— 2.0 (+0.4)- S +81 (+14); R2=0.54; n
=103), indicated that it really supported 17 + 2 %. For the case of PON the ODR with NOz
(ODR; PON =-0.012 (+ 0.005)- NOs~ + 0.52 (+ 0.07); R? = 0.04 n = 94) indicates that PON
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supported 1.2 £ 0.5 % of NOs™ production, although when corrected for water mass mixing
(PON = —0.081 (+0.008) - NO3~ — 1.6 (+0.1)- S +61 (+6); R? = 0.53; n = 94), it resulted
that PON really contributed 8.1+0.8 % to nitrate production. Furthermore, when each
transect was considered separately, the multiple regression of DON and PON with NO3~
and salinity, showed that DON supported similar percentage of the NOs™ production in each
transect (p> 0.2), while PON had significantly higher PON:NO3™ coefficient in the Northern
and Eastern transect (0.14+ 0.03 and 0.10 £ 0.01, respectively) than in the Western and
Southern transect (0.018 + 0.005 and 0.04 £ 0.01, respectively) (p< 0.025).

2.3.2.2 Meso- and bathypelagic layer

NOs™ (Fig. 2.9a) showed maximum values between 500 and 1000 dbar. Archetype
NOs~ was the lowest (6.5 + 1.4 pmol kg™) in the shallowest WT, MMW (Table 2.6), while
the highest values corresponded to SPMW and AA, with 30.9 = 0.7 and 31.3 + 0.6 pmol
kg, respectively. WTs mixing explained 94% of the variability of NOs", but SE of +1.81
umol kg was larger than the measurement error of about +0.1 pmol kg?. Inclusion of
AOU as explanatory variable increased the explained variability of the NO3™ distribution to
98% (Table 2.6), with a NO3z™ :AOQU coefficient independent of WT mixing of 0.109 +
0.005 (Table 2.6). In addition, the Northern and Eastern transects have significantly higher
NO3 :AQOU coefficient than the Western and Southern transects (p< 0.025) (Table 2.7). The
concentrations of NO2~ and NH4" in meso- and bathypelagic layers were extremely low

with mean values of 0.03 + 0.01 and 0.03 + 0.02 umol kg™, respectively.

HPO4? (Fig. 2.9b) showed a distribution parallel to NOs~ (Fig. 2.9a). Archetype
values of HPO4 ranged from 0.4 + 0.1 pmol kg in SACW_18 to 1.90 + 0.04 umol kg?,
in the intermediate AA and SPMW, and then decreased with depth until reaching a value
of 1.50 + 0.01 umol kg in LNEADW (Table 2.3). WT mixing explained 96% of the
variability of HPO42 with a SE of +0.08 pmol kg* which was larger than the measurement
error about +£0.02 pmol kg™. In addition, when AOU was added the explained variability
was 95% and a significant HPO4*:AOU molar coefficient of 0.0051 + 0.0002 was obtained
(Table 2.6). When each transect was considered separately, the Eastern transect showed
significantly higher HPOs*:AOU coefficient than the Western and Southern transects (p<
0.001) (Table 2.7). In addition, when HPO42 was added as explanatory variable to NO3"
the explained variance was 98% with a SE of +1.1 umol kg* and with a NO3:HPO4? molar
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coefficient of 18 £ 0.7 (Table 2.6). However, the Southern transect showed significantly
lower NO3:HPO4? coefficients than the Northern and Western transects (Table 2.7).

PON (Fig. 2.9c) decreased with depth down to the MW level and then remained
almost constant to the bottom. The highest concentrations of PON, 0.33 £ 0.1 and 0.25 +
0.1 pumol L?, were found in the shallowest central waters SACW_18 and MMW,
respectively (Table 2.3). The multiple regression of PON with Xjj explained 29% of its
variability (Table 2.3) and the inclusion of AOU as explanatory variable increased the
explained variability to 44% with a SE reduction of 23%, while inclusion of NOs™ increased
the explained variability to 34%. The PON:AQOU coefficient was -0.0034 + 0.001, while
the PON:NOs™ coefficient was -0.021 + 0.004, meaning that PON contributes only 2.1 +
0.4% to the production of NO3™ (Table 2.6).

The lowest PON concentrations were found in the Western (ocean) transect, while
the Northern transect presented two PON maxima in SACW _18 and MMW (Table 2.4). In
the intermediate and deep WTs, the highest concentrations were observed in the Eastern
(coastal) transect (p < 0.01). The variability of PON explained with the multiple regression
including Xj; and AOU or NOs™ as explanatory variables was lower in the Southern than in
the Northern transect (Table 2.7), with NOs™ coefficients of -0.014 + 0.002 and -0.039 +
0.010 respectively, indicating that PON represented 1.4 £ 0.2% and 3.9 £ 1.0% of the
mineralised NOs".

POC (Fig. S4a) generally mirrored the PON distribution in central and intermediate
waters. WTs mixing explained only 26% of the POC variability in the CVFZ (Table 2.3),
which increased to 38% when AOU was included in the multiple linear regression,
accompanied by a SE reduction of 46% (Table 2.6). The AOU coefficient of the multiple
regression -0.032 + 0.005 mol C mol Oz (Table 2.6), represents the average stoichiometric
ratio of POC to O2 consumption for the meso- and bathypelagic waters in the CVFZ. This
ratio is independent of water mass mixing and indicates that POC covers only 4.5 + 0.7%
of the oxygen demand during water mass mixing in the area, assuming a - O2:C Redfield
ratio of 1.4 mol O, mol C* (Anderson, 1995).
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Figure 2.9. Full depth distributions of NOs~in umol kg (a), HPO4? in umol kg (b) DON in pmol L (c)
and PON in pmol L (d) during the FLUXES | cruise. Dots represent samples and vertical black lines
represent the corners of the FLUXES | hydrographic box. Note that depth scale is not linear. The x-axis shows
the station number (a) or section distance in km (d). Note that depth scale is non-linear. Produced with Ocean

Data View (Schlitzer, 2017).
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Table 2.6. Multiple linear regressions of DOC, DON, POC, PON and NOjs" with the water type proportions
(Xij) and AOU, NO3 or HPO42. Determination coefficient (R%1), standard deviation (SE+1), percentage of R?
increase (%R?) and percentage of SE reduction (%SE) between the multiple linear regression with X;; (Table
2.3) and the multiple linear regression with Xj; and AOU or NOs-, regression coefficient of each variable with
AOU, NO3 or HPO42 (), and standard error of the estimate (SEg) and p-value of 4.

DOC DON POC PON NOs
vs. AOU vs. AOU vs. AOU vs. AOU vs AOU
R24 0.70 0.46 0.38 0.44 0.98
SEn 3.4 0.7 1.0 0.10 11
% R2 11 5 46 3.5
% SE 15 22 23 38
B -0.0260 -0.0130 -0.0325 -0.0034 0.109
SEp 0.0154 0.0035 0.0049 0.0005 0.005
p-level 0.09 0.0003 2.1E-10 4.1E-11 3.7E-63
HPO,2 PON DON NOs-
vs AOU vs. NO3~ vs. NOs~ vs. HPO42
R% 0.98 0.34 0.50 0.98
SEw 0.05 0.13 0.73 1.03
% R2 4 17 14 3
% SE 50 0 19 42
B 0.0051 -0.0210 -0.1568 18
SEp 0.0002 0.0004 0.0246 0.7
p-level 7.9E-66 2.99E-06 8.4E-10 4E-74

Table 2.7. AOU or NO3™ coefficients of the multiple linear regressions of NOs-, HPO42, DOC, DON, POC,
PON with the WT proportions (Xij) and AOU, NOz or HPO4? for each transect. B, AOU, NOz” or HPO4?
coefficients of the multiple linear regression; SE-B, standard error and p-value of the estimation of .

North West

p SE-p p B SE-p p

DOC vs AOU -0.061 0.032 0.06 n.s n.s n.s

DON vs AOU n.s n.s n.s n.s n.s n.s

POC vs AOU -0.044 0.015 0.006 n.s n.s n.s

PON vs AOU -0.004 0.002 0.020 n.s n.s n.s

DON vs NOs" -0.120 0.030 0.001 n.s n.s n.s
PON vs NOz -0.039 0.011 0.001 0.074 0.032 0.022
NOs vs AOU 0,11 0,01 4 E-20 0,15 0,02 2 E-10
HPOs2 vs AOU 0,006 0,0004 6 E-24 0,005 0,001 9 E-09
NOs vs HPO4? 18,8 1,005 7E-33 21,2 1,6 3 E-19

South East

B SE-B P B SE-B p

DOC vs AOU -0.150 0.038 0.0001 n.s n.s n.s

DON vs AOU -0.030 0.007 6 E-05 n.s n.s n.s

POC vs AOU -0.017 0.005 0.002 n.s n.s n.s

PON vs AOU -0.003 0.001 6 E-09 n.s n.s n.s

DON vs NOsz -0.160 0.030 2 E-06 n.s n.s n.s

PON vs NOz -0.014 0.002 5 E-08 n.s n.s n.s
NOs vs AOU 0,140 0,011 5E-21 0,09 0,01 7E-12
HPO42 vs AOU 0,007 0,0005 9E-24 0,004 0,0005 1E-9
NOs vs HPO4? 14,7 1,40 4 E-17 18,2 1,96 9E-13
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The C:N molar ratio of POM increased significantly with depth from 9.9 + 1.6 in
SACW_18to 17.3 £ 2.0 in LNEADW (Table 2.3). In central waters, the maximum C:N
molar ratio of POM was observed in SACW_12 and ENACW _12, 12.4-12.5, while in the
intermediate waters the ratio was similar for the three water masses, ranging from 14.2 to
14.5. In the deep waters, LNEADW presented the highest C:N molar ratio of POM.
Concerning differences between transects, there were not significant differences in the C:N
ratio of POM for ENACW_12 (Table 2.4). In the deep waters, the LSW presented the
largest differences (p < 0.0005) being higher in the Western transect (Table 2.4).

DON (Fig. 2.9d) decreased with depth from 5.1 + 0.3 pmol L™t in MMW t0 3.1 + 0.3
umol Lt in the deepest WT, LNEADW (Table 2.3). The multiple regression with Xj
explained 44% of the variability of the distribution of DON in the CVFZ with a SE of 0.90
umol L, 3 times the measurement error (Table 2.3). Addition of AOU to the multiple
linear regression increased the explained variability to 46% and SE reduced by 22%. When
NO3z~was included as an explanatory variable, R? increased to 55% and SE reduced by
19%. In this case, the NO3™ coefficient of -0.16 + 0.02 indicated that DON supports 16+2%
of the NOs™ production in the CVFZ (Table 2.6). When analysing the DON to NO3~
coefficient of the multiple linear regression with Xj and NOgz™ transect by transect, we
obtained significant values only for the Northern (-0.12 £ 0.03) and Southern (-0.16 + 0.03)
transects (Table 2.7).

Archetype DOC values (Fig. S4b) ranged from 58.9 + 2.5 umol L™ in SACW_18 to
43.4 + 0.6 pmol L in LNEADW (Table 2.3). The multiple regression with Xij explained
63% of the DOC variability with a SE of 4.0 umol L1, The addition of AOU to the multiple
linear regression increased the explained variability to 70% and produced a 15% reduction
of SE (Table 2.6). The AOU coefficient of the multiple regression, —0.026 + 0.015 mol C
mol Oz, indicates that DOC covers only 3.6 * 2.1% of the oxygen demand during water

mass mixing in the area, assuming a - O,:C Redfield ratio of 1.4 mol Oz mol C1,

Finally, the C:N molar ratio of DOM increased significantly (p < 0.0005) with depth
from 11.6 £ 0.7 in the MMW to 15.2 + 0.9 in the UNEADW (Table 2.3). In central waters,
ENACW_12, which was present in the four transects, had a higher DOM C:N ratio in the
Southern and Eastern transects, i.e. to the South of the CVF, than in the Northern and

Western transects (p < 0.025) (Table 2.4). In intermediate waters, the C:N ratio was similar
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for all transects, while in deep waters, the NEADW had significantly higher C:N ratio of
DOM in the Eastern transect (Table 2.4).

2.4 Discussion

2.4.1 Variability in the epipelagic layer of the CVFZ

The relative position of the four transects in relation to the CVF and the proximity of
the Mauritanian coast explains the large differences observed in Chl-a levels and depth of
the DCM between transects. The depth of the DCM ranged from 33 to 82 dbar, being deeper
and with lower Chl-a concentration in the Western transect, as expected in oligotrophic
open ocean waters (Antoine et al., 1996; Mignot et al., 2014; luculano et al., 2019).
Conversely, the DCM was shallower and with higher Chl-a concentration in the Eastern
transect, because of the impact of the offshore export of coastal plankton communities by
the CBGF (Gabric et al., 1993; Lovecchio et al., 2017; Santana-Falcon et al., 2020). The
easternmost part of the Northern transect is dynamically very complex, with both cyclonic
and anticyclonic eddies to the West and East of stn 5, respectively (Burgoa et al., 2021).
The presence of these eddies produces a convergence in stn 5 that generates the
displacement of the CVF to the North through this station (Fig. A10, (Burgoa et al., 2021)).
This mesoscale variability at stn 5 is reflected in the higher concentration of Chl-a. The
front interacts with the CBGF, which brought organic matter across the sampling point and
generated a hydrographic anomaly around this station, which presents characteristics closer

to those observed to the South of the front.

NH4* and NO2™ concentrations exhibited several maxima in the surroundings of the
DCM. These maxima are associated with the enhanced microbial degradation processes of
ammonification and nitrification at the DCM (Ward et al., 1982; Meeder et al., 2012). It
has also been suggested that this primary nitrite maximum could be related to inefficient
nitrate assimilative reduction by phytoplankton at the low light levels of the DCM (Lomas
and Lipschultz, 2006). The mean concentrations of NH4* (0.06 umol kg™) and NO, (0.14
umol kg™) found throughout the epipelagic layer of the CVFZ were very low, as expected
for oligotrophic waters (Twomey et al., 2007; Li et al., 2008). Higher levels of 0.8 umol
kg™ for NHs" and 1.5 pmol kg™ for NO,~ were found in the Eastern (coastal) transect,

coinciding again with the offshore export of coastal waters by the CBGF. These levels are
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comparable with those found by Clark et al. (2016) in the mixed layer of a filament in the

Mauritanian upwelling.

The. multiple correlation of nitrate with AOU and salinity below the DCM
explained 97% of nitrate variability, showing a clear dependence with the mixing of SACW
and ENACW. The inverse of the NO3z™ :AOU coefficient, 9.1 + 0.3, represents the -O2:N
ratio of organic matter mineralization in the epipelagic layer, which was similar than the
9.4 proposed by Redfield for the products of synthesis and early degradation of
phytoplankton organic matter (Redfield et al., 1963; Anderson, 1995).

The low N:P molar ratio found above DCM denote nitrogen limitation to primary
production in surface waters, while the N:P molar ratio below the DCM was 20.0 + 0.7,
being higher than the canonical Redfield molar ratio of 16, showing a preferential
remineralization of P. The N:Si molar ratio above the DCM of 0.2 £ 0.1 was lower than
N:Si Redfield ratio (1:1), reflecting the N limitation in surface waters. On the contrary, the
higher N:Si molar ratio of 3.0 £0.5 below DCM than Redfield ratios, reflects the expected
faster regeneration of N than Si during mineralization of sinking POM in the ocean (Kudela
and Dugdale, 2000; Alvarez-Salgado et al., 2014).

DON concentrations in surface waters are similar to those found by Letscher et al.
(2013) in the Atlantic Ocean at 30°W. Higher DON concentrations in the Eastern and
Southern transect, i.e. near the coast and South of the CVVF, were especially noticeable. It
is expected that DON levels are higher when approaching to the coastal ocean (Gattuso et
al., 1998; Del Giorgio and Duarte, 2002) and can exceed >7 umol L in highly productive
areas such as in EBUEs (Hill and Wheeler, 2002; Hansell et al., 2009). These high DON
levels can extend offshore due to the horizontal export by the CBF (Gabric et al., 1993;
Lovecchio et al., 2017, 2018). The C:N ratio of DOM was also higher in the Eastern and
Southern transects. The mean C:N molar ratio of DOM in epipelagic waters of the CVFZ
(11.7) was significantly higher than the value of 10 mol C mol N found by Church et al.
(2002) and Hopkinson and Vallino (2005) in coastal and offshore regions of the North
Atlantic and North Pacific central gyre. However, Letscher et al. (2013) found higher
values around 16 in the upper 50 dbar of Eastern Subtropical North Atlantic (10-40°N 10-
50°W) and South Atlantic (10-40°S 10-50°W).

The highest concentrations of suspended POM were also observed near the coast.
Van Camp et al. (1991) and Gabric et al. (1993) estimated that the offshore currents
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associated with the giant filament could export around 50% of the POM produced in the
coastal area around Cape Blanc (21°N). Furthermore, the maximum of suspended POM
concentration in the Northern transect could be explained by the convergence at stn 5
produced by eddies. The location of the POM maxima in the Eastern transects coincided
with the DCM, while in the Western transect POM maxima were observed at the surface
because DCM is deeper which is related with the stratification and the higher nutrient

concentration and production of the Eastern Transect.

The C:N molar ratio of POM was very variable, being the lowest near the coast i.e.
along the Eastern transect (7.6 = 0.4), because of the intense production of fresh organic
matter with a lower C:N ratio in coastal waters and subsequent offshore export by the
CBGF. Furthermore, C:N molar ratios to the North of the CVF were higher than to the
South and always higher than the canonical Redfield ratio of 6.7 (Redfield et al., 1963). In
fact, Martiny et al. (2013) showed large spatial variations in the C:N molar ratio of POM
in the epipelagic ocean that differed substantially from the classical Redfield ratio,
proposing a C:N:P ratio of 137:18:1 in warm, nutrient-rich upwelling zones. This C:N
molar ratio of 7.6 is lower than the average value of 8.5 that we found down to the base of
the DCM in the CVFZ.

2.4.2 Impact of water mass mixing in meso- and bathypelagic layers

We have applied a water mass analysis to obtain archetype inorganic nutrients, DOM
and POM concentrations for the 11 WTs identified during the FLUXES 1 cruise, for the
entire cruise and for each transect. Our water mass analysis followed Pastor et al. (2012).
With regard to the central waters, ENACW and SACW differ in their thermohaline and
chemical characteristics as a result of their different origin and history from their respective
formation areas to the CVFZ (Stramma and Schott, 1999). ENACW is relatively more
ventilated and, therefore, well oxygenated, which explains the contrasting dissolved
oxygen concentrations in relation to their position with respect to the CVF. The coexistence
of the different ENACW and SACW types was evident in the large-scale distribution of
water properties in the FLUXES | hydrographic box, as well as at the mesoscale range,
with the meandering of the CVF tracing the presence of low salinity central waters of

southern origin in some stations of the Northern transect.
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Archetype DON concentration in ENACW (3.0 to 4.2 umol L1) are lower than those
found in the Eastern North Atlantic by Alvarez-Salgado et al. (2013) at 40°N. This
difference could be explained because ENACW at 40°N is closer to the formation area of
this water mass and, therefore younger and DON-richer, compared to the same water mass
at 20°N. Furthermore, in intermediate and deep waters, DON concentrations also were
lower to those found by these authors. Archetype DON concentrations explained an
important fraction (44%) of the total DON variability in the CVFZ, however the SE of 0.90
umol L, was 3 times higher than the measurement error, suggesting that basin-scale
processes occurring from the formation area to the CVFZ are the main drivers of the DON

variability

PON concentrations in the mesopelagic layer of the CVFZ are low, with an average
value of 0.11 + 0.1 umol L. Baltar et al.(2009) reported similar concentrations of
suspended PON in the mesopelagic and bathypelagic layer of the Subtropical North
Atlantic (35° N 5° N) (0.1 umol L. Despite the low contribution of PON, as expected, it

shows slightly higher concentrations near de coast and lower in open ocean.

The C:N ratios of suspended POM and DOM are higher than the canonical Redfield
ratio and increase with depth indicating PON and DON depletion with respect to POC and
DOC due to preferential remineralisation of nitrogen-rich compounds (Hopkinson and
Vallino, 2005; Letscher et al., 2013; Lenborg and Alvarez-Salgado, 2014). Previous
research in the study area found elevated, and sometimes depth dependent, C:N ratios of
sinking POM, higher than the Redfield ratio (Fischer et al., 2009; Nowald et al., 2015), but
always lower than our C:N ratios of suspended POM. The large residence time of small
size suspended particles in the water column exacerbates the impact of preferential nitrogen
mineralisation, explaining the higher C:N molar ratios observed. The same trend of higher
C:N ratios of suspended compared to sinking POM was observed by Schneider et al. (2003)
in the subtropical gyre of the North Pacific.

2.4.3 Remineralisation of organic matter in the CVFZ

The inverse of the coefficient of the multiple linear regression of NOs~or HPO4> with
AOU (NOs :AOU and HPO4%:AQU, respectively) represent the -O2:N and -O2:P ratios of
organic matter mineralization (Redfield et al., 1963; Anderson and Sarmiento, 1994;
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Anderson, 1995). In epipelagic waters below DCM, the inverse of the NOs™ :AOU and
HPOs%:AOQU coefficient (9.1 + 0.2 and 153 + 6) were in line with the Redfield ratio.
Conversely, in meso- and bathypelagic waters, the inverse of the NOs™ :AOU coefficient
(9.12 + 0.01) was in agreement with the Redfield ratio, but the inverse of the HPO42:A0U
coefficient (196 £ 7) was significantly higher than the Redfield ratio of 150 to 170
(Anderson and Sarmiento, 1994; Anderson 1995), suggesting preferential remineralization
of P, which has also been proposed by others studies (Sambrotto et al., 1993; Anderson and
Sarmiento, 1994; Hupe and Karstensen, 2000; Osterroht and Thomas, 2000). In addition,
the NO3:HPO4> coefficient of 18.0 + 0.7 was also slightly higher than the canonical

Redfield value of 16, which also indicates preferential remineralization of P.

The DON to NOgz™ coefficient indicates that in epipelagic layer below DCM, DON
supported 18 = 2 % of the NOs™ production, while in meso- and bathypelagic waters
represented 16 + 2 %. Alvarez-Salgado et al. (2006) found that in NW Iberian upwelling
(42°N) that the contribution of DOM to the mineralisation of organic nitrogen was 30%,
while in deep open oceans waters of the North Pacific, the contribution of DON to the
mineralised nitrate varied from 10% to 25% (Jackson and Williams, 1985; Maita and
Yanada, 1990). In epipelagic waters below DCM, PON represented 8.1 + 0.8 % of the NOs"
production. While in meso- and bathypelagic waters it represents only 2.1 + 0.4%. The
maximum contribution of PON to NOs™ mineralisation in mesopelagic waters was 3.9 +

1.1% in the Northern transect.

The DOC to AOU ratio obtained from the multiple linear correlation of DOC with
the WT proportions and AOU indicates that DOC explains only 3.6 + 2.1% of the oxygen
demand of the meso- and bathypelagic waters of the CVFZ. This surprisingly low
contribution is well below the 10-20% found by Aristegui et al. (2002) for the World Ocean,
ant the range of contributions ( 9- 28%) found for other authors in different region of the
Atlantic Ocean (26.5% to the south of the Canary Islands, 9-19% in the deep North Atlantic;
28 + 3% in the subpolar North Atlantic; 26 + 3% in the Eastern North Atlantic) (Aristegui
et al., 2003; Carlson et al., 2010; Alvarez-Salgado et al., 2013; Lgnborg and Alvarez-
Salgado, 2014). This result could be explained by the fact that most of the water masses in
this region are far away from their formation areas, where the proportion of labile DOC is
higher (Hansell et al., 2012; Hansell and Carlson, 2013) and by the massive flux of
biodegradable sinking POM produced in the coast, which is subjected to the lateral export

by the CBGF in the area, and the divergence below the surface to depth as the filament is
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moving away from continental shelf, ballasted lithogenic materials (lversen et al., 2010;
Lovecchio et al., 2018). In the same way in the case of POC, it represents 4.5 + 0.7% of the
oxygen demand of the meso- and bathypelagic waters of the CVFZ As for the case of PON
with NO3z~mineralisation, the maximum contribution of POC to the oxygen demand was in

the Northern transect.

The low contribution of DON and suspended PON to the respiratory demand and
NOs™ regeneration in the euphotic zone and the dark ocean of the CVFZ indicates that
mineralization processes were mainly supported by sinking POM. DOM and suspended
POM may be exported rapidly offshore in this area of strong offshore zonal flow (Aristegui
and Alvarez-Salgado, 2015), leaving a minor imprint in the biogeochemistry of the study
area. This situation contrasts with the Northern location in Alonso-Gonzélez et al. (2009),
where the dominant mean flow is Southward and along-shore with the Canary Current, and
the zonal transport is localized in mesoscale filaments and eddies (Alvarez-Salgado et al.,
2007; Lovecchio et al., 2017). In addition, the higher contributions of DON to NO3z~
mineralisation (15.7%) than DOC to oxygen demand (3.6%) support the idea that the
preferential N remineralisation explains the higher Redfield DOM C:N ratios in the CVFZ.

2.5 Conclusions

The distribution of inorganic nitrogen, DON and suspended PON in the CVFZ is
dictated by 1) the position of the front, which separates surface and central waters of
contrasting North and South Atlantic origin, and 2) the intersection with meanders of the
frontal system associated with mesoscale structures and their interaction with the Cape
Blanc giant upwelling filament. In the intermediate and deep waters, which are very distant
from their respective source regions, the distributions are dictated by water mass mixing
and remineralization from the source regions to the CVFZ. DON and suspended PON
mineralisation in the study hydrographic box represent about 18% of the nitrogen
mineralisation but higher than the 8.1% contribution of DOC and POC to the oxygen
demand, suggesting that 1) the local nitrogen demand is mainly supported by sinking POM
and 2) N-containing organic compounds are mineralised faster than C-containing organic
compounds. The results obtained in this field study confirm a latitudinal gradient in the

importance of the vertical vs. horizontal flows of organic matter in the Canary Current
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EBUE, and suggest that the offshore regions of EBUES act as a buffer zone that modifies

the stoichiometry of the organic matter exported to the gyres, making it nitrogen poorer.
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The results presented in this chapter are also a manuscript in preparation.
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Abstract

The FLUXES Il cruise was conducted at high spatial resolution (< 10 km) in the
Cape Verde Frontal Zone (CVFZ) during fall 2017. The aim was to investigate the impact
of meso- and submesoscale physical structures on inorganic and organic N species
distributions in epipelagic waters and the contribution of organic N pools to water column
remineralisation processes in mesopelagic waters. The distributions of inorganic and
organic N species and the -O2:N:Si:P stoichiometric ratios in the epipelagic layer were
dictated by the presence of cyclonic and anticyclonic eddies in the area. In epipelagic waters
above the pycnocline, low NO, and NH.* concentration < 0.1 pmol kg were found
associated to nitrate and nitrite reduction by phytoplankton and microbial degradation
processes. N:P molar ratios between 4.6 + 1.7 and 6.4 + 3.5 and N:Si molar ratio between
0.4 £ 0.1 and 0.9 £ 0.5, in the surface mixed layer pointed to N limitation to net primary
production in the region. This is also reflected in the high C:N molar ratios (> 8) of
particular organic matter (POM). In epipelagic waters below the pycnocline, most of the
variability (R? > 0.79) of inorganic nutrient distributions (nitrate, phosphate and silicate)
was mainly explained by the mixing of central waters of contrasting North and South
Atlantic origin, but local mineralization processes contributed to increase the explained
variability (R?>> 0.88). The observed -O,:N:P:Si molar ratios indicate that there was a
preferential mineralization of N- and P-rich compounds, corroborated by the high C:N
ratios (> 11) of POM. Dissolved organic nitrogen (DON) supported 33% of the nitrogen
demand of epipelagic waters below the pycnocline, while suspended organic nitrogen
(PON) supported only 2.4%, suggesting that the surface DON is removed via vertical
mixing and subsequent mineralization below the mixed layer. In the mesopelagic layer,
water mass mixing explained 54% of the variability of PON and most of its mineralization
occurred mainly during the transit of the water masses from the formation sites to the
CVFZ, suggesting that local mineralization seems to be essentially due to fast-sinking POM
produced in situ or imported from the Mauritanian upwelling. The differences in C:N molar
ratios of POM and the -O2:N:Si:P mineralization ratios with depth are of considerable
importance for modelling the biological pump in C and N biogeochemical cycles and
predicting its feedback mechanisms due to global change.
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3.1 Introduction

In the marine environment, the combined nitrogen reservoir is composed of
dissolved inorganic (DIN) (NOs~, NOz-, NH4") and dissolved (DON) and particulate (PON)
organic nitrogen. The mean vertical profiles of the three combined inorganic nitrogen forms
show different patterns (Gruber, 2008; Zhang et al., 2020). Combined inorganic nitrogen
is mostly present in the form of NOz~, which is the most oxidized form of nitrogen,
generally presents near-surface depletion (depending, however, on the geographical area
and the time of year) and enrichment at depth driven by the biological pump (McCarthy et
al., 1998; Sarmiento and Gruber, 2006; Brandes et al., 2007; Zhang et al., 2020). NO3™ is
dominant in oxic environments below the pycnocline. In contrast, NHs" and NO2,
accumulate at the base of the euphotic layer, and rapidly decrease their concentrations
above and below this depth (Gruber, 2008; Smith et al., 2014; Zakem et al., 2018; Zhang
et al., 2020). This distribution reflects their role as intermediary nitrogen forms that are
rapidly produced and consumed through the water column (Gruber, 2008). NH4*
accumulation occurs because phytoplankton is limited by light, and organic nitrogen is
rapidly remineralized (Gruber, 2008; Mulholland and Lomas, 2008; Glibert et al., 2016;
Zhang et al., 2020), while the accumulation of NO2™ to significant levels is mainly due to
the inhibition by light of nitrifying bacteria and the low light levels for phytoplankton
growth. In addition, NO2™ is the least abundant N form, except in suboxic zones, while in
anoxic environments, the most abundant N form is the most reduced natural form NH,*
(McCarthy et al., 1998; Sarmiento and Gruber, 2006; Brandes et al., 2007; Zhang et al.,
2020).

Organic nitrogen is part of the dissolved (DOM), suspended (POM) and sinking
fractions of organic matter, which contribute differently to the biological pump (Sanders et
al., 2014; Boyd et al., 2019). The largest pool of organic nitrogen in the oceans is DON
(Letscher et al., 2013; Hansell and Carlson, 2015; Zhang et al., 2020). Despite most of the
DOM is recalcitrant, a small fraction is photo-reactive and/or bioavailable, contributing to
the biological pump through the recycling and export of marine primary production(Hansell
and Carlson, 2014). DON is the second-most abundant form of combined N with significant
concentrations in the open ocean, especially in surface waters (Gruber, 2008). DON
concentrations are elevated in eastern boundary current regions, were the increase of NO3~
result in net production of DON (Lestcher et al., 2013; Sipler and Bronk, 2015). DON is

produced in the surface ocean, where the fraction that escapes rapid microbial degradation
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accumulates, being subsequently transported downwards by physical process such
advection and turbulent diffusion (Lévy et al., 2012; Nagai et al., 2015). PON represents a
small proportion of the total organic nitrogen pool and exists in different sizes, ranging
from very fine suspended particles to large aggregates, such as marine snow or fecal pellets
(Gruber, 2008). Nitrogen is preferentially consumed compared to carbon, which produces
an increase of the C:N molar ratio with depth (Schneider et al., 2003; Alvarez-Salgado et
al., 2014). On the other hand, sinking POM is mainly controlled by solubilization
(throughout the water column), the setting velocity of the aggregates of marine snow,
mineralization and/or disaggregation, being able to sink at tenths to hundreds of meters per
day (Nowald et al., 2009; Riley et al., 2012; Boyd et al., 2019). Vertical profiles of DOM
and POM, and their C:N ratios, becomes useful to quantify the export from the upper ocean
and to characterize the coupled nutrient and carbon cycling in the oceans (Letscher et al.,
2015). Sinking POM usually present a C:N ratio close to the canonical Redfield value of
6.7 (Redfield et al., 1963; Anderson and Sarmiento, 1994), while suspended POM and
DOM are characterized by much higher C:N ratios, particularly in the case of DOM
(Letscher et al., 2015; Hansell and Carlson, 2015).

There is growing evidence that the three physical processes that drive the Biological
Pump (BP) (lateral advection, vertical advection and turbulent mixing) occur at the
submesoscale range (Omand et al., 2015; Boyd et al., 2019; Hernandez-Hernandez et al.,
2020). The relevance of submesoscale processes is also important for the vertical transport
of nutrients to the euphotic layer that control primary production, nitrogen fixation and the
BP (Lévy et al., 2012; Hosegood et al., 2017; Hernandez-Hernandez et al., 2020). They are
also relevant for the subduction of particle-rich surface waters on timescales of days and
across spatial scales of 1-10 km, driven by strong vertical circulation associated with fronts
and eddies, i.e. the so-called eddy-subduction pump (Niewiadomska et al., 2008; Estapa et
al., 2015; Boyd et al., 2019). All these mesoscale processes have a significant effect on the
distribution and metabolism of microorganisms and the presence of maxima of organic
matter in the mesopelagic layer (Aristegui et al., 2003; Baltar et al., 2009). In fact, Sangra
et al. (2015) showed that submesoscale onshore flows in an upwelling filament may greatly
reduce the impact of the overall offshore transport of carbon and other biogeochemical
properties.

The interaction of the Cape Verde Front (CVF) with the Cape Blanc Giant Filament
(CBGF), and the mixing processes between SACW and ENACW, produce an intense

80



Meso- and submesoscale variability of N in CVFZ

meso- and submesoscale activity in the Cape Verde Frontal Zone (CVFZ) in the form of
meanders and eddies (Aristegui et al., 2009; Lovecchio et al., 2018). The FLUXES Il cruise
was conducted in the season when upwelling was most intense in this area. High-resolution
(< 10 km) vertical profiles of inorganic (NH4*, NO2™ and NOsz") and organic (DON and
PON) nitrogen forms through the upper 1500 dbar were sampled. The aim of this chapter
is using the data from this cruise to study: 1) the variability of organic and inorganic
nitrogen species in the epipelagic CVFZ at the meso- and submesocale range; and 2) assess
the contribution of the dissolved, suspended and sinking organic nitrogen pools to water

column remineralisation processes in the mesopelagic CVFZ.

3.2 Materials and Methods

3.2.1 Sampling strategy and analytical determinations

The FLUXES Il cruise (Fig. 3.1) (R/V Sarmiento de Gamboa; Las Palmas - Las
Palmas, 2-24 November 2017) consisted of two main activities: on the one hand, two
SeaSoar grids for high-resolution characterization of the study area; and, on the other hand,
two high spatial resolution biogeochemical transects (5 nautical miles, NM, 9.3km). The
SeaSoar (MKII, Chelsea Instruments) was equipped with sensors for conductivity-
temperature-depth (CTD, SBE 911 plus), oxygen (SBE 43), fluorescence (SeaPoint SCF)
and turbidity (SeaPoint STM) determination. During the SeaSoar grids the speed was
constant (8 knots), covering a depth range from sea surface to 450 dbar. In this PhD Thesis
have used the data from the SeaSoar grids in order to contextualize the two high-resolution
biogeochemical transects. The first SeaSoar grid consisted of 7 transects covering a box of
120 x 90 NM (222.2 x 166.7 km) carried out from November 5 to 10, while the second
consisted of 8 transects that covered a box of 45 x 35 NM (83.3 x 64.8 km) from 19 to 20
November (Fig. 3.1). Furthermore, current velocities were measured with a 75 kHz RDI
ship Acoustic Doppler Current Profiler (SADCP) configured in narrow band (long range).
The sADCP provided along track raw data every 5 minutes from 36 to 800 dbar.

In the biogeochemical transects, a total of 48 hydrographic station were sampled at
10 levels each from surface to 1500 dbar. The firs transect (long section) consisted of 36
station along 175 NM (324 km) with a horizontal resolution of 5 NM (9.3 km) (November
10th to 16th). The second transect, perpendicular to the first one and with the same

81



Chapter 3:

horizontal resolution, consisted of 12 stations along 55 NM (102 km) (November 19th to
20th) (Fig. 3.1). As in the FLUXES I cruise, the high resolution biogeochemical transects
were sampled using a rosette sampler. The rosette carried 24 Niskin bottles of 12 L and it
was equipped with a conductivity, temperature and depth (CTD) probe (SeaBird SBE911
plus), and sensors for dissolved oxygen (SeaBird SBE43), fluorescence of chlorophyll
(SeaPoint SCF), turbidity (SeaPoint STM) transmittance (WetLabs C-Star) and nitrate
(SUNA V2, SeaBird). Salinity was calibrated using a Guildline 8410-A Portasal
salinometer, and conductivity measurements were converted into practical salinity units
using the (UNESCO, 1985) equation. Dissolved oxygen was determined following
Langdon (2010). The apparent oxygen utilization (AOU) was calculated following Benson
and Krause (UNESCO, 1986), where AOU = Oasat — Oz, with Ozsat being the oxygen
saturation. The method of Holm-Hansen et al. (1965) was used to determine Chl-a. Nutrient
concentrations were determined by segmented flow analysis. Nitrate, nitrite, phosphate,
and silicate were determined colorimetrically as described in Hansen and Koroleff (1999).
Ammonium was determined using the fluorometric method of Kérouel and Aminot (1997).
POC and PON samples were filtered through 25 mm Whatman GF/F pre-combusted filters
(450 °C, 4h) using a vacuum filtration system, dried overnight in a vacuum dessicator under
silicagel, and determined by high temperature catalytic oxidation (900°C) with a Perkin
Elmer 2400 elemental analyser. DOC and TDN samples were not filtered due to the low
concentration of particulate matter, frozen at -20°C and analysed by high temperature
catalytic oxidation at 680°C with a Shimadzu TOC-V analyser connected in line with a
TNM1 measuring unit (Alvarez-Salgado and Miller, 1998). For more details about
sampling strategy and analytical determination see Chapter 2 of this PhD Thesis.

The analysis of TDN involves the transformation of all combined dissolved nitrogen
species in the sample into nitric oxide (NO), which is subsequently determined by
chemiluminescence (Alvarez-Salgado et al., 2022). Note that while nitrogen in DON and
NH." (oxidation state, 3) is more reduced than in NO (oxidation state, +2), in NO2~
(oxidation state, +3) and NOs~ (oxidation state, +5) nitrogen is more oxidized. Since the
sample is subjected to high temperature catalytic oxidation, the conditions are ideal for
DON and NH4" oxidation, but not so favorable for NO>~ and NOs~ reduction to NO.
Consequently, a tight conditioning of the Pt-catalyst is essential to efficiently transform
NO2™ and NOz™ into NO in the furnace of the Shimadzu TOC-V analyzer. When this
conversion is not efficient, DON values are not reliable for samples with high NO3z~
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concentration. This was the case of the samples collected during the FLUXES Il cruise,
and therefore, in this chapter only DON values for the surface layer have been reported,
due to generally low concentration of NOs™ at the surface. This is an analytical issue faced
by chemical oceanographers involved in the determination of TDN worldwide. The most
recent compilation of DOC and TDN concentration in the open ocean (Hansell et al., 2021)
highlighted the problem by restricting the TDN database to the upper 200 dbar.
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Figure 3.1. Map of the FLUXES Il cruise presenting the low-resolution (red line) and high-resolution (blue
line) SeaSoar grids and the biogeochemical transects T1 and T2 (black dots) over a plot of the average salinity
during the cruise (Nov 5th — 20th) at 156 dbar depth obtained from GLORY'S reanalysis. The white line
represents the position of the Cape Verde Front (CVF) in FLUXES I, as identified by the 36.0 isohaline.

The pycnocline, which separates the surface mixed layer from the waters
immediately below, has been identified as the depth of maximum stability (squared Brunt-

Vaisild frequency, N’max) (Doval et al., 2001). It was calculated as follows:

ln(pz/Pz—l)

2 _
N _gxz—(z—l)
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where g is the gravity acceleration (9.81 m s72), and p is the density at atmospheric pressure
at depth z (in kg m?), calculated from salinity and temperature using the equation of
UNESCO (1985).

3.2.2 Water mass analysis, water type proportion-weighted average values and
multiple regression models

For the quantification of the proportions (Xj) of the water types (WTs) that
contribute to the water samples collected in the mesopelagic layer (200-1500 dbar) during
the FLUXES 11 cruise, an optimum multiparameter (OMP) inverse method (Karstensen and
Tomczak, 1998) has been used. This OMP method is the same that was developed for the
FLUXES I cruise samples and has been explained in detail in Chapter 2. Note that during
FLUXES Il the maximum sampling depth was 1500 dbar and, therefore, UNEADW and
LNEADW were not sampled. To run the OMP analysis, the following 4 oceanographically
consistent WT mixing groups were defined (Fig. 3.2): 1) MMW - SACW18 - ENACW15;
2) SACW18 - ENACW15 - SACW12 - ENACW12; 3) SACW12 - ENACW12 - AA -
SPMW; and 4) AA - SPMW - MW - LSW (Fig. 3.2). Since the samples from the epipelagic
layer were excluded because of the non-conservative behavior of 0, S, SiO4H4 and NO, the
OMP was applied to 290 of the 480 samples collected during FLUXES II.

Once the WT proportions (Xij) were obtained, we calculated: 1) the WT proportion
weighted-average (hereafter, archetype) concentrations of AOU and the different nitrogen
species; 2) the multiple linear regressions of the nitrogen species with Xj; (mixing model);

and 3) with Xj; + AOU (mixing + biogeochemical model) as already detailed in Chapter 2.
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Figure 3.2. Potential temperature versus salinity (a, b), NO (c, d) and SiO4Hs (e, f) for the T1 (left) and T2
(right) during the FLUXES II cruise. Dots represent the water samples collected and the coloured shadow
areas in (a) and (b) identify the mixing group assigned to each sample. Potential density contours are also
shown in (a) and (b).

3.3 Results

3.3.1 Hydrography of the CVF in November 2017

Based on satellite altimetry images (Fig. 3.3), changes occurred in the mesoscale
activity of the area between the two biogeochemical transects. When T1 was occupied
(November 10th to 16th), while the first stations of the transect (stn 1-13) were affected by
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a cyclonic eddy with the core at stn 4-5, most of the transect (stn 13-36) bordered the
southwestern front of an anticyclonic eddy located immediately to the northeast (Fig. 3.3a).
In contrast, when T2 was occupied (November 19th to 20th) the anticyclonic eddy
displaced slightly to the northwest, changed its shape and intensified while the cyclonic

eddy moved slightly to the south and weakened its intensity (Fig. 3.3b).
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Figure 3.3. Average absolute dynamic topography with the derived geostrophic field superimposed at the
time of T1 (a) and T2 (b). Made with GLORYS reanalysis. White dots represent the two biogeochemical
transects occupied during the FLUXES Il cruise, T1 and T2. Numbers are station numbers.

3.3.1.1  Epipelagic layer

In the upper 40 dbar of the southern part of T1, a shallow intrusion of low salinity
(S < 36.2) surrounded by a water body of higher salinity (S > 36.2) was observed (Fig.
3.4a). Below, in the 40-200 dbar layer, this low salinity intrusion was also noticeable in the
southern and northern parts of T1, producing a narrow zone with higher salinity located
between them, at stations 19-22 (Fig. 3.4b).

Three hydrographic domains can be identified along T1, on basis of the position of
the CVF, which was defined by the 36.0 isoline crossing the 150 dbar isobar (Zenk et al.,
1991). The depth of the 36.0 isohaline showed a marked variability, from 40 dbar at stns 6-
8 to more than 200 dbar at stns 23-27 (Fig. 3.5). The CVF was crossed at two stations (9
and 28), defining the three hydrographic domains as: A (stn 1-9), B (stn 9-28), and C (stn
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28-36) (Fig. 3.5a). In addition, along T1 a well-marked pycnocline was observed (thick
black line in Figure 3.5a) ranging from 24 to 64 dbar (average, 42 dbar), which separates

the warmer surface mixed layer from the colder sub-surface waters below.
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Figure 3.4. Average interpolated grids of salinity and horizontal velocity fields between 10-40 dbar and 40-
200 dbar at the time when T1 (a, b) and T2 (c, d) were occupied. Current velocities were measured with the
ship mounted ADCP. Purple dots represent the stations occupied during the biogeochemical transects.
Above the pycnocline, domains A and B showed similar salinities, while domain C
presented an intrusion of high salinity water (S > 36.5) (Fig. 3.5a) that produces a marked
salinity gradient across the pycnocline. Furthermore, this high salinity intrusion coincided
with the highest surface temperatures (p< 0.0005) of 23.30 £ 0.04 °C (Fig. 3.5b; Table 3.1).
Below the pycnocline, domains A and C, showed less salinity than domain B (Fig. 3.5a),
reflecting the predominance of the less saline SACW, versus the predominance of the more

saline ENACW in domain B. Nevertheless, along domain B from 50 to 80 dbar, a filament-
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shaped low salinity intrusion of water with S< 36 was observed. This intrusion was
associated to a SACW uplift in domain A which is inserted in domain B (Fig. 3.5a.
horizontal dotted line) being slightly below the pycnocline. Temperatures below the
pycnocline down to 200 dbar, were significantly different between the three domains, with
domain B showing the highest values as expected when ENACW was the dominant water
mass (p< 0.0005; Table 3.1).

The deep chlorophyll maximum (DCM) roughly coincided with the pycnocline
depth (Fig. 3.5¢). In domains A and C, the DCM was a 33.8 and 45.5 dbar respectively,
while in domain B high Chl-a values reached the surface. Maximum values of Chl-a were
found at the boundary between domains A and B, at stn 8-13, with concentrations above 1
ug L1 The lowest values (p< 0.0005) of Chl-a, 0.37 + 0.01 pg L coincided with the
intrusion of high salinity water observed in domain C (Table 3.1).

Above the pycnocline, AOU was significantly different between the three domains,
being the highest in domain A with 1.7 + 1.4 umol kg (p< 0.05, Table 3.1). In contrast,
significantly lower values (p< 0.0005) of -4.6 + 0.6 pmol kg™ were found in domain B,
which suggest higher net primary production in this domain. Below the pycnocline, domain
B presented significantly lower values, which coincided with the warmer and saltier
ENACW. The intrusion of SACW in this domain at 50-80 dbar was also traceable by the
slightly higher levels of AOU (Fig. 3.5d).

Salinity distribution along T2 differed from T1, as expected from the satellite
altimetry observations (Fig. 3.3) and SeaSoar surveys (Fig. 3.4). During T2, the low salinity
water intrusion disappeared, being occupied with a high salinity surface water body (Fig.
3.4c), while between 40-200 dbar the less saline water was displaced to the south (Fig.
3.4d). This displacement in the upper 40 dbar was also noticeable in Figure 3.5a, with
higher salinity below the pycnocline than at T1. The Chl-a distribution in the surface mixed
layer showed higher values at both ends of T2, and lower in the middle, where Chl-a was
higher below the pycnocline (Fig. 3.5c). The distribution of AOU showed higher
concentrations at 100 dbar, similar to the levels found in domain A during T1. (Fig. 3.5d).
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Figure 3.5. Distribution of salinity (S) (a), potential temperature (6) in °C (b), Chl-a (chlorophyll a) in pg L
1 (c) and apparent oxygen utilization (AOU) in umol kg™ (d), in the epipelagic layer during the FLUXES II
cruise along T1 (left) and T2 (right). All measurements were obtained at 1 dbar vertical resolution. T1 is
divided into three domains (A-C) separated by vertical dotted lines at stn 9 and 28. Vertical black lines show
the position of the orthogonal transects T2 and T1, respectively. Horizontal black line shows the position of
the pycnocline and horizontal black dotted line in (a) and (d) show the position of the low salinity intrusion
(see text). Section distance is counting from southeast (SE) to northwest (NW) in T1 and from southwest
(SW) to northeast (NE) in T2 (labelled at the bottom of the first panel). Produced with Ocean Data View

(Schlitzer, 2017).
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Table 3.1. Thermohaline and chemical characteristics (average value = SE) (Salinity, 0 in °C, Chl-a in pg L
1, AOU in umol kg?) of epipelagic waters above and below the pycnocline and at the deep chlorophyll
maximum (DCM) along the biogeochemical transect T1. The depth of DCM was 34.0 + 2.7, 39.6 +1.6 and

45.7 +2.9 dbar in domains A, B and C respectively.

Salinity Temperature
Domain _ Above pyc. DCM Below pyc.  Above pyc. DCM Below pyc.
A 36.38+0.01 36.28+0.06 35.95+0.01 23.00+£0.05 21.33+0.57 16.08+0.04
B 36.31+0.01 36.34+0.05 36.19+0.00 2299+0.02 21.84+0.27 17.30%0.03
C 36.58+0.01 36.56+0.04 3596+0.01 2330+0.04 2275+0.18 16.65%0.06
AOU Chla
Domain _ Above pyc. DCM Below pyc.  Above pyc. DCM Below pyc.
A 1.7+14 536+159 1654+11 0.63%0.03 157+030 0.15+0.01
B -4.6+0.6 35,788 1200+06 0.66+0.01 117+025 0.12+0.00
C -1.5+0.6 153+29 1704+15 0.37x0.01 0.83+0.09 0.11+0.00
3.3.1.2  Mesopelagic layer

SACW_18, centred at 165 £ 25 dbar, was the shallowest central WT. It represented
3.2% of the total volume of water sampled during the FLUXES II cruise (Fig. 3.6, Table
3.2). Below SACW _18, MMW was found, centred at 201 + 1 dbar. Nevertheless, this water
type represented only 0.1% of the total volume sampled during the cruise. ENACW_15
was located deeper, at 232 £+ 11 dbar, and represented 12.3% of the total sampled volume.
Finally, SACW_12 and ENACW _12, were centred at 339 + 24 and 453 + 17 dbar
respectively. ENACW _12 was the most abundant WT sampled during the cruise with
26.1%. Conversely SACW _12 represented a total sampled volume of 8.6% (Fig. 3.6, Table
3.2). The distribution of the central waters was similar between T1 and T2 (Fig. 3.6) and
every water mass were present in all domains of T1 and T2, except SACW_12 being mostly

present in domains B and C in T1, and was not present in T2.

Intermediate waters were occupied by AA, SPMW, MW and LSW (Fig. 3.6). The
shallowest intermediate water was SPMW, centred at 813 + 20 dbar, and representing a
total volume of sampled water of 10.4%. SPWM was followed by AA at a depth of 904 +
36 dbar, representing 20.2% of the volume, being the most representative intermediate
water (Fig. 3.6, Table 3.2). MW, centred at 1225 + 62 dbar, was much less representative
with 5.6% of the volume. Finally, LSW, centred at 1443 £ 26 dbar, represented 13.4% of
the sampled volume (Fig. 3.6, Table 3.2).
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Figure 3.6. Distributions of the water masses present in the CVFZ during the FLUXES 11 cruise. Water mass
proportions in this figure were derived from an OMP analysis applied to CTD data at 1 dbar vertical
resolution. 6 and S were measured directly with the CTD, while SiO4H4 and NO values were reconstructed
by fitting the measured water sample concentrations to a non-linear combination of variables directly
measured with the CTD (6, S, O2). The distribution of the water-masses among the panels was designed to
avoid contour overlapping and does not follow an oceanographic criterion. In panel (a) the three domains of
T1 (A-C) are reflected separated by vertical black lines at stn 9 and 28. the Section distance is counting from
southeast (SE) to northwest (NW) in T1 and from southwest (SW) to northeast (NE) in T2 (labelled at the
bottom of the first panel).
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Table 3.2. Percentage of the total volume of water sampled during the FLUXES 11 cruise that corresponded
to each water type (%VOLIi) and archetype values + SE of depth (Zi, dbar), apparent oxygen utilization
(AOUi, pmol kg), nitrate (NO3z i, umol kg™), phosphate (HPO,Zi, umol kg?) dissolved organic carbon
(DOCi, pmol LY), particulate organic carbon (POCi, umol L1), particulate organic nitrogen (PONi, pumol L-
1), and C:N molar ratio (mol C mol N1) of suspended POM for the water types sampled during the cruise.
Determination coefficient (R?), standard error of the estimate (SE) of the multiple-regression and the
measurement error (ME) of each variable.

- ) oy >
T WOL by (umolkg) (umolkg’) (umolkg?)
SACW_18 3.20% 165+ 25 1732+81 246+1.2 1.32%0.07
MMW 0.10% 201+1 112.0+136 15427 0.80+0.14
ENACW_15 12.30% 232+ 11 155.3+48 21.8+0.8 1.15+0.04
SACW _12 8.60% 339+24 191.0+42 282+0.9 151+0.05
ENACW_12 26.10% 453 £ 17 186.2+26 29.3+05 1.59+0.03
SPMW 10.40% 813+20 187.1+23 324103 1.92+0.02
AA 20.20% 904 + 36 1769+32 315+03 1.84x0.02
MW 5.60% 1225 £ 62 1486+6.2 29.1+0.8 1.71+0.05
LSW 13.40% 1443 £ 26 127.8+6.2 26.6+0.32 1.56+0.02
R? 0.96 0.97 0.93
SE 6.6 1.72 0.08
ME 1.0 0.1 0.02
DOCi POCi PONIi C:N POM
Wt (umol L) (umol L)  (umol L) (mol C mol N')
SACW _18 528+%19 1.9+0.2 0.16+£0.02 122%0.9
MMW 53.1%£73 1.3+04 0.09+0.02 147%22
ENACW_15 51.2+0.9 15101 0.11+0.01 139+0.6
SACW_12 478+1.0 1.6+£0.1 0.12+0.01 14407
ENACW_12 46.6+£0.6 1.4+£0.1 0.10+0.01 154104
SPMW 435+1.0 1.1+0.1 0.06£0.00 183%0.7
AA 43.1%0.6 11+0.1 0.06 £0.01 17.7+0.6
MW 412+10 09+0.1 0.05+0.01 19.1+11
LSW 41.8+0.7 09+0.1 0.05+0.00 195%0.7
R? 0.40 0.38 0.54
SE 4.54 0.44 0.03
ME 15 0.1 0.01

The distribution of AOU in the central waters presented the lowest values (100-150
umol kg?) in the shallowest WTs between stn 8 and 28 (domain B), related with the
dominant presence of ENACW (Fig. 3.7). Conversely, the highest archetype AOU values
(191.0 + 4.2 umol kg™) corresponded to SACW_12 (Table 3.2). In intermediate waters,
AOU decreased significantly (p< 0.005) with depth from an archetype value of 187 umol
kg for SPMW to 128 pumol kg™ for LSW. WTs mixing explained 96% of the variability
of AOU, but the SE of 6.6 umol kg™ was larger than the measurement error of AOU, about
1 umol kg* (Table 3.2). This indicates that, although the R? is high, mixing is not able to
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explain satisfactorily the distribution of AOU because the SE is about an order of

magnitude larger than the measurement error (Alvarez-Salgado et al., 2013).

Depth [m]
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Figure 3.7. Distributions of AOU in umol kg during the FLUXES I cruise, along T1 (left) and T2 (right).
Vertical black lines show the position of the orthogonal transects T2 and T1, respectively. Section distance
is counting from southeast (SE) to northwest (NW) in T1 and from southwest (SW) to northeast (NE) in T2.

Produced with Ocean Data View (Schlitzer, 2017).

3.3.2 Nitrogen biogeochemistry in the CVF in November 2017

3.3.2.1 Epipelagic layer

Along T1, the distribution of the predominant form of inorganic nitrogen, NO3~
(Fig. 3.8a), was parallel to the distributions of salinity (Fig. 3.5a) and AOU (Fig. 3.5d). The
shallow intrusion of low salinity in domain B, was also noticeable in the high concentration
of NOz~ observed just below the pycnocline. Below the pycnocline, average values of NO3~
were non significantly different between the three domains (Table 3.3). Concentrations of
NO and NH4* (Fig. 3.8b, c) were low, usually less than 0.1 umol kg™, with maximum
values in the surroundings of the DCM and specifically in domain B, where the average
concentrations of NO2~ and NH4" were 0.38 + 0.08 and 0.30 = 0.06 umol kg™, respectively
(Table 3.3). These high values coincided with the high levels of Chl-a present in domain
B.

When T2 was occupied, the distribution of NO3z™ showed higher concentrations at
100 dbar, similar to the concentration found in domain A during T1 (Fig. 3.8a). NO2™ and
NH4* concentrations showed similar distributions than in T1 but with slightly higher values
around the pycnocline, with NO>~showing a peak at stn 47 (Fig. 3.8b, c). The distributions
of NO2 and NH4* were parallel to the distribution of Chl-a.

93



Chapter 3:

40

Depth [m]

ic]

DOMAIN A DOMAIN B DOMAIN C

(=)
~

100

Depth [m]

150

200

(2)
N
=]

100

Depth [m]

150

200

0 100 200 300 0 20 40 60 80 100
Section Distance [km] Section Distance [km]

Figure 3.8. Distributions of nitrate (NO3") in umol kg (a), nitrite (NO2") in umol kg* (b), and ammonium
(NHg) in umol kg (c), in the epipelagic layer during the FLUXES Il cruise, along T1 (left) and T2 (right).
T1is divided into three domains (A-C) separated by vertical dotted lines at stn 9 and 28. Vertical black lines
show the position of the orthogonal transects T2 and T1, respectively. Horizontal black line shows the position
of the pycnocline. Section distance is counting from southeast (SE) to northwest (NW) in T1 and from
southwest (SW) to northeast (NE) in T2. Produced with Ocean Data View (Schlitzer, 2017).

Below the pycnocline, The Orthogonal Distance Regression (ODR) of NOs™ and
salinity, (NOs = -25 (+ 1) - S + 946 (+40); R? = 0.83; n = 116) indicates that 83% of the
variability of NOs™ depends on the mixing of the nutrient-poorer and saltier North Atlantic
waters with the nutrient-richer and fresher South Atlantic waters, showing that the 20 pumol
kg™ nitrate isoline coincided with the 36 isohaline that defines the position of the CVF. We
excluded from these correlations the surface mixed layer samples because of the impact of
phytoplankton photosynthesis on the concentration of NOs  and the precipitation-
evaporation balance on salinity. To separate the contribution of mixing (traced by salinity)

from mineralisation processes (traced by AOU), a multiple correlation of NO3~ with salinity

94



Meso- and submesoscale variability of N in CVFZ

and AOU was carried out, obtaining a R?>= 0.97, and a NOs:AOU molar coefficient of
0.120 + 0.006 (NO3 = -3.84 (+1.2) - S + 0.120 (+0.006) - AOU + 142 (+42); R>=0.97; n

= 112), without significantly differences between the three domains.

Table 3.3. Depth of DCM (Z) in dbar, inorganic nutrients in pmol kg*, DOM and POM in pmol L and C:N
ratios, characteristic of the epipelagic waters above and below the pycnocline and DCM along the
biogeochemical transect T1, in domains A, B and C.

Z NOs~
Above pc. DCM Below pc. Above pc. DCM Below pc.
Domain A 34027 143+063 6.82+192 19.28+1.76
Domain B 39616 083+031 421+109 16.47+0.95
Domain C 45729 065+021 180+153 17.22+2.00
NO2~ NH4*
Above pc. DCM Below pc. Above pc. DCM Below pc.
Domain A 0.05+0.01 0.22+0.05 0.12+0.03 0.09+0.02 0.12+0.05 0.04+0.01
DomainB 0.03+0.01 0.38+0.08 0.20+0.04 0.17+0.03 0.30+0.06 0.06 £ 0.01
DomainC 0.09+0.03 0.24+0.06 0.08+0.01 0.08+0.01 0.11+0.03 0.06 +0.02
HPO4? SiOsH4
Above pc. DCM Below pc. Above pc. DCM Below pc.
Domain A 0.26+0.04 055+0.10 1.11+0.08 1.73+£0.14 2,96 +0.39 6.40 £ 0.50
DomainB 0.24+0.02 042+0.06 0.97+0.04 139+0.09 246+0.26 5.44+0.29
DomainC 0.17+0.02 0.25+0.03 1.04+0.09 1.94+0.12 2.50+0.20 6.31 + 0.66
DOC DON
Above pc. DCM Below pc. Above pc. DCM Below pc.
Domain A  753+13 69.4+20 60.1+1.6 6.1+0.28 6.9+1.17 49+1.20
DomainB 77.2+12 69.0+19 57512 7.1+0.19 5.9+0.48 3.3+£0.34
DomainC 748+13 708+22 58.4+21 6.8+1.7 6.5+0.25 3.67+043
C:N DOM POC
Above pc. DCM Below pc. Above pc. DCM Below pc.
Domain A 127+059 11.8+169 17.6+0.97 59+04 6.0+0.7 3.0+04
DomainB 11.2+0.27 141+199 159+237 7.0+04 6.3+0.7 3.0+£0.3
DomainC 11.1+0.26 11.1+057 16.5+1.02 3.9+0.2 3.6+0.2 2.1+0.2
PON C:N POM
Above pc. DCM Below pc. Above pc. DCM Below pc.

Domain A 0.69+0.05 0.71+0.08 0.28+0.04 8.74+0.26  8.56%0.32 11.20 £ 0.54
DomainB 0.86+0.05 0.68+0.07 0.30+0.04 8.24+0.14 9.39+0.54 11.24+0.41
DomainC 0.48+0.03 042+0.04 0.20+0.02 830+0.22 8.93+0.50 11.25+0.71

The concentration of HPO42 (Fig. 3.9a) decreased from southeast to northwest in
the surface mixed layer, being significantly lower in domain C (Table 3.3). Below the
pycnocline, higher values were observed in domain A with an average concentration of
1.11 £ 0.08 pmol kg and non-significant differences between the three domains.
Regarding SiOsH4 (Fig. 3.9b), a distribution parallel to NO3s~ was also observed, although
the lowest concentrations (p< 0.01) were found in domain B above the pycnocline (Table
3.3) and there were no significant differences in the three domains below the pycnocline.
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Above the pycnocline the N:P molar ratio of inorganic nutrients ranged between 4.6 + 1.7
and 6.4 + 3.5 and increased with deep, reaching values of 16.3 + 0.9 below pycnocline with
no significant differences between domains. The N:Si ratio above the pycnocline ranged
between 0.4 £ 0.1 and 0.9 + 0.5. Conversely, below the pycnocline an average ratio of 3.0
+ 0.5 was found in the three domains with no significant differences between them.
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Figure 3.9. Distributions of phosphate (HPO4?) in umol kg* (a), and silicate (SiOsH4) in umol kg (b) in the
epipelagic layer during the FLUXES Il cruise along T1 (left) and T2 (right). T1 is divided into three domains
(A-C) separated by vertical dotted lines at stn 9 and 28. Vertical black lines show the position of the
orthogonal transects T2 and T1, respectively. Horizontal black line shows the position of the pycnocline.
Section distance is counting from southeast (SE) to northwest (NW) in T1 and from southwest (SW) to
northeast (NE) in T2. Produced with Ocean Data View (Schlitzer, 2017).

Below the pycnocline the ODR of HPO4 with salinity (HPO42 = -1.23 (% 0.05) -
S + 45 (+1.9); R? = 0.82; n = 116) indicates that 82% of the variability depends on water
mass mixing. A multiple correlation of HPO4 with salinity and AOU was carried out,
obtaining a R?= 0.97, and a HPO42 :AOU molar coefficient of 0.0049 + 0.0004 (HPO42 =
-0.38 (+0.8) - S + 0.0049 (£0.0004) - AOU + 14 (+3); R? =0.93; n = 112). To differentiate
between mixing and mineralisation processes in the relationship between nitrate and
phosphate, a multiple regression model of NOs~ with salinity and HPO4 was calculated
(NO3 =18 (+1) - HPO4s2 - 3.6 (+1.3)- S +130 (+47); R? = 0.95; n = 116) obtaining a NO3"
: HPO42 molar slope of 18 + 1. When each domain was considered separately, the NO3™:
HPO4? molar slope did not show significant differences between them. The ODR of
SiOsHa4 with salinity (SiOsHs=-7.4 (+ 0.4) - S + 271 (+12.8); R? = 0.79; n = 116) indicates
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that 79% of its variability depends on the mixing, Again, a multiple regression model of
NOs" with salinity and SiO4Hs was applied (NOs™ = 2.3 (20.2) - SiOsH4- 9 (x2) - S +316
(£60); R? = 0.92; n = 116) obtaining a NO3:SiO4H4 molar slope of 2.3 + 0.2. In addition,
when considered the three domains separately in the multiple linear regression of NO3z~ with
salinity and SiO4Ha4, domain A and B showed similar NOs:SiOsH4 molar slope around 2.4
+ 0.4, while domain C showed a significantly lower NO3z:SiO4Hs molar slope of 0.88 + 0.4
(p< 0.05).

PON along T1 showed the highest values above the pycnocline (Fig. 3.10a),
particularly in domain B with an average concentration of 0.86 + 0.05 pumol L* (Table 3.3),
while the lowest values were found in domain C with an average concentration of 0.48 +
0.03 umol L1, Below the pycnocline, an average value of 0.26 +0.03 umol L™ was obtained
decreasing significantly (p< 0.05) from domain A and B to domain C (Table 3.3). In
epipelagic waters, PON correlated significantly with Chl-a (ODR; PON = 0.54 (£ 0.02) -
Chla-0.15 (+ 0.02); R?=0.50; n = 237; p< 0.005). When T2 was occupied PON presented
higher values at both ends of T2 and slightly lower at the middle of the section (Fig. 3.10a).
The values were similar to those found along T1 but being significantly lower at the DCM
(p< 0.05). In addition, as in T1, higher PON values coincided with higher values of Chl-a.

The C:N molar ratio of POM increased significantly with depth (p< 0.005). T1
showed values from > 8 in the surface mixed layer to > 11 below the pycnocline, being the
average value of C:N molar ratio of POM similar between the three domains. In T2, above
the pycnocline and at the DCM, significantly lower C: N molar ratio than T1 were observed
(p< 0.05), around 7. In epipelagic waters, POC (Fig. S5a) resembled the distribution of
PON (ODR; POC =7.4 (+ 0.1) - PON + 0.6 (+ 0.1); R?=0.92; n = 235; p< 0.005).

In T1, DON (Fig. 3.10b) showed maximum average concentrations of 6.8 + 0.3
umol L above the pycnocline (Table 3.3), and decreased with depth to an average value
of 3.5 + 0.3 umol L below the pycnocline. At the surface, domain A showed significantly
lower values, than domains B and C (p< 0.05) (Table 3.3), while at the DCM and below

the pycnocline all domains presented similar values (p> 0.05).

DOC (Fig. S5b) maximum concentration of 97 pmol L™ was found at the surface
layer of stn 21, coinciding with high values of Chl-a found above the pycnocline between
stn 19-27. Average concentrations of DOC in the surface mixed layer were 76.0 + 0.8 umol
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L and decreased significantly with depth (Table 3.3). Nevertheless, the distribution of
DOC below the pycnocline showed columns with relatively high DOC values, which
extended up to 200 dbar and were surrounded by areas of lower concentration, in the three
domains. In T2, DOC presented higher values in the surface at stn 39 with a maximum of

116.7 pmol L%, coinciding with high values of Chl-a found in T2.

Above the pycnocline, the average C:N molar ratio of DOM was around 11.4 £ 0.2,
increasing with depth to 17 + 1 (p< 0.005), showing similar averages values in both
transects (T1 and T2) (p> 0.05). When the average values of the C:N ratio of DOM below
the pycnocline in each transect were analysed, T1 showed significantly higher values (p>
0.005). In T1, above the pycnocline considering the three domains separately, domain A
presented an average C:N molar ratio of 12.7 £ 0.6, significantly higher than average values

of domains B and C (p< 0.05) (Table 3.3).
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Figure 3.10. Distributions of PON in pmol L (a) and DON in pmol L™ (b) in the epipelagic layer during
the FLUXES 11 cruise, along T1 (left) and T2 (right). T1 is divided into three domains (A-C) separated by
vertical dotted lines at stn 9 and 28. Vertical black lines show the position of the orthogonal transects T2 and
T1, respectively. Horizontal black line in (a) shows the position of the pycnocline. Note that the depth scale
in (a) and (b) is different. Section distance is counting from southeast (SE) to northwest (NW) in T1 and from

southwest (SW) to northeast (NE) in T2. Produced with Ocean Data View (Schlitzer, 2017).

98



Meso- and submesoscale variability of N in CVFZ

Correlations with AOU (for DOC and POC) and with NO3™ (for PON and DON)
below the pycnocline were examined to quantify the contribution of DOC and POC to local
oxygen consumption, and the contribution of DON and PON to local NOs™ production.
DOC showed a significant correlation with AOU (ODR; DOC = -0.15 (+ 0.01) - AOU +
75.5 (= 1.3); R? = 0.49; n = 116). The slope of the linear regression indicated that DOC
supported around 21 + 1 %, of the oxygen demand in the epipelagic waters assuming a
Redfieldian -O:C stoichiometric ratio of 1.4 mol Oz mol C?! (Anderson, 1995).
Furthermore, when T1 was examined considering the three domains separately, domain B
presented a significantly more negative slope (-0.18 £ 0.02) than domains A and C (-0.13
+ 0.04 and -0.15 £ 0.03, respectively). Therefore, while DOC supported 25.3 + 2.8 % of
the oxygen demand in domain B, this value decreased to 18.5 + 5.6 % and 21.0 + 4.2 % in
domains A and C, respectively. A multiple regression model of DOC with salinity and

AOU was applied, but it was not significant.

Table 3.4. AOU or NOs™ coefficients of DOC, POC, PON and DON for each domain in T1, in the epipelagic
layer, below the pycnocline. B, AOU or NO3 coefficients of the regression; SE-p, standard error and p-value
of the estimation of .

Domain A Domain B Domain C
B SE-B p B SE-B P B SE-B p
DOC
S -0.13 0.023 0.001 -0.180 0.018 1.3E-09 -0.136 0.0214 0.0002
AOU
POC

Vs -0.034 0.006 0.025 -0.045 0.006 0.002 -0.015  0.003 0.015
AOU

PON
S -0.025 0.005 0.005 -0.037 0.005 0.0005 -0.011  0.001 0.0002
NOs~

DON
S -0.430 0.105 0.018 -0.334 0.055 0.004 -0.219  0.047 0.0056
NOs~

For the case of POC (ODR; POC = -0.030 (+ 0.006) - AOU + 6.3 (+ 0.8); R2=0.23
n = 110), its represented only the 4.4 £ 0.8 % of the oxygen demand. When salinity was
added to the multiple regression (ODR; POC = -0.030 (£0.006) - AOU — 4.2 (¥1.2)- S +
157 (+ 46); R?=0.28; n = 110), a similar POC:AOU molar slope was obtained. When each

domain was studied separately, again, domain B presented a significantly more negative
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slope (-0.045 £ 0.006) for POC vs AOU correlation than domains A (-0.034+ 0.006) and C
(-0.015+ 0.003) (Table 3.4), suggesting that POC supported 6.3 + 0.8 % of the oxygen

demand in domain B.

DON supported 33 £ 10 % of the NOs™ production (ODR; DON =-0.33 (x 0.1) -
NOs +8.96 (+ 1.7); R>=0.39 n = 75). As for DOC, when salinity was added to the multiple
regression there was not a significant improvement of the explained variability and the
coefficient with salinity was not significant. For the case of PON the ODR with NO3z"
(ODR; PON = -0.014 (+ 0.001)- NO3™ + 0.45 (+ 0.03); R? = 0.29 n = 110) indicates that
PON supported only 1.4% * 0.1 % of the NO3™ production, although when corrected for
water mass mixing (PON = — 0.027 (+0.004) - NOs~ — 0.42 (+0.12)- S +16 (+4); R?=0.34;
n =110), a PON: NOz™ a molar slope of -0.027 + 0.004 was obtained, indicating that PON
really contributed 2.7+0.4 % to nitrate production. Furthermore, when T1 was examined,
DON supported significantly lower (p< 0.05) NO3z™ production in domain C (22 + 5%) than
in domain A (43 = 10 %) and B (33 = 5 %) (Table 3.4). For the case of PON, domain B
presented a significantly more negative slope (-0.037 = 0.005) than domains A and C
(-0.025 + 0.005 and -0.011 + 0.001, respectively), suggesting that PON supported
significantly higher (p< 0.05) NOs™ mineralisation in domain B (3.7 £ 0.5% ) versus the 1.1
+ 1.3 % in domain C (Table 3.4), The inclusion of salinity to the DON and PON regression
in three domains it was not significant or with same coefficients, so the domains

coefficients were presented as the lineal regression.

3.3.2.2 Mesopelagic layer

The distribution of NO3™ (Fig. 3.11a) showed maximum values between 500 and
1000 dbar. The lowest archetype values of NOs~ (15.4 + 2.7 and 21.8 + 0.8 umol kg*) were
observed in the shallowest WTs, MMW and ENACW _15 (Table 3.2), while the highest
values between 500 and 1000 dbar corresponded to SPMW and AA, 32.4 £ 0.3and 31.5 %
0.3 umol kg2, respectively. WTs mixing explained 87% of the variability of NOs~, but the
SE of 1.72 umol kg* was larger than the measurement error of 0.1 pmol kg (Table 3.2),
Inclusion of AOU as explanatory variable increased the explained variability of the NOs~
distribution to 90% (Table 3.2), with a significant NO3:AOU coefficient independent of
WT mixing of 0.13 £ 0.01 (Table 3.5).
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Figure 3.11. Distributions of NOz~ in pmol kg* (a), HPO42 in pmol kg (b) and PON in pmol L (c) in the
mesopelagic layer during the FLUXES 11 cruise along T1 (left) and T2 (right). Vertical black lines show the
position of the orthogonal transects T2 and T1, respectively. Section distance is counting from southeast (SE)
to northwest (NW) in T1 and from southwest (SW) to northeast (NE) in T2. Produced with Ocean Data View
(Schlitzer, 2017).

HPO42 showed a similar distribution than NOs~ (Fig. 3.11b). Archetype values of
HPO.?ranged from 1.15 + 0.04 pmol kg* in ENACW _15 to 1.92 + 0.02 pmol kg2, in the
intermediate SPMW, and then decreased with depth until reaching a value of 1.56 + 0.02
umol kgt in LSW (Table 3.2). WT mixing explained 93% of the variability of HPO4 with
a SE of 0.08 pmol kg, being this SE 4 times the measurement error of 0.02 umol kg*
(Table 3.2). In addition, when AOU was added to the multiple regression the explained
variance was 95% and a significant HPO4>:AOU coefficient of 0.0066 + 0.0006 was
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obtained (Table 3.5). Furthermore, when HPO42 was added as an explanatory variable to
NO3™the explained variance was 95% with a SE of 1.1 pmol kg* and with a NO3:HPO,?
coefficient of 16.1 £ 0.8 (Table 3.5).

PON (Fig. 3.11c) showed a similar distribution along T1 and T2, with a general
decreased of concentration with depth. Archetype PON values ranged from 0.16 + 0.02
umol kgt in the shallowest SACW_18 to 0.05 + 0.00 pmol kg™ in LSW (Table 3.2). WTs
mixing explained 54% of the variability of the distribution of PON in the CVFZ with a SE
of 0.03 pmol L higher than the measurement error of 0.01 umol L (Tables 3.2 and 3.5).
In addition, when adding AOU or NOs™ to the multiple regression model the PON:AQOU
and PON:NOs™ coefficients were not significant (Table 3.5).

The distribution of POC (Fig. S6a) was parallel to PON with a general decreased of
concentration with depth. The highest concentrations of POC 1.9 + 0.2 pmol L™, was found
in the shallowest central water SACW _18 (Table 3.2). WTs mixing explained only 38% of
the POC with a SE of 0.4 umol L™ variability in the CVFZ (Table 3.5). As for the case of
PON when adding AOU to the multiple regression model the POC—AQU coefficient were
not significant (Table 3.5).

Table 3.5. Multiple linear regressions of DOC, POC, PON and NO3™ with the water type proportions (Xi)
and AOU or NO3™. Determination coefficient (R%) and standard deviation (SE.1), between the multiple linear
regression with Xj; (Table 3.2) and the multiple linear regression with Xj; and AOU or NOs-, regression

coefficient of each variable with AOU or NOs™ (), and standard error of the estimate (SEg), p-value of f and
total of samples (n).

DVCS’C P\?SC PON PON NOs~ Vs HPO,? HPO,?

AOU AOU vs. AOU vs. NO3~ AOU vs AOU vS. NO3~
R4 040 038 0.54 0.59 0.90 0.95 0.95
SE+1 455 0.44 0.03 0.03 1.5 0.07 1.11
s - - - - 0.13 0.0066 16.4
SEp - - - - 0.01 0.0006 0.80

p-level - - - - 6.8x10%° 1.3x1022 5.34x10°%6
n 288 288 287 287 290 290 290

The C:N molar ratio of POM increased significantly with depth, from an archetype
value of 12.2 £ 0.9 in SACW _181t0 19.5£ 0.7 in LSW (Table 3.2). The highest C:N ratios
were found in the northern part of T1 from stn 24 to 36, in the depth range of 750-1500
dbar with a maximum local value of 27.5 in stn 32 at 1500 dbar. When PON was added to
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the multiple regression of POC and WT mixing the explained variance was 96% with a
significant POC:PON molar coefficient of 9.8+ 0.2.

As previously explained, DON values in the mesopelagic layers were not reliable
and are not showed. Therefore, for organic nitrogen, we only quantify the contribution of
PON to oxygen utilization and local NOs~ mineralization. For this reason, in the case of
DOM, only was showed the distribution of DOC. Archetype DOC values (Table 3.2)
ranged from 52.8 + 1.9 pmol L in SACW_18 to 41.8 + 0.7 umol L in LSW (Table 3.2),
showing a gradual decrease with depth. The multiple regression with Xj; explained 40% of
the DOC variability with a SE of 4.5 pmol L (Table 3.5) When adding AOU to the
multiple linear regression the DOC-AQU slope was not significant (Table 3.5).

3.4 Discussion

3.4.1 Meso- and submeso-scale processes in epipelagic layer of the CVF

The distribution of the different forms of dissolved inorganic and organic nitrogen
are clearly influenced by the meso- and submesoscale physical processes observed in the
CVFZ such as meanders and eddies. The cyclonic eddy, which affected the southern sector
of T1 transported SACW, being the responsible for the uplift of the pycnocline in domain
A. In addition, this explains the connection with the low salinity intrusion observed below
the pycnocline in the southern part of T1 along domain B. On the contrary, the northernmost
part of T1 was affected by an anticyclonic eddy that deepened the pycnocline, being
especially noticeable in domain C. The distribution of salinity and temperature at 150 dbar
clearly reflects the distribution of SACW and ENACW due to their different thermohaline
and chemical characteristics as a result of their different origin and history from their
respective formation areas to the CVFZ (Stramma and Schott, 1999). Hosegood et al.
(2017) brought the importance of mesoscale process for the injection of nutrients to the
euphotic zone which stimulate higher levels of primary production. This importance is also
reflected in the CVF, in this nutrient-rich lens extended along the first 250 km of T1 and
about 20-30 m thick which provided nutrients to the immediately above surface waters,

contributing to the observed high values of Chl-a (Fig. 3.5c).

The NO2~ and NH4" maxima at the DCM are associated with the interplay of nitrate
and nitrite reduction by phytoplankton and microbial degradation processes of
ammonification and nitrification at the DCM (Ward et al., 1982; Meeder et al., 2012).
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Accumulation of NH4" around the DCM occurs as a result of the ammonification of organic
nitrogen but the resulting NH4" is slowly removed by nitrifying bacteria (Gruber, 2008;
Meeder et al., 2012). For the case of NO-, it should be distinguished between a
phytoplankton and a microbial mechanism of formation of the maxima. Due the low light
levels, phytoplankton have enough available energy to reduce NOs™ to NO2™ but it is
insufficient to reduce NO2 to NH.", leading to the observed accumulation of NO2™ (Gruber,
2008 Mulholland and Lomas, 2008, Ward, 2008). Light levels also affect nitrifying bacteria
in such a way that while the first step of nitrification (i.e., NHs" to NO2") is not light
inhibited, the second step (i.e., NO2™ to NO3") experiences some photoinhibition, leading
also to the accumulation of NO,™ (Ward et al., 1982; Gruber, 2008, Ward, 2008).

The correlation of NO3z~with salinity below the pycnocline indicate that 83% of the
variability of nitrate depends on the mixing of the nutrient-poorer saltier North Atlantic
waters with the nutrient-richer fresher South Atlantic waters, raising the explained
variability to 97% when AOU was added, indicating that local mineralization processes
were also necessary to explain the nitrate distributions. In addition, the AOU:NOs" slope
independent of water mass mixing of 8.3 = 0.4, being slightly lower than the 9-10 proposed
by Redfield (Redfield et al., 1963; Anderson, 1995), suggests that in epipelagic waters
below the pycnocline organic matter mineralisation does not follow the Redfield
stoichiometry, but there is a preferential mineralization of the more labile N-rich molecules
as already observed in other ocean regions (Brea et al., 2004; Alvarez-Salgado et al., 2014;
Fernandez-Castro et al., 2019).

Average N:P molar ratios between 4.6 + 1.7 and 6.4 + 3.5 were obtained in the
surface mixed layer. This low N:P ratio indicates a severe N limitation to primary
production in the upper mixed layer of the CVFZ at the time of sampling. Below the
pycnocline, the N:P molar ratio obtained (18 + 1) was slightly higher than the Redfield
molar ratio of 16, indicating preferent remineralization of P over N (Sambrotto et al., 1993;
Hupe and Karstensen, 2000; Osterroht and Thomas, 2000). Furthermore, the origin
intercept of the linear regression between NOs—: HPO4 below the pycnocline (-3.6 + 1.3)

also reflects the N limitation.

The N:Si molar ratio in the surface mixed layer, 0.7 +0.3, points again to N
limitation to net primary production in the region, considering the N:Si Redfield ratio of

1:1 for diatoms growing under silicate-replete conditions (Brzezinski, 1985). Conversely,
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below the pycnocline, the ratio of 2.3 (£0.2) indicates the expected faster mineralization of
N compared to Si during mineralization of sinking POM in the ocean (Kudela and Dugdale,
2000; Alvarez-Salgado et al., 2014). In addition, domains A and B also showed faster
remineralization of N, with similar N:Si molar ratio of mineralisation of 2.3 0.6 and 2.8
+0.3, respectively. However, domain C showed significantly lower molar ratio than domain
A and B, of 0.88 + 0.4, not significantly different than Redfield ratio of 1.

The surface mean concentration of DON was slightly higher than those found in the
Atlantic Ocean of >5 umol kg to the east to ~4.5 pmol kg™ to the west (Mahaffey et al.,
2004; Roussenov et al., 2006; Torres-Valdés et al., 2009; Letscher et al., 2013). The linear
correlation between DON and NOs™ indicates that DON supported about 32% of the
nitrogen demand of epipelagic waters, while PON supported only 2.7%. It is noticeable the
significant differences in the DON:NOs~and PON:NOz3"slope in epipelagic waters between
domains A, B and C, (43%, 33% and 21% for DON and 2.5%, 3.7% and 1.1% for PON),
suggesting that DON mineralization below the mixed layer in domain A, supports a larger
fraction of nitrate production. Due the low contribution of DON and PON to the nitrogen

demand, the remaining should therefore be supported by the sinking OM fraction.

The mean C:N molar ratio of DOM in surface waters of the CVFZ is similar to
previously reported in other areas; for example 11.5-15.5 in the Sargasso Sea; 15.1 in a
Equeatorial Pacific, 13.6 in North Sea and 15.3 in Western Subtropical North Atlantic
(Hansell and Carlson, 2001) being significantly higher than the Redfield ratios. And was
compatible with the C: N ratio reported by Hopkinson and Vallino (2005) for refractory
marine DOM, 3511: 202. However, the C:N ratios of POM are significantly higher than
reported values in the northeast Atlantic Ocean, by Kdrtzinger et al. (2001) which found
mean C:N molar ratios of 6.1+0.8, near Redfield ratios, and also higher than values reported
in other works (see compilation by Schneider et al., 2003), which are explained by
preferential N remineralisation. Although these ratios for POM also exceeded the Redfield
value, they were closer to it than DOM. When the three domains are considered separately,
the C:N ratios of DOM were higher in domain A, suggesting faster remineralization of N
than in domain B and C, which was in consonance with the higher percentage of DON

remineralization.
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3.4.2 Remineralization in the mesopelagic layer

In the multiple regression models of NO3z~ with water mass proportions and AOU,
the inverse of the NO3:AOU coefficient 7.7 (x0.6), represents the -O2:N ratio of organic
matter mineralization in the mesopelagic layer, being lower than the Redfield ratio
(Redfield et al., 1963; Anderson and Sarmiento, 1994; Anderson 1995) showing a marked
deviation from the Redfield stoichiometry with a strong preferential N remineralization that
suggests the regeneration of the labile fraction of organic matter. Conversely, the inverse
of the HPO42:AOU coefficient (Table 3.5), 152 + 14, representing the -O,:P ratio of organic
matter mineralization in the mesopelagic layer, was quite consistent with the Redfield ratio
of 150 to 170 (Anderson and Sarmiento, 1994; Anderson 1995). In addition, the N:P ratios
(16.8 £ 0.4) was similar to the canonical Redfield value of 16. This preferential
remineralization of N has also been proposed by studies based on dissolved nutrient fields
(Sambrotto et al., 1993; Anderson and Sarmiento, 1994; Hupe and Karstensen, 2000;
Osterroht and Thomas, 2000).

Due to the production in the surface layers and subsequent mineralization at depth,
DOC, POC and PON in mesopelagic waters showed the expected distribution decreasing
with depth. The analysis of the C:N ratios of POM in the mesopelagic layer showed
systematic deviations from the C:N Redfield ratio. In the epipelagic layer they are higher
than the canonical Redfield ratio of 6.7 (Redfield et al., 1963; Anderson and Sarmiento,
1994), and also higher than values reported in other works (see compilation by Schneider
et al., 2003). However, They were similar to the C:N ratio in upwelling-influenced systems
(A. C. Martiny et al., 2013). The increase of the C:N molar ratio with depth indicates a
preferential degradation of N compounds at shallower depths, increasing the relative
abundance of carbon over nitrogen with depth and it is consistent with the low -O2:N ratio
obtained from the dissolved oxygen and nutrient distributions (e.g., Alvarez et al., 2014)
also observed in this study. In addition, suspended particles are very small and have longer
residence time than the sinking particles (Bacon and Anderson, 1982). This long residence
time may be the cause for the predominant nutrient depletion, explaining the systematic
higher C:N ratios. Conversely sinking particles, with a mean sinking velocity of about 10—
280 dbar per day (Diercks and Asper, 1997; Pilskaln et al., 1998), have a short residence

time on the order of weeks to months.
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The water mass mixing model explained 54% of the variability of PON. and no
significant increase of the variability explained by the model occurs when adding AOU or
NOz™ as explanatory variables. This indicates that the imprint of PON mineralization
observed in mesopelagic waters of the CVFZ does not occur locally but during the pathway
of the water masses from their respective formation sites to the CVFZ. The low contribution
of DOC and POC to local mineralization also suggests that sinking POM should be the
primary support for the local oxygen demand. Nevertheless, other works further north in
the Canary Current system (Aristegui et al., 2003, 2020), where the concentration of
suspended POM is much higher, found that this fraction was the main support for
mesopelagic respiration there. They argued that the reason behind this behaviour is the

advection of this suspended POC from the adjacent coastal productive waters.

3.5 Conclusions

A tight coupling between physical and biogeochemical parameters was observed in
the CVFZ, being the distribution of DIN, DON and PON, dictated by meso- and
submesoscale structures such as meanders and eddies. The N:P:Si molar ratio in the surface
mixed layer points to severe N limitation to net primary production in the region. The low
contribution to the local oxygen demand suggests that mineralization of POM in
mesopelagic layers mainly occurs during the transit of the water masses from their
respective formation sites to the CVFZ. Local mineralization is favoured by the well-known
ballasting effect of lithogenic material that have been studied previously in the NW African
upwelling system, and is drives fast-sinking POM. This local mineralization leads to an
increase of the C:N ratios due to preferential consumption of N compounds, which is
reflected in the deviations of the C:N ratio from the classical Redfield stoichiometry.
Significant differences between the three domains suggest that near the coast, in domain A
and B, faster N remineralization occurs. DON contributed more to nitrate production in
domain A, while PON remineralization was higher in domain B, where the pycnocline was

shallower and the concentrations of PON and Chl a in the upper mixed layer higher.
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The results presented in this chapter are also a manuscript in preparation.
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Abstract

In this chapter we report the dual isotopic signature 8*°N and 580 of nitrate during
the cruises FLUXES I and 11 to provide insights on the biogeochemical cycling of N in the
Cape Verde Frontal Zone (CVFZ) during summer and fall 2017. Low values of §°N of
nitrate (2-3%o) were observed at dephs below 200 dbar, likely associated to the
mineralization of organic N produced from N fixation, which is characterised by low §°N
values. During FLUXES 1, at 200 to 300 dbar, South of the Cape Verde Front (CVF), 5'80
of nitrate increases while 5'°N of nitrate remained constant, suggesting a tight coupling
between nitrification and assimilation processes. The high 5!°N of nitrate observed in
intermediate waters accompanied by low values of 580 of nitrate, suggests that the high
5N signal was not produced locally but imported with the Antarctic Intermediate Water
(AA) that arrives to the study area in significant volumes. The characteristic isotopic signal
of AA is due to the partial assimilation of nitrate that occurs during the formation of this
water mass in the Subantarctic front. Average §'°N and &80 of nitrate in the deep water
masses of the CVFZ were in consonance with the previously estimated deep ocean values
of 51°N (3-6 %o0) and 580 (~2%o) of nitrate. The isotopic signals in central and intermediate
waters masses in the CVFZ were different than the corresponding isotopic signals in their
respective formation areas. In addition, *°N and 580 of nitrate in the CVFZ were similar
for different water masses suggesting that the regenerated nitrate was primarily derived
from sinking PON, which highlights the major importance of sinking PON over DON and
suspended PON at CVFZ.
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4.1 Introduction

Nitrate is the dominant form of bioavailable N in the ocean, and its local availability
is determined by the interplay between nitrate generation and consumption processes
(Sigman et al., 1999; Marconi et al., 2019). Nitrate can be supplied to phytoplankton from
different sources: new N imported from the atmosphere or upwelled subsurface waters
below, and locally regenerated nitrate produced from ammonium and nitrite oxidation
(Bode et al., 1997; Hooper et al., 1997; Fawcett et al., 2015). The different biogeochemical
processes of generation/transformation/consumption related with the N cycle (mentioned
below and explained in Chapter 1 in more detail) generate different isotopic signatures on

the N:*N and *0:*°O ratios of nitrate, reported as 3'°Nyoz and '°0yo; (Kendall and
Caldwell, 1998; Rafter et al., 2019). These isotopic signatures on 3"°Nyo; and 8'*0Oyo;

are preserved for time scales ranging from years to millennia, being shorter for nitrate in

surface waters and longer in the deep ocean (Marconi et al., 2019; Deman et al., 2021).

The dual isotopic signature of 3"°Nyo and 3'®0y; of different nitrate sources is
specific, preserving the characteristics of the processes from which they were originated
(Kendall and Caldwell, 1998; Rafter et al., 2019). Consequently, 3"*Nyoz and 3'*0yo;
values provide the opportunity of studying specific deviations related with N2 fixation,
nitrate assimilation by phytoplankton, denitrification and nitrification (Miyake and Wada,
1967; Wada and Hattori, 1978; Liu, 1979; Carpenter et al., 1997; Casciotti et al., 2013;
Rafter et al., 2013, 2019; Sigman and Friplat, 2019). In this sense, and considering the
discrimination of phytoplankton for the heavy °N isotope, it has been demonstrated that
assimilation and denitrification processes, raise "°Nyo: and 5'®0yo; , in an approximate
ratio of 1:1, generating trend lines (Brandes and Devol, 2002; Casciotti, 2016; Peters et al.,
2018; Sigman and Fripiat, 2019).

The process producing new combined nitrogen in the marine environment and its
subsequent transformation to NO3™ has different effects in §'°N and 80, decoupling the
two isotope systems: 8'°N of the new nitrate is controlled by the dissolved N ratio, and the
fixation and organic matter remineralization processes, the degree of nitrate assimilation in
euphotic zone and by the 8"°Nyo; from below the pycnocline. On the contrary, 3'°0 has
greater variability since it is affected by the *0:1°0 ratio of dissolved Oz, which is much

more variable than dissolved N, since it is a mixture of atmospheric Oz and new O from
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photosynthesis. Additionally, a fractionation occurs in the process of incorporation of the
oxygen atoms in the NO2™ and NO3z~ (Fawcett et al., 2015; Casciotti, 2016; Sigman and
Fripiat, 2019). The preservation of the isotopic oxygen signal in nitrate is guaranteed since
at the pH of seawater the rate of oxygen isotope exchange between water and NOz™ is
extremely slow (millions of years) (Kaneko and Poulson, 2013). However, there is evidence
for oxygen isotope exchange between H.O and NO:", and this intermediate step of the
nitrification process affects the final isotopic value of nitrate. This last step aims to
homogenize oxygen isotopic values. The competition for ammonium between
phytoplankton and nitrifying bacteria, causes lower §'°N values in the photic zone than in
the dark waters below, where nitrification predominates (Kemeny et al., 2016). Finally,
theoretical enzymatic isotopic exchange reactions between nitrate and nitrite are related to
opposite trends in 5180 and §'°N values of nitrates (Kemeny et al., 2016; Chen et al., 2022).

Apart from biogeochemical processes, the distribution of NO3™ isotopes can also be
altered by physical processes, such as mixing (Peters et al., 2018). In this sense, the intense
meso- and submesoscale activity in the CVFZ makes the area especially interesting for an
isotopic approach. In this chapter, we used data from the FLUXES 1 and Il cruise, and the
water mass proportions calculated with an Optimum Multiparameter analysis, to gain new
insights on the distribution, interactions of the marine N cycle and isotopic characterization
of nitrate in the different water masses present in CVFZ using the 8Ny and 3'®0yo;

signatures.

4.2 Materials and Methods

4.2.1 Sampling strategy

As explained in Chapter 2 and Chapter 3 of this PhD Thesis, two cruises were
carried out. FLUXES | (R/V Sarmiento de Gamboa; Las Palmas - Las Palmas, 12 July to 9
August 2017) consisted of four transects (Northern, Western, Southern and Eastern)
defining a box crossing the CVFZ, including 35 hydrographic stations 50 nautical miles
apart (Fig. 4.1) sampled from the surface to 4000 dbar. FLUXES Il (Fig. 4.1) (R/V
Sarmiento de Gamboa; Las Palmas - Las Palmas, 2-24 November 2017), consisted of two
biogeochemical transects, where a total of 48 hydrographic station were sampled at 10

levels each from surface to 1500 dbar. In this Chapter, we will only use the first
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biogeochemical transect of FLUXES 11, which consisted of 36 sampling station along of
175 NM (324 km) with a horizontal resolution of 5 NM (9.3 km).

Seawater samples collection along the transects were carried out using a rosette
sampler with 24 Niskin bottles of 12 L and equipped with a conductivity, temperature and
depth (CTD) probe (SeaBird SBE911 plus), and sensors for dissolved oxygen (SeaBird
SBE43), fluorescence of chlorophyll (SeaPoint SCF), turbidity (SeaPoint STM)
transmittance (WetLabs C-Star) and nitrate (SUNA V2, SeaBird). Salinity was calibrated
using a Guildline 8410-A Portasal salinometer, and conductivity measurements were
converted into practical salinity units using the (UNESCO, 1985) equation.
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15°N — o &' wpe Verde:
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Figure 4.1. Map of FLUXES I (dots) and 11 (light blue line) cruises. In FLUXES I, dots represent the stations
(blue: diurnal stations; black: nocturnal stations; red: long stations) the black numbers indicate the station
number, from 1 to 35. In FLUXES I, the biogeochemical transect is represented by a light blue line, blue
numbers indicate station number from 1 to 36. The main geographic and oceanographic features and currents
are represented. The orange and green line represents the approximate position of the CVF during the
FLUXES I cruise (taken from Burgoa et al., 2021) and FLUXES |1 respectively.

Water samples for the determination of 3"°*Nyo: and 8'*0yo; , were taken directly
from the Niskin bottles, in borosilicate vials of 12 mL, in which HgCl, were previously
added in the laboratory to prevent microbial activity, and were refrigerated at 4 °C for their
conservation until analysis in the Laboratory of Biogeochemistry of Stable Isotopes of the
Instituto Andaluz de Ciencias de la Tierra (CSIC-UGR).
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4.2.2 Analytical determinations

The determination of 8Ny and §'®0yo; Was carried out following the routinary

method of the Laboratory of Biogeochemistry of Stable Isotopes of the Instituto Andaluz
de Ciencias de la Tierra (CSIC-UGR) based on a modified protocol of the procedure
described by Mcllvin and Altabet (2005). Sample preparation before °N:'*N and 80:1°0
analysis as N2O consisted in two steps, which involves two primary reduction reactions:
first NO3z™ to NO2, followed by NO>™ to N20.

12 mL headspace glass (borosilicate) vials were used as reaction vials. For the
first step of conversion of nitrate into nitrite, the sponge cadmium method was used
(Margeson et al., 1980). A volume of 10 mL of sample was placed in 12 mL borosilicate
vials, 1 mL of 0.5 M EDTA was added to obtain a pH close to 8.5, followed by one gram
of spongy cadmium (Cd) (Fig. 4.2). The samples were closed and shaken at room
temperature. Then, these 5 mL, were injected with a syringe in two 12 mL headspace
borosilicate reaction vials, to have two replicates and had enough headspace to the
produced N2O (Fig. 4.2). Prior to this step, the borosilicate reaction vials were primarily
filled with He and capped tightly with Teflon-line septa, to minimize the oxygen exchange
in the final product N2O, and maximize the precision and consistency of the 580 of nitrate

of the samples.

The second step consisted on the addition of 1 mL of an azide/acetic acid buffer
to each vial with a syringe to reduce the pH to 4.5 and carry out the reduction of nitrite to
N20 (Fig. 4.2). The azide/acetic acid buffer was prepared daily. Mcllivin and Altabet
(2005) mixed in 1:1 volume proportion 20% acetic acid and 2 M sodium azide, and then
purged with He to remove any trace of N2O in the mixture. Here, a mixture in 3:1 volume
proportion (20% acetic acid and 3 M sodium azide) was used, adding also 1:1 volume
proportion of sodium acetate 3 M with the acetic acid, to increase the pH stability and
minimize the oxygen exchange. Mcllivin and Altabet (2005) performed all reactions at
room temperature. They considered that 15 minutes were the optimal reaction time, and
then 0.5 mL of 6 M NaOH was injected to rise the pH to 12 to stop the reaction. However,
they observed that incubating the samples for hours beyond the required reaction time did
not have negative effects. Therefore, in this PhD thesis, to decrease the N.O solubility, the
reaction took place on a thermostatic bath at 50°C, and 6 hours was the reaction time (Fig.

4.2). After use, the decanted spongy cadmium in the discarded vials was collected and
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washed with HCI 6M and then repeatedly rinsed with deionized water until pH was neutral,

so it could be reused again.

il — o -

Overnight 6h
Omn a shaker | NOy s0eC

pH=8.5 pH=45

+Cd +EDTA + Azide/acetic +NaOH
— He N,O
NOy ) H
3 NO; e He NOZ —» N0 He

NO; NO, NO, NO,
) — L I ) ) | | pH=12
— — cd u —_— — - — - — -

Sample

Figure 4.2. Brief schematic summary of the method. Note that in the first step, in which the vials were closed
with caps and a shaken overnight, the necessary He purge of azide/acetic reagent and the Cd recollection in
discarded vials were not drawing.

Nitrite showed very low concentrations compared with NO3™ in most samples. Thus,

samples can be analysed without interference and unaltered for NO3™ isotopic composition.

Prior to use, the 3'80 of the water used for reagents preparation was determined
with a laser spectroscopy analyzer (Picarro L2140-i, USA). Five international standards
with known §"°Nyo; and 8'®Oyo; were used (see Table 4.1), to chek the consistency of
the method, to correct analytical variations associate to the Isotope-Ratio Mass
Spectrometer (IRMS), and finally for the calculation of the true §°Nyo; and 3"*Oyo;
These standards were treated with the same protocol than seawater samples. For this, 10
mL of 15 pmol L international standard solution prepared in deionized water were added
into 12 mL reaction vials. In the same way, laboratory standards of NaNO2 named IACT 9
and IACT 10 (8N -8.08%o and -37.8%o determined by IRMS, respectively) were run to
check the efficiency of the second step (NO2" to N20). For this, 5 mL of 5, 10 and 15 pmol
Lt solution prepared in deionized water were added into the 12 mL vials filled with He.

Finally, for the analysis of the final product (N.O), the samples were run on an
automated purge and trap system, Gas Bench IlI, coupled to an IRMS, Deltaplus XP
(Thermofisher scientific). The samples were run in an automatic autosampler (Combipal
de CTC Analytics). After 800 seconds purge time, the trap was released from the liquid

nitrogen and the gas sample was then diverted to the GS-Q GC column, for separating the
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N20 from any remaining CO, and O.. Finally, by a capillary from an open split directly to

the ion source the sample entered to the mass spectrometer.

Table 4.1. International standard used and their known 8*°N and 80.

Reagent d®>N (%o) d®O (%)
EEZ-30 KNO3 14.38 27.10
EEZ-31 NaNO3 -0.22 14.16
USGS 34 KNO3 -1.8 -27.9
USGS 35 NaNO; 2.7 57.5
IAEA-NO3 KNO3 4.7 25.6

4.2.3 Correction to calculate the true 8'*N and 880 of nitrate

As described by Mcllvin and Altabet (2005), assuming that the two-step reactions
goes to completion, one of the two N atoms in the produced N2O is provided by the NOs
of the sample and the other by the azide reagent. This fact is reflected in the slope of the

relationship between the "°Nyo; international standards and the 3"°N of the produced

N20, which is 0.5. On the other hand, the oxygen isotopic composition of the produced
N20 reflects that of the NOz™ in the sample, the oxygen exchange with water and the isotopic
fractionation during the Cd or azide reduction. Most of these oxygen exchange occurs
during the step of nitrite to nitrous oxide reduction, when the incorporation of oxygen atoms
from water could account for around 20% of the measured N2O (Mcllvin and Altabet,
2005). So, the & 20 slope should be 1 if no oxygen exchange with water occurs while if

complete exchange occurs the slope should be 0 (Mcllvin and Altabet, 2005).

To correct samples for oxygen exchange, the §'®0yo; in the sample is divided by

the slope of the curve made with the nitrate standards, with know & 180:

5120y = (8'°0n,0 — b)

Mgta
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Where b is the y-intercept and msq is the slope of the linear regression obtained between
the measured 580 in final N2O product and the theorical 5'80 of the standards, all reported
relative to Vienna Standard Mean Ocean Water (V-SMOW). In the same way, to correct

the 8" Nyo; of samples, the linear fitting is performed between the 3'°N measured in the

final N2O product and the theorical 3*°N associated to each standard:

(8*°Ny,0 — b)
Mgtq

515N1v03‘ =

4.2.4 Water mass analysis, WT proportion-weighted average values and multiple
regression models

An optimum multiparameter (OMP) inverse method (Karstensen and Tomczak,
1998) was used for the quantification of the proportions (X;;) of the water types (WTSs) that
contribute to the water samples collected in the meso- and bathypelagic layers (200-4000
dbar) during FLUXES | and mesopelagic layer (200-1500 dbar) during FLUXES II. This
OMP method has been explained in detail in the previous chapters (see Chapter 2 for the
OMP of FLUXES I; and Chapter 3 for the OMP for FLUXES I11). Once the WT proportions
were obtained, we calculated the WT proportion weighted-average (hereafter, archetype)

value 615NN037 and 61801\]0; .

To consider the combined effect of mixing and biogeochemical processes, through the
multiple linear regression (as already detailed in Chapter 2), with Xj;j (mixing model) and
with Xijj + AOU (mixing + biogeochemical model), the delta notation (§"°*Nyo; ), were first
converted into a concentration value of NOs™ concentration. To calculate these > NOs’
concentration, the equation of delta notation and nitrate concentration was used, by
obtaining the *N:N ratio of each sample (Rs) following the equation:

R 67X +1)*R
= *
m 1000 St

and multiplying then by its NOs™ concentration. Where 84X represent 815NN05 , and Rst

represent the isotope ratio ®N:*N in a sample and in atmospheric N2 (0.36765 *
0.00081%).
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Low nitrate concentrations in the surface layer (< 30 dbar) of the CVFZ (see Figures
2.6a and 3.8a in Chapter 2 and 3 respectively), were generally below the limit of detection
of the isotopic method, producing unreliably high N and O isotopic fractionation values.
For this reason, surface waters were omitted in this chapter, and the nitrate isotope
distribution was studied in the following domains: 1) in the 30 to 200 dbar layer, the four
transects of FLUXES I (Northern (stn 3-12), Western (stn 12-19), Southern (stn 19-29) and
Eastern (stn 29-35), and the three domains of FLUXES Il (A (stn 1-9), B (stn 9-28) and C
(stn 28-36)) were considered. In addition, due to the generally low nitrate concentrations
above and at the DCM, the epipelagic layer was divided in two layers: 30 to 100 dbar, and
200 dbar, which is different from the aproach used in chapters 2 and 3; and 2) below 200
dbar, the central, intermediate and deep water masses identified in CVFZ.

4.3 Results
4.3.1 6'°Nyo; and 8'®0yo; in epipelagic waters (30 - 200 dbar)

During the FLUXES | cruise lowest values of the 615NN05 were found in the

epipelagic layer (30 to 200 dbar) without significant differences between the average value
from 30 to 100 dbar and the base of the epipelagic layer (200 dbar), 4.1%o and 4.6%o (AIR)

respectively (Table 4.2). On the contrary 5'®0yo; showed higher average values from 30

to 100 dbar than at 200 dbar, +5.4 and +3.6%. (V-SMOW) respectively (p <0.005). When

each transect was considered separately, 815NN05 from 30 to 100 dbar showed similar

values without significantly differences between transect (Table 5.2). On the contrary,

significant differences were found between all transects in 2‘31801\105 (p <0.0005). The
Southern transect showed the highest §'®0; values around +7%o (V-SMOW), reaching a
maximum of +15%o (Table 5.2), while the Northern transect showed the lowest 8180N05

mean value of +2.5%o (Table 5.2). At the base of euphotic zone at 200 dbar showed similar

8'°Nyo; meanvalues (p > 0.1) in the different transects, while on the contrary, significantly
differences were found in 8'®Oyo; mean values, with the lowest mean value in the

Northern transect around 2.1%o vs V-SMOW (p <0.025). (Table 5.2).

Below pycnocline, the Orthogonal Distance Regression (ODR) of NOs
concentration and salinity (**NOz= -0.076 (+ 0.006) - S + 2.8 (+ 0.2); R? = 0.71; n = 50)
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indicates that 71% of the variability of *®NOs" depends on the mixing of North and South
Atlantic waters. A multiple correlation of ®*NOs with salinity and AOU was also calculated
to separate the contribution of mixing (traced by salinity) from mineralisation processes
(traced by AOU), obtaining a R?= 0.94.

As explained in Chapter 2, the mixing and mixing + biogeochemical regression
models explained a similar percentage of variability of NOs~than of **NOs (75 vs 71% for
the mixing, and 96 vs 94% for the mixing+biogechemical model). As expected, the SE of
the estimate was larger for the NOs than for the NOs™ regressions because of the minor
proportion of N compare with “N.

FLUXES I showed significantly lower mean values of 8"*Nyo; in the 30-100 dbar
depth range than at 200 dbar (p <0.005). The lowest 615NN05 mean values at 30-100 dbar
were found in domain C (+4.7%o vs AIR), being significantly lower than in domain B (p
<0.05). 8"®0y0; showed a high variability along the transect, being significantly different
between the three domains (p <0.0005), with higher 6180N05 mean values in domain A
(4.9%o) (Table 4.2). At 200 dbar, 5°Nyo; was not significantly different between the three
domains. However, 8180N05 showed high variability at 200 dbar, with domain A presenting
significantly higher 3'®0yoz mean values than domain C (4.2%. and 2%o respectively) (p

<0.0005).

Below the pycnocline, the Orthogonal Distance Regression (ODR) of ®NOs
concentration and salinity, (**NOs = -0.107 (+ 0.006) - S + 3.9 (+ 0.2); R?> = 0.81; n = 50)
indicated that mixing explained 81% of the variability of ®NOs  concentration. The
correlation of ®NOs” with AOU explained 92% of ®NOs™ concentration. The multiple
correlation of *®NO3” with salinity and AOU was not significantly. The simple regression
model with salinity and with AOU, explained similar percentage of the variability of NO3z~
than ®NO3™ (83 vs 81%, and 98 vs 92% respectively) (Chapter 3).
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Table 4.2. Mean, maximum and minimum values of 3'*Nyo; and §'%0yo; (%o) in epipelagic waters from

30 to 100 dbar; and at 200 dbar during FLUXES | (Total, Northern, Western, Southern and Eastern transects)
and FLUXES |1 (Total, domain A, domain B and domain C) cruise

3" Nyoj (%o0) '8 0N0; (%o0)
30-100 200 Max Min 30-100 200 Max Min
FLUXES |
Total 41+0.1 46+03 6.4 15 54+03 36+05 156 0.3
North 3.9+£0.2 3.8+£04 6.2 15 25+£03 23+x05 6.1 0.3
West 39+£0.2 4604 5.9 2.8 6.1+£04 3706 7.2 2.1
South 43x0.2 45%0.3 6.4 2.6 70£05 49+08 156 2.8
East 3.9+£0.2 4704 5.6 2.8 39+£03 3507 7.2 15
FLUXES Il
Total 5102 5602 69 19  39£02 33:03 85 05

Domain A 51+0.2 59+0.3 6.5 1.9 49+02 42+05 85 23

Domain B 52+0.2 5.4+0.2 6.9 3.0 36+02 31+04 85 05

Domain C 47+0.2 6.0+£0.2 6.4 4.1 1.7+01 20x04 27 06

4.3.2  8"Nyo; and 8'®0yo; in the interior ocean (> 200 dbar)

The 5"°Nyo; Vvalues during FLUXES | from 200 to 1500 dbar (Fig. 4.3a) and the
archetype 815NN05 for the central and intermediate water masses of the CVFZ (Table 4.3),

were characterised by lower values in shallower waters, which increased with depth until
reaching a maximum at around 700 dbar and then it decreased down to 1500 dbar, from

which it remained constant (Fig. 4.4a). On the contrary, the §'®0o; values (Fig.4.3b) and
the corresponding archetype values of 3'®0yo; (Table 4.3) showed higher values in

shallower waters, decreasing with depth up to 1000 dbar, and remaining quite constant from
1000 to 4000 dbar.
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Figure 4.3. Distributions of the 6*°N (a) and 880 (b) of NOs™ during the FLUXES | cruise. Dots represent
samples and vertical black lines represent the corners of the FLUXES | hydrographic box. Note that depth
scale is not linear. The x-axis shows the station number (a,b) or section distance in km (b). Produced with
Ocean Data View (Schlitzer, 2017).

During FLUXES |, in the depth range of central waters (100-700 dbar) non-

significantly different archetype values of 8"°Nyo; and 3'®Oyo; were found with an

average value of 4.7%o and 3.6%o, respectively (Fig. 4.4, Table 4.3). In intermediate waters,

the salinity minimum is associated with higher nitrate concentration and 615NN0§, and
corresponded to AA and SPMW, characterised by the same archetype 5" Nyoz of 5.9%o
and 8'®0yo; of 2.7%o (Fig. 4.4, Table 4.3). In the deep layer, the three deep water types,
LSW, UNEADW and LNEADW, showed similar archetype "°Nyo; around 5.3%o and a

mean archetype 818ON05 of 2.4%o respectively (Fig. 4.4, Table 4.3).

The multiple regression with Xjj explained 94% of the NOs concentration
variability with a SE of 0.006 umol kg*. When AOU was added to the multiple regression
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of >NOs concentration, the explained variability increased to 97% with SE of 0.0042 pmol
kg™,

WTs mixing explained the same variability of NO3~ (see Chapter 2) than °NO3". But
due the minor proportion of the heavy isotope, the SE of 1.81 umol kg of NOs", was larger
than the SE of *NOs". In the same way, when AOU was added the mixed+biogeochemical

regression model explained same the same percentage of the variability (~97%).

Table 4.3. Average + SE of nitrate §'°N and §'80 (%) and nitrate concentration (umol kg*) in FLUXES I and
FLUXES Il cruise.

FLUXES I FLUXES Il

WT 3"Nnos '8 0yo; NO3z~ 3 Nnos 3'%0No; NOs~

SACW_18 43%0.9 42+1 16.9+21 5.6+0.3 41+05 24612
MMW 38+14 40+1.6 6.5+14 n.s. n.s. 154 +27
ENACW_15 45+05 3.1+05 16.2+1.0 5.4+0.2 3.2+04 21.8+0.8
SACW_12 54+0.6 3.7+05 28.7+1.0 58+%0.2 3.0+05 28.2+0.9

ENACW_12 56+0.3 33+03 27.2+0.8 5.8+0.1 3.0+£0.2 20.3+£0.5

SPMW 59+0.8 2704 30.9+0.7 59+03 26+04 32403
AA 59+0.7 28+04 31.3+0.6 6.2+0.2 28+0.3 31.5+0.3
MW 54+14 22+0.6 259+12 6.1+0.2 25%+05 29.1+0.8
LSW 53%05 22+0.3 23.9+0.3 59+01 25%03 26.6 +0.32

UNEADW 53+0.8 23+04 22.2+0.2

LNEADW 55+1.4 26+09 224+0.2
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Figure 4.4. Distributions of the 3"*Nyoz (a) and 5'%0y0; (B) (%0) and NOs™ concentration in (umol kg*)

(c) with SE, of the water masses present in the CVFZ during the FLUXES | (blue dots) and FLUXES I
(orange dots) cruises.

Regarding the variability for the different water masses, 815NN0§ showed similar
archetype values in all transects (p > 0.2) during FLUXES I, except for ENACW _12, which
was significantly higher in the Southern than in the Northern and Eastern transects (p <
0.025) (Fig. 4.5a, Table S1). On the contrary, archetype 6180N0§ showed significant
differences between transects. The shallower SACW_18, showed significantly lower
archetype values in the Northern and Eastern transects (2.5 £ 1 and 3.2 = 1 %o, respectively)
(p < 0.01) than in the Southern transects (6.8 + 0.5 %) (Fig. 4.5b, Table S1. The
ENACW _15 showed significantly higher archetype values in the Southern Transect (6.8 +
1.6 %o) than in the Northern, Western and Eastern transects (1.9 £0.4,29+0.5and 25 =
0.7%o, respectively) (p < 0.0005) (Fig. 4.5b, Table S1. SACW_12 also showed significantly
lower values in the Northern and Eastern transects (p < 0.025) (Fig. 4.5b, Table S1.
ENACW _12, which was the only central WT with significant presence in the four transects
(as reported in Chapter 2), had significantly higher values in the Western and Southern
transect (4.1 £ 0.6 and 4.6 £ 0.3 %o, respectively), than in the Northern transect (2.1 + 0.3
%0) (p < 0.001) (Fig. 4.5b, Table S1). In the same way, the intermediate SPMW and AA
showed significantly higher values in the Western and Southern transect (>3.3%o) than in
the Northern and Eastern transect (<2.1%o) (p < 0.025). In deep waters, LSW showed

significantly lower 8180No§ archetype value in the Northern than in the Southern transect
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(1.8 £0.3and 2.7 £ 0.3%o, respectively) (p < 0.025). No isotopic differences were observed
in LNEADW and UNEADW (Fig. 4.5b, Table S1).
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Figure 4.5. Distributions of the 8"*Nyo; (a) and 3'®0yo; (%o) of the water masses present in the Northern,
Western, Southern and Eastern transects in CVFZ during FLUXES 1 cruise. Note that for optimize dots

visualization the SE, were non-presented. They are shown in table S1 and figure S7.

In FLUXES 11, 5"°Nyo; values (Fig. 4.6a) below 200 dbar varied from 4-7%o and
8180N05 (Fig. 4.6b) ranged between ~2 and 6%o.. Generally, in FLUXES Il all WT showed
similar (p > 0.1) values than in FLUXES | (Fig. 4.4).

In central waters non-significantly differences were found, with average archetype
values of 3"°Nyo; and 3'®Oyoz 0f 5.6%0 and 3.3%. respectively (Table 4.3). In intermediate
waters, archetype values of 3"°Nyo: and §'®0yo; were similar without significantly

differences, between the three water types, SPMW, AA and MW, with average archetype
values of 6.1%o and 2.7%o respectively (Fig 4.4, Table 4.3).
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Figure 4.6. Distributions of the 5'°N (a) and 580 (b) of NOs™ during the FLUXES Il cruise. Dots represent
samples. The x-axis shows the station humber (a, b) or section distance in km counting from southeast (SE)
to northwest (NW) (b). Produced with Ocean Data View (Schlitzer, 2017).

The multiple regression with Xij explained 91% of the observed variability of °NO3"
concentration with a SE of 0.005 pmol kgt. When AOU was added to the multiple
regression of °NOsconcentration it explained 95% of variability with a SE of 0.004 umol
kgt

WTs mixing in FLUXES Il explained a lower percentage of the variability of NO3~
(87%; see Chapter 3) than the 91% of ®NOs". Furthermore, the SE of 1.72 umol kg* was
also larger than the SE of °NOj3 . In the same way, when AOU was added to the mixing +
biogeochemical regression model *NOs™ increase the explained variability to 90 and 95%,

being also higher in NO3".
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4.4 Discussion

4.4.1 8N and 680 in CVFZ

N fixation drives the entry in the ocean of N with §'°N values near to 0 %o (AIR),
in agreement with the isotopic signature of dissolved N2 around +0.7 %o (AIR). Therefore,
when POM derived from N2 fixation is remineralized below the DCM produces nitrate with
relatively low 8*°N values around 2-3%o (Peters et al., 2018). Altabet (1988) also suggest
that low values of 8'°N of nitrate in waters below the DCM may also occur due to the
transformation of suspended into sinking POM, as a result of active processes such as
macrozooplankton feeding, removing isotopically heavy N. Another origin for this
anomaly can be related with the competition for NH4* in the photic zone: phytoplankton
(assimilation) vs oxidation process. Light inhibits nitrification and NH4" is predominantly
consumed by phytoplankton. Consequently, NH4™ oxidation is being restricted to the dark

waters below the photic zone (Kemeny et al., 2016).

The low 815NN05 in epipelagic waters (30 — 200 dbar) found at the CVFZ during
FLUXES | are in agreement with the low 8'°N values around 2-3%o found in the North
Atlantic by Knapp et al. (2005) and Marconi et al. (2015; 2019) (20-40°N) as a result of the
mineralization of organic nitrogen with low 6:°N added by N, fixation (Knapp et al., 2005,
2008; Marconi et al., 2015, 2017; Peters et al., 2018; Rafter et al., 2019). Hallstrgm et al.
(2022) investigated the N fixation rates in the CVFZ during FLUXES |, finding that they
displayed marked spatial differences. The regions where higher N2 fixation rates were
detected coincided with areas of low 615NN05 at 30 - 200 dbar in our study. In fact, they
found that the contribution of N2> fixation rates to the N required for new production ranged
from 0.03 to 2.77%, being the highest percentage at the surface and 50 dbar of stn 12, which
could explain the lower 515NN0; values found in this stn at 300 dbar. In addition, many
authors found low values of §*°N-PON at the surface (2-4%o) in the Atlantic Ocean between
7°N and 32°N associated with a large impact of diazotrophic activity (Montoya et al., 2002;
Mahaffey et al., 2003; Landrum et al., 2011; Fernandez et al 2014; Pifiago et al., 2023).

815NN05 is influenced by nitrate consumption and the isotopic composition of the

source nitrogen (Altabet, 1988; Altabet and Francois, 1994; Montoya et al., 2002; Marconi
et al., 2019; Pifiago et al., 2023). Nitrate assimilation discriminates for the heavy isotope

raising the 5'°Ny; of surface waters. This high §'°N of non-consumed nitrate could enter
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the ocean interior by mixing, leaving waters with higher 8*°N (Rafter et al., 2013; Marconi
et al., 2015). In addition, assimilation processes also raise the 580 (Rafter et al., 2013;
Casciotti, 2016; Sigman and Fripiat, 2019). The time-series of §"°Nyo> by Rafter and
Sigman (2016) in the Eastern Equatorial Pacific showed that the variability of nitrate
assimilation deviated the 8°N around + 2.5%.. This deviation is expected to affect
minimally subsurface nitrate in the Atlantic Ocean, due to the consumption of all nitrate
supplied to the euphotic zone by phytoplankton assimilation (Rafter et al., 2013; Marconi
et al., 2015). However, this deviation is known to occur in AA water due to the drawdown
of nitrate in Antarctic surface waters (Rafter et al., 2013; Marconi et al., 2015; Peters et al.,

2018), where the partial assimilation of NOs™ leads to increases in both §°Nyo: and §'°0
of nitrate (Marconi et al., 2015, 2019). In the CVFZ, deviation of §"°Nyo: and §'°0yo;
appeared at deeper central and intermediate layers, with high 615NN05 and moderately
elevated 5'®0yo; . The lack of parallelism between both increases suggests that "Ny
was imported, and has been associated with samples in which the Optimum Multiparameter

water mass analysis revealed that AA had a contribution to the total volume sampled higher
than 30%.

Marconi et al. (2019) used a three-dimensional map of surface water contribution
to the ocean interior (Total Matrix Intercomparison (TMI) method) (Gebbie and Huybers,
2010), finding that the §!°N of sinking PON between 19 and 25°N had similar values of
S1°N estimates for deep Atlantic nitrate. The mid- to low latitudes of the Atlantic Ocean are
characterized by nutrient limitation, being all upwelled nitrate consumed by assimilation.
This produces that the 5!°N of sinking PON increases to an average value of 6.2%o (Marconi
et al., 2019). The addition of regenerated nitrate from this PON, also contributes to these
higher §'°N values. These processes can explain the higher values of §'°N in deeper ocean
below 1200 dbar, where the contribution of AA is insignificant and where §'80 of nitrate

was similar than the deep ocean average of ~2%o (Peters et al., 2018).

The range of 8"°Nyo; Vvalues found during FLUXES Il was in line with the range
(2-7%o0) found in the Atlantic Ocean by Marconi et al. (2015). The increase of 8180N0§

without a parallel increase in the 6*°N of nitrate in domain A suggests the co-occurrence of
assimilation and nitrification processes, which produce the raising of 580 while the

815NN0§ remain constant. Both processes are part of the N cycle, therefore their co-

occurrence has no effect on the '°N of nitrate in the same water parcel (Sigman et al.,
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2009; Casciotti et al., 2011; Marconi et al., 2015; Deman et al., 2021). However, for O
atoms, both processes have different patterns, because nitrification act as a source of O to

nitrate and assimilation acts as sink of O, altering 5'®Oyo; (Sigman et al., 2009; Casciotti

etal., 2011; Deman et al., 2021).

These processes explain the high 8180N0§ values at depths below 250 dbar. But it
is non-clear how these processes can explain the increase of 8180N05 down to 400 dbar.
This increase of 8180N05 was also found by Marconi et al. (2015) in other regions of the

Atlantic Ocean (60°W), without a clear explanation, and by Fawcett et al. (2015) and
Deman et al. (2021) in higher Atlantic latitudes, who suggested that it can occurs by the

transport of the nitrate with assimilation isotopic signal by the circulation.

4.4.2 Isotopic imprints in the nitrate of the different water masses of the CVFZ

In the FLUXES | cruise, the profiles of archetype §"°Nyo; and §'®0yo; followed
the same patterns as those found by Marconi et al. (2015) in the Atlantic Ocean. Archetype
values of 5"°Nyo; and §'®0yo; found in the shallower central water masses in the CVFZ
are not significantly different from the mean values found by Marconi et al. (2019) at <
20°N (5.34%o + 1.47 and 2.70%o + 2.37, respectively). Archetype 8°Nyo; of ENACW at
the CVFZ was higher than the §"°Ny; in its formation area of 4.41%o (Deman et al., 2021).
This was especially noticeable in ENACW _12 with 5.6%o at the CVFZ. Both ENACW
and SACW presented similar 615NN05 values to those found by Marconi et al. (2015)
between 4.5-5.2%0 for ENACW and 4.8-5.5%. for SACW respectively in 20-40°N, 20-
700W.

Archetype §"°Nyo; and 3'%0yo;  0f AA in the CVFZ were slightly lower than the
mean values in the source region of this water mass (8*°N 6.2%o; 830 3.5%o; nitrate
concentration 20.6 pmol kg™ (Sigman et al., 1999; Marconi et al., 2019), while a noticeable
increase occurs in the concentration of nitrate from the source region to the CVFZ. This is
because of two reasons; first, the aging of AA from the source to the study regions, which
could explain the decrease of 818ONO§ by nitrate regeneration with low 520 (Rafter et al.,
2013; Marconi et al., 2015; Casciotti, 2016; Deman et al., 2021); and second, because the

AA in the CVFZ is not a pure water mass but it intensely mixed with water masses with
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lower §"°Nyo: and §'®0yo; . Marconi et al. (2015, 2019) found even lower §°Nyo: and
6180N05 values in AA, around 5.4%o and 1.9%o. in the North Atlantic, suggesting that the
regenerated nitrate, and sinking of organic matter with low 5Ny, from N fixation in the
mid-depth counteracts the continuous import of higher 615NNO§ from the Southern Ocean
as it flows northward in the Atlantic. On the contrary, the MW in its formation region had
a 8" Nyo; and 3'®Oyo; values of 3% and 2% respectively and nitrate concentration of
11.2 pmol kg* (Pantoja et al., 2002), being our archetype values higher in the CVFZ (5.4%o,
2.2%o0, ~25 pumol kg™) These higher values are related with the influence of AA and the low
volume of MW sampled in the study area during the FLUXES I cruise (3.1%; Chapter 2).
High 8"°Nyo; and 3'®0yo; values were also reported for MW in the Atlantic Ocean by

Marconi et al. (2015, 2019).

Marconi et al. (2019) found that in Equatorial and North Atlantic waters (0-60°N),
the 8*°N of regenerated nitrate in a given range of latitude was similar for different water
masses, which is expected for regenerated nitrate derived mainly from sinking PON than
in situ DON remineralization, and suggest that the remineralization of sinking N increases
the 8*°N of nitrate in NADW as it flows southward. These patterns were also shown in the
different WT present in CVFZ, suggesting that regenerated nitrate was primarily derived
from sinking PON, which supports the conclusion of the previous chapters on the greater
importance of sinking POM than DON and suspended PON for nitrate production in the

interior ocean.

Average archetype values of 5"°Nyo; and 3'®0yo; and nitrate concentration found
in the deep ocean were similar for the three WTs and were in agreement with the
characteristic values of 615NN05 and 6180No§ in deep ocean water, which range between 3
and 6 %o with a global average of 4.8%0 (Montoya, 2008; Rafter et al., 2013; Fernandez et
al., 2014; Marconi et al., 2015) for §*°N and ~2%. for §*80. Suggesting that in deeper layers

the circulation and mixing equilibrate the §*°N and 520 of nitrogen pools in these WT.

4.4.3 Dominant nitrogen cycle processes along the four transects of FLUXES |

In FLUXES I, when each transect was considered separately, at depths below 200

dbar, in the domain of the shallower central waters, while 615NN0§ showed similar values
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along the four transects, 8180N05 showed lower values in the transects near the coast, i.e.
the Northern and Eastern transects. Nitrate assimilation by phytoplankton rises
proportionally the 6°N and 580 of the remaining nitrate (Sigman et al., 2009; Rafter et al.,
2013; Marconi et al., 2015; Casciotti, 2016; Rafter et al., 2019), while decoupling of the
0N and 620 of nitrate has been associated to the isotopic imprints of nitrification in the
euphotic zone, which can overprint the isotopic signal of nitrate assimilation with a

contribution of higher §'®0yo; respect to 3"°Nyo; (Sigman et al., 2009; Casciotti et al.,

2011; Rafter et al., 2013; Fawcett et al., 2015). The co-occurrence of assimilation and
nitrification processes in the euphotic zone increase the §'*0yo; more than 3Ny
(Fawcett et al., 2015; Rafter et al., 2019). J*°N of regenerated nitrate have similar values
of 6N in suspended particulate organic N (Casciotti, 2016; Sigman and Fripiat, 2019).

While higher values of 61801\]0g are associate to assimilation processes, lower values of

5180 are associated with regenerated nitrate.

As nitrate regenerates, it may have higher or lower 5°N values than the isotopic
values of suspended PON. However, &80 is not dependent on regeneration (Montoya,
2008; Rafter et al., 2013; Fawcett et al., 2015; Sigman and Fripiat, 2019). On the one hand,

the lower values of 8180No§ at dephs below 200 dbar and in the shallower central waters

of the Northern and Eastern transects could be related with the higher contribution of
suspended PON to the organic matter remineralization, than in the Southern and Western
transects. This result was in line with the higher PON concentration found at surface layers
in the Northern and Eastern transect (Chapter 2) with higher percentage of suspended PON
contributing to the remineralization in the Norther and Eastern transects (=10%) than in the
Western and Southern transects (<4%), being furthermore, the remineralization of PON in

mesopelagic layers higher in the Northern (3.9%) than in the Southern (1.4%) transect.

On the other hand, the higher values of 6180N05 at deeps below 200 dbar, in the
shallower central waters of the Southern and Western transects, suggest the imprints of the
co-occurrence of nitrate assimilation and nitrification. Generally, in low latitudes where
surface nitrate consumption tends to be most often complete, complete assimilation process
tends to be dominant. However, around 125-175 dbar, an exception could occur. In this
layer, which constitute a transition zone from the thermocline to the euphotic zone, partial

nitrate assimilation followed by nitrification could occurs, reaching 618ON05 (Knapp et al.,

2008; Sigman et al., 2009; Fawcett et al., 2015).
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4.5 Conclusion

8" Nno; and 8'®0yo; in the CVFZ are strongly influenced by biogeochemical and
water mass mixing processes. In the 30-200 dbar depth range, the observed low §°N of
nitrate was associated with the regeneration of the low 3°N of PON adquired through N2
fixation. Relatively high Oz concentration in the CVFZ supports the lack of denitrification
in this region. Thus, the high 3"*Nyo: values in intermediate waters, suggest that this
isotopic imprint of nitrate was imported: these high values were related to the nitrate partial
assimilation that occurs in in the source region of AA, which is transported towards the
mid-Atlantic Ocean. This produces the introduction of nitrate with high 615NN0§ and
8180NOg , importing these isotopic signatures, which in addition could experience some
modifications as it flows northward. The §"°Nyo: and §'®0yo; distributions and archetype
values for each WT obtained in this chapter, suggest that the locally regenerated nitrate in
the CVFZ was mainly derived from sinking POM.
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5.1 Water mass definitions in the Cape Verde Frontal Zone

The water masses composition of the North Atlantic Ocean has been thoroughly studied
for decades (Zenk et al., 1991; Perez-Rodriguez et al., 2001; Martinez-Marrero et al., 2008;
Pelegri and Pefa-lzquierdo, 2015; Pastor et al., 2015). Different authors define distinct
water masses or used diverse initial thermohaline and chemical properties to define those
water masses (Perez-Rodriguez et al., 2001; Pastor et al., 2012; Lgnborg and Alvarez-
Salgado, 2014). The water mass definitions used in this PhD thesis and their termohaline

and chemical characteristics are briefly discussed below.

The ENACW has been defined by two water types, the warm (subtropical) ENACW _15
and the cold (subpolar) ENACW_12. We took their physical and chemical properties from
Alvarez and Alvarez-Salgado (2009) and Lgnborg and Alvarez-Salgado (2014) for
ENACW _15 and from Perez-Rodriguez et al. (2001) and Alvarez and Alvarez-Salgado
(2009) for ENACW _12. The physical and chemical properties of Madeira Mode Water
were also taken from Alvarez and Alvarez-Salgado (2009) and Lgnborg and Alvarez-
Salgado (2014).

SACW is also defined by two water types, the warm SACW_18 and the cold
SACW _12. In this case, their physical and chemical characteristics were not taken from
the literature, that usually define this water mass in its formation area in the South Atlantic
Subtropical gyre. In this PhD thesis we decided to defined the average physical and
chemical characteristics of these WTs in the Eastern Equatorial Atlantic, in a box from 5°
N-5° S and from 20 to 30 °W from the World Ocean Atlas (2013). This region was chosen
to account only for the transformations experimented for these WTs as they are transported
from the equatorial region to the CVFZ by the Mauritanian current and, therefore, avoid all
the biogeochemical transformations experienced by this water mass from the Subtropical

South Atlantic to the Eastern Equatorial Atlantic.

The same reasoning was applied to the definition of the Antarctic Intermediate water
(AAIW). This water mass originates in the Drake passage, and its initial characteristics
undergoes substantial physical mixing and biogeochemical transformations as it flows
northward, following the South Atlantic Current, the South Equatorial Current and the
Equatorial Current System before reaching the CVFZ. For this reason, instead of using the
pure AAIW we took again the physical and chemical properties of this water mass in the
Eastern Equatorial Atlantic box that we defined to characterise SACW. The AAIW at this
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source region is really strongly modified AAIW, so we did not name it AAIW but modified
AA.

The characteristic of Subpolar Mode Water (SPMW) where taken from Perez et al.
(2001) and Alvarez and Alvarez-Salgado (2009). In the case of the Mediterranean water
mass (MW), many authors refer to its characteristics when it flows out of the Strait of
Gibraltar, and name it as Mediterranean Overflow water (MOW). However, due to its high
salinity, the MW is denser than the surrounding Atlantic water, subducting when it is enters
the Atlantic Ocean. Intense mixing with ENACW occurs during MOW subduction down
to about 1200 dbar (Pelegri and Pefia Izquierdo, 2015). Therefore, the characteristics of the
MW should be taken at 1200 dbar in the Atlantic ocean near the Gulf of Cadiz, when the
dilution with ENACW in a proportion 2.5 : 1 stops and the MW becomes stable.

Finally, concerning the deep waters, while some authors, e.g. Pastor et al. (2012),
grouped all deep WTs under the generic denomination of North Atlantic Deep Water
(NADW), In this PhD thesis we identified 3 WTs: LSW, UNEADW and LNEADW with
contrasting origin and degrees of mixing with Antarctic Bottom waters as shown by their
contrasting silicate concentrations (19.5 + 0.4 ; 34.8 + 0.3 and 44.4 + 0.3 pmol kg*,
respectively) (Pérez-Rodriguez et al., 2001; Alvarez and Alvarez-Salgado, 2009)

5.2 The importance of correcting water mass mixing to obtain reliable -O2:N:P:Si

nutrient ratios

Despite the use of the single linear correlation among dissolved oxygen and inorganic
nutrients to obtain -O2:N:P:Si ratios is generalised, in this PhD Thesis we have shown that
these ratios maybe not reliable in areas were contrasting water masses of different origins
and biogeochemical histories meet, as the CVFZ. In these cases, it is important to separate
the contribution of water mass mixing from the biogeochemical process that take place
during that mixing. For epipelagic waters below the pycnocline, we decided to apply a
multiple linear correlation in which salinity was used to correct the effect of mixing, while
on meso- and bathypelagic layers we used the water mass proportions (xij) to discount the

effect of mixing to estimate the -O2:N:P:Si stoichiometry of organic matter mineralization.
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To show this, Table 5.1 summarises the notable differences in the slopes of the single
(salinity or Xjj not considered) as compared with the multiple (salinity or Xj; included)
correlations between AOU, NO3z, HPO42 and SiOsHa.

The AOU:NOs™ coefficient represent the -O2:N ratios of organic matter mineralization.
When the effect of mixing was correct with salinity during FLUXES I, the -O2:N ratios was
closer to canonical Redfield ratio in epipelagic waters, while at meso- and bathypelagic
layers both slopes were similar to the Redfield ratio (Table 5.1). During FLUXES 1l this
correction contributed to increase -O2:N ratio from 6.7 to 8.3, much closer to the canonical
Redfield ratio in epipelagic waters, while in meso- and bathypelagic waters produce the
opposite effect. This suggested strong preferential nitrogen remineralization at both layers
in FLUXES II.

This correction was also noticeable when the contribution of mixing was separate from
mineralization processes in the -O2:P ratios. In FLUXES |, corrected -O.:P ratios in
epipelagic waters were in agreement with the Redfield ratio, while this correction at meso-
and bathypelagic layers, showed closer but still higher values than the Redfield ratio,
suggesting preferential remineralization of P over N. On the contrary, in FLUXES Il the
corrected -O2:P ratios were higher than the Redfield ratio in epipelagic waters, while they

were in agreement with the Redfield ratio at meso- and bathypelagic layers.

When correcting for the effect of mixing with salinity during FLUXES I, the N:P ratios
increase from 17.9 £ 0.2 to 20.0 0.7 in epipelagic waters, and from 17.3 + 0.1 to 18 + 0.7
in meso-and bathypelagic layers, being in both cases higher than the canonical Redfield
ratio. This suggests preferential P remineralization compared to N in both layers during
FLUXES I. For FLUXES II, the correction decreases the N:P molar ratio of epipelagic
water being closer but higher than Redfield ratio. However, in meso- and bathypelagic
waters, if this correction is not applied, the N:P ratio would be 14, pointing to a preferential
N remineralization compared to P, while in reality, when the correction is applied, this N:
P ratio was 16, being in consonance with the Redfield ratio (Redfield et al., 1963; Anderson
and Sarmiento, 1994; Anderson, 1995).

The corrected N:Si ratios, at epipelagic layers in FLUXES | and in FLUXES Il, became
closer but still higher than canonical Redfield ratios, reflecting the faster regeneration of N
over Si. Note that silicate was one of the variables used to define the WTs present in CVFZ,
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to run the OMP. For this reason, the N:Si ratios were non-calculated in meso- and

bathypelagic layers.

In summary, to avoid erroneous deviations from the canonical Redfield ratios,
correction of water mass mixing using salinity or water mass proportions as explanatory
variables in multiple linear correlations between dissolved oxygen and inorganic nutrients

is strongly recommended.

Table 5.1. Coefficients of the lineal regression (subsurface epipelagic layers) and multiple correlation (with
salinity for epipelagic and with the WT proportions (Xi;) for meso- and bathypelagic) of AOU and NOz~
regression coefficient of each variable with NO3~ or HPO42 and with HPO42 or SiO;, respectively, and for
each cruise.

Withou_t WM- corrected
correction
FLUXES I Epipelagic AOU vs NOgs 7.1+ 0.1 9.1+0.2
AOU vs HPO4?2 126.0+£ 3.2 153.3+6.8
NOs vs HPO4? 179+0.2 20.0 £0.7
NOs" vs SIOsH4 34+01 2.6+0.2
'%"aet;o);pelagic AOU vs NOy 9.8+0.2 9.2+0.3
AOU vs HPO,? 2051 196 +1
NOs vs HPO42 17.3+£0.1 18+0.7
FLUXES Il  Epipelagic AOU vs NOgs” 6.7+0.1 8.3+0.3
AOU vs HPO,? 1359+3.8 200.0+9.6
NOs vs HPO4? 20.9+0.4 18 +1
NOs" vs SIOsH4 34+01 2.3+0.2
Mesopelagic AOU vs NOgs 9.3+0.1 7.6+0.1
AOU vs HPO42 1721 151+1
NOs vs HPO42 143+0.3 16.1+0.8

5.3 Differences in -O2:N:P:Si stoichiometry between FLUXES | and Il

In epipelagic waters below the pycnocline, both FLUXES | and Il presented
significant deviation from the Redfield stoichiometry, being the N:P:Si ratios significantly
higher than the canonical values of 16: 1: 1 in both cruises (Table 5.1). The N:P ratios
indicate preferential remineralization of P, while the N:Si ratios showed the faster
mineralization of N than Si during the mineralization of sinking POM in both cruises
(Redfield et al., 1963; Anderson and Sarmiento, 1994; Anderson, 1995; Kudela and
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Dugdale, 2000; Alvarez-Salgado et al., 2014), The deviation of the N:P ratio was higher in
FLUXES I (20) than in FLUXES 11 (18). Noticeably, while the -O2:N ratio was Redfieldian
during FLUXES 1, it was significantly lower during FLUXES II, suggesting that in
epipelagic waters below the pycnocline preferential mineralization of N compared to C
occurs. This was also supported by the higher C:N molar ratios of PON in epi and meso-
pelagic layers in FLUXES Il (see chapters 2 and 3). In summary, preferential mineralization
of P over N, and of N over C and Si compared to the Redfield stoichiometry takes place,
with some significant differences between the two cruises. Considering that the cruises
were occupied in different times of the year (FLUXES I in mid summer and FLUXES Il in
late autumn) and have a very different spatial coverage (30 NM resolution in FLUXES |

vs. 5 NM in FLUXES II), such differences are not surprising.

In meso- and bathypelagic waters both cruises showed very contrasting -O2:N: P
ratios of organic matter mineralization (Table 5.1). During FLUXES 1, the -O2:N ratios
followed the Redfield ratio, while the -O2:P ratio was much higher than the canonical
Redfield value. As a result, the N:P ratio was significantly higher than the Redfiled ratio of
16. On the contrary, during FLUXES 11 the -O2:N ratios was significantly lower than the
Redfield ratio while the -O2:P ratio was in agreement with the canonical Redfield value of
150-170 and the N:P ratio was Redfieldian (Redfield et al., 1963; Anderson, 1995) (Table
5.2). These marked deviation from the Redfield stoichiometry suggest a preferential
remineralization of P in FLUXES |, and a strong preferential N remineralization in
FLUXES Il (Redfield et al., 1963; Anderson and Sarmiento, 1994; Anderson, 1995; Hupe
and Karstensen, 2000; Kudela and Dugdale, 2000; Osterroht and Thomas, 2000).
Differences between FLUXES | and Il are likely related to the different geographic
coverage of the cruises. To test if the observed differences could be associated to the
different depth ranges covered in FLUXES I (0-4000 dbar) and FLUXES II (0-1500 dbar),
correlation with Xij and AOU were also run for the depth range 0-1500 db in FLUXES |

and the -O2:N:P ratios continued to be different between the two cruises.

5.4 Organic nitrogen contribution to NOs™ production in the CVFZ

In epipelagic waters below the pycnocline, DON mineralization contributed more to
NOgz" production than PON: 17% in FLUXES I and 33% in FLUXES Il. Conversely, the
contribution of PON to NOs™ production was higher in FLUXES 1 (8%) than in FLUXES
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11 (2.7%) (Table 5.2). These differences were also observed in the contributions of POC to
the oxygen demand, being lower in FLUXES Il (4%,) than in FLUXES | (10%) (Table
5.2). In addition, in FLUXES 1, was also noticeable the higher contribution of POM in
epipelagic waters than in the meso- and bahtypelagyc layers.

These differences of DON and PON contribution were likely related with the above
mentioned different spatial resolution of both cruises and also to seasonality, being the
intensity of upwelling higher in November. Production of new DOM is often N-poor
relative to C, with elevated C:N ratios measured during and immediately after diatom
blooms. (Sendergaard, M. et al., 2000). Furthermore, as upwelling intensity increases, there
is an increase in exported POM, which would explain the higher POM contribution to the

mineralization in subsurface layers in FLUXES | cruise.

Table 5.2. Coefficients of the multiple correlation of PON, POC, DON and DOC regression coefficient of
each variable with AOU, and NOs™. The correction with salinity in epipelagic layers in DON and DOC
parameters in FLUXES Il non-were significantly and the coefficients in these cases are represented as lineal
regression

FLUXES | FLUXES II
Ep:gsﬁg'c AOU % NOg % AOU % NO& %
-0.081 -0.027
PON ) +0.008 8.1 i +0004 27
-0.076 -0.030
POC +0.007 10 +0006
-0.17 -0.33
DON - +002 17 - s01 2
-0.17 -0.15
DOC +0.01 24 +001 A
Mesopelagic
layer
-0.003
-0.0210
PON +0.001 +0.0004 2.1 - -
-0.032
POC +0.005 45 - -
-0.013
-0.156
DON +0.004 +0.02 15.7 - -
-0.026
DoC +0.01 36 ) ]
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The limited contribution of DON and mostly PON to NOsz™ production in the CVFZ,
which suggest that NOz™ is locally produced during the mineralization of sinking POM, has
also been supported by the results obtained from a marine snow catcher (MSC) deployed
at some selected stations during FLUXES I. Our results show that 75 to 84% of the particles
captured at 50 dbar depth by the MSC did not settled after 24 h of incubation, and can be

therefore exported offshore by the currents in the area (Fig. 5.1).
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Figure 5.1. Marine snow catcher (MSC) (left) and map of the FLUXES | cruise with results from the MSC.
The white dots represent the 6 stations (4, 12, 16, 20, 26 and 33) where the MSC was deployed. The white
squares summarises the percentage of suspended particulate nitrogen (N) and carbon (C) at each stn. The
MSC (100 litres of water) was deployed at 50 dbar. After recovery the MSC, this remained upright on deck
for 24 hours. After 24 hours, the top 95L were slowly emptied by the tap. then, the upper part of the MSC
was separated to the bottom part. This bottom section contains the remaining 5L of seawater with the fast-
sinking particles, while the slow-sinking or buoyant particles remained in the upper part. We took 10L form
the upper part and 5L from the lower part and filter them through GF/F filters for the analysis of POC and
PON by high temperature catalytic oxidation (see Chapter 2).

5.5 Revisiting the isotopic determination of NH4*

NH4* concentrations in the water column of the CVFZ turned out to be very low,
usually less than 0.1 pmol kg™, except in the surroundings of the DCM (with values ranging
from 0.11 to 2.0 umol kg™, see Figures 2.6¢ and 3.8c of Chapters 2 and 3, respectively).
Determination of 5!°N of NH4" would have been interesting to resolve the processes of
assimilation or oxidation that this N from experiences at the DCM of the CVFZ, due to the

large differences in the rates of enzymatic reaction with molecules containing heavy and

143



Chapter 5:

light isotopes, i.e. kinetic isotope effect associate to both processes: é=5%o or lower for

assimilation and ¢=14-19%o. for oxidation (Casciotti et al., 2003; Fawcett et al., 2015).

To determine the 5!°N of NH4" in FLUXES | and 11, seawater samples were taken
directly from the Niskin bottles in borosilicate vials of 12 mL, previously poisoned with
saturated HgCl> and refrigerated at 4 °C until analysis in the base lab. Samples were treated
with the method described by Liu et al. (2014), which consists of two steps for the
conversion of NH4" into N0, as summarized in Figure 5.2 and Table 5.3 and explained in

detail in annex I.

+Bro-  +NaAso, +NH,OH + NaOH
s +HCl i3 s
. -~
@ A —
N,O
NH; > NO, NO; — N,O
> B — é —_— @
1n pH <1 16h Ai‘;:*
o 37eC =
pH =13 ’:\ ‘__,
NH,* NO, NO,
Sample

Figure 5.2. Liu etal. (2014) summarized method. The first step (NH4*to NO;") and the second step (NO to
N20)

Table 5.3. Reactions involves in the different steps of Liu et al. (2014), method protocol.

Step Reaction
1 BrO™ + NH4* + 20H" — NO; + 3H,0 + 3Br
5 NH;OH + HNO; — N0 + 2H,0

Liu et al. (2014) indicated that this method was reliable, and can work effectively
for low NH4" concentration and small sample volumes (< 4 mL) in soil KCI extracts and
probably seawater samples. However, Zhang et al. (2010) suggested that, even if the
reproducibility of BrO~ method for sea water could be carried out in samples with NH4*
concentrations over the working range (0.5 umol kg™?); The range of 0.5-20 pmol kgt in

deionizer water and 10 pmol kg in seawater is recommended for more reliable and precise
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values. Furthermore, we have found that, for the low concentration of NH4" in the study
area, together with a series of problems running the Liu et al. (2014) protocol, the results

obtained by this method were unreliable in our case.

Liu et al. (2014) found that under optimal reaction conditions the oxidation
efficiency of NH4" into N2O is > 90% in samples with NH4" concentrations of 0.5-20 umol
kg! in deionize water and 0.5-10 pmol kg in fresh and sea water. However, we have
found that although this efficiency may indeed be 90%, the efficiency of the oxidation of
NH4* into NO2" is not linear respect to time for the BrO reaction (Fig. 5.3). To check the
efficiency of the oxidation step, we exposed a solution of NH4* 12 umol kgt in deionize
water, to different reaction times (30, 60 and 90 minutes) with BrO". After 60 minutes, we
found that about 25% of the initial NH4" still remained in the sample and, at the same time,
about 9% of the initial NH4* was oxidized to NOs™ rather than to N2O (Fig 5.3). This reflects

an acceptable conversion factor, but in NO2™ and also NOs™ nitrogen forms.
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Figure 5.3. Concentration of nitrite (umol kg) measured in the first step of Liu et al. (2014) method
according to the reaction time of BrO- in minutes, for samples of 12 pmol kg of NH,* in deionized water.

In addition, the excess of BrO™ added to carry out the oxidation of NH4* to NO2 can
react with the hydroxylamine reagent to form N20O. Hydroxylamine is necessary to reduce
the NO2” to N20O in the second step. So, to avoid the reaction between BrO™ and
hydroxylamine, a volume of NaAsO: have to be added (Liu et al., 2014) to neutralize the

BrO excess, before adding the hydroxylamine reagent.

This addition, follow the reaction:
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BrO + AsOy + H2O — Br + H2AsO4

In this intermediate step, we found that in the highly acidic condition necessary for
NO;z" conversion to N20O in the second step (pH ~0.42), the Br formed by NaAsO; addition
can react with the NO>" from the NH4" oxidation and form N>O without hydroxylamine
addition (Fig. 5.4):

2HNO2+4Br +4H" — N0 +2Br.+3H.0 E=0.2133

The N20 produced increases at higher temperature and longer reaction time (12 hours
reaction at 50°C produce up to 5 umol kg* of N2O). Due to the low NH4* concentration
this reaction could produce an undesirable isotopic fractionation, which could do the

obtained data unreliable.

3.5 +
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Figure 5.4. N2O (umol kg™) obtained in the second step of Liu et al. (2014) method, without the NH,OH
addition. Different solution at 10 umol kg of ammonium, nitrite and nitrate, were run for different times of
reaction with BrO™ (minutes) (Firs step), then after the addition of NaAsO, and HCI, the samples were placed
into a thermostatic bath at 37°C for 20 minutes, without NH,OH addition to evaluate the N,O produced. In
addition, this figure showed that without BrO- reaction time and being immediately neutralised with NaAsO-
and HCI, the umol kg of N,O obtained in ammonium and nitrate reagent were close to cero, suggesting that
these reagents didn’t have any traces of NO7".

Despite this method was applicable to the standard solution in deionized water, when
the seawater samples with low NH4" concentration were analysed, the obtained data were
unreliable, due the associate isotopic fractionation effects. Finally, due the describe
laboratory problems, the generally low NH4" concentration at the CVFZ, the small number
of stations with > 0.5 pmol kg™ (~10) and the unreliable data obtained, 5°N of NH4* were

not considered in this PhD thesis.
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. Thedistributions of DIN, DON and suspended PON in the epipelagic layer of the CVFZ
are dictated by the position of the front and its interaction with meso- and submeso-
scale structures as meanders, cyclonic and anticyclonic eddies, and the Cape Blanc
Giant Filament.

. The distributions of DIN, DON and PON in the intermediate and deep waters of the
CVFZ are mainly dictated by water mass mixing and remineralization processes from
the source regions of these water masses to the CVFZ.

. The CVFZ dynamics reflects the importance of the vertical vs. horizontal flows of
organic matter in the Canary Current EBUE. The offshore region of this EBUE act as
a buffer zone where the stoichiometry of the organic matter exported to the gyres is
modified, making it N poorer.

. The N:P:Si molar ratio of inorganic nutrients in the surface mixed layer points to a
severe N limitation to net primary production in the CVFZ and the epipelagic waters
below de pycnocline show a preferential elemental organic matter mineralization in the
order P > N > C compared with the canonical Redfield stoichiometry.

Preferential elemental organic matter mineralization occurs also in mesopelagic waters
of the CVFZ, with N been preferentially mineralised during FLUXES | and P during
FLUXES II, as compared with the canonical Redfield stoichiometry

N limitation in the surface mixed layer and preferential N mineralisation in the waters
below the pycnocline led to high C:N molar ratios compared with the canonical
Redfield ratio, which increase with depth in the meso- and bathypelagic layers.

DON and suspended PON contributed only to about 18% of the local nitrate production
in the meso- and bathypelagic layers CVFZ. The remaining 82% was due to sinking
organic N exported form the Mauritanian upwelling.

The distributions of 8°Nyo> and 3'®0yo; and the archetype values obtained for each

water mass in the CVFZ also support that the locally regenerated nitrate was mainly
derived from sinking POM.

8" Nyo; and §'®0yq; in the CVFZ are strongly influenced by biogeochemical and

mixing processes. Local processes of organic N mineralization affected significantly
the isotopic composition. Furthermore, the high 815NNO§ values in intermediate waters

are related with the partial nitrate assimilation that occurs in Antarctic Intermediate
Water, and the subsequent transport of this water mass towards mid-Atlantic waters.
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Chapter 2: Large-scale variability of nitrogen species in the Cape Verde Frontal
Zone (NW Africa).

% Hydrographic setting of the Cape Vert Frontal Zone
e Figure S1
e Figure S2

%+ Biogeochemical variability in epi-, meso- and bathypelagic waters of the CVFZ
e Figure S3
e Figure S4

Chapter 3: Meso- and submeso-scale variability of nitrogen species in the Cape
Verde Frontal Zone (NW Africa).

¢+ Nitrogen biogeochemistry in the CVF in November 2017
e Figure S5
e Figure S6

Chapter 4: Nitrate in Cape Verde Frontal Zone: an isotopic approach

.,

< 8N and d*®0 in the interior ocean (>200 dbar)
e TableS1
e Figure S7
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Chapter 2: Influence of large-scale dynamics in the nitrogen of Cape Verde Frontal

Zone (NW Africa).
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Figure S1. Full depth distributions of potential temperature (8) in °C (a), salinity (S) (b), silicate (SiO.) in
umol kg™t (c), and NO in umol kg™* (d) derived from CTD measurements at 1 dbar vertical resolution during
FLUXES I. 8 and S were measured directly with the CTD, while SiOsHasand NO values were reconstructed
by fitting the measured water sample concentrations to a non-linear combination of variables directly
measured with the CTD (6, S, O2). Note that the depth scale is not linear. Vertical back lines represent the
corners of the FLUXES hydrographic box. Produced with Ocean Data View (Schlitzer, 2017).
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Figure S2. Fits of the measured NO and SiOsH4 concentrations to a non-linear combination of CTD measured
variables (8, S, O2). Different combinations were tried and only the highly significant terms (according to
their p-value < 0.001) were retained. The adjusted-R? and the root-mean-square error are reported as
indicators of the goodness of the fit
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Figure S3. Distributions of POC in umol L (a) and DOC in umol L (b) in the epipelagic layer during the
FLUXES 1 cruise, dots represent samples, vertical black lines represent the corners of the FLUXES I
hydrographic box. White line in b represent the base of DCM. The x-axis shows the station number (a) or
section distance in km (b). Produced with Ocean Data View (Schlitzer, 2017).
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Figure S4. Full depth distributions of POC in umol L (a) and DOC in pmol L (b) during the FLUXES |
cruise. Dots represent samples and vertical black lines represent the corners of the FLUXES | hydrographic
box. Note that depth scale is not linear. The x-axis shows the station number (a) or section distance in km (b).
Note that depth scale is non-linear. Produced with Ocean Data View (Schlitzer, 2017).
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Chapter 3: Meso- and submeso-scale variability of nitrogen species in the Cape

Verde Frontal Zone
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Figure S5. Distributions POC in umol L (a) and DOC in umol L (b) in the epipelagic layer during the
FLUXES Il cruise along T1 (left) and T2 (right). T1 is divided into three domains (A-C) separated by vertical
dotted lines at stn 9 and 28. Vertical black lines show the position of the orthogonal transects T2 and T1,
respectively. Horizontal black line shows the position of the pycnocline. Section distance is counting from
southeast (SE) to northwest (NW) in T1 and from southwest (SW) to northeast (NE) in T2. Produced with
Ocean Data View (Schlitzer, 2017).
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Figure S6. Distributions POC in pmol L (a) and DOC in pmol L (b) in the mesopelagic layer during the
FLUXES Il cruise along T1 (left) and T2 (right). Vertical black lines show the position of the orthogonal
transects T2 and T1, respectively. Section distance is counting from southeast (SE) to northwest (NW) in T1
and from southwest (SW) to northeast (NE) in T2. Produced with Ocean Data View (Schlitzer, 2017).
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Chapter 4: Nitrate in Cape Verde Frontal Zone: an isotopic approach

Table S1. Average + SE of nitrate 5'°N and 530 (%o) in Northern, Western, Southern and Eastern transects

of FLUXES I.
Northern Western Southern Eastern
WT 515N 5180 815N 5180 815N 5180 815N 580
SACW_18 39+13 25%x10 39%x07 48+14 ©59+05 68+05 48+04 32+1.0
MMW 35£23 17x14 37%06 3911 42+05 62+05 n.s n.s
ENACW_15 41+04 19%x03 4706 2905 48+03 6.1+06 47+04 26+0.7
SACW_12 53+13 22%x06 61+x10 42+07 55+03 45+04 53+03 31+04
ENACW_12 54+04 21+06 63206 41+05 g3+02 46+03 54+02 29+04
SPMW 55+05 19+02 6609 35+05 59+02 41+£05 57x07 19+x04
AA 56+05 20+03 64+15 33%x06 §0+02 36+04 58+10 21+03
MW 54+05 20x07 52+28 22+08 49+06 25+07 56+22 20+04
LSW 53+03 18+03 50%08 22+04 55+02 27+03 59+07 21+02
UNEADW 53+02 20x05 51+12 22+04 53+02 27+04 58+02 24+04
LNEADW  58+02 22+04 5215 27206 55+05 29+06 n.s n.s
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Figure S7. Distributions of the 3"*Nyo; (a) and §'®0yo; (%0) of the water masses present in the Northern,
Western, Southern and Eastern transects in CVFZ during FLUXES | cruise with SE.
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Analytical determination of *°N of NH4*

The determination of the 5!°N of NH4* was carried out following the method of Liu

et al. (2014). It consists of two steps, which involve two primary reactions:
Oxidation of NH4* to NO2
Reduction of NO2 to N2O

For the first step, they used the bromide oxidation method described by Zhang et al.
(2007). A stock solution of bromate/bromide was made by dissolving in 250 mL of
deionized water (DIW), 0.6 g of sodium bromate (NaBrOs3) and 5 g of sodium bromide
(NaBr). This solution is stable for 6 months. The working solution has to be prepared daily
due the instability of BrO-, through the mixing of 1 mL of stock solution with 50 mL of
DIW, followed by 3 mL of HCI 6M. This mixture needs to react in the dark for 5 minutes
to produced Br2, and then 50 mL of NaOH 10M are added rapidly to produced BrO".

Therefore, the reactions involved in the first step were:
BrOs +5Br + 6 H* — 3 Br, + 3 H20
Br, + 2 OH — BrO™ +Br + HO
BrO™ + NH4" + 20H" — NO2 + 3H.0 + 3Br

Liu et al. (2014) used 2.5 to 5 mL of laboratory (NH4)>SO. solution with varied
concentrations of 5 to 80uM and then add 0.25 or 0.5 mL of BrO™ working solution (volume
ratio of BrO™ and Laboratory (NH4)2SO4 was 1:10). After 30 minutes 0.5 mL of sodium
arsenite (NaAsOz) was added. We used 12 mL headspace borosilicate vials as reaction
vessels, pipetting 4 mL of water samples, adjusting the volume of BrO~ working and sodium
arsenite to this volume of samples. In addition, the time of BrO reaction prior to add sodium
arsenite, were 60 minutes of time reaction with vigorously horizontal shaking at room
temperature as proposed by Felix et al. (2013). The arsenite reagent was made dissolving
5.1 g of sodium arsenite (NaAsO2) in 100 mL of deionized water and was used to remove
the excess of BrO™ after the NH4" oxidation, following this reaction:

BrO + AsO2 + H20 — Br + H2AsO4

To optimize the NH4" oxidation yield and minimize the isotopic fractionation, the
optimal NH4" concentration range used of 0.5 to 20 uM in deionized water and 0.5 to 10

MM in fresh water, because beyond these range undesirable isotope fractionations could
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appear. Under optimal reaction time and BrO™ amount Zhang et al. (2007) had an oxidation
efficiency above 90%. In this regard, an almost complete oxidation from NH4* to NOy™ is

necessary to reduce undesired isotope fractionation.

The second step consisted of the reduction of NO2” to N>O with hidroxylamine
hydrochloride (NH.OH-HCI). The NH2OH-HCI reagent stock solution was made
dissolving 0.2778 g of NH2OH-HCI in 100 mL of deionized water, this solution is stable
for 1 week. The working solution was made daily adding 3 mL of the stock solution to 500

mL of deionized water. The reaction involved in this step was
NH>0OH + HNO2 — N2O + 2H,0

Liu et al. (2014) conduced several experiments to optimize the experimental
parameters for maximizing the NO> reduction yield, finding that the reaction rate of NO>"
reduction was highly dependent on pH, increasing rapidly the reaction rate at pH < 1. So,
to correct the different pH needed for the second step (pH < 1) from the alkaline solution
produced during the NH4* oxidation step (pH around 13), a volume of 0.5 mL of HCI 6M
was added to each sample. Afterwards, the vials were crimp sealed and working solution
of NH>OH was added to each sample with a syringe, the reduction efficiency increased at
molar ratio of NO2™ to NH2OH at 1:2, The reaction took place on the shaker at elevated
temperature (37 °C), with a time of incubation of 16 h. The optimal NO2™ concentration
range of 15 to 50 uM, being the reduction efficiency of 90%. Then, 0.5 mL of 10 M NaOH
was injected with a syringe to stop the reaction by making de solution basic (Liu et al.,
2014).

To corroborate the consistency of the method, eliminate analytical variation by any
deviation in the IRMS response, and calibrate the 3N NH.* of the samples for the
calculation of the true 8*°N for NH4*, three international standards with known §*°N NHs*
(USGS 25, 30%0, USGS 26, 8°N 53%o, IAEA 20, 8°N 20%o) and another laboratory
(NHa4)2S0a4 (-0.52%o0) were used, and were treated with the same protocol than the samples.
For this, 4 mL of 15 uM international standard solution prepared in deionized water, were
added into the 12 mL reaction vials. In the same way a laboratory NaNO: standards named
IACT 9 and IACT 10 (8*°N -8.08%o and -37.8%o respectively and determined by IRMS)

were running to check the efficiency of the reduction of NO>™ to N2O.

As described by Stevens and Laughlin (1994), the two atoms present in the final

N20 product measured, provided from NHi* of sampled and for reagent, with the
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combination of one N atom from the NH4" and the other from the NH>OH reagent. This
fact could be reflected in the slope of the relationship between §°N of NH4" international
standard and the 8*°N of the measured N,O, which will be 0.5 (Zhang et al., 2007; Liu et
al., 2014). In addition, the intercept reflects the combination of isotopic fractionation
related with the NH4" oxidation and initial 5°N of the reagent (NH,OH).

The calibration equation is:

The relationship between the assigned 8°N NHs* and measured §°N N,O was
significant and linear (Fig. Al.1). The N2O peak measured of the laboratory IACT 9 and
IACT 10 standards (NaNO>), showed nearly the same height as the N2O produced from
NH.*. In addition, the 8N of these reagents were in the regression line generated by
international NH4" standards, suggesting that the oxidation of NH4* to NO2™ was nearly

complete and there were not any isotopic fractionation during NH4* oxidation (Fig. Al.1).
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Figure Al.1. Correlations between the §:°N—-N,O and the 5'°N assigned for the four Ammonium and two
nitrite standards used, in deionized water.
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