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The transformation of biologically labile organic matter into refractory compounds by
prokaryotic activity has been termed the ‘microbial carbon pump’ (MCP) and may constitute an
effective mechanism to store reduced carbon in the dark ocean. Understanding its generation and its
role in carbon sequestration is crucial to assess its relevance in the context of the global carbon cycle.
The main aim of this PhD thesis is to test the significance of the chromophoric (CDOM) and fluorescent
(FDOM) fractions of dissolved organic matter (DOM) as tracers for the microbial production of
recalcitrant DOM in the global ocean. All its content is framed in the Malaspina 2010
circumnavigation, which allowed us to produce the first global inventory of the optical properties of
DOM in both the surface ocean (<200 m), gathered by Longhurst’s biogeographic provinces, and the

dark ocean (>200 m) by the main water masses.

In the dark ocean, ideal age and ageing (apparent oxygen utilization) of the main water masses
were tracked along the global thermohaline circulation, allowing the estimation of net
production/consumption rates of CDOM and FDOM and their respective turnover times. We found that
CDOM was generated in situ by microbial metabolism (at a global rate of 3.3 £ 0.5 x 107> m™ yr}),
with a turnover time of ca. 625 years and was accumulated in the dark ocean due to its recalcitrant
nature, with an increase in the degree of aromaticity and molecular weight along the thermohaline
circulation. We identified two distinct chromophores. One was centred at 302 nm (UV chromophore)
and the other one at 415 nm (Visible chromophore). The UV chromophore was attributed partially to
nitrate and likely to the antioxidant gadusol and presented a turnover time of ca. 345 years. The
Visible chromophore was related to the respiratory enzyme cytochrome ¢ and presented a turnover

time of ca. 356 years.

The analysis of the fluorescent properties of DOM in both the surface (< 200 m) and dark ocean
(> 200 m) allowed us to identify four ubiquitous fluorophores. Two fluorophores were humic-like (C1,
C2) components and the other two were amino acid-like (tryptophan-like C3, tyrosine-like C4)
components. The robustness in the level of explanation for humic-like and amino acid-like components
by biogeochemical variables was much higher for the humic-like components than for the amino acid-
like components both in the surface and the dark ocean (~80% vs ~30%). The fluorescent humic-like
material was explained by water ageing and showed positive power functions both in the surface and in
the dark ocean. In the dark ocean, C1 showed a higher production rate than C2, with a net production
rate of 2.3 + 0.2 x 10°%and 1.2 = 0.1 x 10° RU yr! and turnover times of 530 and 740 years,
respectively. However, in the surface ocean both rates were similar. In the dark ocean Cl1 and C2
showed higher conversion efficiencies per unit of utilized oxygen than in the surface ocean, likely due
to photobleaching. In the dark ocean, tyrosine-like C4 presented an inverse power relationship with the
apparent oxygen utilization, decreasing at a rate of —1.1 * 10 RU yr'. On the contrary, the
tryptophan-like component C3 did not show a pattern with ageing. In the surface ocean, the amino
acid-like components were apparently more affected by physical processes, although the positive

relationship of C4 with Chl a also implies a microbial influence on this component.
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The in situ production of the DOM fractions as by-products of microbial metabolism identified as
water masses turned older and the long turnover times of the humic-like components indicated the
relevant role of the MCP in the carbon sequestration in the dark ocean. Thus, the initial hypothesis of
this PhD thesis that was: “are the chromophoric and fluorescent fractions of DOM key components of
the recalcitrant DOM pool?” has been verified. Similarly, the fact that chromophores and fluorophores
can be used as tracers of the water mass mixing and biogeochemical processes operating at

centennial time scales will bring new insights into the ocean carbon storage.
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La transformacién de materia orgénica labil en recalcitrante a consecuencia del metabolismo de
los procariotas se ha denominado “bomba microbiana de carbono” y puede constituir un mecanismo
efectivo de almacenamiento de carbono reducido en el interior del océano. Comprender la generacién
de materia orgénica disuelta (MOD) recalcitrante y el papel que esta juega en el almacenamiento de
carbono en los océanos es crucial para cuantificar su relevancia en el contexto del ciclo global del
carbono. En este contexto, el principal objetivo de esta Tesis Doctoral es comprobar la validez de las
fracciones croméfora (CMOD) y fluorescente (FMOD) de la MOD como trazadores de la produccién
microbiana de MOD recalcitrante en el océano global. El trabajo se enmarca en la expedicién de
circunnavegacién Malaspina 2010, que ha hecho posible producir el primer inventario global de
propiedades 6pticas de la MOD tanto en la capa superficial (< 200 m), organizado por provincias

biogeégraficas, como en el interior del océano (> 200 m), organizado por masas de agua.

En el océano profundo, se traz6 la edad y el envejecimiento (utilizacién aparente de oxigeno) de
las principales masas de agua a lo largo de la circulacién termohalina, posibilitando la estimacién de
tasas netas de produccién/consumo de CMOD y FMOD y sus respectivos tiempos de renovacién. Asf,
se encontré que la CMOD se produce in situ a consecuencia del metabolismo microbiano (a una tasa
neta global de 3.3 + 0.5 x 10® m™ a™!), presenta un tiempo de renovacién de aprox. 625 afios y se
acumula en el interior del océano debido a su naturaleza recalcitrante, mostrando un incremento de la
aromaticidad y el peso molecular medio con el discurrir de la circulacién termohalina. Ademas, se
identificaron dos croméforos, uno centrado a 302 nm (croméforo UV) y el otro a 415 nm (croméforo
Visible). EI croméforo UV se atribuyé parcialmente a nitrato y probablemente también al antioxidante
gadusol y presenté un tiempo de renovacién de aprox. 345 afios. El croméforo visible se relaciona con

el enzima respiratorio citocromo y presenta un tiempo de renovacién de aprox. 360 afios.

Tanto en la capa superficial como en el interior del océano se han identificado cuatro fluoréforos
ubicuos, dos de ellos de naturaleza humica (C1, C2) y los otros dos proteinica (tipo triptéfano, C3, y
tipo tirosina, C4). Si bien la distribucién global de estos fluoréforos puede explicarse en base a ciertas
variables ambientales, la robustez estadistica de dicha explicacién fue mucho mayor para los de
naturaleza himica que para los de naturaleza proteinica tanto en la capa superficial como en el
océano profundo (aprox. 80% vs aprox. 30%). La distribucién del material de naturaleza hdmica se
explicé en funcién del envejecimiento del agua y mostré una correlacién potencial positiva con la
utilizacién aparente de oxigeno tanto en la capa superficial como en el interior del océano. En el
interior del océano, C1 mostré una tasa de produccién neta mayor que C2: 2.3 + 0.2 x 10 frente a
1.2+0.1 x10°RU a!, y unos tiempos de renovacién 530 y 740 afios, respectivamente. Sin embargo,
en la capa superficial ambas tasas fueron similares. En el interior del océano, las eficiencia de
conversion de Cl y C2 por unidad de oxigeno utilizada fueron mayores que en la capa superficial,
probablemente debido a la fotodegradacién. En el interior del océano, el fluor6foro tipo tirosina (C4)
presenté una relacién potencial inversa con la utilizacién aparente de oxigeno que permitié calcular

una tasa neta de consumo de -1.1 + 10° RU a™! y un tiempo de renovacién de aproximadamente 460
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afios. Por el contrario, el fluoréforo tiempo triptéfano (C3) no mostré relacién alguna con el
envejecimiento de las masas de agua. En la capa superficial, los fluoroforos proteinicos se vieron mas
afectados por procesos fisicos, aunque la relacién positiva entre C4 y clorofila también implica una

influencia de la actividad microbiana sobre la distribucién de este componente.

La produccién in situ de estas fracciones de la MOD como subproductos del metabolismo
microbiano, su acumulacién con el envejecimiento de las masas de agua, y los prolongados tiempos
de renovacién de los componentes himicos indican el papel relevante que la bomba microbiana de
carbono juega en el secuestro de carbono en el interior del océano. Por tanto, la hipétesis inicial de
esta Tesis, Son las fracciones croméfora y fluorescente de la MOD componentes clave del reservorio de
MOD recalcitrante?, ha sido verificada. Igualmente, el hecho de estos croméforos y fluoréforos puedan
usarse como trazadores de la mezcla de masas de agua y los procesos biogeoquimicos que ocurren a

escala centenaria abre nuevas perspectivas acerca del almacenamiento de carbono en los océanos.
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General Introduction

1. Marine dissolved organic matter: one of the largest reduced carbon pools on Earth

Natural organic matter comprises organic compounds that were initially formed by life but may
have undergone multiple alterations and degradation processes [Lechtenfeld, 2012]. The most
important carbon source for the synthesis of organic matter is carbon dioxide (CO,) and the energy for
the breakage of the C-O bond is mainly supplied by sunlight, specifically by the photosynthetically
active radiation (PAR). Since the carbon atoms in organic matter have an oxidation state lower than in

CO,, it is often referred as “reduced carbon”.

Organic matter in marine environments occupies a molecular size continuum from tenths of
angstroms to meters [Verdugo, 2012; Verdugo et al., 2004; Azam et al.,, 1993]. To facilitate its
classification, two pools of marine organic matter have been operationally distinguished (Fig. 1.1):
dissolved organic matter (DOM), referred to the fraction that passes through 0.2-1.0 ym pore size
filters and is not prone to sink [Hedges, 2002], and particulate organic matter (POM), the fraction over

1.0 ym that tends to aggregate and sink.

meter 103 104 105 106 107 108 10°° 1010
T T T T T T T T T
POC DOC
| Zooplankton | < > TruIy
| Colloidal dissolved
Phytoplankton | >

Sand |—|
'¢1—' Clay | | Macromolecules (HMwW) [Molscules

|Nanogels and colloidal metal-DOM aggregatesl

Micro- and macrogels I

Sieves and filters Ultrafilters
Optical microscopy —————————————>

Flow cytometers
Dynamic laser scattering
Atomic force microscopy

Brewster angle microscopy <——>
Liquid chromatography/mass spectrometry <————>

Fig. I.1. Size ranges and scales in meters for different kinds of matter found in seawater. Living matter (green
boxes), inorganic material (grey) and organic compounds (orange) all overlap in the nano- to millimetre size range.
Operationally defined size classifications separate the continua of sizes into discrete fractions, where the colloidal
and “ truly” dissolved substances and smallest living cells are subsumed as the dissolved organic carbon (DOC)
fraction. Common methods to separate or analyse the size fractions are shown in the lower part of the figure. POC:

Particulate organic carbon. *Taken from Verdugo [2012] as modified by Lechtenfeld [2012].

Given the heterogeneous composition of DOM, the low concentration of specific components
(typically less than picomolar to low micromolar) and the ~0.7 M ionic strength inorganic salt matrix,

the task of resolving the chemical composition of DOM after isolation and concentration by
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ultrafiltration, solid phase extraction or reverse osmosis combined with electrodialysis still remains
arduous because the molecules are polyfunctional, heterogeneous, polyelectrolytic and polydisperse in
molecular weight [Mopper et al., 2007]. Although less than 10% of the marine DOM has been identified
at the molecular level [Repeta, 2015; Dittmar and Paeng, 2009; Kaiser and Benner, 2009; Hertkorn et al.,
2006], recent progresses in analytical chemistry have allowed the molecular characterization of DOM
in unprecedented detail [e.g. Hansman et al., in press; Medeiros et al., 2015; Osterholz et al., 2015; Chen
et al., 2014; Lechtenfeld et al., 2014] (for more details see Section 7 of this introduction).

Much effort has been put into understanding the cycling of carbon between the atmospheric,
oceanic, and terrestrial pools [Sarmiento and Gruber, 2006]. Interconnection of these pools in the
ocean occurs predominantly in the ocean surface, where CO, rapidly exchanges between atmosphere
and marine organic matter, but also at the water-sediment interface, where part of the organic matter
is stored for geological times. In this context, oceanic DOM is a collection of reduced carbon
compounds in an amount close to the reservoir of atmospheric CO, (828 Pg C, 1 Pg = 10'5 g, Joos et
al., 2013; Prather et al., 2012) or the living biomass on land and in freshwater (600 - 1000 Pg C,
Falkowski et al., 2000). At 662 + 32 Pg C, DOM exceeds the inventory of organic particles in the oceans
by 200-fold [Hansell et al., 2009; Hansell and Carlson, 1998]. This pool plays an important role in the
global carbon cycle since (1) it supports life in the oceans as it serves as substrate for microbial
growth and/or nutrients recycling after microbial and photochemical processes [Kujawinski, 2011]; (2)
it has an influence on atmospheric chemistry as it exchanges CO,, carbon monoxide and dimethyl
sulphide among other biogases; and (3) its chromophoric fraction controls the intensity and spectral
quality of light through the water column [Nelson and Siegel, 2013; Blough and Del Vecchio, 2002] . The
imbalance between the biological processes of carbon fixation and remineralization has controlled
carbon sequestration and shaped the composition of the atmosphere throughout the history of life on
Earth [Lechtendeld et al., 2015]. The major reservoirs of organic matter are in a continuous interaction
and little exchanges among them can have considerable impacts on the Earth’s climate. In fact,
modelling studies suggest that DOM storage or remineralization have promoted fluctuations in the
global CO, atmospheric content that have had subsequently impacts on the Earth’s climate [Sexton et
al., 2011]. For instance, the net mineralization of just 1% of the marine DOM pool would generate an
amount of CO, close to the 7.8 + 0.6 Pg C produced annually by fossil fuel combustion [/IPCC, 2013,
Section 6.3.1]. In the past couple of decades, rapid progress has been made in elucidating the roles
that basic physical (e.g. ocean circulation or gas exchange) and inorganic geochemical processes (e.g.
the equilibrium of the carbonate system) play in regulating the uptake of anthropogenic CO, from the
atmosphere [Ridgwell and Arndt, 2015]. In contrast, the role and response of the “biological carbon
pump”, and particularly the “microbial carbon pump” (MPC), in the cycling of carbon is much less well

understood.

2. Dissolved organic matter bioreactivity

The bulk DOM pool spans a wide range of biological reactivities, ranging from materials that
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turn over on timescales of minutes to millennia [Hansell and Carlson, 2015]. According to its reactivity
or lifetime, Hansell [2013] has defined a total of five DOM fractions from shortest to longest lifetimes
as: labile (LDOM), semi-labile (SLDOM), semi-refractory (SRDOM), refractory (RDOM) and ultra-
refractory (URDOM) (Table I.1).

The term ‘labile’ refers to the fraction that is removed on timescales of heterotrophic microbial
growth rates such that it is not accumulated [Hansell, 2013] whereas the term ‘recalcitrant’ is
employed to characterize DOM that accumulates and is more resistant to microbial degradation; the
labile fraction presence is fleeting (hours to days), has a production rate of ~15-25 Pg C y!, which
represents half of the carbon that is globally fixed by primary producers [Chavez et al., 2011; Carr et al.,
2006], and provides autochthonous support for the euphotic zone microbial loop and its mineralization
products remain in the upper ocean for exchange with the atmosphere. The semi-labile pool (SLDOM)
is the most important DOM fraction contributing to the biological pump, supports the microbial loop of
the upper mesopelagic zone, has a limited role in carbon sequestration and their mineralization
products are returned to the air-sea interface within months to years. The semi-refractory fraction
(SRDOM) is largely exported to the mesopelagic zone and potentially important in carbon
sequestration over decades to centuries. The refractory dissolved organic matter (RDOM) is relevant on
centennial to millennial timescales and accounts for more than 959% of the total dissolved organic
carbon in the ocean [Jiao et al., 2010]; it is returned to the upper ocean over centuries to millennia and
constitutes the fraction of largest average radiocarbon age (4000-6000 yr). Lastly, the ultra-refractory
(URDOM) is likely thermogenic and it is termed dissolved black carbon (DBC). Its primary sinks are the
sediments and photooxidation, and represents transfer of carbon from the biological to the geological

realm. The quantitative characteristics of these fractions are summarised in Table I.1.

Table I.1. Quantitative characteristics of DOM fractions according to their reactivities. *Taken from Hansell [2013].

Fraction Inventory Gross Product_ilon rate Removal _rlate_1 Lifetime
(Pg C) (PgCyr) (umol C kg yr) (W)
Labile (LDOM) <0.2 ~15-25 ~10 ~0.001
Semi-labile (SLDOM) 62 ~34 ~2-9 ~1.5
Semi-refractory (SRDOM) 14+2 ~0.34 ~0.2-0.9 ~20
Refractory (RDOM) 630 = 32 ~0.043 ~0.003 ~16 000
Ultra-refractory (URDOM) >12 ~1.2x107° ~8x10” ~40 000

The size-reactivity continuum model proposed by Amon and Benner [1996] provides a conceptual

framework depicting the relationships among the size, reactivity and chemical composition of marine
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organic matter (Fig. 1.2). As decomposition and the decrease of molecular size proceed, the chemical
complexity of these residues of organic matter increases, biological reactivity declines, and the
radiocarbon ages of molecules increase. Instead, larger size classes of organic matter were more

bioavailable and more rapidly remineralised by microbes.
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Fig. 1.2. A conceptual model of the size-reactivity continuum, showing the net flow of organic carbon from larger to

smaller size classes with increasing decomposition. *Taken from Benner and Amon [2015].

Contrary to the size-continuum model, other studies found evidence of a dominant content of a
more resistant and complex high molecular weight (HMW) DOM with increasing age and
decomposition rates [Hansman et al., in press; Helms et al., 2008], which, in turn, it might elucidate a
coexistence of both formation, transformation and mineralization of the different molecular sizes of
DOM in the ocean.

3. Dissolved organic matter distribution in the oceans

High concentrations of 70-80 pmol kg ! C are present at the ocean surface in the tropical and
subtropical biogeographic provinces (40°N to 40°S), where vertical stratification favours the slow
accumulation of organic matter resistant to biological degradation. Instead, lower concentrations of
~40-50 pmol kg C are observed at the surface in equatorial regions, in subpolar seas and in the
Southern Ocean (>50°S), where low-DOC deep ocean waters upwells to the surface. Despite its high

latitudes, the Arctic Ocean is enriched in DOC by the input of terrigenous organic matter via high fluvial
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fluxes from boreal regions to the system [Benner et al., 2005; Dittmar and Kattner, 2003]. In this area,
there is a massive DOC export to the dark ocean with the North Atlantic Deep Water (NADW) formation
(~48 pmol kg?) and a subsequent DOC loss during thermohaline circulation because of DOM
mineralization, reaching the minimum in the North Pacific (~34 pmol kg™; Fig. 1.3). The coastal areas
with river discharges have higher DOC concentration than the open ocean, whereas coastal upwelling
areas present lower concentrations of DOC because of the DOC-depleted subsurface waters that reach
the surface [Hansell and Carlson, 2001].

IR . .
0 50 6 70 80

DOC (umolka ')

Pacific Ocean

e Ry

Fig. 1.3. Distribution of DOM (umol kg C) along meridional sections of the three oceans basins. Black arrows
represent the circulation pathways of the main water masses of the global ocean: North Atlantic Deep Water
(NADW), Antarctic Intermediate Water (AAIW), Lower Circumpolar Water (LCW), Pacific Deep Water (PDW), SAMW:
Subantarctic Mode Water (SAMW), Antarctic Bottom Water (AABW). White lines represent relevant isopycnal

surfaces. *Taken from Hansell et al., [2009].

As for the case of DOC, the lowest mean concentrations of dissolved organic nitrogen (DON) are
found in the dark ocean, with a mean value of 3.6 + 2.2 umol L™, whereas the average surface ocean
DON concentration is 4.4 + 0.5 ymol L™ [Letscher et al., 2013]. Concentrations tend to be higher in the
eastern boundaries and the equatorial upwelling zones (i.e. >5 umol L™), resulting from an enhanced

upward flux of NO3™ supporting biological production within these systems [Letscher et al., 2013]. In the
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poleward and westward of the upwelling regions, DON concentrations are lower, so it is assumed that
the subtropical gyres are sinks for DON due to biological consumption [Sipler and Bronk, 2015].
Concentrations of DON decrease with depth as it is removed through vertical mixing and subsequent
remineralization by microbes below the mixed layer [Letscher et al., 2013], which, in turn, is coincident

with an increase in NO3™[Torres-Valdés et al., 2009].

For the case of dissolved organic phosphorus (DOP), the values range between ~0.09-0.12 and
~0.07-0.09 pmol L' in the surface (0-200 m) and intermediate-deep waters (=200 m) of the North
Atlantic, ~0.18-0.20 and ~0.05-0.15 umol L™ in the surface-intermediate and deep waters of the
South Atlantic [from the National Oceanographic and Atmospheric Administration-National Oceanic
Data Center, Sipler and Bronk, 2015], and ~0.12-0.24 and ~0.03-0.12 pmol L1 in the surface and
intermediate-deep waters of the North Pacific [from The Hawaii Ocean Time-series Station ALOHA (22°
45°'N, 158°W), Sipler and Bronk, 2015].

Stoichiometric analyses show that the carbon : nitrogen : phosphorus (C:N:P) ratios for surface
and deep waters are substantially different. The average C:N:P ratio for RDOM in deep waters, which
have low DOM concentrations, is ~3511:202:1, greater than the C:N:P ratio of LDOM (199:20:1) found
in surface waters or the POM ratio (106:16:1-the Redfield ratio) [Hopkinson and Vallino, 2005]. Both
LDOM and RDOM are C-rich relative to the Redfield ratio, which implies that DOM export is C-rich and
more efficient that the POM carbon export. This C-rich DOC that is exported to the dark ocean might
contribute to the excess respiration estimated to occur in the interior ocean [del Giorgio and Duarte,
2002].

4. DOM sources, sinks and accumulation

In the open ocean, the main source of DOM is autochthonous, and this DOM comprises more
than 95% of the total organic matter pool [Nelson and Siegel, 2013; Lalli and Parsons, 1997], whereas
terrestrial inputs only represent about 0.7-2.49% of the total DOM [Opsah! and Benner, 1997].
Nevertheless, as this thesis mainly focused on the recalcitrant fraction of DOM, apart from describing
the sources and sinks of the bulk DOM pool, we thoroughly detail the sources and sinks of recalcitrant
DOM in this section.

The biotic formation of DOM includes: (1) extracellular release by phytoplankton [Marafion et al.,
2005], (2) grazing and egestion by protists [Jiao et al., 2010; Nagata and Kirchman, 1992], (3) release
via cell lysis (both viral and bacterial) [Weinbauer et al., 2011; Jiao et al., 2010], (4) release of
metabolites by microbes for nutrient acquisition (e.g., metal-binding ligands for metal acquisition; /to
and Butler, 2005), for communication (e.g., acyl homoserine lactones for quorum sensing; Gram et al.,
2002), or for chemical defence (e.g., polyunsaturated aldehydes for grazing inhibition; Wichard et al.,
2008), and (5) programmed cell death of microalgae and prokaryotes [Bidle and Falkowski, 2004;
Orellana et al., 2013].

The main biotic source of recalcitrant DOM is the de novo production from labile DOM by
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microbes [Ogawa et al., 2001; Jiao et al., 2010; Jiao and Azam, 2011], which has been coined the
“microbial carbon pump” (MCP) (see below in Section 6). Abiotic processes that can lead to the
synthesis of recalcitrant DOM are (1) the polymerization of low molecular weight (LMW) DOM
(condensation reactions catalysed by light and metal complexation [Kieber et al., 1997], (2) new
production or modification of chemical bond structure of LDOM and SLDOM by exposure to ultraviolet
light [Hansell, 2013; Nagauma et al., 1996; Keil and Kirchman, 1994], (3) adsorption of labile DOM to
colloids [Nagata and Kirchman, 1996; Kirchman et al., 1989], (4) assemblage into gels [Orellana and
Hansell, 2012] and (5) the alteration of biomolecules by excessive heat to large polycyclic aromatic
compounds or DBC [Dittmar and Paeng, 2009]. DBC accumulated in soils and sediments over decades
to thousand years after vegetation fires on land [Singh et al., 2012; Masiello and Druffel, 1998]. This
fraction is released into rivers to be carried ultimately into the oceans [Dittmar et al., 2012] at a rate of
26.5 * 1.8 x 10'2 g C yr!, which is 10% of the global riverine DOC flux [Jaffé et al., 2013]. A fully
unconstrained potential source of DBC to the dark ocean is hydrothermal circulation through marine

sediments although, at this point, it has not been directly investigated [Dittmar and Koch, 2006].

Heterotrophic prokaryotes, which transport low molecular weigth DOM (<600 Dalton) through
their cell membranes [Nikaido and Vaara, 1985], as well as formation of POM by spontaneous assembly
of DOM polymers [Chin et al., 1998] are recognized as the dominant sinks of DOM in the ocean
[Carlson and Hansell, 2015]. The removal processes of recalcitrant DOM are little known. It is unclear
whether the removal is mainly by photodegradation in surface waters or interactions with the Earth’s
crust [Hansell, 2013]. In surface waters, UV irradiation is the only mechanism suggested in the
literature for recalcitrant DOM removal. Once recalcitrant DOM returns to the ocean surface, a portion
of it is photo-oxidized to CO, and to a lesser extent CO [Mopper and Kieber, 2002; Mopper et al., 1991;
Moran and Zepp, 1997; Stubbins et al., 2006, 2012]. Photodegradation has been proposed as the
probable single most important removal process for DBC in the ocean [Dittmar, 2015], being
photodegraded at a rate of 20 to 490 x 10'? g C yr! and, thus, balancing the entire riverine input and
avoiding its accumulation in the ocean [Stubbins et al., 2012]. Anderson and Williams [1999] estimated
the photochemical oxidation of recalcitrant DOC to be 282 x 102 g C y!. Moreover, when the
chromophores absorb UV light, it transforms the HMW DOM that comes from the dark ocean to
biologically available LMW carbonyl compounds [Anderson and Williams, 1999; Benner and Biddanda,
1998; Moran and Zepp, 1997; Mopper et al., 1991; Kieber et al., 1989], facilitating the uptake and
remineralization of DOM by heterotrophic bacterioplankton and playing a significant role in the
microbial loop [Pomeroy et al., 2007; Azam et al., 1983]. On the other hand, UV light enhances the
cross-linking, humification, and polymerization of labile biomolecules exuded by phytoplankton into
more recalcitrant compounds [Reche et al., 2001; Obernosterer et al., 1999; Benner and Biddanda, 1998;
Kieber et al., 1997].

Removal of recalcitrant forms of DOM is also observed in the ocean interior where UV does not
penetrate [Hansell et al., 2012, 2009; Carlson et al., 2010]. In deep waters, deep-sea microorganisms
may have the ability to degrade and utilise some of the DOM that was refractory in the upper water

column [Carlson et al., 2011; Kujawinski, 2011]. However, why is the DOM long-term persisting? Several
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hypotheses have been proposed to explain the DOM millennium-scale stability [Dittmar, 2015]. The
“environmental hypothesis” relates the reactivity of DOM to particular environmental conditions
prevailing in certain regions or in different periods of the Earth history [Dittmar, 2015]. DOM
mineralization can be constrained by the availability of essential resources such as electron acceptors
(e.g. oxygen, sulphate, nitrate), nutrients (e.g. phosphorous, iron) or metabolites (e.g. vitamins). For
example, in the oligotrophic Mediterranean Sea, the low phosphate concentration limits the growth of
phytoplankton and heterotrophic bacteria [Kritzberg et al., 2010; Zohary et al., 2005] or, in the Black
Sea, where the microbial oxidation of sinking debris and the lack of deep ocean ventilation has led to
very low oxygen levels that unable bacteria to utilize labile materials [Sexton et al., 2011; Albert et al.,
1995]. The oxygen availability on heterotrophic DOM degradation is on debate, whereas some authors
postulate that preservation of organic carbon tends to increase under anoxic conditions [Canfield et al.,
1993], other authors put forward that the amount of organic matter mineralized in anoxic systems is
underestimated and the carbon burial efficiencies are not substantially different from those of
oxygenated environments with similar sediment accumulation rates [Bastviken et al., 2004; 2003;
Middelburg et al., 1993; Calvert et al., 1991]. The increase of DOM preservation could be the result of a
thermodynamically limited degradation of recalcitrant material in the absence of the electron acceptor
oxygen, the inability of anaerobic organisms to degrade organic matter and a decreased enzymatic
activity [Arndt et al., 2013; Kattner et al., 2011]. Therefore, periods of widespread ocean anoxia related
to reduced deep ocean ventilation, like in the Eocene, resulted in a larger global ocean DOC inventory
[Sexton et al., 2011], whereas once oxic conditions are re-established, the DOC would then be rapidly
oxidized to DIC, releasing CO, to the atmosphere [Ridgwell and Arndt, 2015].

The “molecular diversity hypothesis” postulates that the decomposition rate of an organic
substrate depends on its concentration [Dittmar, 2015]. Culture experiments indicate that transporter
proteins and catabolic pathways are only expressed when a certain threshold concentration of
substrate is reached [Kovarova-Kovar and Egli, 1998]. So, although there is enough organic material
dissolved in the dark ocean (~40 ymol L) [Hansell et al., 2009], the low newly-synthesized bacterial
DOC concentrations (~10 umol L) [Lenchtenfeld et al., 2015] indicate that the concentration of
thousands of individual molecules in picomole amounts in each litre of seawater (>10000 different
molecular formulae) [Dittmar and Paeng, 2009] are extremely low that reduce the encounter rates
between substrates and bacterial enzymes [Arrieta et al., 2015; Lenchtenfeld et al., 2015; Kattner et al.,
2011; Kovarova-Kovar and Egli, 1998; Jannasch, 1967]. However, the link between DOM decomposition
rates and the concentration of individual DOM compounds seems a non-exclusive scenario as it is also
related to its molecular structure [Dittmar, 2015]. In this sense, the “intrinsic stability hypothesis” links
the DOM reactivity to its molecular structure [Dittmar, 2015] postulating that the chemical complexity

of the dissolved molecules limits the availability of organic matter to free-living deep-sea bacteria.

In addition, sorption of DOM onto sinking particles is a potential DOM abiotic removal
mechanism within the ocean interior [Druffel et al., 1996, 1998], accounting for ~0.02-0.05 Pg C y’1
[Hansell et al., 2009]. HMW DOM spontaneously assembles into gels that are interconnected tangles of

covalently or electrostatic cross-linked biopolymers called self-assembled microgels [Verdugo, 2012].
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Moreover, the entrainment of fluids through porous basalts at high-temperature vent systems within
Earth’s crust could remove ~0.7-1.4 x 10'° g C y!, a relatively minor DOC sink compared to others

discussed above [Lang et al., 2006].

5. Ocean carbon pumps

The processes that relocate carbon away from the surface to the ocean interior are traditionally
divided into three conceptual “pumps” [e.g., Sarmiento and Gruber, 2006]: (1) the “solubility” pump, (2)
the “organic matter” (“organic carbon” or “soft tissue”) pump, and (3) the “carbonate” (or “counter”)
pump (Fig. 1.4). The latter two also partition alkalinity with depth [Wolf-Gladrow, 2001], thus dictating
the speciation of dissolved inorganic carbon (i.e. the balance between CO,(aq), HCO3 , and CO3?) to

maintain overall charge neutrality.

Oceans take CO, from the atmosphere at a net rate of approximately 2 Pg C y™! [Takahashi et al.,
2009; Sarmiento and Gruber, 2006]. The solubility pump (Fig. |.4a) is defined as the CO, sequestration
by means of the dissolution of CO, from the atmosphere. Most of this diffusion occurs in cold, high-
latitude surface waters, where deep water forms [Ridgwell and Arndt, 2015], and are redistributed
throughout the dark ocean by means of the thermohaline circulation until it reaches lower latitudes

where they warms up and upwells [Raven and Falkowski, 1999].

In the organic matter pump (Fig. 1.4b), photoautotrophically fixed carbon in the surface layer is
transported as dead sinking biogenic particles or as dissolved organic matter to greater depths by
convection currents [Goldberg et al., 2009], turbulent diffusion, and meridional overturning circulation
where it is remineralised to CO,, maintaining a vertical gradient of CO, in the ocean’s interior [Karl and
Bjorkman, 2015; Lechtenfeld, 2012; Ducklow et al., 2001]. It is estimated that ~50 Pg C y’1 is fixed by
photosynthesis in the global ocean [Chavez et al., 2011; Carr et al., 2006], and ~209%, escapes rapid
remineralization in the surface and sinks to the ocean interior mostly in the form of particulate
material (~8 Pg C y!), whereas only 2 Pg C y™! enters the ocean interior as DOM [Hansell et al., 2009].
The heterotrophic oxidation of POM back to CO, during sinking is highly efficient, with <1-69% of the
POM export production reaching the seafloor [Dunne et al., 2007].

The carbonate pump (Fig. 1.4c) involves the production of calcium and to a lesser extent
magnesium carbonate (CaCO3; and MgCOs3) by calcifying organisms at the ocean surface. This is an
efficient mechanism to sequester particulate inorganic carbon at a short-time scale [Elderfield, 2002].
Global new production of CaCO3 ranges from 0.8 to 1.4 Pg of CaCOs-C y! [Iglesias-Rodriguez et al.,
2002; Lee, 2001] and the total water column CaCOs dissolution rate for the global oceans is
approximately 45 to 659% of the export production of CaCOs, most of it occurring in the upper 2000 m
[Feely et al., 2004]. The present-day accumulation of CaCOzin marine sediments is about 0.1 to 0.14
Pg of CaCO3-C y’1 [lglesias-Rodriguez et al., 2002; Milliman et al., 1999; Catubig et al., 1998], which is
no more than 109% of the total amount of CaCO3that is annually produced. The rest is either dissolved

at the sediment-seawater interface or in the upper portion of the sediment column [Feely et al., 20041].
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Fig. 1.4. Outline of the three classical components of the ocean carbon pump. (a) The solubility, (b) the particulate

organic carbon, and (c) the carbonate pump. *Taken from Ridwell and Arndt [2015].

On time scales of the order of the ocean turnover time (i.e. ~500-1000 yr), all three of the
pumps play an important role in the carbon cycle as they influence on carbon sequestration [Buesseler
et al., 2007; Cameron et al., 2005].
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6. The forth carbon pump: the microbial carbon pump (MCP)

Recently, a forth carbon pump that involves the conversion of labile organic matter into
recalcitrant DOM, which resist subsequent mineralization, has been proposed. It was firstly described
by Ogawa et al. [2001], and lately conceptualized by Jiao et al. [2010] as the microbial carbon pump
(MCP) (Fig. 1.5). Most of the LDOM derived from photosynthesis material is remineralised (~90%) by
heterotrophs. During the microbial processing of organic matter, low-concentration labile (or reactive)
carbon is progressively transferred to high-concentration recalcitrant carbon [Jiao et al., 2010] and
accumulated in the ocean interior, accounting for the vast majority of the DOM inventory [Hansell,
2013]. According to this definition, bacteria, archaea and viruses play an important role in the carbon
sequestration by synthesizing or releasing recalcitrant DOM throughout the water column. Concerning
virus, Suttle et al. [2007] showed that highly labile materials, such as amino acids and nucleic acids,
tend to be recycled in the euphotic zone during viral shunt, whereas more recalcitrant carbon-rich
material, such as that found in cell walls, potentially increases the efficiency with which carbon is
exported to below the pycnocline. Moreover, the labile cell material released during viral lysis could be
indirectly promoting the RDOM synthesis by microorganisms, thus contributing to the MCP [Jiao et al.,
2010].

Microbial carbon pump

Fig. 1.5. Outline of the microbial carbon pump. SLDOC: Semi-labile DOC, SRDOC: Semi-refractory DOC, RDOC:
Refractory DOC. *Taken from Ridwell and Arndt [2015].

The rate of production of RDOC ranges between 0.043-0.069 Pg C y! [DeVries et al., 2014;
Hansell, 2013], but its recalcitrant nature at centennial to millennial time scale permits a net inventory
of 656 Pg C. Recent mesocosm experiments indicate that less microbially-produced RDOM than
previously thought is generated, but still enough to sustain the global RDOM pool [Osterholz et al.,
2015]. Furthermore, the MCP alters the chemical composition of DOM, resulting in changing ratios of
carbon to nitrogen, phosphorus and other elements [Hopkinson and Vallino, 2005]. It keeps relatively
more carbon in the RDOM pool than organic nitrogen and phosphorus, and it releases more inorganic

nitrogen and phosphorus into the water, providing essential nutrients for future primary production
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[Jiao et al., 2010]. To strengthen this assumption, Lenchtenfeld et al. [2015] reported that most of the
molecules in bacterial DOM consisted solely of carbon, hydrogen and oxygen (49-52%), whereas
molecules containing nitrogen contributed 31-379% of the molecules. These authors reported that up
to 32-35% of the carbon in bacterial DOM were accounted for carboxyl-rich alicyclic molecules, which
represent > 509% of the molecular diversity in the surface and deep ocean DOM [Hertkorn et al., 2013],
with protein and peptide amide carbon being a relatively minor component. This is consistent with the
abundance of non-hydrolysable carbohydrates in marine DOM [Benner et al., 1992] and the estimation
that DOM is composed of ~89% of carboxylic-rich alicyclic structures [Hertkorn et al., 2006] or ~2% of
derivatives of polycyclic aromatic hydrocarbons or DBC [Dittmar and Paeng, 2009]. In addition, DOM
has a clear molecular overprint in the form of non-hydrolysable D-amino acids, which are only

produced by bacteria and archaea, not by algae [Dittmar et al., 2001].

The potential effects of climate-driven changes on the MCP have been recently discussed by
Legendre et al. [2015]. They suggested that an increase of surface-ocean temperature, water column
stratification and ocean acidification may increase DOC production and, thus could potentially enhance
carbon sequestration by the MCP. In contrast, other predicted consequences of climate change such
as slowing down of the thermohaline circulation, reduction of the phytoplankton mean size and the
cloud cover, as well as the increase in anthropogenic nutrient supply via continental waters and the
atmosphere [Jiao et al., 2014] could have a negative impact on the carbon sequestration by the MCP.
Microbial carbon accumulation is known to occur when mineral nutrients are limiting [Gasol et al.,
2009; Lauro et al., 2009].

7. Spectroscopic techniques to DOM characterization as tools in the study of the microbial carbon
pump

As marine DOM is the sum of (1) all intact biomolecules exuded, excreted and leached from the
living and decaying biota present in a water body; (2) the remnant and transformed biomolecules from
organisms, plus (3) chemically and biologically altered biomolecules from surrounding waters,
atmospheric deposition, sediments, and terrestrial sources, we can expect the chemical complexity of
the marine DOM pool to be orders of magnitude greater than for any single organism [Mopper et al.,
2007].

The common techniques used to characterize DOM do not fully reveal the chemical composition
of open ocean DOM, although they are offering novel insights and fostering greater recognition of
DOM’s molecular understanding [Stubbins et al., 2014]. Up to now, the techniques to characterize DOM
have been gathered into two categories: (1) DOC concentration, C:N:P ratios, bulk isotopic
composition, chromophoric DOM, and fluorescent DOM, and (2) ultra-high-resolution techniques to
measure identifiable lignins, amino acids, sugars, proteins, nucleic acids, and other biomolecules
[Mopper et al., 2007]. While these approaches have yielded significant advances, as demonstrated by
the quantity and scope of the current DOM literature, they remain limited. The most common

advanced instrumental approaches for characterization of marine DOM are the nuclear magnetic
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resonance (NMR) and ultrahigh resolution Fourier transform ion cyclotron mass spectrometry (FT-ICR-
MS) [Repeta, 2015; Kujawinski et al., 2009; 2004; Mopper et al., 2007; Repeta et al., 2004]. Extraction
and concentration techniques, as well as desalinization, are initially required for taking advantage of
the high-resolution capabilities of FT-ICR-MS and NMR as, at natural levels, trace molecules will likely
fall below the detection limit [Mopper et al., 2007]. To extract and concentrate, ultrafiltration and solid-
phase extraction with styrene divinyl benzene polymer type sorbents (PPLs) are currently the most
commonly used procedures, retaining about 20% and 40% of the bulk DOM pool, respectively [Dittmar
et al., 2008]. To desalinize the DOM seawater samples, size-exclusion chromatography and
electrodialysis (ED) are the most applied procedures. Reverse osmosis (RO) has been shown to be an
effective method for desalinization as well as for retention and concentration of DOM [Vetter et al.,
2007]. For instance, a bunch of tests performed in the Atlantic Ocean after combining RO and ED
recovered more than 60% of marine DOM [Vetter et al., 2007]. Even the sequential isolation of DOM
from large water volumes, first with PPL and then via RO/ED of the PPL waste stream achieved a
recovery of 98% and 1019% for the dark and surface ocean, respectively [Green et al., 2014]. On the
other hand, absorption and fluorescence spectroscopic techniques are complementary approaches
that provide global information on the nature of DOM pool in the ocean without an intrinsic chemical

characterization.

The absorption of light in water contributes to attenuate the penetration of the solar radiation
through the water column [Guéguen and Kowalczuk, 2013]. In all natural waters the spectral absorption
coefficient of water, ait (1), is defined as the sum of the absorption coefficient of pure water, a, (),
phytoplankton pigments contained in algae cells, apn (1), non-algal particulate material, anap (1),

chromophoric dissolved organic matter (CDOM), acpom (M), and inorganic salts dissolved in seawater, as

o).
atot (M) = aw () + apy (M) + anap (M)+ acpom (1) + as (1) (1)

In marine systems, CDOM absorbs ultraviolet and, to a lesser extent, visible radiation and is
considered the dominant source of light absorption throughout the blue and especially in the UV
spectral regions of the open ocean [Nelson and Siegel, 2013]. For wavelengths lower than 440 nm,
CDOM is by far the most important factor regulating total absorption in the upper layers of the open

ocean (Fig. 1.6).

So far, we know that contributors to the chromophore (and fluorophore) pool include aromatic
amino acids [Yamashita and Tanoue, 2008; 2003], lignin phenols, and ill-defined humic substances that

are operationally characterized by their absorption and fluorescence properties [Coble, 1996].
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Fig. 1.6. Estimated mean relative contributions of CDOM and other components to the total light absorption at
wavelengths of 300-600 nm. *Taken from Nelson and Siegel [2013].

Spectroscopic techniques to measure CDOM in estuaries, coastal regions and marginal seas
commonly use spectrophotometers with a cuvette of 1- or 10-cm pathlength, which are normally valid
to measure the CDOM absorption with the accuracy required. However, the use of liquid capillary wave
guide cell systems (LWCC) with cuvettes from 0.25 up to 3 m is required for the very low CDOM levels
detected in oligotrophic waters such as the core of oceanic subtropical gyres. Furthermore, a latter
promising technique that enables CDOM absorption measurements below detection the limits of
ordinary spectrophotometers is the integrating sphere [Réttgers and Doerffer, 2007]. It enables
measurements of the absorption coefficient not disturbed by the presence of small particles, colloids,
and viruses or small bacteria [Guéguen and Kowalczuk, 2013]. The use of the absorption and beam
attenuation meter, the ac-9, which is capable of measuring CDOM in situ with very high spatial and
temporal resolution, but with the limitation of its coarse spectral resolution (i.e. 10 nm) that make it
difficult to calculate the CDOM absorption parameters explained below. Characterization of CDOM
through UV-visible (250-700 nm) spectroscopy primarily uses the absorption coefficient as an index of
CDOM concentration [Nelson et al., 2010], and the spectral slopes as indices of the molecular
structure. Spectral slopes can be calculated through a linear fitting of the log-linearized absorption
spectra or through a nonlinear fitting [Blough and Del Vecchio, 2002], and the values can be highly
variable, almost 75% variability, depending on the estimation wavelength range [Twardowski et al.,
2004]. In this regard, the slope wavelength ranges (275-295 nm and 350-400 nm) proposed by Helms
et al. [2008] are becoming more commonly used since they showed the largest variations in contrasted
CDOM samples (river, estuary, coastal and open ocean). Spectral slopes measured in the UV-visible
region have been shown in many studies to increase in response to the bleaching of CDOM and have

been observed to decrease with increasing water mass age in the dark ocean [Nelson et al., 2007],
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hinting at changes in CDOM composition driven by bleaching or production. Spectral slopes measured
at wavelengths < 300 nm have been used to quantify the DOC concentration [Fichot and Benner, 2011]
and the molecular weight distribution [Helms et al., 2008], whereas the SUVA index (i.e. a»54/DOC) has
been used to account for the abundance of conjugated carbon double bonds [Weishaar et al., 2003].
Furthermore, other parameters measured at longer wavelengths (> 300 nm), such as the spectral
slopes between 350 and 400 nm, Sss0.400 [Helms et al., 2008] or between 300 and 500 nm, Szgo.500
[Hong et al., 2005], and the ratios S,75_295/S350_400 [Helms et al., 2008] or azs4/asegs [Dahlén et al., 1996]

are commonly applied to the DOM characterization.

A portion of CDOM also emits fluorescence when irradiated with ultraviolet light and is termed
fluorescent dissolved organic matter (FDOM) (Fig. I.7) [Coble, 2007; 1996], being the coastal areas the
marine systems with higher content [Kowalczuk et al., 2010; Chen and Bada, 1992] and more distinct
sources (e.g. terrestrial, wetland and wastewater inputs; Tzortziou et al., 2011; Chen et al., 2004).
Organic matter fluorescence occurs when a loosely held electron in an atom or a molecule is excited to
a higher energy level by the absorption of energy, and some energy is lost from the excited electron by
collision, non-radiative decay and other processes, prior to emission, where the electron returns to its
original energy level (ground state) [Hudson and Baker, 2007]. For this reason, the energy of the
emitted photon is lower (i.e. larger wavelengths) than the excitation energy (the Stokes’ Shift) (i.e.

lower wavelengths).

Fig. I.7. Scheme of the chromophoric (CDOM) and fluorescent (FDOM) fraction of total DOM pool. The arrow
indicates increasing aromaticity, conjugation, and carbon to hydrogen (C/H) ratio. Over the CDOM and FDOM
fractions, examples of CDOM absorption spectra and excitation-emission matrices are shown, respectively.
Structure of tryptophan, a natural amino acid, and vanillin, a constituent of lignin, are shown as examples of amino
acid-like and humic-like fluorescent CDOM, respectively. The grey lines indicate the position of their respective

fluorescence excitation-emission peaks. *Taken from Stedmon and Alvarez-Salgado [2011].
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Typically, the fluorescence intensity is Raman calibrated (Raman units) or standardised to
quinine sulphate units (QSU in ppb). It has been used as a proxy of CDOM absorption since numerous
studies have observed a linear relationship between fluorescence and absorption coefficients [Del
Vecchio and Blough, 2004a; Ferrari and Dowell, 1998].

Fluorescence spectroscopy, in particular the excitation-emission matrix (EEM) technique [Coble,
1996], is the state-of-the-art method [Hudson and Baker, 2007] used to characterize CDOM in terms of
its composition and origin, to follow changes from biological or physical processing, and to elucidate
its distribution patterns [Coble, 1996]. EEMs were first introduced by Weber [1961] and consist on a
number of fluorescence emission scans at different excitation wavelengths that are compiled into a
matrix typically containing > 3000 fluorescence intensities, which can allow the visualization of a range
of fluorophores in their relative positions in optical space as a three-dimensional surfaces [Hudson and
Baker, 2007] (Fig. 1.8). Fluorescence is more sensitive than absorption spectroscopy and provides

more information as to chemical composition than do absorbance spectra [Coble, 2007].

Fig. 1.8. Example of a fluorescence excitation-emission matrix for an open ocean sample. White areas are masked

due to first- and second-order Rayleigh and Raman scattering. *Taken from Catald et al. [2013].

Six general types of fluorescence peaks have been identified in natural waters [Guéguen and
Kowalczuk, 2013; Hudson and Baker, 2007; Coble, 1996]. These peaks are commonly included in two

groups: humic-like and amino acid-like substances (Table I.2).
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Table I.2. Spectral characteristics of the main FDOM components in marine waters in bulk water.

Ex wavelength Em wavelength

Peak Name o o) Nature
1 T 270-280 340-360 Tryptophan-like, amino acid-like, autochthonous
2 B 270-280 300-310 Tyrosine-like, amino acid-like, autochthonous
3 - 260 282 Phenylalanine-like, amino acid-like, autochthonous
4 A 230-260 380-460 Terrestrial humic-like
5 C 320-360 420-480 Terrestrial humic-like
6 M 290-320 370-420 Marine humic-like

The amino acid-like substances fluoresce at wavelengths characteristic of the aromatic amino
acids tryptophan (Ex/Em 280 nm/350 nm, peak-T) [Coble, 1996], tyrosine (Ex/Em 275 nm/305 nm,
peak-B) [Coble, 1996] and phenylalanine (260/282) [Jergensen et al., 2011] in either free or bounded
forms. The position of the amino acids in the proteins determines the intensity and Ex/Em wavelengths
of the amino acid-like fluorescence peaks [Lakowicz, 2006]. Tryptophan dominates the emission and is
highly dependent upon polarity and/or local environment [Lakowicz, 2006]. Tyrosine fluorescence is
negligible when both tyrosine and tryptophan coexist in the same peptides because the emission
energy of tyrosine is used as excitation energy for tryptophan [Creighton, 1993]. The quantum yield,
which is defined as the proportion of light absorbed that is re-emitted as fluorescent light, of both
tryptophan and tyrosine is similar (~0.13 and 0.14, respectively). Phenylalanine is generally present in
higher concentration than the other two [Yamashita and Tanoue, 2003], although is not always visible

because its high bioavailability and low quantum yield (~0.03).

The humic-like substances fluoresce at higher emission wavelengths (Ex/Em 250/435 nm for
peak-A, Ex/Em 320/410 nm for peak-M and Ex/Em 340/440 nm for peak-C, Fig. |.8). Peaks A and C
were thought to represent terrestrial humics, and peak-M were thought to represent marine-derived
humics [Nelson and Siegel, 2013]. Currently we know that peaks A and C can be generated in situ in the
oceans by phytoplankton and bacteria [Romera-Castillo et al., 2011; 2010]. Terrestrial humic-like
materials display excitation and emission maxima at longer wavelengths than do marine humic-like
materials, as would be predicted from their more aromatic chemical nature and presumed higher
molecular weight [Coble, 2007]. Tannins, lignin, polyphenols and melanins are some components
responsible for the humic-like fluorescence [Coble, 2007]. Humic substances can be sub-divided into
three categories, chemically defined by solubility at different pH. Humic acids are insoluble in aqueous
solution at pH lower than 2, but soluble at higher pH. Fulvic acids are soluble in water under all pH

conditions. Humins are insoluble in water under any pH conditions [Aiken et al., 1985]. Humic
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substances generated in aquatic systems have a fulvic acid nature, whereas allocthonous humic
substances mostly generated in soils and transported by fluvial and marine currents have a humic acid
nature. International Humic Substances Society (IHSS) isolates have been used as standards for the
humic and fulvic fractions [Senesi et al., 1989]. Nevertheless, as there is still no standard for humic
substances of marine recalcitrant DOM. Green et al. [2014] suggested using the isolated DOM fraction
from the Natural Energy Laboratory of Hawaii Authority (NELHA) water as a marine standard of RDOM.
This water, pumped from 674 m deep, is termed as North Equatorial Pacific Intermediate Water
(NEgPIW) [Hansman et al., in press] and is the most aged oceanic water mass and, in turn, it is

expected that contains the highest amount of humic substances in the ocean.

The arduous task of developing a statistically consistent deconstruction of fluorescence data
contained in EEMs has been circumvented through the application of a powerful multivariate data
analysis known as parallel factor analysis (PARAFAC) [Stedmon and Bro, 2008], which came into
common use to analyse EEM data. PARAFAC can take overlapping fluorescence spectra and
decompose them into broadly defined fluorescence components. This has allowed going in depth in the
study of the different fluorophores contributing to the FDOM. Besides PARAFAC, principal component
analysis (PCA), the laplacian operator and the Nelder-Mead optimisation algorithm, and/or the Self-
Organising Maps (SOM) has also been proposed as a tool to explore patterns in large EEM datasets, as
well as to discriminate and locate potential peaks in the EEM landscape [Ejarque-Gonzalez and Butturini,
2014; Butturini and Ejarque, 2013; Boehme et al., 2004]. These multivariate data analysis together with
the ongoing application of in situ fluorometers can account for higher resolutions in FDOM distribution

and lead to a better understanding of the environmental dynamics of FDOM [Yamashita et al., in press].

The combination of both procedures (i.e. low-resolution and high-resolution techniques)
encourages to track the bulk pools of DOM and also highlights the complexity of the molecular
underpinning of fluorescence signatures for the DOM chemical characterization. For example, a recent
study of Stubbins et al. [2014] in 11 boreal rivers coupled PARAFAC modelling with FTICR-MS
molecular analyses to compare optical and molecular signatures of DOM. In their study, they found
that thousands of peaks within a single DOM sample were identified so precisely that elemental
formulas (i.e., CoH,O,N,S;)) can be assigned, and that almost 40% of the molecular formulas and 60%,
of FTICR-MS peak intensities were associated with a PARAFAC fluorescent component. Upcoming
studies that correlate fluorescence PARAFAC components and FTICR-MS still remain to be performed

in ocean waters but see Timko et al. [2015].

While the task of determining the detailed composition and structure of marine DOM is
daunting, it offers unparalleled rewards, for representing a unique set of biogeochemical tracers
capable of providing important insights into the origins of the waters and the diagenetic alterations

that have occurred within those waters during transport [Mopper et al., 2007].
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8. The Malaspina 2010 circunnavigation

This PhD thesis and all its content are framed in the Malaspina Expedition 2010, an
interdisciplinary research project whose main objectives were: (1) to advance marine science in Spain
and promote society’s awareness of it, (2) to evaluate the impact of global change on the oceans, (3)
to encourage exploration of biodiversity in the ocean depths, (4) to analyse the repercussions of the
first Malaspina expedition in 1798-94 |leaded by Alejandro Malaspina (1754-1810) and (5) to train and
attract young researchers to oceanography. The Malaspina 2010 circumnavigation began in December
2010 with the departure from C&diz of the research vessel “Hespérides” operated by the Spanish Navy.
After a voyage passing through Rio de Janeiro, Cape Town, Perth, Sydney, Auckland, Honolulu,
Panama and Cartagena de Indias, it returns to Spain in July 2011 (solid lines in Fig. IX). A second
cruise of 2 months duration on board the research vessel “Sarmiento de Gamboa” started in January

2011 from Canary Islands to Santo Domingo, and went back to Vigo (dashed yellow lines in Fig. |.9).

Fig. 1.9. Cruise track of the Malaspina Expedition 2010. *Taken from www.expedicionamalaspina.es

During the circunnavigation on board R/V Hesperides, 147 stations were sampled spanning
latitudes 40°S to 34°N and over 250 scientists carried out an expedition combining cutting-edge
scientific research with the training of young researchers. This project formed part of the Consolider-
Ingenio Programme, and was headed by the Spanish National Research Council (CSIC), with
outstanding collaboration from the Spanish Navy and the Banco Bilbao, Vizcaya, Argentaria (BBVA)

Foundation.
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9. Goals of this PhD thesis

The overall objective of this PhD thesis is to gain knowledge on the distribution, net production
rates and turnover times of DOM as well as its role in the long-term carbon sequestration in the oceans
through the study of its optical properties. As this PhD is mostly centred in the dark ocean (>200m),
the DOM fraction studied was the recalcitrant DOM, which resist from months to millennia along the
ocean circulation. In turn, this study is also aimed at the microbial carbon pump (MCP) since it
involves one of the main recalcitrant DOM production pathways in the ocean and therefore a significant
mechanism of carbon storage. Our hypothesis was to corroborate that the chromophoric and
fluorescent fractions of DOM are key components of the recalcitrant DOM pool in the oceans that can
be used as tracers of the water mass mixing and biogeochemical processes operating at centennial to

millennial time scales.
To test this hypothesis, the following specific objectives on this PhD have been proposed:

1 To generate a global ocean database of CDOM and FDOM measurements.
(2) To characterize the CDOM spectra in the different water masses of the dark ocean and

to detect discrete ubiquitous chromophores.

3 To identify the main fluorophores of the global ocean by Parallel Factor Analysis
(PARAFAC).
4) To characterize the FDOM by biogeographic provinces in the epipelagic zone and by

water masses in the meso- and bathypelagic zone, respectively.

(5) To evaluate the DOM optical transformations over time by the relationships with
ageing indicators such as apparent oxygen utilization (AOU) and oxygen utilization
rate (OUR) and ideal age.

®) To calculate the net production rates and turnover times of CDOM and FDOM in the

dark ocean.

10. Structure of this PhD thesis

This PhD dissertation is structured in 4 chapters corresponding to four scientific papers that
address the aforementioned objectives through in situ measurements in the ocean, empirical modelling

and analytical work.

Chapter 1 embraces an inventory of the CDOM optical properties of the water masses
intercepted along the Atlantic, Indian and Pacific oceans during the Malaspina 2010 expedition
through a water mass analysis in which 22 water types (WT) were detected. We intercepted 13 central
WT representing 26.3%, 5 intermediate waters representing 21.5% and 4 abyssal WT that accounted
for 52.2% of the total volume sampled. The most abundant WT for the central, intermediate and
abyssal layers with respect to the total water volume were the 13°C water of the Equatorial Pacific
(13EgPac) with 5.7%, the Sub-Antarctic Mode Water (SAMW) with 8.0% and the Circumpolar Deep
Water with 27.0%, respectively. We also estimated the average OUR of the dark global ocean occupied
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during the circumnavigation in 0.5 + 0.1 ymol kg™ yr!. Most of this oxygen is consumed in the central
waters (58%) followed by the abyssal (25%) and, finally, the intermediate (17%) waters. We also
reported that the activation energy (E,) and coefficient Q1o that we obtained for OUR in this study (108
+ 10 kJ mol™ and 5.2 + 0.9, respectively) were approximately 3 and 2 times higher than the expected

values for the labile and the semi-labile DOM.

To trace the differential influence of ageing on CDOM, we studied the relationships of the optical
parameters with AOU and OUR. We obtained that the absorption coefficient at 325 nm (aszs) and the
fluorescence quantum yield at 340 nm (®s40) increased with water ageing whereas the spectral slope
between 275-295 nm (S,75.095) and the ratio between the spectral slopes between 275-295 nm and
350-400 nm (Sg) decreased. The AOU-asps positive relationship supports the assumption of in situ
production and accumulation of CDOM as water masses turn older, and also allowed to estimate the
CDOM turnover time in 634 + 120 yr.

Chapter 2 includes the first robust inventory of two chromophoric recalcitrant microbial by-
products in the major oceanic water masses. One chromophore was centred at 302 £ 3 nm and is
partly due to the absorption of nitrate and likely an antioxidant species of the gadusol group, and the
other one at 415 + 3 nm with the cytochrome c oxidase (CcO) as the suggested source. These discrete
chromophores have revealed as potential markers to trace the antioxidant activity and the respiration

processes in the dark ocean at centennial time-scales, given that their turnover times were of ca. 350

yr.

Chapter 3 deals with the identification of four ubiquitous fluorophores intercepted during the
Malaspina 2010 expedition, together with the relationships with ageing and the calculation of their
turnover times. Two of them were of humic-like nature and presented positive relationships with
ageing, having turnover times of 529 + 49 and 742 + 67 yr. In parallel, two amino acid-like
fluorophores were detected, the tryptophan-like presented a negligible variation with water ageing,

whereas the tyrosine-like fluorophore decayed, presenting a turnover time of 461 £ 125 yr.

Finaly, chapter 4 incorporates the global distribution of the four ubiquitous fluorophores
intercepted during the Malaspina 2010 expedition in the epipelagic zone (< 200 m) by parcelling the
ocean in Longhurst’s biogeographic provinces. The relationships between environmental factors and
fluorescence PARAFAC components in the surface global ocean revealed to be mostly non-linear, which
encourages the use of GAMs for describing the large-scale variability of FDOM. GAMs results showed
that the environmental drivers of the humic-like and amino acid-like fluorescent components, as well
as the robustness of the relationships are not the same, with the humic-like components being
primarily affected by microbial activity (AOU and Chl a), and the amino acid-like components by

physical processes (S).
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Abstract

The omnipresence of chromophoric dissolved organic matter (CDOM) in the open ocean enables
its use as a tracer for biochemical processes throughout the global overturning circulation. We made
an inventory of CDOM optical properties, ideal water age (r) and apparent oxygen utilization (AOU)
along the Atlantic, Indian and Pacific Ocean waters sampled during the Malaspina 2010 expedition. A
water mass analysis was applied to obtain intrinsic, hereinafter archetypal, values of t, AOU, oxygen
utilisation rate (OUR), and CDOM absorption coefficients, spectral slopes and quantum yield for each
one of the 22 water types intercepted during this circumnavigation. Archetypal values of AOU and OUR
have been used to trace the differential influence of water mass ageing and ageing rates, respectively,
on CDOM variables. Whereas the absorption coefficient at 325nm (asps) and the fluorescence quantum
yield at 340 nm (@s40) increased, the spectral slope over the wavelength range 275-295 nm (S275_295)
and the ratio of spectral slopes over the ranges 275-295 nm and 350-400 nm (Sg) decreased
significantly with water mass ageing (AOU). Combination of the slope of the linear regression between
archetypal AOU and asys with the estimated global OUR allowed us to obtain a CDOM turnover time of
634 + 120 yr, which exceeds the flushing time of the dark ocean (> 200 m) by 46%. This positive
relationship supports the assumption of in situ production and accumulation of CDOM as a by-product
of microbial metabolism as water masses turn older. Furthermore, our data evidence that global-scale
CDOM quantity (asps) is more dependant on ageing (AOU), whereas CDOM quality (S275295, Sr, @340) is
more dependent on ageing rate (OUR).

Introduction CO; in the atmosphere (828 Pg) [Boden et al.,

The pool of oceanic dissolved organic 2011]. Most marine organic matter is

matter (DOM) represents, besides soil humus, originated from phytoplankton photosynthesis

the largest reservoir of organic matter of the In the surface ocean; the vast majority (80%)

biosphere [Hedges, 1992]. It contains around enters the ocean interior as particulate organic

700 Pg of carbon, which is equivalent to that of matter (POM), either suspended or sinking,
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and the dissolved fraction (DOM) represents
20% of total organic carbon flux [Carlson et al.,
1994:; Six and Maier-Reimer, 1996; Hansell et
al., 2009], and serves as substrate supporting
heterotrophic prokaryotic metabolism [Hansell,
2013]. At present, the global carbon flux to the
ocean interior as DOM is about 2 Pg Cyr
[Hansell et al., 2009; Hansell, 2013], which is
the uptake of
anthropogenic CO, [Gruber et al., 2009].

similar to annual ocean

Most of the phytoplankton-derived
organic matter is biologically labile and has a
very short lifetime (hours to days), being
quickly respired back to CO;in the illuminated
zone. However, a portion of the fixed carbon
that mineralization  is

escapes  rapid

transformed (biotically or abiotically) into

resistant material, and accumulates as
recalcitrant DOM, creating the enormous ocean
reservoir of dissolved organic carbon (DOC)
[Hansell et al., 2009, 2012; Hansell, 2013]. The
microbial-mediated transformation of labile
into refractory DOM was first postulated by
[2001] and was termed as

‘microbial carbon pump’ (MCP) by Jiao et al.

Ogawa et al

[2010], who formalized the idea in a wider
context. Benner and Herndl [2011] estimated
that approximately 239% of the bulk oceanic
DOC pool (155 Pg C) was sequestered by the
MCP in the global ocean and Kattner et al.
[2011] and Arrieta et al. [2015] suggested the
low concentration of the thousands of
individual DOM constituents in the dark ocean
as a possible cause for the inability of
prokaryotes to use RDOM as a carbon source.
In this study, we provide new insights to the
RDOM characterization and its distribution by
taking advantage of the ability of a fraction of

the RDOM to absorb light.
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The fraction of dissolved organic matter
(DOM) that absorbs light in the ultraviolet and,
to a lesser extent, in the visible range of the
spectrum is named chromophoric dissolved
organic matter (CDOM). Typically, UV-visible
absorption spectra for CDOM increase
exponentially  with

[Twardowski et al., 2004]. To obtain information

decreasing wavelength

about the origin, processing and fate of CDOM
from the spectra, several variables have been
into: (1)

absorption

described and can be gathered

‘Quantitative’  variables  (i.e.
coefficients at specific wavelengths), which are
a proxy of the CDOM concentration (being 254
and 325

wavelengths) and (2)

nm the most commonly used

‘Qualitative’ variables

(i.e. spectral slopes, molar extinction

coefficients, absorption coefficient ratios and
quantum yields), which are largely independent

of the concentration and provide information

about the origin, molecular weight and
chemical structure of CDOM [Brown, 1977,
Weishaar et al., 2003; Helms et al., 2008;

Nelson and Siegel, 2013].

The first attempts to map the CDOM in
the surface ocean were conducted to cope with
the

measurements of

accuracy of global satellite-based

ocean chlorophyll and
primary production [Siegel et al., 2005; Ortega-
Retuerta et al., 2010]. Since the interest on
CDOM distribution

throughout the water

column is more recent, global databases are

not still very abundant. Furthermore, most
studies addressed this matter from a
geographical perspective, describing

differences among ocean basins and depths in
epi-, meso- and bathypelagic layers [Nelson et
al.,, 2007; 2010]. The novelty of our approach
is that we describe the distribution of CDOM by



considering the main water masses crossed by
the circumnavigation. The aims of this study
are (1) to make an inventory of the CDOM
optical properties of the main water masses of
the dark global ocean by using ‘quantitative’
(i.e. absorption coefficients) and ‘qualitative’
spectral variables; (2) to trace the basin scale
mineralization processes affecting these CDOM
optical properties using a water mass analysis;
(3) to estimate the turnover time of the CDOM
in the dark ocean; and (4) to assess the effect
CDOM

properties. In this context, ‘age’ is defined as

¢ ’

of ‘age’ and ‘ageing’ on optical

the elapsed time since the water was last in
‘ageing’
(traced through apparent oxygen utilization,

contact with the atmosphere, and
AOU) refers to the consumption of oxygen over
that period. To pursue our goals, we performed
the following activities: (1) a water mass
analysis to obtain the proportion of the main
types (WT)
2010

central, intermediate and abyssal waters of the

water intercepted during the

Malaspina circumnavigation in the
global ocean; (2) an inventory of ideal ages,
AOU, rates (OUR) and

spectral variables of the main water masses of

oxygen utilization
the dark ocean; and (3) a regression analyses
of the relationship of these spectral variables
with the ideal age and ‘ageing’ (AOU) of the

water masses at the global scale.

Materials and Methods
Sampling site and measurements

The Malaspina 2010 circumnavigation
was conducted from December 2010 to July
2011 on board R/V Hesperides along the
Atlantic, Indian and Pacific oceans, spanning
latitudes from 34°N to 40°S (Fig. 1.1). During
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the cruise, 147 CTD stations were carried out
with a Seabird 911+ from surface to 4000 m
depth. Water samples were collected at each
station with a 24-10 L Niskin bottles rosette.
The CTD was equipped with a redundant

temperature  and salinity  sensor  for

intercomparison during the cruise and a
polarographic membrane oxygen sensor
Seabird SBE-43. Temperature and pressure
the SeaBird

laboratory before the cruise. On board salinity

sensors were calibrated at
calibration was carried out with a Guildline
AUTOSAL model 8410 A salinometer with a
precision higher than 0.002 for single samples
the

method for the calibration of the oxygen

and potentiometric end-point Winkler
sensor. Oxygen saturation was calculated from
practical salinity and potential temperature
with the equation of Benson and Krause [1984].
(AOU)

calculated as the difference between the

Apparent oxygen utilization was
saturation and measured dissolved oxygen

concentrations.

The UV-visible absorption coefficient of
CDOM was determined from 250 to 750 nm at
1 nm intervals in 10-cm path length quartz
cuvettes in a double beam Perkin Elmer
lambda 850 spectrophotometer. The estimated
detection limit of this spectrophotometer for
quantifying CDOM absorption is 0.001

absorbance units or 0.02 m™.

Samples for the determination of the
absorption spectrum of CDOM were not filtered
because light absorption due to pigments and
detrital particles contribute only to a minor
fraction of the open ocean CDOM absorption
[Nelson et al., 1998; 2007], particularly at the
depths (200-4000 m) covered by this study. At
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Fig. 1.1. Cruise track of the Malaspina 2010 circunnavigation on board the Spanish R/V Hespérides from 16
December 2010 to 11 July 2011.

each station, samples were drawn from Niskin by Green and Blough [1994], which consists on
bottles at 8 discrete depths throughout the subtracting the average absorbance in the
water column, poured directly into acid 600-750 nm wavelength range to the
cleaned 250 mL glass bottles and immediately measured absorption spectrum. We chose the
stored in dark conditions to allow equilibration wavelength-independent correction instead of
with  room temperature and to avoid the wavelength-dependent correction proposed
photobleaching. The time elapsed between by Bricaud et al. [1981] because the low
sample collection and determination did not differences between sample and baseline
exceed 2 hours. A blank was measured every 5 absorbance at long wavelengths did not
samples to detect and correct (linearly) any produce measurable differences between both
instrument drift. To minimize any effect of light corrections at short wavelengths.

scattering by particles and microbubbles, Absorbance at 325 nm was converted

samples were stirred vigorously and then into absorption coefficient (m™, asss) [Green

settled to let any particles fall to the bottom of and Blough, 1994] using the equation:

the flask before measuring. During the

[Abs3,s — ;41’5600—750] )

measurements, we first checked that the asys = 2.303

differences between sample and baseline
where Abssys is the absorbance at a wavelength

absorbance at long wavelengths (> 600 nm)
o , of 325 nm, Abseso_7s0 is the average

maintained < 0.0005 absorbance units. In the
absorbance between 600 and 750 nm, / is the

path length of the cuvette (0.1 m) and 2.303 is

the factor that converts from decadic to

case that difference was > 0.0005 absorbance
units, we renewed the water in the sample
cuvette and repeated the measurement. In

. . natural logarithms.
most cases, we got a final difference < 0.0005

absorbance units. To correct this generally Helms et al. [2008] emphasized the
minor effect of light scattering we applied a potential of the spectral slopes as a tool for the
wavelength-independent correction proposed structural characterization of CDOM and
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calculated them from the linear regression of
log-transformed They
chose the 275-295 nm and 350-400 nm

absorption spectra.
wavelength ranges because there are intervals
identified as the most dynamic regions of the
natural log transformed absorption spectra

[Helms et al.,, 2013] and appear to be
particularly sensitive to shifts in molecular
weight or DOM sources [Helms et al., 2008].
After a previous quality check, those slopes
with R%Z < 0.95 for S,75.095 and R? < 0.85 for
S3s0.400 Were deleted. As a consequence, the
dataset of Sy75.095 and Szso0_4a00 Were reduced
from 742 to 737 and 717

respectively. A dimensionless variable,

samples,
the
slope ratio (Sg), was calculated as the ratio of
the slope of the shorter wavelength region
(275-295 nm) to that of the longer wavelength
region (350-400 nm).

The quantum yield of DOM fluorescence
at excitation 340 nm, ®s49, is the proportion of
light absorbed at 340 nm, asgo, that is re-
emitted as fluorescent light between 360 and
560 nm, Fzeo_560, and was calculated as in
Green and Blough [1994]:

Dy =
« F360- « a340(QS)
d) 360—560 2
340(Q8) azso F360-560(QS) @
where  @3400s) is the dimensionless

fluorescence quantum yield of quinine sulphate
(the standard used to calibrate fluorescence
1961], and
F360.560 is the integral of fluorescence intensity
at an excitation/emission of 340/360-560 nm.

measurements), 0.54 [Melhuish,

Fluorescent measurements were taken with a

JY-Horiba Spex Fluoromax-4

spectrofluorometer and the sample scan was
reported at an emission interval between 350-

560 nm after exciting it at 340 nm.
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Fluorescence units were converted to Raman
units dividing by the Raman area for further
comparison with other studies [see more
of this PhD thesis].
Whereas simple chemical structures containing

double

details in chapter |l

carbon bounds are capable of
absorbing radiation, fluorescence emission is
uniquely produced under the presence of the
more complex aromatic rings. Therefore,
higher values of @34 are indicative of a higher
proportion of aromatic compounds [Green and

Blough, 2004; Romera-Castillo et al., 2011].
Estimation of the water sample age

Water sample ages (t) were derived from
Khatiwala et al. [2009; 2012] by interpolating
their gridded mean age estimates to our
and depths. As

described by these authors, they used an

sample time, locations
inverse technique to estimate the ocean's
observations. A

that

mean age from tracer

mathematically  rigorous  approach

accounts for the multiplicity of transport
pathways and transit times characteristic of an
eddy-diffusive flow such as the ocean allowed
them to quantify ventilation in terms of a
probability distribution that partitions fluid
parcels according to the time and location of
their last contact with the surface. Such a
distribution is known as a boundary propagator
(or more generically a Green function). The
ideal mean age is the first moment of the
boundary propagator integrated over the entire
surface of the ocean (sometimes called a
or TTD) and is

interpreted as the average time since a water

‘transit time distribution’

parcel was last in contact with the surface.
[2009; 2012] developed a

maximum entropy-based inverse technique to

Khatiwala et al.

deconvolve the ocean's boundary propagator



from tracer observations, which they applied to
gridded fields of

cluorofluorocarbons (CFCs) and hydrographic

radiocarbon,

(temperature, salinity, phosphate, and oxygen)
data.

Water mass analysis

The dark ocean (from 200 m to the
bottom) can be described by the mixing of
distinct water masses. A water mass is a body
of water defined by its intrinsic thermohaline
and chemical characteristics that, in turn, can
be described by one or more water types (WT)
[Tomczak, 1999].

The strategy to sample the dark ocean
during the Malaspina circumnavigation was not
in favour of collecting water from fixed depth
levels but from extreme values of salinity,
temperature and dissolved oxygen. This
procedure allowed us covering the cores of flow
of the most abundant WT of the dark global
ocean (depth 2 200m, 6 < 18°C, AOU > 0) and,
therefore, performing a robust calculation of
the different WT proportions that contribute to
any of the 742 CDOM samples collected during
the circumnavigation by means of a classical
water mass analysis [Kartensen and Tomczak,
1998]. We have characterized the WT on basis
of its salinity (S) and potential temperature (6),
which conservative

are assumed to be

variables.

The equations to be solved for a specific

water sample j are:

100 = inj 3)

0 = in}.- 0, )
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§= ) x-S ®

where x; is the proportion of WT i in

sample j; 6 and §; are the thermohaline
characteristics of sample j; 6 and S; are the
fixed thermohaline characteristic of WT /in the
area where it is defined. Furthermore, the
solution of the multi-parameter water mass
analysis includes an additional constrain: all
contributions must sum up to 100% and have

to be non-negative.

We have identified 22 water types in the
route followed during the Malaspina 2010
circumnavigation (chapter 3 of this PhD thesis;
see Appendix Il). They were divided into three
domains according to their depth: central
(200-500 m), intermediate (500-1500 m) and
abyssal (>1500 m). In the central domain we
identified Eighteen (EDW),
Eastern North Atlantic Central Water (ENACW),
defined by two WT of 12°C and 15°C, 13°C
water of the Equatorial Atlantic (13EqgAtl),

South Atlantic Central Water (SACW), defined

Degrees Water

by two WT of 12°C and 18°C, Indian
Subtropical Mode Water (STMW)), Indian
Central Water of 13°C (ICW;3), South Pacific
Subtropical Mode Water (STMWsp), South

Pacific Central Water of 20°C (SPCW,), 13°C
water of the Equatorial Pacific (13EqgPac),
North Subtropical Mode Water
(STMWpp), and North Pacific Central Mode
Water (CMWyp). In the intermediate domain we
found Mediterranean Water (MW), Antarctic
Intermediate Water (AAIW), defined by two WT
of 3.1°C and 5.0°C, Sub-Antarctic Mode Water
(SAMW) and North Pacific Intermediate Water
(NPIW). In the abyssal domain we identified

Pacific



Circumpolar Deep Water (CDW), North Atlantic
Deep Water (NADW), defined by two types of
2°C and 4.6°C, and Antarctic Bottom Water
(AABW).

Equations (3)-(5) allow
simultaneous mixing of a maximum of three

WT on

solving the

basis of reasonable vertical and
geographical constraints to the water mass
mixing. Concerning the vertical constraints, for
a given region of the ocean, every WT will mix
only with the water types situated immediately
above and below according to their density.
Regarding the geographical constraints, every
WT will mix preferentially with water types in
their surroundings. With these considerations
in mind, we deconvolved the 742 samples
collected during the circumnavigation into 24
pairs/triads that group water samples with
common WT composition (see Fig. 1 in

Appendix II).

Volume of each water type collected

during the Malaspina circumnavigation

Once the WT proportions (x;) are known,
volume of water
2010
circumnavigation that corresponds to WT i
(%VOLi) can be calculated as:

the fraction of the total

sampled during the Malaspina

%VoL = U (6)

where n is the number of samples.

Archetypal values and oxygen utilization rate
(OUR) estimation

The archetypal value of variable N for
water type i (Ni) is the weighted-average value
of N in the center of mass of WTi in the study
area. According to Alvarez-Salgado et al.
[2013], archetypes retain information about

the variability of N that can be attributed to
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mixing of water types and basin-scale
mineralization processes from the site where
the water types were defined to their respective
centers of mass along the circumnavigation.
Archetypal values of depth (2), water age (7),
apparent oxygen utilization (AOU), aszs, So7s.
295, Sp and ds34g were calculated for the 22 WT
intercepted by the Malaspina cruise track as

follows:

Z;x;
N = 2l %
' X Xij

where N; is the value of variable N (z, t, AOU,
OUR, azps, So7s.205, Sr and @za0) in sample j;

and x;; is the proportion of WT; in sample j.

The standard deviation of N; (SDN)),
which should be interpreted as an estimate of
the robustness of the calculation, was obtained
as:

BV, ijij ' (Nj —N;)?

SDN; =
! X%

®)

Similarly, the archetypal value of N in

every sample (<Nj>) was calculated as:

Xixij N
<N>="50 ©)

The determination coefficient (R?) and
standard deviation of the residuals (SD res) of
the linear regressions between the measured
(Nj) and arquetypal values (<Nj>) of variable N
were obtained. Whereas, R? allows assessing
the degree of dependence of variable N on WT
mixing and basin scale mineralization in the
dark ocean, SD res informs on the average
error incurred when estimating the measured

from the archetypal values.

Division of AOU; (in pmol kg™) by T (in
yr) provides a measure of the archetypal
oxygen utilization rate (OUR) of each water

type, an indicator of the velocity at which the



mineralization of organic matter occurs in
1982].
Specifically, the archetypal oxygen utilization
rate of each WT, OUR; (in pymol kg yr?),
the

oxygenic  environments  [Jenkins,

represents average rate of oxygen

consumption from the area where the WT; is

formed to its center of mass along the
Malaspina cruise track. To perform this
calculation, we have assumed that water

masses are in equilibrium with the atmosphere
in their formation areas (i.e. the initial AOU of
any WT is 0). Since we are aware that this
assumption may not be totally accurate [/to et
al., 2004], the OUR; values obtained with this
procedure extent,

could be, to some

overestimated.

Calculation of the global production of CDOM

and its turnover time

To estimate the CDOM production in the
dark global ocean (see the results in section
3.4), we have followed the procedures applied
by Yamashita and Tanoue [2008] and Catald et
al. (chapter Ill of this PhD thesis) to calculate
the global production of marine fluorescent
humic-like substances on the basis of the slope
of the relationship
dissolved organic matter (FDOM) and AOU, but
in our case to CDOM and AOU.

between fluorescent
applied
Therefore, the global net production of asps,

NP,325 (in m™ yr!), was obtained as:

0as;s
dAOU

NPuas = (5325) - OURguper~ (10)

a . . -
where ﬁ is the absorption coefficient rate

of change per AOU unit for the global dark
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ocean and OURgepa is the total

consumption rate that is obtained as:

oxygen

Y, VOL; - OUR,

OUR 100

an

global =

Once the NP,35 was obtained, we

calculated the CDOM turnover time as:

2 VOL; - Q32s;

T ti =
urnover time 100 NP..,.

(12)

iVOoL;

Where T"“s is the WT proportion
weighted-average absorbance of the dark

global ocean.
Statistical analysis

Linear regression analyses between the
different values (measured, archetypal) of =,
AOU, OUR, asss, Sr75.095, Sg and ds4q, were
performed using the Statistica 7.0 software.
Linear regression analyses were also used for
the Arrhenius plot. We applied model |l
regressions because we have no control of the

variables used [Sokal and Rolf, 1995].



The differential equation defining the rate of

surface ocean

change of any substance, C, in the global dark ocean is:
Vx%=qx([6,,] —[cD + NP [1]

Where V is the volume of the dark global ocean;

[Co] and [C] the average concentrations of C in the

global surface and dark ocean, respectively; q the

exchange rate of water between the global surface and

dark ocean; and NP the net production rate of C in the

global dark ocean.

Assuming that C is in steady-state, d[C]/df = 0
dark ocean and, therefore:

NP =—-q x([Cj-[C]) [2]

The turnover time of any substance, C, is calculated as the ratio between the total amount of C in
the dark global (V x [C]) and its net production rate (NP). If NP = 0 (as for the case of CDOM), the turnover
time is calculated as:

turnover time = 249 = L1 [3]
NP (NP/V)

In this manuscript, we calculated the total amount of CDOM ([C]) as the water mass weighted
average absorption coefficient at 325 nm (aszs, in m"1). The volumetric net production rate (NP/V, in m" yr
1) was obtained by multiplying the slope of the linear correlation between aszs and AOU (in m”’ pumol kg_1

yr_1) by the water mass weighted average oxygen utilization rate (OUR, in pmol yr_1).

On the contrary, when NP < 0, i.e. if net consumption of C occurs, then the turnover time should be

calculated as:

turnover time = —V;—E’C] [4]

This is the case of DOC. Following Hansell et al. [2009], about 1.8 Pg C yr_1 of DOC are exported to
the dark global ocean (defined by these authors as depths > 100m), where it has to be mineralized or
removed by other processes to keep the global amount of DOC (662 Pg) constant. Therefore, V x [C] =
662 Pg Cand NP =-1.8 PgC yr_1 producing a turnover time of 370 yr. In fact, Hansell et al. [2009] did this
calculation but named it as ‘residence time’. In Hansell [2013], he refers ageing to a net production of
recalcitrant DOC of about 1.9 Pg C yr"1 and a total amount of recalcitrant DOC of 662 Pg C, which would

translate into a turnover (or residence) time of about 350 yr in the dark global ocean.

In summary, since the turnover times of CDOM and DOC are calculated in the same way, they are
directly comparable. Furthermore, it should be noted that if NP is replaced by — q x ([Co] — [C]) in equation
[4] then:

vxlcl _ _ ¥ el  _ [c] (5]

turnover time = NP ; Teal—Ic] = R x[CD]—[C]
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Results

Water types (WT) distribution in the three

ocean basins

A classical water mass analysis of the
properties of the
intermediate and abyssal waters (200-4000
m) of the North and South Atlantic, South

Indian and South and North Pacific Oceans

thermohaline central,

was used to determine (i) the water mass

proportions on each individual sample
collected during the circumnavigation; (ii) the
water mass proportion-weighted average value
of the different CDOM variables; and (iii) the
variability of CDOM due to water mass mixing
and basin-scale mineralization processes from
the source point to the center of mass of the

WT within the circumnavigation.

In this study, 22 WT were identified (see
Appendix Il). We intercepted 13 central WT
representing 26.3% of the total water volume
sampled, with the 13EgPac accounting for
5.7% and spreading on the South and North
Pacific at an archetypal depth (Z;) of 483 = 35
1.2a). We sampled 5
representing 21.5% of

intermediate
the

m (Fig.
waters, total
volume, and the most prominent were: SAMW,
corresponding to 8.0% of the total volume and
located mostly in the Indian Ocean and the
Great Australian Bight at an archetypal depth
(Z) of 719 £ 42 m (Fig. 1.2b), AAIW, which
accounted for 7.4% including its two branches
(3.1 and 5.0°C) and was basically located in
the South Atlantic and below the SAMW in the
Indian Ocean and the Great Australian Bight, at
a Z; of 1066 + 80 m (Fig. 1.2c), and NPIW,
corresponding to 5.99% of the total volume and
located in the North Pacific at a Z; of 671 + 65
m  (Fig. 1.2d).
abyssal WT that accounted for 52.2% and the

Finally, we intercepted 4
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CDW was the dominant WT in the deep Indian,
South and North Pacific basins at a Z; of 2412
+ 76 m, representing 27.0% of the total
volume sampled (Fig. 1.2e). The deep Atlantic
waters were dominated by the upper + middle
(4.6°C) and lower (2°C) branches of the NADW,
representing 20.5% of the total sampled water
at Z; of 1582 + 99 m and 3780 + 64 m,
respectively (WT weighted-average equals to

2649 + 78 m) (Fig. 1.2f).
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Fig. 1.2. Distribution of the most representative water masses of the dark global ocean during the Malaspina 2010
circumnavigation: (a) Equatorial Pacific Central Water at 13 °C (13EgPac), (b) Sub-Antarctic Mode Water (SAMW),
(c) Antarctic Intermediate Water (AAIW), (d) North Pacific Intermediate Water (NPIW), (e) Circumpolar Deep Water
(CDW) and (f) North Atlantic Deep Water (NADW). Note that the proportion ranges from 0 (0%) to 1 (100%) and the
depth range starts at 200 m.
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ages of 259 + 16 and 433 = 34 yr for the
CMWyp and 13EgPac, respectively. Note that

the young waters of the North Atlantic sank

Basin-scale characterization: ideal water age
(t), apparent oxygen utilization (AOU) and
oxygen utilization rate (OUR)

Water ages (1) of the samples collected deeper into the water column (Fig. 1.3a). The

+
in the dark ocean during the circumnavigation youngest archetypal ages of all WT were 11 + 4

ranged between O and 1900 yr. The oldest yr for the EDW formed in the Sargasso Sea and

. . 14 + 17 yr for the STMWI formed in the

waters were tracked in the southern region o
the South Pacific at around 2000 m (Fig. 1. subtropical gyre of the Indian Ocean (Table
1.1). The average age of the central,

3a). AABW and CDW presented the oldest

archetypal ages with 745 + 47 and 821 + 22 intermediate and deep waters intercepted by

the cruise track were 170 = 17, 367 + 33 and
638 *+ 20 yr, respectively. Overall, the average
age of the waters from 200 to 4000 m was 454

yr, respectively (Table 1.1). The youngest
waters were located in the central domain of all

ocean basins except in the North Pacific, with

+ 22 yr.
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Fig. 1.3. Distribution of (a) ideal water age (t, yr), (b) apparent oxygen utilization (AOU, ymol kg™), (c) arquetypal
apparent oxygen utilization (<AOU;>, pmol kg™) of the water samples intercepted during the Malaspina 2010
expedition. Note that the depth range starts at 200 m.
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AOU varied between 5 and 299 pymol kg~
! (Fig. 1.3b) showing an increase with water
mass age along the global overturning
circulation (Fig. 2.3a). Maximum AOQOUi values
were recorded in the central and intermediate
waters of the Equatorial and North Pacific:
NPIW (255 * 10 pmol kg™), CMWyp (234 + 10
umol kg), 13EgPac (231 #+
(Table 1.1).

corresponded to the central waters of the

6 pmol kg™)
Minimum archetypal values
South Indian and South Atlantic oceans, with
STMW,, ICW;3, SACW;g presenting 26 + 2, 32
+ 2 and 38 + 12 umol kg!, respectively (Table
1.1).  The
measured (AOU;) (Fig. 1.3b) and arquetypal
(<AOU;>) (Fig. 1.3c) values of AOU in the dark
global ocean (R? = 0.80; Table 2.1), indicates
that 80% of the variability of AOU is retained

by the basin-scale mineralization processes

linear regression between the

from the source region of each water mass to
its center of mass in the Malaspina 2010

cruise track.
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OUR; values ranged from 0.2 to 4 pmol
kgt yr!  (Table 1.1), the
characteristic power law decrease with depth
(OUR; = 0.5 (#0.1)- (Z,y 075012, R2 = 0.67;
p<0.05, Fig. 1.4a). The WT with maximum and
minimum OUR; were the EDW with 4 + 2 ymol
kg™ yrtand the NADW, with 0.19 + 0.01 ymol
kg™ yr!, respectively. The average OUR of the

exhibiting

central, intermediate and abyssal waters
occupied during the circumnavigation were 1.1
+ 0.4, 0.39 + 0.06 and 0.23 * 0.01 umol kg™
yr!
waters occupied during the circumnavigation
from 200 to 4000 m, hereinafter OURgopal,

was 0.5 + 0.1 ymol kg™! yr'l. Extrapolating this

, respectively, and the average OUR of the

rate to the dark global ocean (with a total mass
of 1.38 x10%! kg at a depth > 200m) yields a
total oxygen consumption of 0.68 + 0.18 Pmol
0, yr!. Most of this oxygen is consumed in the
central waters (58%) followed by the abyssal
(25%) and, finally, the intermediate (17%)

waters.
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Fig. 1.4. Relationships between (a) OUR; (umol kg
yr!) and depth (Zj), (b) OUR; (umol kg! yr!) and
1000/(R.(273.15+8)), (c) =i (yr) and AOU; (umol kg1),
and (d) Salinity (Si) (PSU) and Sg; (unitless). The
relationships were fitted to the following functions:
OUR; = 0.5 (£0.1) x Z -0.75(x 0.12), R? = 0.67 (p
<0.05, n = 22); In OUR; = -108 (x10) x 1000/(TxR) +
46 (+4), R? = 0.85 (p <0.001, n = 22); AOU; = 16
(£5) x 1 0.34(+0.06), R? = 0.72 (p < 0.001, n = 19
(the NPIW, 13EgPac and CMWnp were ruled out from
the power law regression); Sgi = 0.85 (£0.22) x S; -
27.21 (+ 7.97), R? = 0.43 (p = 0.001, n = 22).



Table 1.1. Archetypal depth (Z;, m), potential temperature (6;, °C), ideal water age (i, yr), apparent oxygen utilization (AOU;, umol kg™), oxygen utilization rate (OUR,,
umol kg™t yr), absorption coefficient at 325 nm (aszs;, m™), slope between 275-295 nm (Sz75-2051, umM™!), ratio of the slope between 275-295 nm divided by the slope
between 350_400 nm (Sri, unitless) and the quantum yield at 340 nm (®s40i, %) of the central, intermediate, and abyssal water mass intercepted during the Malaspina

2010 expedition. The percentage of the total volume of water sampled that corresponded to each water mass (VOL;, %) is also reported.

EDW 0.7 264 +20 17.1+0.3 11+4 46+ 8 4+2 0.26 +0.04 28 +2 34+0.2 0.7+0.1
ENACW,, 3.2 641 +40 10.7+0.4 103 +9 114 +38 1.1+0.2 0.24 +£0.02 25+1 2.7+0.1 1.0+0.1
ENACW,;s 1.8 327 +£25 153+0.4 28+7 63+8 23+0.9 0.26 +0.02 28 +1 29+0.2 0.8+0.1

13EqAtl 1.6 427 £ 37 11.1£0.8 134 £ 18 61+7 0.5+0.1 0.17 £0.02 30+2 2.6+0.2 1.1+0.1
SACW, 2.2 303 £26 12.2+0.6 104 £ 16 110+ 16 1.1£0.3 0.20+0.01 26+ 1 2.6+0.2 1.0+0.1
SACW 5 1.4 21111 15.9+0.4 21+9 38+12 2+1 0.18 £0.02 31+£2 32+0.2 0.8+0.1
STMW; 0.9 259 +35 14.7+0.4 14+£17 26+3 2+2 0.14+0.01 36+2 33+£0.2 0.9+0.1

ICWi3 4.5 395 +£28 12.2+0.3 51+12 3242 0.6+0.2 0.15+0.01 33+1 3.1+£0.1 0.9+0.1

STMWsp 0.2 269 +26 13.8+1.5 58 +£54 49+ 11 09+1.0 0.10+0.03 40+7 32+03 1.7+0.4

SPCWy 0.5 277 + 84 18.1+21 44 £21 70+ 15 2+1 0.15+0.04 33+4 2.6+0.4 1.1+£0.4
13EqPac 5.7 483 £ 35 9.3+04 433 +34 231+ 10 0.53+0.07 0.27+£0.01 19+1 2240.1 1.0£0.1
CMWyp 3.5 253+13 11.4+0.2 259+ 16 234+ 10 0.90 +0.09 0.28 £0.01 20+ 1 25+0.1 1.0+0.1
STMWyp 0.2 207 + 36 13.7+0.4 141 £39 111+6 0.8+0.3 0.21 £0.02 26+ 1 2.7+0.2 1.1+0.1

MW 0.2 1276 + 354 84+1.8 133+£42 84+9 0.6+0.3 0.21 £0.06 27+5 25+0.3 1.3+0.4
SAMW 8.0 719 £ 42 8.1+03 214 +26 72+6 0.33+0.07 0.16 +0.01 29+ 1 2.6+0.1 1.1+0.1
AAIW;, 2.9 1317 +£108 4.0+0.2 228 +13 128 +£5 0.56 £ 0.07 0.20 £ 0.02 24 +1 23+0.1 1.2+0.1
AAIW; 4.5 677 + 36 6.9+04 499 + 50 134+5 0.27 £0.04 0.18 £ 0.01 23+1 2.1+0.1 1.2+0.1

NPIW 5.9% 671 £ 65 73+04 571 £ 39 255+6 0.45+0.04 0.28 £0.01 18+ 1 2.1+0.1 1.1+0.1

CDW 27.0% 2412 +76 2.5+0.1 821 +£22 183 +4 0.22+0.01 0.21+0.01 19+1 1.8+£0.1 1.3+0.1
NADW,;, 12.9% 3279 + 66 22+0.1 467 £ 13 88+2 0.19+0.01 0.21+0.01 24 +1 2.1+0.1 1.3+0.1
NADW,4 7.6% 1582 +99 48+0.3 277+13 103 +4 0.37+0.03 0.21+0.01 24 +1 22+0.1 1.3+0.1

AABW 4.7% 3780 + 64 1.1£0.0 745 + 47 149+ 6 0.20 +0.02 0.19+0.01 21+1 1.8+£0.1 1.5+0.1

R*N; vs <N;>) 0.80 0.28 0.51 0.42 0.16
SD err of the estimate 36 0.02 3 0.24 0.2
Determination error 1 0.02 2 0.1 0.12

EDW: Eighteen Degrees Water, ENACW,,: Eastern North Atlantic Central Water (12°C), ENACW;s: Eastern North Atlantic Central Water (15°C), 13EqAtl: Equatorial Atlantic
Central Water (13°C), SACWi,: South Atlantic Central Water (12°C), SACW;s: South Atlantic Central Water (18°C), STMW,: Indian Subtropical Mode Water, ICW;3: Indian
Central Water (13°C), STMWsp: South Pacific Subtropical Mode Water, SPCWyo: South Pacific Central Water (20°C), 13EgPac: Equatorial Pacific Central Water (13°C),
CMWhnp: North Pacific Central Mode Water (12°C), STMWyp: North Pacific Subtropical Mode Water (16°C), MW: Mediterranean Water, SAMW: Sub-Antarctic Mode Water,
AAIW3 1: Antarctic Intermediate Water (3.1°C), AAIWs o: Antarctic Intermediate Water (5.0°C), NPIW: North Pacific Intermediate Water, CDW; 6: Circumpolar Deep Water,
NADW:; o: North Atlantic Deep Water (2°C), NADWa4 6: North Atlantic Deep Water (4.6°C), AABW: Antarctic Bottom Water. The determination error refers to the
measurement error for the case of AOU and aszs, the propagation of the measurement errors of Fza0/360-560) and azao for @340, the estimation error of the regression slope
for the S»75_295, and the propagation of the estimation error of the regression slope of S»75_295 and Szso_sa00 for the Sg.
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OUR

temperature

The dependence of archetypal
(OUR)) on archetypal
(6;) responds to the Arrhenius’s law [Arrhenius,
1889], the

relationship between In (OUR;) and the inverse

potential

exhibiting expected linear
of the absolute potential temperature (Fig.

1.4b):

1000
InOUR; = 46 (+4) — 108(+10) - )(13)
i

R-(27315+ 6
(R? = 0.85, n = 22, p < 0.001)

where R is the gas constant (8.314 J
mol™? K1) and 273.15+6; is the absolute
archetypal potential temperature. The slope of
this relationship, 108 + 10 kJ mol™?, would
represent the activation energy (E;) of the
mineralization of organic matter in the dark
global ocean, which translates into a
temperature coefficient Q10 of 5.2 = 0.9 as

derived with the equation:

Eq 10
Q0 = e R @7315+01)-(273.15+02)

14

where 6, and 6, are the archetypal
potential temperatures of the coldest (1.10 +
0.04 °C for AABW) and warmest (18.1 + 0.8 °C
for SPCWy) WT the

circumanvigation.

sampled during

Basin-scale characterization: CDOM quantity

and quality

The values of asps ranged between 0.07
to 0.50 m™ and changed mostly with section
distance, although the aszs changes in the
Indian Ocean with depth were also relevant
(Fig. 1.5a).

The spectral slope S75.295 ranged from 8
to 50 um™!, varying with section distance and
diminishing with depth. Inversely to the pattern
of asps, the highest values were observed at the

central and intermediate waters of the South
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Indian Ocean and the lowest values were
located in the intermediate waters of the North

Pacific (Fig. 1.5b).

Sr varied between 0.79 and 5.22. It
decreased with depth, its maximum values
were found in the central waters of the South
Indian and the lowest values were located in
the deep waters of Antarctic origin that were

less than 1 in some samples (Fig. 1.5¢).

Finally, @340 ranged from 0.3 to 2.9 and
increased with depth, presenting maximum
values in bottom waters of the South and North
Pacific and minimum values in the central
waters of the North Atlantic (Fig. 1.5d).

The archetypal values of asgs, S275.205, Sk
and @34 in every sample (<azpsp>, <Sp75.005>,
<Sgj> and <Pag>, respectively) explained
28%, 51%, 429% 16% of the total

variability of the measured variables (aszs;,

and

S75.0055, Srj and Paagj, respectively) in the dark
global ocean (Table 1.1). In the case of asps
and @340, the fact that the percentages of
explained variability were low but significant
likely resides in the lack of precision of the
CDOM measurements. Note that we have
obtained that the standard deviation of the
residuals (SD res) of the linear regression
between the measured and the arquetypal
values of asps and @340 and the corresponding
measurement error of azss and estimation error
of ®d349 are of the same magnitude (Table 1.1).
Consequently, R2 were low not because most of
the variability of aszps and @340 was not retained
by basin scale changes (or because the
unexplained variability at the basin scale was
due to variability at the study area) but
because of the low sensitivity of the analytical

method.
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Dependence of CDOM variables on water

mass ageing

Since 809% of the variability of AOU is
constrained by basin-scale mineralization
processes and water mass mixing, we have
used it as tracer of the dynamics of the CDOM
variables (Fig. 1.6). In this figure we show the
measured (gray dots) and archetypal values for
each sample (black dots) and the archetypal
values for each water type (white dots) of asys,

S275-295, Sg and ®3z40.

The highest asys values were found in
the central and intermediate waters of the
North Pacific (NPIW and CMWyp = 0.28 + 0.01
m™, 13EqPac = 0.27 + 0.01 m™) and in a
more specific region of the North Atlantic (18-
32 °N, 17-58 °E) (ENACW,;5 = 0.26 + 0.02 m™,
EDW = 0.26 + 0.04 m™), whereas the lowest
the central and

were found in

a325i
intermediate waters of the South Pacific
Ocean, with an aspsi of 0.10 = 0.03 m™! in the
STMWsp (Table 1.1). The relationship between
AOUi and asps; was positive and significant
(azz5 = 6 (£ 1) x 10*A0U; + 0.13 (£ 0.01), R?=
0.76, p < 0.001, n = 20, Fig. 1.6b). Note that
ENACW;.5 and EDW were ruled out of the
relationship (indigo dots in Fig. 1.6a, b). The

slope of this relationship (6 + 1 x 10 m™

9as;s

-1 .
pmol™ kg) substituted 3a00

in equation [10]
and was multiplied by the previously obtained
OURgiopal 0f 0.5 £ 0.1 pmol kg™! yrtin equation
[11] to obtain a CDOM net production rate

NP.3zs of 3.3 + 0.5 x 10% m yr! for the
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global dark ocean excluding the previously
ruled out central waters of the North Atlantic
Ocean, which represented only 2.5% of the
total

volume of sampled water. Following

equation [12], dividing the WT proportion
weighted-average asps of the dark ocean (0.21
+ 0.01 m™?) by the NP, calculated above
(3.3 £ 0.5 x 10% m™! yr'), we obtained a

CDOM turnover time of 634 + 120 yr.

Contrary to asgs;, the qualitative indices
So75.0051 and  Sg; decreased with water mass
ageing at an exponential (Sz75.205 = 0.037 (%
0.002) 00032 (:00004) AU R2 = (082 p <
0.001, n = 22, Fig. 1.6c, d) and linear (Sg; =
-0.011 (£0.002) AQU; + 3.6 (+0.1), R? = 0.74,
p < 0.001, n = 19, 1.6e, f)

respectively. The maximum

Fig. rate,
estimated
archetypal values of Sy75.295 were 40 = 7, 36 +
2 and 33 + 1 pm™ for the STMWgp, STMW, and
ICWy3 respectively, and the minimum was 18 +
1 pm= for the NPIW (Table 1.1). The
maximum estimated archetypal values of Sg;
were 3.4 = 0.2 for the EDW, 3.3 + 0.2 for the
STMW, and the minimum Sg; were recorded in
the Antarctic WT: AABW and CDW with 1.8 *
0.1 (Table 1.1). The 340 values increased
linearly with water mass ageing (@s40; = 0.006
(£0.003) AOU; + 0.60 (+0.08), R? = 0.49, p =
0.001, n = 19, Fig. 1.6g, h). Note that the
most aged water types (13EgPac, CMWyp and
NPIW; sky blue dots in Fig. 1.6e, f, g, h) were
ruled out from both AOU;- Sgi and AOU; - @34,

relationships.
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Fig. 1.6. Relationships between the CDOM parameters (a) aszs, (M), (b) S275.205 (um™) (c) Sk (unitless) and (d)
D340 (%) with apparent oxygen utilization (AOU, umol kg™') in the global dark ocean. In the plots on the left,
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concentrations for each sample (black dots) are presented. The plots on the right column show the relationship
between archetypal concentrations of the WT for each studied variable. We obtained the following functions: (b)
aszsi = 6 (£ 1) x 107 AOU; + 0.13 (£ 0.01), R? = 0.76 (p <0.001, n = 20); (d) Sz75.2051 = 0.037 (+ 0.002) e ~0-0032¢+
0.0004) AOUI ' R2 = 0,82 (p <0.001, n = 22); (f) Spi = -0.011 (£0.002) AOU; + 3.6 (¥0.1), R? = 0.74 (p < 0.001, n =
19); (h) ®340i = 0.006 (+0.003) AOU; + 0.60 (+0.08), R?> = 0.49 (p = 0.001, n = 19). Indigo and sky-blue dots were

excluded from their respective regression models (see the text for justification).
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Discussion

DOM optical
global ocean scale can provide insights on the
DOC dynamics and the
microbial carbon pump (MCP) [Jiao et al.,
2010]. So far, the first attempts to obtain a

global inventory of marine CDOM have been

characterization at the

relevance of the

focused on the optical characterisation of
pelagic layers (epi-, meso— and bathypelagic)
and ocean basins [Nelson et al., 2007, 2010].
The novelty of our work resides in the fact that
we have been able to sort the global ocean by
water masses (WT), each one showing their
intrinsic characteristics of CDOM quantity and
quality, and related them with water ageing
along the global overturning circulation. Our
approach, oceanographic rather than
geographic, allows to overcome the difficulties
encountered by previous attempts: (i) several
water masses can mix within a given pelagic
layer; and (ii) the intermediate and abyssal
water masses are not usually restricted to a

given ocean basin.

It should be noted that Nelson et al.
[2010] indicated that the average asps of the
global ocean at depths between 3000 and
6000 m was 0.14 = 0.03 m™ and in the
Malaspina circumnavigation the average asys of
the 4000 m samples was 0.19 = 0.05 m™. It is
also relevant to note that the slope of the azs—
AOU relationship that we obtained during the
circumnavigation (0.6 + 0.1 x 10 m™ ymol™
kg) did not differ significantly from the values
reported by Nelson et al. [2010] for the Indian
(0.62 x 1073 m™ pmol™ kg) and Pacific (0.57 x
10 m™ pmol? kg) oceans. Therefore, a
constant offset of about 0.05 m?' exists
between our asys and those reported by other

authors. It is improbable that the fact that we
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did not filter the samples is the reason behind
this dissimilarity (see the detailed description
of our procedure in materials and methods).
Note that in the unlikely case that particles
109% of the
[Nelson et al., 1998], a constant offset of 0.03

m would still be present. We surmise that the

represented light absorption

different methodologies used (double-beam

spectrophotometer with linear 10 cm cell

versus single-beam spectrophotometer
Ultrapath with a 2 m-long liquid waveguide
capillary cell) may be a feasible cause. An
intercalibration between methods would be
needed to assess under what conditions both

procedures are directly comparable.
Water mass age versus ageing

Water mass ‘age’ and ‘ageing’ provide
different information; age is defined as the
time elapsed since the water was last in
contact with the atmosphere, whereas ageing
AOU) the

consumption of oxygen over that period, which

(traced  through refers  to

depends on the time elapsed (age) but also on

the rate at which dissolved oxygen s
consumed during the organic matter
mineralization (OUR). Therefore, the AOU

variable integrates the OUR over time giving
information about how old a water sample is
and how fast the mineralization processes
occur in that water sample. Although we found
a positive and significant power law
relationship between AOU and age in the water
intercepted the
circumnavigation (AOU; = 16 (% 5) ;%34 £ 0.08)
R? =0.72, p < 0.001, n = 19, Fig. 1.4c) which

explains 72% of their respective global scale

masses during

variability, our interest is focused on the 28%
of the AOU variability that is not explained by
age and is attributed to the quantity and



quality of the substrates (particulate,
suspended and dissolved organic matter) that
cause a different ‘ageing’ for each WT, i.e. a
different OUR;. Note that CMWyp, 13EqPac and
NPIW  were the AOU-age

correlation because they undergo excessive

ruled out of

ageing for its age (sky-blue dots in Fig. 1.4c).

The average age for the dark global
ocean that we obtained (454 + 22 yr) is
coherent with previous estimates of 500 yr
according to Stuiver [1983] and 345 yr
according to Laruelle et al. [2009]. It should be
that [1983]
estimate to depths > 1500 m. Unlike the
Malaspina
latitude range of 30°N-40°S at depths between
200 and 4000 m, [2009]
estimated the age with a global ocean model
the

noted Stuiver restricted his

expedition that only covers a

Laruelle et al.
considering depths > 200m. Hence,
absence of central and intermediate waters in
the calculation of Stuiver [1983] and the
consideration of high latitudes (i.e. areas of
recent WT formation) in the calculation of
Laruelle et al. [2009] resulted in a value higher

than ours in the case of Stuiver [1983] and

lower in the case of Laruelle et al. [2009].

Our estimate of the dark global ocean
oxygen consumption rate (OCR) (0.68 + 0.18
Pmol O, yr!) is comparable to the 0.83 Pmol
0, yr! obtained by Anderson et al. [2004] with
an ocean biogeochemical model. The
difference between these two estimates resides
again in the covered domain. The dark global
ocean OCR of Anderson et al. [2004], which
covered the entire ocean, were slightly higher
than our estimation (i.e. with a latitude region
of 34 ° N-40 ° S) because the younger WT of
the high latitudes present more elevated OUR

which, in turn, raises the dark global ocean
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OCR. On the contrary, the Malaspina dark
global ocean OCR is not comparable with the
commonly much higher respiration rates of
2.6-3.5 Pmol 0, yr! calculated using in vitro
approaches [e.g. del Giorgio and Duarte, 2002].
The main reason for this discrepancy is likely
that we considered a long- timescale that

accounts for slower mineralization rates,

whereas these authors estimated the

mineralization rates at a local- and short-

timescales that reflects mostly the labile

carbon.

Our OUR; values for each WT (0.19-4
umol O, kg™t yr!) were lower than those found
in previous studies [Alvarez-Salgado et al.,
2014; Aristegui et al., 2003; Sarmiento et al.,
1990; 1998]. The OUR

estimations of 7-16 pymol O, kg™ yr! reported

Jenkins, higher
by Aristegui et al. [2003] are based on short-
(days) that the

mineralization of labile organic matter. The use

term include  mainly
of a tracer age equation (applicable to local,
short timescale) in Sarmiento et al. [1990] and
Jenkins [1998] also resulted in higher values of
13 pmol 0, kg™ yr! and 9 pmol 0, kg yr,
respectively. In contrast, the use of a tritium
box model (applicable to the basin, long
timescale) [Sarmiento et al., 1990] led to values
of 4-5 pumol 0, kg™ yr!, which are closer to
our OUR estimations. Furthermore, the high
OUR values obtained by Alvarez-Salgado et al.
[2014], ranging from 6.3 to 18 pmol 0, kg™
yr, their
calculations. Their water age estimate from

are likely associated to age
chlorofluorocarbon (CFC) concentrations tends
to underestimate turbulent mixing leading to
an underestimation of water mass ages, and
consequently overestimation of OUR values

[Sonnerup, 2001; Mecking et al., 2004].



Recalcitrant nature of CDOM and its origin

The turnover time of 634 + 120 yr that
we obtained by combining the NP,3,5 rate (3.3
+ 0.5 x 10* m?! yr!) and the water mass
weighted average CDOM (0.21 + 0.01 m™)
gives evidence of the recalcitrant nature of this
DOM pool. This turnover time is about 40%
longer than the 454 + 22 yr age of the dark
global ocean and the 435 + 41 yr turnover
time of the humic-like fluorescence component
1 (Ex/Em maximum in the UVA/visible at 270-
370/470 nm), but not significantly different
from the turnover time of the humic-like
fluorescence component 2 (Ex/Em maximum
in the UVA/visible at 320/400 nm, 610 = 55
yr) recently reported by Chapter Il of this PhD
thesis. Similarly, the CDOM turnover time,
which represents a minimum fraction of the
DOC pool, was about 70% longer than the
lifetime of the bulk DOC pool (370 yr according
[2009]), or the tyrosine-like
component 4 the
UVA/visible at 270/310 nm, 379 = 98 yr
according to Chapter 3 of this PhD thesis,
which implies a more recalcitrant nature of the
CDOM pool than the bulk DOC pool

therefore, a

to Hansell et al.

(Ex’Em  maxima in

and,
larger capability to sequester

anthropogenic COs.

The E, and Q¢ that we obtained for OUR in
this study (108 + 10 kJ mol~! and 5.2 + 0.9,
respectively) were approximately 3 and 2 times
higher than the expected values for the labile
and the semi-labile DOM. Seiki et al. [1991]
analysed the temperature dependence of the
decomposition of labile phytoplankton-derived
organic matter and obtained E, and Q;o values
of 37 £ 3 kJ mol! and < 2, respectively.
Bussmann [1999] reported E, and Qo values of

67 + 11 kJ mol™! and about 3, respectively, for
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the humic
the

the

semi-labile
the

decomposition of
substances. As for case of
decomposition of soil organic carbon,
association of a higher refractivity to a higher
sensitiveness to temperature changes [Davison
and Janssens, 2006] and the elevated E, and
Q10 of decomposed organic matter in the dark
global ocean indicates an enhanced response
to temperature which may have implications
for the response of the ocean carbon cycle to

global warming.

AOU on the charge-transfer model of Del
Vecchio and Blough’s [2004b], which proposed
that the fluorescence signal of DOM is in part

due to intramolecular charge transfer

interactions between electron donors and

acceptors formed through the partial oxidation
of lignin and other aromatic polymeric
the

studies demonstrated that

precursors of terrestrial origin. On

contrary, other

marine CDOM is generated in situ from

bacterioplankton during its active growth
[Kramer and Herndl, 2004; Ortega-Retuerta et al.,
2009], as well as directly by phytoplankton via
extracellular release [Romera-Castillo et al.,
2010] or indirectly by zooplankton grazing
[Urban-Rich et al., 2006]. Recently, Jargensen et
al. [2014] observed an increase in recalcitrant
CDOM fluorescence associated with prokaryote
utilization of either glucose or natural
colourless semi-labile DOM as carbon sources.
Our positive relationship of aszs with AOU (Fig.
1.6a, b) is compatible with both hypotheses,
which not exclusive. The

are mutually

terrestrial discharges do not seem to be
provoking the elevated initial asps; values of the
North Atlantic central water types EDW and
ENACW;5. It should be noted that the low

latitudes where these WTs are formed involve



warm initial temperatures (0) of 18 °C for the
EDW and 15 °C for the ENACW;s but also
elevated photobleaching rates, which should
result in relatively high Sg; but low asys; values.
In fact, the archetypal Sg values of these WTs
are high, 3.4 + 0.2 for EDW and 2.9 = 0.2 for
ENACW;s, however, the archetypal values of
asps are relatively high and favour us to
propose that, prior to winter mixing, enhanced
microbial production of CDOM in these warm
water masses  exceeded  removal by
photobleaching leading to high initial aszs and
Sg during their formation. The high asos values
of the central North Atlantic are of the same
level than those found in the thermocline
waters of the North Pacific, specifically CMWyp,
13EgPac and NPIW (Table 1.1, Fig. 1.5a, Fig.

1.6a, b). However, in this case, they are not

due to high initial asys values but to the
excessive ageing experienced by these WT for
its age, which is associated with (i) the

sluggish circulation of the North Pacific that
allows recalcitrant CDOM accumulation, (ii) the
large size of the North Pacific subtropical gyre,
resulting in large distances from the edge to
the center of the gyre, where downwelling
occurs, and (iii) the export of particulate
organic material that results in high oxygen
2004] and
production of recalcitrant CDOM [e.g. Hayase
and Shinozuka, 1995; Yamashita et al., 2007;

Yamashita and Tanoue, 2008, 2009].

utilization rates [Feely et al.,

Factors controlling the CDOM quantity and

quality in the global ocean

Not only the magnitude (AOU) but also
the rate of mineralization (OUR) is a key
variable to understand the basin-scale
variability of the quantity and quality of CDOM.

In general terms, an old water mass presents
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slow mineralization rates caused by either an
insufficient (limiting) or biologically recalcitrant
substrate, leading to low OUR [Jenkins, 1998].

To check the variable —ageing (AOU) or
substrate quantity and quality (OUR) — that
better contributes to explain the variability of
CDOM in the dark global ocean, we performed
two  simple regression  analyses, one
considering the AOU; and another considering
OUR; as independent variables. The aszys; values
represent quantity, and &s4, which is an
appropriate (but still not broadly used) proxy
to CDOM aromaticity, was taken as a
‘qualitative’ variable (Fig. 1.6). For the case of
asgsi, the regression analysis was positive and
significant with AOU;, explaining 76% of the
variability of asps (R = 0.76, Fig. 1.6b), but
was not significant with OUR; (Fig. 1.7a). This
means that ageing is the key variable to
explain the accumulation of CDOM in the dark
global ocean (i.e. for a same age, the WT that
has experienced faster mineralization rates will
have more CDOM). Conversely, for the case of
D340, it is not AOU; (Fig. 2.6h) but OUR; (Fig.
1.7.b) the variable that best explains its
variability, with  the
relationship, @s40i= 1.28 (£ 0.05) e ~0-20 (x0.09

OURI (R2=0.55, p = 0.001, n = 22). This means

following  inverse

that the lower the rate of mineralization, the
higher the aromaticity of the CDOM generated
by microbial respiration. Therefore, the lower
the quality for microbial consumption of the
mineralised organic matter, the more complex
the DOM molecular structures and the more
content in aromatic compounds, promoting the
ability to emit fluorescence. This assumption
matches with the novel results of Jargensen et
al. [2014] that confirms that the

recalcitrant the mineralised materials the

more



larger the production rate of fluorescent DOM.
It can also be coherent with the charge-transfer
model of Del Vecchio and Blough regarding the
terrestrial origin of CDOM in the ocean that

were previously mentioned.
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Fig. 1.7. Relationships between archetypal OUR;
(umol kg™l yr™!) and (a) archetypal aszsi (m™) and (b)
archetypal ®s40i. The fitted equation is: ®z40i = 1.28
(x 0.05) e 7020008 OURI ' R2 = 0,55 (p = 0.0001, n =
22).

Linked to the same postulation, we
found that the lowest Ss75.95 and Sg; values
corresponded to the oldest WT (Fig. 1.6d, f),
[2008], low

values are attributed to a dominant content of

and, according to Helms et al.

aromatic and high molecular weight (HWM)
DOM this
indicating that the low molecular weight (LMW)

fraction. However, hypothesis,
DOM turns into to a more recalcitrant HMW
DOM with ageing, does not appear to apply to

the bulk of natural DOM according to Amon and
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Benner [1996]. Instead, they found that the
bulk of HMW DOM is more bioreactive and
fresher than the LMW DOM. Consequently, it
seems that both synthesis and transformation
of the HMW RDOM happen during the DOM

mineralization.

Our study is the first in presenting a
global data set of Sk for the entire dark ocean,
allowing to differentiate the Sg of the various
WT within the than
the

ocean rather just

contrasting wide difference between
terrestrial and marine sources of CDOM in
coastal areas. Similar to Helms et al. [2008],
we obtained a linear and positive relationship
between salinity (S) and Sg, but within the
much narrower salinity range of the open

ocean waters (Sg; = 0.85 (£0.22)- S;-27 (£8),

R? = 0.43, p = 0.001, n = 22, Fig. 1.4d).
However, whereas in the case of Helms et al.
[2008] the relationship is related to the

terrestrial versus marine origin of the samples,
in the case of our open ocean samples it is
presumably produced by photobleaching. The
positive relationship can be justified because
saltier water masses are generally originated at
lower latitudes where photobleaching previous
to winter convection is higher. In order to

check this, we have used the potential
temperature (0) as a proxy to the exposure of
the water masses to solar radiation and,
therefore, we have related Sg with 6. It resulted
that the linear regression with 6 (Sgi = 0.09
(x0.01)- 6 + 1.77 (20.12), R2 = 0.74, p =
0.001, n = 22) the global
distribution of Sg better than S. Note that

higher 6 results in higher Sg values and lower

explained

molecular weight of CDOM (i.e. lower content
in aromatic substances). This means that the

relationship between Sg and S may also



express the degree of photobleaching when

considering the open ocean.

Conclusions

This study provides (1) the first global
inventory of CDOM variables of the main water
masses of the ocean; (2) a robust estimate of
the turnover time of CDOM in the dark global
ocean of 634 + 120 yr, which exceeds the
turnover time of the DOC pool and the water
flushing time of the dark ocean by 709% and
409, respectively; and (3) new evidences on
the dependence of CDOM quantity on water
mass ageing (AOU) and CDOM quality on the
nature of the mineralised organic matter
(OUR).
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Chromophoric signatures of long-lived microbial by-products in the dark ocean

Abstract

Microbial metabolism is largely responsible for the vast oceanic dissolved organic matter (DOM)
reservoir. Examination of the DOM absorption spectra from the dark ocean samples collected during
the Malaspina circumnavigation allowed us to identify two chromophores centered at 302 nm (UV) and
415 nm (Visible). We deconvolved the signal attributed to those chromophores from the exponential
decay curve characteristic of humic substances. The distribution of the UV chromophore was
ubiquitous in intermediate and deep waters of the global ocean and it is partially related to nitrate and
to a gadusol-like antioxidant compound. The Visible chromophore was more prominent at central and
intermediate depths of the North Pacific and it has been recently assigned to the enzyme cytochrome
c. Whilst both water mass age and ageing explain the global distribution of the UV chromophore, only
ageing dictates the Visible chromophore distribution. The turnover time of these chromophores was
~350 yr.

Introduction biogeochemistry studies [Nelson and Siegel,

Oceanic dissolved organic matter (DOM) 2013]. Light absorption by any organic

represents one of Earth’s largest reservoirs of functional group capable of absorbing light

reduced carbon, and most of it (> 95%) is in (chromophore) is characterized by its intensity

the form of recalcitrant DOM (RDOM), being and shape. Whilst the intensity results from the

resistant to microbial degradation [Hansell, molar absorption and concentration of the

2013]. Although the labile organic matter from chromophore, the shape of light absorption

photosynthesis is preferentially respired back (wavelength maxima and band width) depends

on the electronic transitions involved [Stedmon
and Nelson, 2015].

to CO» in the surface ocean, a minor fraction of

it is transformed into RDOM as a by-product of

the microbial metabolism thereby preserving Absorption spectra of natural waters
fixed carbon in the ocean [Ogawa et al., 2001; provide both quantitative and qualitative
Benner and Herndl, 2011, Lechtenfeld et al., information on CDOM in aquatic environments.
2015]. This process has been recently termed Absorption coefficients at specific wavelengths,
as microbial carbon pump (MCP) [Jiao et al., a,, are used as proxies of the concentration of
2010], having implications for the climate as it CDOM and a wide variety of spectral indices
could contribute to sequester atmospheric CO, and slopes have provided key information on
at centennial to millennial time scales. the origin and molecular structure of CDOM

A portion of the RDOM pool, known as [Helms et al., 2008; Twardowski et al., 2004].

chromophoric DOM (CDOM), absorbs UV and Most of the research efforts have focused on

visible light and has been widely used as an the characterization of the exponential decay

“optical marker” in ocean hydrography and of a, with increasing wavelength, traditionally
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associated with dissolved humic substances
[Bricaud et al.,, 1981]. Detailed inspection of
CDOM spectra has recently resulted in the
identification of specific chromophores,
particularly in open ocean waters [Réttgers and
Koch, 2012]. However, this approach is still
lacking in the literature. Here, we thoroughly
explore a collection of 740 CDOM spectra from
the dark global ocean (water depths > 200 m).
We identify distinct

centered at 302 £ 3 nm and 415 + 3 nm by

two chromophores,
statistically isolating the absorption coefficient
signal attributable to these chromophores from
the standard decreasing exponential curve due
to the pool of humic substances. Moreover, we
apply a water mass analysis that allow us to
quantify the occurrence of both chromophores
in the most abundant water masses of the dark
global ocean, to explain their occurrence on

basis of the ventilation time (ideal age) and the

cumulative microbial respiration (apparent
oxygen utilization, AOU) of those water
masses, and to obtain their global net

production rate and turnover time.

Materials and methods

The Malaspina 2010 circumnavigation
was conducted from December 2010 to July
2011 on board R/V Hesperides along the
Atlantic, Indian and Pacific oceans, spanning
latitudes from 34°N to 40°S. During the cruise,
147 hydrographic stations were occupied (Fig.
2.1 in Chapter II).

The water column was sampled from the
surface to 4000 m depth with a 24-10 L Niskin
bottles

temperature-depth

rosette.  Continuous conductivity-

and dissolved oxygen

profiles were recorded with a Seabird 911+
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CTD probe equipped with a redundant
temperature  and salinity  sensor  for
intercomparison and a polarographic

membrane oxygen sensor Seabird SBE-43.

Temperature and pressure sensors were
calibrated at the SeaBird laboratory before the
circumnavigation. On board salinity calibration
was carried out with a Guildline AUTOSAL
model 8410B salinometer with a precision
better than 0.002 for single samples and the
potentiometric end-point Winkler method for
the calibration of the oxygen sensor. Oxygen
saturation was calculated from practical
salinity and potential temperature with the

equation of Benson and Krause [Benson and

Krauss, 1984]. Apparent oxygen utilization
(AOU) was calculated as the difference
between the saturation and measured

dissolved oxygen concentrations.
CDOM absorption coefficient spectra

At each station, samples for the
determination of the absorption spectra of
CDOM were taken from 8 discrete depths
between 200 and 4000 m depth, poured
directly from the Niskin bottle into acid
cleaned 250 mL glass flasks and immediately
stored in dark until analysis on board within a
few hours after collection. Samples were not
light

pigments and detrital particles contribute only

filtered because absorption due to
to a minor fraction of the open ocean CDOM
1998; 2007],

particularly at meso- and bathypelagic depths.

absorption [Nelson et al,

The UV-visible absorbance of CDOM was
determined from 250 to 750 nm at 1 nm
intervals in 10-cm path length quartz cuvettes
in a double beam Perkin Elmer lambda 850
spectrophotometer and a blank was measured

every 5 samples to detect and correct (linearly)



any instrument drift. The estimated detection
limit of this spectrophotometer for quantifying
CDOM absorption is 0.001 absorbance units or
0.02 m™. The absorbance was converted into
Neperian absorption coefficient (m™) using the
equation [Green and Blough, 19941:

[Abs()\) - Ab5(600—750)]
1 (1)

a, = 2.303

where Absg, is the absorbance at a given
wavelength (nm), Abseeo-750) is the average
absorbance between 600 and 750 nm, / is the
path length of the cuvette (0.1 m) and 2.303 is
the factor that converts from decadic to
natural logarithms. During the measurements,
we first checked that the differences between
sample and baseline absorbance at long
wavelengths (> 600 nm) maintained < 0.0005
absorbance units. In the case that difference
was > 0.0005 absorbance units, we renewed
the water in the sample cuvette and repeated
the measurement. In most cases, we got a final
difference < 0.0005 absorbance units. To
correct this generally minor effect of light
scattering by particles and microbubbles we
applied a wavelength-independent correction
[Green and Blough, 1994] by subtracting the
mean absorbance from 600 to 750 nm from all

spectral absorbance values.
Chromophore identification analysis

To locate and quantify the

302 nm (UV

chromophore) and 415 nm (VIS chromophore)

chromophores centered at
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(Fig. 2.1), we developed a Matlab toolbox
(Appendix IlI) to obtain the parameters that
best fit (least squares sense) the following
equation [Réttgers and Koch, 2012; Breves et
al., 2003]:

1 —A-2)?

e 202
oV2m

ay = bye b20-20) 4 p, +b, (2)

The equation was fitted within different
wavelength ranges for each chromophore. The
first and third terms of the equation models
the typical exponential decay of any CDOM
spectrum with increasing wavelength. It

consists of a pre-exponential term (b;y), an

exponential slope (by), and an absorption
parameter to correct for offsets in the
absorption at longer wavelength (bg). The

second term is a Gaussian function to model
the absorption spectra of the UV or VIS
chromophore, with bz being the height at the
reference wavelength A, of the chromophore
and o the width of the Gaussian function,
respectively. The absorption coefficient of the

UV or VIS chromophore at their respective A,

. 1
(ach.uv Or acnvis) is calculated as bs = b,

by, bz, bs, A and o are optimized with the
Matlab toolbox. Equation (2) was applied to
the wavelength range from 250 to 400 nm to
obtain the parameters of the UV chromophore
and from 350 to 600 nm to obtain the

parameters of the VIS chromophore.
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Fig. 2.1. Absorption coefficient spectra of (a) chromophoric dissolved organic matter (CDOM) of the samples

collected at station 114 in the North Pacific from the dark ocean and (b) deconvolution of a CDOM absorption

coefficient spectrum (dark blue line) into the signal due to the dissolved humic substances plus the residual

absorption (brown line), the UV chromophore (green line) and the VIS chromophore (pink line).

Ideal water ages

They were estimated by interpolating the
gridded mean ages obtained by Khatiwala et al.
[2009; 2012] to our sample time, locations
and depths. These ages represent the time
elapsed from the instant that each water

with  the

atmosphere. For more details Chapter I.

samples was last in contact
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Water mass analysis

The water mass analysis applied was the
same as for CDOM (see methods of chapter ).
The WT and samples arquetypal values of both
achuv and acnyis were calculated following the
Eqg. 7 and 8 from chapter | (Fig. 2.2).
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Fig. 2.2. Relationship between (a) the absorption coefficient of the UV chromophore (achuv, x 10 m™) with
apparent oxygen utilization (AOU, umol kg™) and (b) the absorption coefficient of the Visible chromophore (ach.vis, x

107 m™) with apparent oxygen utilization (AOU, umol kg™!). The measured concentrations (grey dots), archetypal

concentrations for each water type (white dots) with their standard deviations of the estimates (SDN;), and

archetypal concentrations for each sample (black dots) are presented.
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Table 2.1. Characteristics of the water types (WT) intercepted during the circumnavigation.

EDW 0.7% 264 +20 46 +8 11+4 4+£2 79+1.5 6+7 7+1 298+ 5 4125 17716 282+14

ENACW,, 32%  641+40 114+7 103+9 1.1+£02 226+1.6  8+3 7x1 30043 41843 221413 268+13

ENACW;s  1.8%  327+25 63+8 2847 23409 119+1.6  6+4 7x1 29743 413+3 195515 27.7+13

13BqAtl  1.6%  427+37 61+7 134418 05+0.1 167419  8+3 941 30344 41243 207+12 254420

SACW,,  22%  303+26 110£16  104+16 1.1+03 193428 19+6 10£1  297+2  416+3 243+14 245+16

SACW 5 1.4% 211+ 11 38+ 12 21+9 2+1 69+22 4+4 10£2 300+ 3 413+3  24.1+1.6 266+1.8

Central STMW,  09%  259+35 26+3 14£17 242 176411 01 9+2  304+3  418+4 255+22 254427
(200 -500:m) ICWy; 4.5% 395+ 28 32+2 51+12 0.6+0.2 6.1+14 1+1 8+1 305+2 414+3  225+1.0 254+12
STMWs,  02% 269 +26 49411 58+ 54 09+1.0 13+0.8 13 9+£2  305+10 4064 208+23 239462

SPCWy  0.5%  277+84 70+15 44421 241 10508 22+11 7x1 309+7 41247  195+3.1 224+4.1

13BqPac ~ 5.7% 48335 231+10  433+34  0.53+0.07  S5.0+12 40«4  21+1 30242 41741 269408 27.0+0.8

CMWy  3.5%  253%13 234+10  259+16 0904009  199+1.1 2746  22+1  298+2 41541 237413 287406

STMWyp  02% 207 +36 11+6 14139 08403 184413  10+4 1242 307+14 4126 168420 287+29

MW 02%  1276+354 84+9 13342 0.6+03 95+1.6  8%9 6+3  303+11 419410 19.1+44 264+45

SAMW  8.0%  719+42 2+6 214426 0334007  23.1+£09 1143 8+1 304+1 41243 232408 25109

(Slggefries‘ggt;) AAIWs,  45%  1317+108  134+5 499450  027+004  268+14 31+4 9+1 3041  415+4 272410 266=+1.1
AAIWs,  2.9% 677436 12848  228+13  0.56+0.07  293+14 245 10£1  303+3 4142 240+14 279410

NPIW 59%  671+65 25546 571439 0454004  225+08  46+4  22+1 30041 418+1 277407 284406

CDW  27.0% 241276 18344  821+22  022+001  267+£04 47+2 11 302+0 4161 284+03 274404

Abyssal NADW,, 12.9% 3279 +66 88+2 467+13 0194001  247+06 2442 7£0 29941  418+2 219407 251407
(G1500m) NADW,,  7.6%  1582+99 103+4  277+13  037+003  261+09 22+3 711 300£2 4182 232+08 255+08
AABW  44% 3780+ 64 14946 745447  020+002  28.1+1.1 39+4 941 30241 41544 284407 268+1.0
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Results and Discussion
Water masses distribution

The water types (WT) intercepted during

the circumnavigation classified into
central (200-500 m), intermediate (500-1500

m) and abyssal (>1500 m) waters according to

were

their depth range, representing 26%, 22% and
529% of the total sampled volume, respectively
(Table 2.1; Fig. 2.3a). Central waters originate
at temperate latitudes and are restricted to the
oceanic area where they are formed. The most
abundant central WT was the 13°C water of the
Equatorial Pacific (13EgPac) with around 6%
of the total

sampled volume.

their

Regarding
intermediate waters, sources are at
subpolar latitudes, except for the case of the
Mediterranean water (MW), which spills out
from the Strait of Gibraltar with elevated

salinity and spreads at about 1000 m in the

North Atlantic. The most  abundant
intermediate water sampled during the
circumnavigation was the Antarctic

Intermediate water (AAIW), which represented
7.4% of the total sampled volume. Finally,
abyssal waters are formed at polar latitudes,
either in the Northern North Atlantic or the
Both intermediate and

Southern Ocean.

abyssal waters occupy extensive oceanic
regions, being unrestricted to a determined
ocean basin. The Circumpolar Deep water
(CDW) and the North Atlantic Deep water
(NADW) the WT,

representing 27% of the total

most abundant
and 20%

sampled volume, respectively. CDW originates

are

in the Antarctic Circumpolar Current and

NADW in the Northern North Atlantic.
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DOM chromophores: the UV chromophore and

Visible chromophore

A careful examination of the absorption
coefficient spectra of the samples revealed a
consistent and recurrent presence of two
discrete absorption chromophores (Fig. 2.1a)
The first chromophore is centered at 302 + 3
nm occupying a wavelength band of 26 + 6
nm, and had not been described ever in the
dark global ocean. The absorption coefficient
of this UV chromophore, ach.uy, ranged from O
to 131 x 102 m™!, with maximum values in the
intermediate and deep waters of the Pacific
Ocean (Fig. 2.3b).

chromophore

The second ubiquitous
presented a maximum
absorption at 415 + 3 nm and a wavelength
band of 27 £+ 6 nm. Maximum values of the
absorption coefficient of this chromophore, ach.
vis, were found at intermediate depths of the
North Pacific reaching up to 38 x 103 m! (Fig.

2.3¢).

The highest ach.uyi values for the UV
chromophore were 47 + 2 x 102 m™ for the
CDW, 46 + 4 x 103 m™ for the North Pacific
Intermediate water (NPIW), 40 + 4 x 1073 m™
for the 13EqPac, and 39 + 4 x 103 m™! for the
Antarctic Bottom water (AABW) (Table 2.1.,
orange and green dots in Fig. 2.4.a, b, c).
Note that these are the less ventilated water

the
their

masses intercepted during

circumnavigation (as shown from
estimated ideal ages, t) and exhibit the largest
cumulative microbial respiration (as follows
from their apparent oxygen utilization, AOU)
(Table 2.1.). The lowest values were observed
in the central waters of the three ocean basins
(Fig. 2.3b). The water masses with minimum
ach.uvi values were the subtropical mode waters

of the Indian (STMW,, 1 + 1 x 103 m™) and



South Pacific oceans (STMWsp, 1 £ 3 x 103 m-
1y and the Indian Central Water of 13°C (ICW3,

1+1x103m™), which in turn are the most

ventilated water masses intercepted during the

circumnavigation (Table 2.1).

1.EDW (0.7%)
2.ENACW (5.0%)
3. 13EqAtl (1.6%)
4.SACW (3.6%)
5.STMW, (0.9%)
6.1CW,, (4.5%)
7.SPCW,,, (0.5%)
8.13EqPac (5.7%)
9.CMW,,, (3.5%)

12. NPIW (5.9%)
13.CDW (27.0%)
14. NADW (20.5%)

Ocean Data View
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Fig. 2.3. Distribution of (a) the most abundant fifteen WT domains intercepted during the Malaspina 2010

circumnavigation; (b) absorption coefficients of the UV chromophore (ach.uv, x 10-3 m™), n= 740; and (c) absorption

coefficients of the Visible chromophore (achvis, x 10~ m™), n = 713. Note that the depth scale starts at 200 m.

Green and orange dots are water
masses with distinctive characteristics (see the
text for clarification). Equations for (a), (b), (d)
and (e) are shown in Table 2.2. The dashed
grey in (c)

absorption coefficient due to nitrate on basis of

line represents the expected

its molar absorption coefficient (7.14 Mt cm™!

[Jankowski et al., 1999]).
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Consequently, highly significant (p <
0.001) positive simple linear regressions were
obtained for ach.yvi with archetypal AOU (AOU)),
and with archetypal ideal age (v (Fig. 2.4a, b;
Table 2.2). Moreover, the distribution of ach.uvi
was modelled better by a multiple linear
regression with t and AOU; (R®> = 0.91, p <

0.001):



Achyvi = € T;j+d - AOU; 3)

where ¢ and d are the regression coefficients
reported in Table 2.2 (¢ = 3.5+ 0.6 x 10° m™}
yrt, d=10 %2 x 10° m™ umol™ kg). Age (1)
the primary (normalized
coefficient, 0.57 + 0.01) and ageing (AOU)) the
secondary (normalized regression coefficient,
0.46 + 0.01) explanatory variable (Table 2.2).

By deriving equation (3) with respect to T;, we

was regression

calculated the net production (NP) of ach.yy for

each water mass as follows:

dach_uvi 4A0U,
NPaCh,UVi = 6—11 =c+d- P -
i i
= c+d-OUR, )

This derivate highlights the positive
dependence of the net production of ach.uvi
(NPach.uvi) with the oxygen utilization rate
(OUR; = AOUi/7;). A higher OUR; is indicative of
a higher respiration rate related to a larger
amount of organic substrate available for
microbial utilization or higher temperatures in
2004;

Mazuecos et al., 2015]. Substituting the water

a given water mass [Brown et al.,

mass proportion weighted average OUR of the
global dark ocean in Eq. 4, 0.5 + 0.1 ymol kg™
yr! (= ¥,%VOL, - OUR;/100), we obtained a global
average net production rate of ach.yyi of 8.6 =
1.1 x10> m™ yrl. Finally, dividing the water
mass proportion weighted-average ach.uyi of the
dark x10®%  m
(=X VOL;X acy_yyi/100), by the NPachyyi yields a
time of 345 + 80 yr for this

This turnover

ocean, 30 + 3

turnover

chromophore. time is not
significantly different from the water mass
weighted average ideal age of our samples,
454 + 22 yr, but significantly shorter (p <
0.05) than the turnover time of the total humic
fraction of CDOM, 634 = 120 yr, as calculated

from the absorption coefficient at 325 nm
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(aszs) (Chapter | of this PhD thesis) Therefore,
the recalcitrant nature of the UV chromophore
dictates its accumulation over time, but its net
production depends on the microbial
respiration rate characteristic of each water
mass, i.e. for two water masses that were last
in contact with the atmosphere at the same
time, the largest ach.uy is detected in the one

that underwent the highest OUR;.

The UV chromophore is partly due to the
absorption of nitrate in the UVB region of the
spectrum [Johnson and Coletti, 2002]. Nitrate
has two principal absorption bands, the first is
an intense m = m* band occurring in the far UV
at 201 nm, while the second is a weak
absorption band centred at 302 nm [Jankowski
et al., 1999], which coincides in position and
shape with the UV chromophore. In fact,
addition of sodium nitrate to seawater causes
an initial increase in the absorption coefficient
for wavelengths <330 nm associated with the
absorption properties of nitrate in the UVB

region [Swan et al., 2012]. However, an overall
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80



Table 2.2. Linear relationships of the archetypal apparent oxygen utilization (AOU) and ideal water age

(1) with the absorption coefficient maximum of the UV (ach.uy) and visible (acn.vis) chromophores of the

water masses intercepted during the Malaspina 2010 circumnavigation.

Ach-uvi — 22+0.3 XlO_4 AOU,
AOU (umol kg™)
R?=0.74%%* n=22

Ach-uvi— 62+0.7 XIO_S Ti

T(y)
R®=0.74%%* n =22

AOU (umol kgh) T

) R¥=0.91%** n=22
8.6+1.1x10°m'y"!

Production rate

Turnover time 345+80y

achovi=10£2x10°AOU; + 3.5+ 0.6 x10° 1;

achvisi= 1.4 £ 0.2 x10* AOU;

R*=0.95%** n=>5

Ach-visi — 8+4 XlO_éTi +8+1 x10'3

R*=0.17 (ns), n =22

31+04x10°m! y!

356+74y

Notation: *** p <0.001; *, p <0.05; ns, non significant

For AOU vs acy.yis, the regression is applied to water types with AOU > 150 pmol kg™

lack of correlation between the concentration
of nitrate and the absorption coefficient of
CDOM at 300 nm has been reported in the
global ocean [Nelson et al., 2007; Swan et al.,
2012]. Consistently, the relationship between
the archetypal concentration of nitrate (NOjg)
and the archetypal absorption coefficient of
CDOM at 302 nm (azpp) for the water masses
intercepted during the circumnavigation was
not significant (R? = 0.11, p > 0.13; data not
shown). However, it is noticeable that the

linear relationship of NOs; with achuy is
significant (R? = 0.41, p< 0.001; black line in
Fig. 2.4c), that the

correlation between NOs and asgp is simply due

indicating lack of
to the fact that humic substances are causing
most of the variability of the absorption
coefficient of CDOM at that specific wavelength.
Furthermore, for most of the water masses,

ach.uvi is higher than expected from the molar
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absorption coefficient of nitrate (7.14 M~ cm™)
[Jankowski et al., 1999] (see the dashed grey
line in Fig. 2.4c), denoting that nitrate is not
the only responsible for the absorption of the
UV chromophore. Based on the positive
multiple relationship of ach.uy; with t; and AOU;
and, therefore, of the production of ach.yyi with
OUR;, we hypothesize that ach.yy may primarily
be due to the absorption of a colored
antioxidant species of the gadusols group.
Gadusols are

mycosporine-like precursors

synthesized by bacteria, cyanobacteria,
phytoplankton, macroalgae, plants and fungi
with the absorption maximum at 294 nm at
physiological pH [Shick and Dunlap, 2002].
Besides its most spread function as an UV
sunscreen compound [Shick and Dunlap, 2002;
Rozema et al., 2002; Oren and Gunde-Cimerman,
2007],

family of

evidence is accumulating that this

molecules may serve also as



antioxidants scavenging harmful reactive
oxygen species produced during the aerobic
respiration (e.g. singlet oxygen, superoxide
anions,
[Oren

Bandaranayake and Des Rocher, 1999].

hydroperoxyl and hydroxyl radicals)

and Gunde-Cimerman, 2007;

Regarding the Visible chromophore, it
has been previously found in subsurface waters
of the eastern Atlantic Ocean, the West Pacific
and the Santa Barbara Channel [Réttgers and
Koch, 2012] and the Arabian Sea [Breves et al.,
2003].
the deep chlorophyll

It was more pronounced in and below
maximum (DCM) and
extended into the oxygen minimum
[Réttgers and Koch, 2012; Breves et al., 2003].

Here,

layer

we provide further evidence of the
presence of this chromophore in the dark
global ocean. Maximum archetypal achvis
values were observed in the poorly ventilated
NPIW, North Pacific Central
(CMWpp) and 13EgPac, with values around 22

+ 1 x 103 m™ (Table 2.1, green dots in Fig.

Mode water

2.4d). The lowest values were recorded in the
central, intermediate and deep waters of the
North Atlantic, ranging from 6 to 8 x 103 m™}
(Table 2.1, blue dots in Fig. 2.4d). The
scatterplot between ach.yvisiand AOU; (Fig. 2.4d)
indicates that for AOU; < 150 umol kg™!, ach.visi

-1 and for

remains constant at 7 £ 1 x 103 m
AOU; > 150 pmol kg a significant positive
linear relationship (R? = 0.95, p <0.001) was
observed between ach.yisi and AOU; (Fig. 2.4d,
Table 2.2). Conversely, we did not find a

significant relationship between achyisi and =

(Fig. 2.4e, Table 2.2), which means that
ageing, but not age, is the key factor
controlling  the accumulation of this

chromophore in the dark global ocean. As AOU;

was the only explanatory variable, the water
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mass weighted average net production rate of

achvis was 3.1 £ 0.4 x10° m™! yr! and was

obtained as:
_ ¢ VOL; (aami) ) (6AOUi) _
NPach-vis = X 100 \9A0U; oy
VOL; | (aawsi) )
Zi 100 AAOU; OUR;  (5)

As for the case of achuy, dividing this
number by the average concentration of ach.vis
(11.2 + 0.8 x 103 m™!) we obtained a turnover
time of 356 = 74 yr for this chromophore,
which is not significantly different from the

turnover time of ach.uv.

The respiratory enzyme cytochrome c
oxidase (CcO) has been suggested as a
plausible source for the absorption of the
Visible chromophore [Réttgers and Koch, 2012].
This enzyme presents an absorption maxima
around 410 to 415 nm and is one of the most
important components of cellular respiration,
which reduces molecular oxygen to water
coupled to the pumping of protons across the
bacterial membrane
201117
demonstrated absorption at 415 nm by bio-
1985; Bricaud and

Stramski, 1990] and by heterotrophs such as

mitochondrial or
[Yoshikawa et al., Previous studies

detritus [Kishino et al.,

bacteria, ciliates and flagellates [Morel and Ahn,
1990; Stramski and Kiefer, 1998]. Hence, it is
probable that a noteworthy source of this
chromophore originates from the particulate
fraction, either from bacteria or detrital
particles sinking down from the euphotic zone
[Réttgers and Koch, 2012]. Another enzyme as
the ribulose-1,5

(RuBisCO)

observed well-preserved at high concentrations

bisphosphate

carboxylase/oxydase has been
in intermediate and deep waters of the North
2012]

suggesting a very effective export from surface

Pacific Ocean [Orellana and Hansell,



waters. Likewise, the stable achvisi values
around 7 £ 1 x 102 m™ for water masses with
AOU; < 150 pymol kg may be CoC remnants
produced by phytoplankton during respiration
and accumulated in the surface layer due to
their slow degradation rates until water mass

formation during winter mixing.

Conclusions

In this study, we have identified two
chromophores related to microbial respiration.
We propose nitrate as certain and gadusols as
likely generators of the UV chromophore.
Gadusols are active secondary metabolite
synthesized to counteract the harmful oxygen
reactive species during microbial respiration.
Both water mass age and ageing contribute
significantly to explain the global distribution
of acnuy, reflecting that its synthesis s
enhanced with the respiration rate and its
recalcitrant nature let its accumulation over
time. We assigned the Visible chromophore to
CcO, which is considered a residue released
after cell ruptures. The fact that only ageing
contributed to explain the global distribution of
ach.vis reflects that this chromophore is more
dependent on the cumulative respiration than
on the time that the water mass has not been
in contact with the atmosphere. In summary,
we suggest that the UV chromophore could be
a proxy of oxidative stress, whereas the Visible
chromophore can be a feasible proxy of long-

term respiration processes in the dark ocean.
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Abstract

Marine dissolved organic matter (DOM) is one of the largest reservoirs of reduced carbon on
Earth. In the dark ocean (> 200 m), most of this carbon is refractory DOM (RDOM). This RDOM, largely
produced by microbial mineralization of organic matter, includes humic-like substances generated in
situ and detectable by fluorescence spectroscopy. Here we show two ubiquitous humic-like
fluorophores with turnover times of 529 + 49 and 742 + 67 yr, which persist significantly longer than
the ca. 350 yr that the dark global ocean takes to renew. In parallel, decay of a tyrosine-like
fluorophore with a turnover time of 461 + 125 yr is also detected. We propose using DOM
fluorescence to study the cycling of resistant DOM that is preserved at centennial time scales and
could represent a mechanism of carbon sequestration (humic-like fraction); and decaying DOM

injected in the dark global ocean, where it decreases at centennial time scales (tyrosine-like fraction).

Introduction sequestration is crucial under present and

The biological pump has long been future CO, emission scenarios.

recognized as a mechanism to remove CO, Some components of the marine RDOM
from the atmosphere, through photosynthesis pool absorb light and a fraction of them also
and export of particulate and dissolved organic emit fluorescence (fluorescent dissolved
matter to the dark ocean [Ducklow et al., 2001]. organic matter, FDOM) [Yamashita and Tanoue,
More recently, the transformation of 2008; Jorgensen et al., 2011]. These optical
biologically labile organic matter into properties are used as tracers for circulation
refractory (long lifetime in the dark ocean) and biogeochemical processes in the dark
compounds by prokaryotic activity has been ocean [Nelson and Siegel, 2007].

termed the “microbial carbon pump’ and may Here, we obtained the distribution of

constitute also an effective mechanism to FDOM in the ocean interior by measuring
accumulate reduced carbon in the dark ocean
[Hansell, 2013; Ogawa et al., 2001]. Given the
large pool of RDOM in the oceans (ca. 656 Pg
C) [Hansell, 2013], wunderstanding its

generation, transformation and role in carbon

fluorescence intensities scanned over a range
of excitation/emission wavelengths during the
Spanish Malaspina 2010 circumnavigation of
the globe (Fig. 1.1 in Chapter 1). Discrete

fluorescent fractions can be discriminated
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from the measured spectra by applying
Parallel Factor Analysis [Stedmon and Biro,
2008]. Four fluorescent components were
isolated from the whole dataset and appear to
be ubiquitous and common in the dark global
ocean [Yamashita and Tanoue, 2008; Jorgensen
et al., 2011]. Two components (C1, C2) had a
broad excitation and emission spectra, with
excitation and emission maxima in the UVA
and visible region, respectively. These are
traditionally  referred to as humic-like
components, which accumulate and have
turnover times of 529 + 49 and 742 + 67 yr,
respectively. These turnover times are longer
than the ca. 350 yr that the dark (>200 m)
global ocean takes to renew [Laruelle et al.,
2009]. The two other components (C3, C4) had
narrower spectra with excitation and emission
maxima below 350 nm and are similar to the
spectra of  tryptophan and tyrosine,
respectively [Coble, 1996]. The dark global
ocean appears to be a sink for fluorescent
tyrosine-like (C4) component and has a
turnover time of 461 + 125 yr that is
comparable to turnover time of DOC pool
(estimated in 370 yr [Hansell et al., 2009].
Thus, we propose that the fluorescent fractions
of DOM are suitable proxies for determining
the cycling of the RDOM that produces (humic-
like) and decays (tyrosine-like) in the dark

ocean at centennial time scales.

Methods
Sample collection

A total of 147 stations were sampled
from 40°S to 34°N in the Atlantic, Indian and
Pacific Oceans (Malaspina Expedition,
December 2010 to July 2011). Vertical profiles

of salinity (S), potential temperature (0) and
dissolved oxygen (O, umol kg™) were recorded
continuously with the conductivity—
temperature-depth (CTD) and oxygen sensors
installed in the rosette sampler. Salinity and
dissolved oxygen were calibrated against bottle
samples determined with an on board
salinometer and the Winkler method,
respectively. The apparent oxygen utilization
(AOU) was calculated as the difference
between the saturation and measured
dissolved oxygen. Oxygen saturation was
calculated from salinity and potential
temperatura [Benson and Krauss, 1984]. Bottle
depths were chosen on basis of the CTD-O,
profiles to cover as much water masses as
possible of the dark global ocean. Seawater
samples for fluorescence measurements,
collected in 12 L Niskin bottles, were
immediately poured into glass bottles and
stored in dark conditions until measurement
before 6 hours from collection. We collected
800 water samples from 200 m to 4000 m
depth.

Fluorescence spectral acquisition

When the chromophoric fraction of
marine dissolved organic matter (CDOM) is
irradiated with ultraviolet light, it emits a
fluorescence signal characteristic of both
amino acid- and humic-like compounds, which
is collectively termed fluorescent DOM (FDOM)
[Coble, 1996]. Fluorescence Excitation-
Emission matrices (EEMs) were collected with a
JY-Horiba Spex Fluoromax-4 spectrofluorometer
at room temperature (around 20°C) using 5 nm
excitation and emission slit widths, an
integration time of 0.25 s, an excitation range
of 240-450 nm at 10 nm increments, and an

emission range of 300-560 nm at 2 nm



increments. To correct for lamp spectral
properties and to compare results with those
reported in other studies, spectra were collected
(S:R) with

excitation

in  signal-to-reference mode

instrument-specific and emission
corrections applied during collection, and EEMs
were normalized to the Raman area. In our
case, the Raman area (RA) and its baseline
correction were performed with the emission
scan at 350 nm of the Milli-Q water blanks and
the area was calculated following the
trapezoidal rule of integration [Stubbins et al.,

2014].

Furthermore, to track that the variability
of the instrument during the 147 working days
of the expedition affected similarly to the
Raman, amino acid- and humic-like regions of
the spectrum, the following three standards
(1) a block

(Stranna) that fluoresces in the amino acid

were run daily: P-terphenyl
region, between 310 nm and 600 nm exciting
at 295 nm; (2) a Tetraphenyl butadiene block
(Stranna) that fluoresces in the humic region,
between 365 nm and 600 nm exciting at 348
nm; and (3) a sealed Milli-Q cuvette (Perkin
Elmer) scanned between 365 nm and 450 nm
exciting at 350 nm. Fig. 3.1a shows that the
temporal evolution of the Raman area of the
Milli-Q water used on board and the reference
butadiene

which

P-terphenyl and  Tetraphenyl

reference materials were parallel,

confirms that the Raman normalization was
successful in both the amino acid- and the
humic-like region of the EEMs. Therefore, no
corrections needed. The

extra were

87

comparison between the reference sealed Milli-
Q (sMQ) and the daily Milli-Q water allowed us
to demonstrate that the Milli-Q water used on
board was of a good quality (Fig.3.1b). The
average coefficient of variation (CV) between
the sMQ and Milli-Q water throughout the
circumnavigation was only 0.81%. Similarly,
two scans of the reference sealed Milli-Q were
measured at the beginning (sMQ;) and at the
end (sMQ,) of each session, which reveals a
slight shift of the fluorescence intensities along
each working day (Fig.3.1c). The initial and
final sMQ spectra where separated about 10
hours  of  continuous  work of the
spectrofluorometer. We found that the average

coefficient of variation (CV) between sMQ; and

sMQ, was 1.62%. Therefore, the daily
instrument shift was low and about twice the
long-term variability throughout the

circumnavigation.

Inner-filter correction was not applied due
to the low absorption coefficient of CDOM of the
samples collected during the circumnavigation:
1.01 + 0.04 m™ (average + standard deviation)
at 250 nm, i.e. much lower than the threshold of
10 m™ above which this correction is required
[Stedmon and Bro, 2008]. Raman-normalized
Milli-Q blanks were subtracted to remove the
Raman scattering signal [Murphy et al., 2010;
2003].
blank

Stedmon et al., Raman area

normalization, subtraction, and
generation of EEMs were performed using

MATLAB (version R2008a).
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Fig. 3.1. Testing the reliability of the fluorescence measurements during the Malaspina 2010 circumnavigation.
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Global PARAFAC modelling

Parallel factor analysis (PARAFAC) was
used to identify the fluorescent components
that comprise the EEMs in the global ocean.
PARAFAC was performed using the DOMFluor
1_7 Toolbox8. Prior to the analysis, Rayleigh
scatter bands (first order at each wavelength
pair where Ex = Em + bandwidth; second order
at each wavelength pair where Em = 2 * Ex *
(2 * bandwidth)) were trimmed. The global
PARAFAC model was derived based on 1574
corrected EEMs and was validated using split-
half validation and random initialization. A
four-component model was obtained (Fig. 3.2),
two of them of humic-like nature, Peak A/C (at
Ex/Em <270-370/470 nm) and Peak M (at
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Ex/Em 320/400 nm) and two of amino acid-
like nature,
tyrosine at 290/340 nm and 270/310 nm
[Stedmon and Bro, 2008], respectively. Here we

attributed to tryptophan and

report the maximum fluorescence (Fmax) in
Raman units (RU) [Stubbinset al., 2014; Benson
and Krauss, 1984].

Multi-parameter water mass analysis

For the case of fluorescence
measurements (Fmaxl, Fmax2, Fmax3,
Fmax4), the multi-parameter water mass

analysis was applied to the 800 samples from
the dark ocean (6 <18°C, AOU >0). For more
details of the calculations and the water
masses see the methods section of chapter 1

and Appendix Il.
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Results
Water masses across the circumnavigation

The water mass composition of each
water sample was described through the
mixing of prescribed water types (WT) with a
multi-parameter analysis (see the methods
section of Chapter |). We identified 22 WT (see
Table 3.1) with 12 of them representing 90%
of the total volume of water samples collected
during the global cruise (Fig. 3.3). Circumpolar
Deep Water (CDW) was widely distributed in
the Indian and Pacific Oceans accounting for
up to 25.6 % of the total volume sampled.
North Atlantic Deep Water of 2.0°C (NADW,)
and 4.6°C (NADW,¢) accounted 21.4 9% of the
total volume and mostly located in the Atlantic
basin; Antarctic Intermediate Water of 3.1°C
(AAIW3;) and 5.0°C (AAIWs5p) accounted for

AUSTRALIAN SOUTH
PACIFIC

7.6% of the total volume and spread out
through the South Atlantic and Indian basins;
North Water

accounted for 5.7 9% of the total volume

and Pacific  Intermediate

sampled.
Global distribution of fluorescent components

The maximum fluorescence intensity
(Fmax) of the two humic-like components (C1
and C2) obtained during the Malaspina
circumnavigation showed a global distribution
similar to the apparent oxygen utilization
(AOU) (Fig. 3.4a, b, c), reaching their maxima
in the Eastern North Pacific central and
intermediate waters and their minima in the
Indian Ocean central waters. In contrast, this
global trend with AOU was not evident for the
two amino acid-like components (C3 and C4)

(Fig. 3.4d, e).
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Fig. 3.3. Proportions of the main water types intercepted during Malaspina 2010. The percentages represent the

proportion of the total volume of water sampled during the cruise that corresponds to each water type (WT). Here,

the 12 most abundant WT are presented. Note that the depth range starts at 200 m. For more details see Table

3.1.
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a. AOU
(umol kg™

b. Fmax1
(Raman units)

c. Fmax2
(Raman units)

d. Fmax3
(Raman units)

e. Fmax4
(Raman units)

excitation-emission maxima of the four components (b) Fmax1, (c¢) Fmax2, (d) Fmax3 and (e) Fmax4 discriminated
by the PARAFAC analysis in the global ocean data set of the Malaspina 2010 Expedition are plotted. Note that the

depth range starts at 200 m. See methods and Fig. 3.2. for a detailed description of the four fluorescence

components.
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Table 3.1.Characteristics of the water types (WT) intercepted during the circunnavigation.

Eighteen Degrees Water EDW 0.7 264 + 20 46+8 8.2+0.6 6.9+0.7 6.0+1.4 6.4+1.9
Eastern North Atlantic Central Water (12°C) ENACW,, 3.7 641 +£40 114+7 11.6+£0.2 9.3+0.1 53+0.6 5.0+£0.5
Eastern North Atlantic Central Water (15°C) ENACW;;s 1.8 327425 63+8 9.1+0.4 8.0+0.4 58+0.9 6.6+0.9
Equatorial Atlantic Central Water (13°C) 13EqAtl 1.6 427 £37 617 74+0.3 6.9+0.3 49+0.8 6.8+£0.9
South Atlantic Central Water (12°C) SACW,, 2.6 303 +£26 110+ 16 9.3+0.6 84+0.5 59+0.8 7.8+0.7
South Atlantic Central Water (18°C) SACW 5 1.5 211+11 38+12 6.6+0.5 6.6+0.6 57+1.2 83+0.9
Indian Subtropical Mode Water STMW; 0.8 259 £ 35 26+3 54+02 57+02 35+04 73+0.8
Indian Central Water (13°C) ICW; 4.3 395+28 3242 55+0.1 54+0.1 32+0.2 5.8+0.4
South Pacific Subtropical Mode Water STMWsp 0.2 277 £ 84 49+ 11 6.2+0.4 6.2+0.3 2.8+0.1 6.0=+1.1
South Pacific Central Water (20°C) SPCW,, 0.5 269 + 26 70+ 15 6.5+0.5 7.8+0.5 2.9+0.3 53+0.8
Equatorial Pacific Central Water (13°C) 13EqPac 5.7 483 £35 23110 145+0.6 10.8 +£0.3 45+0.3 48+0.4
North Pacific Central Mode Water (12°C) CMWyp 33 253 +13 234+ 10 14.1+£ 0.5 12.0+£0.2 53+03 59+0.5
North Pacific Subtropical Mode Water (16°C) STMWyp 0.2 207 £ 36 111+6 9.0+0.4 11.8+1.7 63+1.6 6.8+0.1
Mediterranean Water MW 0.4 1276 + 354 84+9 11.8+0.8 9.4+0.3 45+09 43+15
Sub-Antarctic Mode Water SAMW 7.9 719 £42 7246 6.9+0.3 59+0.2 2.7+0.1 44402
Antarctic Intermediate Water (3.1°C) AAIW;, 4.4 1317+ 108 134+5 10.5+0.4 7.8+0.2 3.1+£0.3 38+0.4
Antarctic Intermediate Water (5.0°C) AAIW;s, 32 677+ 36 128+ 8 10.1+£0.4 8.1+0.3 52+0.8 6.1+0.6
North Pacific Intermediate Water NPIW 5.7 671 + 65 255+6 164+0.4 114+0.2 43+0.2 4.0+£0.3
Circumpolar Deep Water CDW, 4 25.6 2412+ 76 183+4 14.6+0.2 9.9+0.1 3.6+0.1 34+0.2
North Atlantic Deep Water (2°C) NADW,, 13.6 3279 + 66 88+2 13.3+£0.1 10.1£0.1 62+0.4 6.1+0.4
North Atlantic Deep Water (4.6°C) NADW,; 7.8 1582 +£99 103+ 4 125+0.2 9.6+0.2 6.2+0.5 6.3+0.4
Antarctic Bottom Water AABW 4.4 3780 + 64 149+ 6 13.4+0.2 9.6+0.1 3.7+£0.3 39+04

R? N, vs<N;>) 0.81 0.77 0.75 0.24 0.26

SD err of the estimate 34 1.8 1.0 2.4 2.6

Analytical error 1.0 0.09 0.06 0.11 0.17

%VOLi is the contribution of WT i to the total volume of water collected along the Malaspina cruise, Zi is the arquetypal depth, Fmax1i, Fmax2i, Fmax3i and Fmax4i are the archetypal fluorescent
intensities of components 1, 2, 3 and 4. Determination coefficient (R?), standard deviation of the estimate (SD err).
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Relationships between the archetypal AOU

and fluorophores

Combining the outputs from the water
mass, AOU and fluorescence analyses, we
calculated WT proportion-weighted average
values, hereafter referred to as archetypal, for
the AOU and the fluorescence intensities of the
4 components (see Methods of Chapter I).
Archetypal values retain the variability
associated with the initial concentrations at the
site where each WT is defined and its
transformation by basin-scale mineralization
processes up to the study site [Alvarez-Salgado
et al, 2013].
explained 81%, 77%, 75%, 24%, and 26% of
the total variability of AOU, C1, C2, C3, and C4
during the

(Table 3.1).

Archetypal concentrations

circumnavigation, respectively

In the Fig. 3.5. we show the measured
maximum fluorescence intensity (grey dots),
archetypal values for each water type (white
dots) and archetypal values for each sample
(black dots) for the components C1 (a), C2 (b),
C3 (¢) and C4 (d). We obtained direct
relationships between the archetypal humic-
like components (C1 and C2) and AOU; (Fig.
3.5a, b) suggesting a net production of these
components in parallel with the water mass
ageing. The high
fluorescence of C1 (blue dots in Fig. 3.5a) for
North Atlantic Deep water (NADW) is related to
the high

materials transported by the Arctic [Jorgensen

relatively archetypal

load of terrestrial fluorescent
et al., 2011] whereas the cause of the high
value for the Mediterranean water (MW) is due
to the low proportion of this water mass (9 +
149%) in the samples that contained MW during
the circumnavigation, whereas the proportion

of NADW was 76 + 33% in the same samples.
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Therefore, it is expectable that the archetypal
concentration of C1 that our dataset produces
for the MW should be close to the NADW
archetype. C2, the North
Subtropical Mode Water (STMWyp) (green dot
in Fig. 3.5b) also departed from the general
archetypal C2-AOU trend. Archetypal C1 and
C2 can be modelled with archetypal AOU
values using power functions (Fig. 3.5a, b).
Given that the high fluorescence of NADW and
MW in C1 and of STMWyp in C2 are not related

to ageing, these water masses were excluded

For Pacific

from their corresponding regression models. It
is noticeable that the power factor for C1 (0.51
+ 0.04) is almost twice than for C2 (0.31 *
0.04), indicating a higher C1 production rate
per unit of consumed oxygen. Furthermore, in
hypoxic waters (dissolved oxygen
concentrations < 60 umol kg™ [Naqvi et al.,
2010]; orange dots in Fig. 3.5a, b) C1 and C2
also behave differently; whereas C1 production
enhanced, Cc2 did

substantially.

was not change

In contrast, we do not observe a
significant relationship between the archetypal
values of the tryptophan-like fluorescence
component (C3) and AOU (R? = 0.001, n = 22,
p = 0.88; Fig. 3.5¢c). This lack of correlation is
caused by the low archetypal fluorescence (< 4
x 1073 RU) of the relatively young (AOU < 75
umol kg!) central waters of the Indian and
South Pacific oceans (ICWy3, STMW,, SAMW,
SPCWyo and STMWsp; Table 3.1) (purple dots
in Fig. 3.5c¢). However, such low archetypal
values are not observed in the tyrosine-like
component (C4), leading to a weak but
significant inverse power relationship with AOU
(Fig. 3.5d). The

fluorescence of the aged Central waters (AOU

archetypal tyrosine-like
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Fig. 3.5. Relationships between the apparent oxygen utilization and the fluorescence components (a) C1, (b) C2, (c)
C3 and (d) C4. Grey dots represent measured concentrations, white dots archetypal concentrations for each water
type and black dots archetypal concentrations for each sample. Orange dots represent hypoxic samples. In the right
column are presented the regression models and fitting equations between archetypal values for C1 (R>= 0.90, p
<0.001, n = 19), C2 (R?=0.79, p <0.001, n = 21) and C4 (R? = 0.31, p < 0.05, n = 20). Water types showed in
blue, green, and cyan dots were excluded from their respective regression models. Error bars represent the
standard deviation (SD) of the estimated archetypal values of AOU and the four fluorescent components for each

water types (see Methods of Chapter |, equation 8).
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>200 pmol kg™) of the Equatorial (13EgPac)
and Central North Pacific (CMWyp) exceeded
the expected value from their AOU (cyan dots
in Fig. 3.5d). These two WT were excluded

from the regression model.

Net fluorescent DOM production and turnover

times

On the basis of the relationships
observed between the archetypal fluorescence
intensity of 3 out of 4
components (C1, C2 and C4) and AOU, we
calculated the net production rate of each
component, termed Net Fluorescent DOM
Production (NFP). A positive value of NFP

indicates net production, as for the case of the

fluorescence

humic-like components Cl1 and C2, and a
negative value indicates net decay, as for the
case of the amino acid-like C4. The NFP of
each component was calculated by multiplying
the WT

fluorescence production values per unit of AOU

proportion-weighted average
by the oxygen consumption rate for the dark
ocean (OURgobal) (see Methods). Here, we have
used our OURgepa estimate of 0.68 = 0.18
Pmol O, yr. The net humic-like fluorescence
production rate obtained was 2.3 = 0.2 x 10°®
Raman units yr* (RU yr!) for C1 and 1.2 = 0.1
x 10® RU yr! for C2, whereas C4 was
consumed at a net rate of -1.1 = 0.2 x 10° RU

yr'lin the dark global ocean.

Turnover times of components C1, C2
and C4 were calculated dividing the WT
weighted-average fluorescence values of the
dark global ocean by its corresponding NFP
rate (see Methods in Chapter 1). These values
represent the time required to produce (C1,

C2) or consume (C4) a fluorescence signal of
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the same intensity than the actual fluorescence
of the dark ocean. The resulting turnover of C2,
742 + 67 yr, was significantly longer than the
529 + 49 yr, and both

exceeded the turnover times of the bulk DOC

turnover of CI1,

pool —estimated in 370 yr [Hansell et al.,
2009]— and the terrestrial DOC in the open
ocean —estimated in <100 yr [Hernes and
Benner, 2003] — as well as the renewal time of
the dark ocean (water depths > 200 m),
estimated in 345 yr [Laruelle et al., 2009].
Conversely, the turnover time of the tyrosine-
like component C4 in 461 + 125 yr was
compatible with the turnover time of the bulk

DOC.

Discussion

The global pattern in the dark ocean of
an increase of the humic-like components
concomitant to water mass ageing (high AOU
values) has been previously reported
[Yamashita and Tanoue, 2008; Jorgensen et al.,
2011; Chen and Bada, 1992; Hayase and
Shinozuka, 1995]. Although it has been recently
hypothesised that this relationship could also
be caused by further transformations of
terrestrial humic-like materials in the open
2013],

experiments have unequivocally demonstrated

ocean [Andrew et al., culture
that these materials can be produced in situ in
the oceans [Jorgensen et al., 2014]. In fact, we
observe positive and significant relationships
between the archetypes of both humic-like
components (C1 and C2) and the AOU (Fig.
3.5a, b).

unit of consumed oxygen in comparison with

The higher C1 production rate per

C2 could be related to different mechanisms of
production [Jargensen et al., 2011] that might

be linked to the phylogenetic nature of



producers (bacteria, archaea or eukarya)

2011] and/or the

environmental

[Romera-Castillo et al.,
sensitivity to oxygen

concentration.

The  particularly  high

fluorescence of C1 for North Atlantic Deep

archetypal

water (NADW) has been previously described
and appears to be clearly related to the high
load of fluorescent dissolved organic matter of
terrestrial origin transported from the Arctic
rivers to the North Atlantic Ocean [Jargensen et
al., 2011; Amon et al., 2003; Benner et al.,
2005] with a relevant proportion of unaltered
high molecular weight lignin [Hernes and
Benner, 2006]. However, the cause of the high
C2 signature for the North Pacific Subtropical
Mode Water has not been previously reported.
We hypothesize that it could be related to
intense rainfall south of the Kuroshio extension
where these water mass is formed [Qiu, 2002]
since it is known that rainwater is particularly
enriched in these fluorescent compounds
[Kieber et al., 2006; Santos et al., 2009] and
this WT is very shallow (archetypal depth =
277 + 84 m, Table 3.1), which means that
rainwater would dilute in a few tenths of
meters during formation of that warm water
mass. Indeed, lignin-derived phenols, highly
modified by photooxidation, have been found
in dissolved and submicron particles
suspended in the North Pacific Subtropical
Mode Water, suggesting an aerosol source for
these fluorescent materials [Hernes and Benner,
2002]. The high
fluorescence (C4) of the aged Central waters
(AOU > 200 pmol kg') of the Equatorial
(13EgPac) and Central North Pacific (CMWyp)
might be due also to both WT occupy shallow

13 m for

archetypal tyrosine-like

layers (archetypal depths 253 +
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CMWpp and 483 + 35 m for 13EqgPac; Table
3.1), where amino acid-like fluorescence is
higher because of the proximity to the
epipelagic waters, where these materials are

usually produced [Jorgensen et al., 2011].

The turnover times of the fluorescent
materials (time scale of centuries) are of the
same order of magnitude than the turnover
time of the bulk DOC [Hansell et al., 2009], but
an order of magnitude faster than the apparent
age of the ocean DOC as derived from 4C
measurements (time scale of
[Hansell, 2013]. However, it should be noted

that mean age, derived from !4C involved by

millennia)

nuclear tests, is not homologous with turnover
time (mean transit time), derived from total
and fluxes the

reservoir entering/leaving

reservoir.

It is remarkable the observed decrease
of the tyrosine-like fluorescence in the dark
ocean at centennial time scales. It has been
reported that these fluorophore turns over in
the surface ocean in a time scale of days
[Jergensen et al., 2011; Lengborg et al., 2010]
but the long-term decline in the dark global
ocean in parallel to water mass ageing has
never been reported. We can hypothesise that
a minor fraction of the tyrosine-like
fluorescence turns over in centuries but the
bulk signal does it in days-weeks. Furthermore,
this apparent discrepancy could also be
related to the different turnover of the set of
compounds that are represented by this

fluorescence signature [Stubbins et al., 2014].

We conclude that humic-like

fluorescence (C1 and C2) reveals as a suitable
marker of the production of optically active
RDOM with turnover times of ~300-800 yr.
Using the oceans as an

incubator, our



measurements indicate that the in situ
microbial production of fluorescent humic-like
materials in the dark global ocean is a sink of
reduced carbon in the time scale of hundreds
of years. Conversely, the turnover time of the
tyrosine-like component (C4) was compatible
with the turnover time of the bulk DOC and
both decline with water mass ageing. This
coincidence between the turnover times of the
bulk DOC pool and the tyrosine-like component
could also have applications for tracing long-

term DOC reactivity in the dark ocean.
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Drivers of fluorescent dissolved organic matter in the epipelagic global ocean

Abstract

Fluorescent dissolved organic matter (FDOM) in open surface waters (<200 m) of the Atlantic,
Pacific and Indian oceans was analysed by excitation-emission matrix (EEM) spectroscopy and parallel
factor analysis (PARAFAC). A four-component PARAFAC model was fit to the EEMs, which included two
humic- (C1l and C2) and two amino acid-like (C3 and C4) components previously identified in ocean
waters. Generalized-additive models (GAMs) were used to explore the environmental factors that drive
the global distribution of these PARAFAC components. The explained variance for the humic-like
components C1 and C2 (>70%) was substantially larger than for the amino acid-like components C3
and C4 (<35%). The environmental variable that exhibited the largest effect on the global distribution
of C1 and C2 was the apparent oxygen utilisation (AOU) followed by chlorophyll a (Chl a). Positive non-
linear relationships were observed between both predictor variables and the PARAFAC components,
suggesting a microbiological control of their distributions. Comparing with the dark ocean (> 200 m),
the relationships of C1 and C2 with AOU there suggest a higher conversion efficiency of the humic-like
substances in the dark ocean than in the surface ocean where a net effect of photobleaching in also
detected. Unexpectedly, C3 (tyrosine-like) and C4 (tryptophan-like) variability was mostly dictated by
salinity (S), by means of positive non-linear relationships as well, suggesting a primary physical control
of their distributions at the global scale that could be related to the changing evaporation-precipitation
regime and, therefore, that the fraction of these amino acid-like components measured in the water
column is the one that accumulates after consumption of the most labile portions. Remarkably,

bacterial biomass (BB) only contributed to explain a minor part of the variability of C1 and C4.

2002], reaching more than 90% of the total
absorption in the clearest waters of the South
Pacific [Bricaud et al., 2010; Tedetti et al.,
2010; Morel et al., 2007], and thus playing a

major role in determining underwater light

Introduction

Dissolved organic matter (DOM) is the
largest pool of reduced organic carbon in the
marine environment and is defined as the

organic material that passes through a
availability and spectral quality [Morel and

equivalent pore size [Carlson and Hansell, Gentili, 2009; Nelson and Siegel, 2002; Siegel et
2015]. Within this pool, the fraction that is al, 2002; 1995]. Furthermore, CDOM can

influence the accuracy of global satellite-based

submicron filter, usually of 0.2-0.7 um

able to absorb light over a broad range of

ultraviolet (UV) and visible wavelengths is estimates of ocean chlorophyll and primary

named chromophoric dissolved organic matter production because of its impact on the

(CDOM). Especially in the UV and blue light underwater light field [Ortega-Retuerta et al.,

region, the non-water absorption in the ocean 2010; Siegel et al., 2005]. More than half a

is dominated by CDOM [Nelson and Siegel, century ago, Kalle [1949] found that a portion
of CDOM was also able to emit blue
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fluorescence when excited by UV radiation and
it is termed as fluorescent dissolved organic
matter (FDOM). Recently, these spectroscopic
properties of DOM have allowed tracing long-
term biogeochemical processes in the global
ocean [e.g. chapters |, Il and Ill of this PhD
thesis; Stedmon and Nelson, 2015; Nelson and
Siegel, 2013; Jorgensen et al., 2011].

In surface ocean

the

waters, primary
DOM

production rate (Carlson, 2002 and references

producers determine maximal
therein). However, complementary processes,
the by
DOM

production and transformation, such as grazer

besides extracellular release

phytoplankton, are responsible for
and prokaryotes release and excretion, viral
cell lysis, and solubilisation of detrital and
sinking particles [Carlson and Hansell, 2015;
Romera-Castillo et al., 2010; Ortega-Retuerta et
al., 2009; Suttle, 2007; Steinberg et al., 2004].
The main abiotic DOM removal process is the
photochemical degradation [Moran and Zepp,
1997; Miller and Zepp, 1995; Mopper et al.,
1991), which results in the partial or complete
remineralisation of the chromophoric fraction
of DOM by the absorption of UV light.
Photodegradation plays an important role in
global biogeochemical cycles, by turning over
carbon, nitrogen, sulphur, and phosphorus in
the photic zone [Stedmon and Nelson, 2015;
1991],
the

Mopper et al., and in ecological

processes  through production  of
bioavailable substrates for microbes [Kieber et
al., 1989] and increasing light penetration in
surface waters since the optically active
fraction of DOM is depleted. Conversely, DOM
exudates from phytoplankton have been also
DOM

photohumification, i.e. the sunlight-mediated

proposed as substrates for
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condensation from smaller molecules into
polymers with higher absorption properties
[Reche et al., 2001; Kieber et al., 1997]. Apart
from photochemical processes, heterotrophic
microbes remove DOM from the water column
as they incorporate and mineralise DOM to
satisfy their metabolism. However, this is not
an isolated process since they also can modify
DOM  by-products,
altering its optical properties [Ortega-Retuerta

et al., 2009; Nelson et al., 1998].

and release therefore

Excitation emission matrices (EEMs)
the

emission spectra at a series of successively

consisting on recording fluorescence
increasing excitation wavelengths is the most
common tool used to characterise FDOM in
aquatic environments. Six general types of
fluorescence peaks, which are usually included
in two groups, have been identified in ocean
waters from EEMs [Hudson and Baker, 2007;
Coble, 2007; 1996]. The
tryptophan (peak T, Coble,
(peak B, Coble,
[Jargensen et al., 2011] are included in the
with Ex/Em

amino acids
1996), tyrosine
1996) and phenylalanine
amino acid-like group,
fluorescence maxima at Ex/Em wavelengths of
280 nm/350 nm, 275 nm/305 nm and
260/282 nm, respectively. Peak A, M and C
belong to the humic-like group and fluoresce at
higher emission wavelengths than the amino
acid-like group, with Ex/Em wavelengths of
250/435 nm, 320/410 nm and 340/440 nm,
respectively. Parallel factor analysis (PARAFAC)
allows discriminating independent fluorescent
groups (or fluorophores) and trace their
distributions and changes in the environment
[Stedmon and Markager, 2005a]. This technique
has undoubtedly contributed to improve the

understanding of production and degradation



processes of FDOM in
[Jergensen et al., 2014; Murphy et al., 2013;
2012; Stedmon and Markager,
2005b). Other statistical

principal component analysis, the laplacian

aquatic systems
Maie et al.,

methods such as

operator and the Nelder-Mead optimisation
algorithm, and/or Self-Organising Maps has
also been proposed as tools to discriminate
the EEM

and Butturini,

and locate potential peaks in
landscape
2014; Butturini and Ejarque, 2013; Boehme et

al., 2004].

[Ejarque-Gonzdlez

Several studies on FDOM distribution in

open ocean waters have been recently
published. Jorgensen et al. [2011] presented
the unique global dataset of the main FDOM
components, whereas other studies covered
partial oceanic regions of the Atlantic [Lenborg
et al., 2015; De la Fuente et al., 2014; Heller et
al., 2013; Kowalczuk et al., 2013], Pacific [Kim
and Kim, 2015; Tanaka et al., 2014; Dainard and
Guéguen, 2013; Omori et al., 2011; Yamashita
et al.,, 2010; Kaiser and Benner, 2009], Indian
[Coble et al., 1998], Arctic [D'Sa et al., 2014;
Guéguen et al., 2014; 2007; Jorgensen et al.,
2014] and Southern oceans [Yamashita et al.,
2007].
previous work focused on the distribution of
PARAFAC components
masses of the dark global ocean during the
2010
(see Chapter IIl). Here, we describe the global

distribution of those PARAFAC components in

The present study complements a

in the main water

Spanish Circumnavigation Malaspina
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the illuminated global ocean by parcelling it in
Longhurst’'s biogeographic provinces, analysing
the variability of the fluorescence components
among and within provinces and determining
the environmental drivers controlling their

distribution.

Materials and Methods

Division of the epipelagic layer by Longhurst’s

biogeographic provinces

The Malaspina 2010 circumnavigation
was conducted from December 2010 to July
2011 on board R/V Hesperides along the
Atlantic, Indian and Pacific oceans, spanning
latitudes from 34°N to 40°S (Fig. 4.1). To
expedite the study of the FDOM distribution in
the surface ocean, the Malaspina cruise track
was parcelled according to
This

forces in

Longhurst’s

biogeographic provinces. partition is

based on physical ocean and

atmosphere (i.e. turbulence, temperature,

that
phytoplankton distribution [Longhurst,

affect
1998;

1995]. According to this division, four domains

irradiance  and nutrients)

can be recognised in every ocean basin: Polar,
Westerlies, Trade-Winds, and Coastal Boundary
Zone. At the second level of resolution, the
into 56
2003;

ocean basins are partitioned

biogeographic provinces (Ducklow,

Www.marineregions.org).



Fig. 4.1. Map of the biogeographic provinces crossed during the Malaspina 2010 circumnavigation. NASE: North
Atlantic Subtropical Gyral, NATR: North Atlantic Tropical Gyral, WTRA: Western Tropical Atlantic, SATL: South
Atlantic Gyral, BENG: Benguela Current Coastal Province, EARF: East Africa Coastal, ISSG: Indian South Subtropical
Gyre, SSTC: South Subtropical Convergence, AUSE: East Australian Coastal Province, SPSG: South Pacific
Subtropical Gyre, PEQD: Pacific Equatorial Divergence, NPTG: North Pacific Tropical Gyre, PNEC: North Pacific

Equatorial Countercurrent, CARB: Caribbean Province.

Circles indicate the position of the 147 stations sampled

during the circumnavigation. The colour of the circles accounts for the season. Blue (winter), orange (summer),

brown (autumn), green (spring).

A total of 147 stations were occupied

and they were assigned to Longhurst’s

biogeographic provinces according to their
geographical coordinates covering all the
domains except the Polar (Fig. 4.1). A more
exhaustive analysis of the vertical profiles of
salinity, potential temperature, dissolved
oxygen and fluorescence of chlorophyll a was
to the

The

performed in the stations closer

boundary between two provinces.
Malaspina 2010 circumnavigation crossed a
total of 15 provinces (distinguished by green
colour in Fig. 4.1). Six provinces were in the
Atlantic Ocean: the North Atlantic Subtropical
Gyral (NASE), the North Atlantic Tropical Gyral
(NATR), the Western Tropical Atlantic (WTRA),

the South Atlantic Gyral (SATL), the Benguela
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Current Coastal Province (BENG) and the
Caribbean Province (CARB); four provinces
were in the Indian Ocean: the East Africa
Coastal (EARF), the Indian South Subtropical
(ISSG), the South
Convergence (SSTC) and the East Australian

Gyre Subtropical
Coastal Province (AUSE); and five provinces in
the the  South
Subtropical Gyre (SPSG), Pacific Equatorial
Divergence (PEQD), North Pacific Tropical Gyre
(NPTG), the North Equatorial
Countercurrent (PNEC) (Table 4.1). The
provinces NASE and NATR were sampled in
winter (NASE_W, NATR_W)
(NASE_S and NATR_W).

Pacific  Ocean: Pacific

Pacific

and summer



Data acquisition

Every of the 147 sampling days of the
circumnavigation a Rosette sampler equipped
with 24 Niskin bottles of 10 L was dipped at
about 10:00 a.m. (local time) to collect water
samples in the epipelagic layer (< 200 m).
Seven nominal levels were sampled coinciding
with  the 70%, 20% 7%  of
photosynthetically active radiation (PAR), deep
chlorophyll maximum (DCM), DCM plus 20 m
(DCM+20) and plus 50 m (DCM+50), and 200
m. For chlorophyll a, only samples at 70%,
20% and 7% of PAR, DCM and DCM+20 were
collected. For bacterial biomass, only samples
at 20% and 7% of PAR, DCM and DCM+20

were collected. Vertical profiles of salinity (S),

and

potential temperature (0), dissolved oxygen
(0y), in vivo fluorescence of chlorophyll a (FISP)
and PAR were recorded continuously with a
conductivity-temperature-depth (CTD) probe
Seabird 911+, a polarographic membrane
oxygen sensor Seabird SBE-43, a fluorometer
Seapoint and a radiometer Biospherical/Licor
installed in the rosette sampler. The CTD was
equipped with redundant temperature and
salinity sensors for intercomparison during the
cruise. Temperature and pressure sensors
were calibrated at the SeaBird laboratory
before the cruise. On board salinity calibration
was carried out with a Guildline AUTOSAL
model 8410B salinometer [Pérez-Herndndez et
2012], the

Winkler method for the calibration of the

al., potentiometric end-point
oxygen sensor [Alvarez et al., 2012] and the
fluorimetric method for the calibration of the
fluorescence of chlorophyll a (Chl a) profiles
[Estrada, 2012].

frequency (N?), commonly used to quantify the

The squared Brunt-Vaisala
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stratification of the water column, was
calculated following Millard et al. [1990]:
yzo_ 9.9 __ 0
p 0z 0z 1)
Where g is the gravity acceleration

constant (9.8 m s72), z is the water depth, and
p is the water potential density at depth z.
Integration of Eq. 1 between two depth levels
(1 and 2), N°= —g-In (p1/p2)/(z2 — z1) provides a
measure of the average stability of the water
column between z; and z, [Lenborg et al.,
2015]. Here, we have calculated N? between
the 70% PAR (3 m) and 150 m. Furthermore,
we have also calculated the gradients of
potential temperature and salinity (D6 and DS)
over the upper 150 m, which were obtained as
the  difference  between the  potential
temperature or salinity at 70% PAR (3 m) and
150 m divided by the difference in depth (147
depth (MLD) was
calculated as the depth where potential density
exceeded by 0.1 kg m= the value at the 70%

PAR [Ferndndez-Castro et al., 2014].

m). The mixed layer



Table 4.1. Averages and standard deviations of potential temperature (8, °C), salinity (S), short wave radiation (SWR, W m™), apparent oxygen
utilization (AOU, umol kg™), chlorophyll a (Chl a, pg L™) and bacterial biomass (BB, ug C I™!) of the biogeographic provinces intercepted during the
Malaspina 2010 expedition.

CARB Caribbean Province T 110623 130 - - - - - -
(Leg7)
Summer: 132-139
110626- (Leg 7) 23.6+1.8 37.1+£0.3 333.9+£32.0 33+6.8 0.19+£0.06 37+1.1
NATR N. Atlantic Tropical T 110703 &
Gyral Province (TRPG) Winter: 611
101222- - 221+ 1.5 36.4+0.5 202.0+72.7 45.0+£259 0.30+0.09 37+1.1
(Leg 1)
101227
Summer: 141-147
. . 110705- 20.2+1.0 36.8+0.2 304.9 £ 69.2 0.0+3.7 0.17+£0.07 33+0.7
N. Atlantic Subtropical 110711 (Leg7)
NASE Gyral Province (East) w ;
Winter:
(STGE) 2,3
101217- (Leg 1) - - - - - -
101219 g
Western Tropical 101228- 12-18
WTRA Atlantic Province T 110103 (Leg 1) 200+1.4 357+0.2 310.8£27.0 71.1+£17.8 0.40+0.14 54+15
South Atlantic Gyral 110104- 19-41
SATL Province (SATG) T 110202 (Leg 1,2) 20.7+2.3 36.3+0.4 358.3+73.1 2.0£15.0 0.19+£0.05 2.6+0.8
Benguela Current Coastal 110203- 42-44
BENG Province ¢ 110205 (Leg2) ) ) ) i . .
E. Africa Coastal 110213- 45-47
EARF Province ¢ 110215 (Leg 3) . ) ) . . .
Indian S. Subtropical 110216- 48-65
ISSG Gyre Province T 110309 (Leg 3) 18.7+1.3 35.6+0.1 282.7+56.0 2.8+53 0.16 £0.06 3.6+14
Australia-Indonesia 110310- 66-69
AUSW Coastal Province C 110319 (Leg 3, 4) 18.7+1.8 35.6£0.2 293.7+76.6 6.1+3.1 0.22 +0.09 42+1.6
S. Subtropical 110320- 70-76
SSTC Convergence Province w 110326 (Leg 4) 142+09 352+0.1 275.0 +£27.5 6.2+4.0 0.24+0.10 63+£2.7
East Australian Coastal 110328- 77,78
AUSE Province ¢ 110329 (Leg 4) ) ) ) ) ) )
S. Pacific Subtropical 110417- 79-89
SPSG Gyre Province T 110426 (Leg 5) 243+2.8 355+0.3 229.3 +£50.7 16.6 £ 8.2 0.23+£0.05 27+1.5
Pacific Equatorial 110427- 90-97
PEQD Divergence Province T 110504 (Leg 5) 23.5+3.6 352+£0.5 303.2+67.8 49.9+40.4 0.27 +£0.05 52+£23
N. Pacific Tropical Gyre 110505- 98-110
NPTG Province T 110523 (Leg 5, 6) 21.4+1.7 34.8+0.3 356.6 +62.1 126 £11.2 0.24 £ 0.09 50+1.4
N. Pacific Equatorial 110529- 116-126
PNEC Countercurrent Province T 110608 (Leg 6) 17.1+23 34.6+£0.2 288.8 +60.2 176.1 £43.6 0.36 +1.18 63+2.8

C: Coastal, T: Trades, W: Westerlies. We have not calculated the average and standard deviation of biogeographic provinces with less than 4 stations.
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Daily short wave solar radiation data (in
W m™?) were obtained from the National
Centres  for Environmental Predictions
NCEP/DOE 2 Reanalysis database provided by
the NOAA/OAR/ESRL PSD, Boulder, Colorado,
USA, their
http://www.esrl.noaa.gov/psd/

location of the CTD

from website at

and
interpolated for each
stations cruise. AOU was calculated as the
difference  between the saturation and
measured dissolved oxygen concentrations.
Dissolved oxygen saturation was calculated
from practical  salinity and potential
temperature with the equation of Benson and
Krause [1984].
phosphate and silicate) were collected from the

Niskin 20-mL

Inorganic nutrients (nitrate,
bottles in acid-washed
polyethylene flasks and determined on board
using standard segmented flow analysis
methods with colorimetric detection [Blasco et

al., 2012].

Bacterial biomass (BB) was determined
by flow cytometry using standard protocols
after fixation with 19% paraformaldehyde and
0.05%
SybrGreen | (Molecular Probes, Invitrogen) at a
1/10,000 dilution [Gasol and del Giorgio, 2000].
A previously-published

glutaraldehyde and staining with

calibration  curve
relating relative side scatter to cell size [Calvo-
Diaz and Mordn, 2006] was used to transform
the cytometric signal into cell size, and cell
size was converted to biomass using the

Gundersen et al. [2002] relationship.

Collection and spectral acquisition of

fluorescent DOM samples

We collected 835 water samples for
FDOM measurements. They were poured from
the Niskin bottles into 250 mL acid-washed

glass flasks and stored in dark conditions until
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measurement before 6 hours from collection.
Once in the on board laboratory, aliquots were
immediately filtered through precombusted
(450°C, 4 h) glass fibre filters (GF/F) in an
acid-cleaned all-glass filtration system, under

positive pressure with low N, flow.

Fluorescence EEMs were collected with a
JY-Horiba Spex Fluoromax-4 spectrofluorometer
at room temperature (around 20 °C) using 5 nm
slit  widths,

integration time of 0.25 s, an excitation range

excitation and emission an

of 240-450 nm at 10 nm increments, and an
range of 300-560 nm at 2 nm

increments.

emission

To correct for lamp spectral
properties and to compare results with those
reported in other studies, spectra were collected
(S:R) with

excitation

in  signal-to-reference mode

instrument-specific and emission
corrections applied during collection, and EEMs
were normalized to the Raman area (RA). In our
RA
correction were performed with the emission
scan at 350 nm of the Milli-Q water blanks and

the the

case, normalization and its baseline

area was calculated following

trapezoidal rule of integration
Stedmon, 2009].

[Lawaetz and

Furthermore, to track that the variability
of the instrument during the 147 working days
of the expedition affected similarly to the
Raman, amino acid and humic-like regions of
the spectrum, the following three standards
(1) a block

(Stranna) that fluoresces in the amino acid

were run daily: P-terphenyl
region, between 310 nm and 600 nm exciting
at 295 nm; (2) a Tetraphenyl butadiene block
(Stranna) that fluoresces in the humic region,
between 365 nm and 600 nm exciting at 348
nm; and (3) a sealed Milli-Q cuvette (Perkin

Elmer) scanned between 365 nm and 450 nm



350

normalization in both the amino acid-

exciting at nm. Successful Raman
and
humic-like regions of the EEMs, a good quality
of the Milli-Q water produced on board and a
slight shift of fluorescence intensities on daily
working

Chapter 3).

routine were observed (Fig.3.1 in

Inner-filter correction was not applied due
to the low absorption coefficient of CDOM of the
epipelagic water samples collected during the
circumnavigation: 1.31 + 0.23 m™ (average +
standard deviation) at 250 nm, i.e. much lower
than the threshold of 10 m™ above which this
correction is required [Stedmon and Bro, 2008].
Milli-Q blanks
subtracted to remove the Raman scattering
2010; Stedmon and
blank

Raman-normalized were
signal [Murphy et al.,
2003].
subtraction,
performed using MATLAB (version R2008a).

Markager, RA normalization,

and generation of EEMs were

Global PARAFAC modelling

Parallel factor analysis (PARAFAC) was
used to identify the different fluorescent
components that comprise the EEMs in the
epipelagic the
PARAFAC was performed using the DOMFluor
1_7 Toolbox [Stedmon and Bro, 2008]. Prior to

the analysis, Rayleigh scatter bands (first order

waters  of global ocean.

at each wavelength pair where Em =Ex +
bandwidth; second order at each wavelength
pair where Em = 2 * Ex + (2 * bandwidth)) were
trimmed. The global PARAFAC model
derived based on the 1574 corrected EEMs

was

collected during the circumnavigation from the
surface to 4000 m depth and was validated
random
2008].

using  split-half  validation and

initialization  [Stedmon and  Bro,
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Likewise, we also tested the PARAFAC model
using the subset of 835 epipelagic water
samples (surface to 200 m) and it turned out
in a similar components model. Here we report
the maximum fluorescence (Fmax) in Raman
units (RU) [Murphy et al., 2010; Stedmon et al.,
2003].

Statistical analysis
Intra-province variability: ANOVA

To determine the relevance of intra-
province variability for each environmental
variable and fluorescent component among
PAR

variance

levels we performed an analysis of
(ANOVA). The CARB,
NASE_W, BENG and EARF were excluded

because they comprised less than 4 stations.

provinces

Drivers of fluorescence components:

generalised additive models (GAMs)

To test for the effect of the environment
on the variability of the fluorescence PARAFAC
components we have used generalized additive
models (GAMs, Wood, 2006). We examined the
influence of 11 environmental predictors on
each fluorescence component: SWR, S, 6, N2,
DS, Do, O,, AOU, Chl a, NO3 and BB. Before
model fitting, covariability among predictors
was examined using variance inflation factors
(VIFs, Table 4.2.). GAMs were formulated as

follows:

Va=a+ ) g(x)+ey @)
j

where Y is a fluorescence PARAFAC

component measured at a station /i and

nominal level /, a is an intercept, X is a vector

of predictor variables where the superscript |

identifies each covariate. g are non-parametric

smoothing functions specifying the effect of the



covariates on the fluorescent component and
€;, is the error term assumed to be normally
distributed. Smoothing functions were fit by
penalized cubic regression splines restricted to
a maximum of three knots. The smoothness of
the functions was estimated by minimizing the
generalized cross validation criterion (GCV).
Given that BB was measured in 473 of the 835
samples, two models were run for each
fluorescence component: first, models were
obtained with all predictor variables but BB;
and second models with all predictor variables
including BB. In the second case, to test for
the effect of reducing the dataset by about a
half, the models were run for all predictor
variables but BB for the samples were BB was

measured.

Table 4.2. Variance Inflation Factor (VIF) for
each explanatory variable considered in the
GAM models. We began with all explanatory
variables (2" column) and estimated
successive VIFs once dropped collinear
covariates one at a time (3@ to 4™ column)
until all VIFs values were around 3 (5"
column). For abbreviations see the main text.

Covariate VIF VIF VIF  VIF
Daily SWR 1.15 1.14 1.07  1.02
Temperature 224.81 3.09 2.15  2.06
Salinity 3.35 1.94 .52 1.57
N 221.08 220.08

DS 31.54 31.28 185 1.74
D6 160.77 159.78 2.02 1.89
0, 1900.97

AOU 2438.67 5.71 562 249
Chla 1.21 1.13 .12 1.13
NO; 5.36 5.31 5.20

Chl a and BB were In-transformed, and

Depth was included in all models as a “catch-

all” variable to account for potential
unmeasured effects on fluorescence. All
models were fitted in R 3.1.1 software (R
Development Core Team, 2014) and using the
'mgcv 1.8-0' package [Wood, 2006].

Regression analysis: parametric

relationships

Linear and non-linear  power-law
regression
environmental variables (SWR, S, 6, DS, Do,
AOU, Chl a and BB) and each fluorescent

component (Fmaxl, Fmax2, Fmax3 and

equations between the

Fmax4) were fitted in R 3.1.1 software.

Results
PARAFAC components

A four-component model was obtained
(see Fig. 3.2. of chapter 3), two of them of
humic-like nature —C1 and C2— since they
display a broad emission spectra around 400
nm, at Ex/Em <270-370/470 nm and Ex/Em
320/400 nm, respectively, and two of amino
acid-like nature —C3 and C4— as the emission
spectra is narrower with maxima below 400
nm at 290/340 nm and 270/310 nm,
respectively. In the literature, the humic-like C1
has been defined as Peak A/C and C2 as peak
M [Coble, 1996]. Cl is proposed to be
ubiquitous in  DOM but enriched in
terrestrial/allochthous sources [Stedmon and
Markager, 2005a], and appears to be
photodegradable but biorefractory [Maie et al.,
2012]. C2 has previously been reported as
marine humic-like substances [Coble, 1996].
With respect to the amino acid-like C3 and C4,
they have been attributed to tryptophan and

tyrosine, which have been shown to represent



more biodegradable and fresh microbially
produced DOM [Fellman et al., 2008; Yamashita
and Tanoue, 2003a] and have been commonly
1996],

respectively. These four peaks are recurrently

termed as peaks T and B [Coble,

observed in diverse aquatic environments [e.g.
chapter Il of this PhD thesis; Maie et al., 2012;
Jorgensen et al., 2011; Yamashita et al., 2008;
Stedmon and Markager, 2005a].
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Fig. 4.2. Average profiles of the four PARAFAC components C1 (a), C2 (b), C3 (c) and C4 (d) for each
nominal depth in the epipelagic ocean; arquetypal values of the four PARAFAC components C1 (e), C2

(f), C3 (g), C4 (h) for each water mass intercepted in the dark ocean during the Malaspina 2010

circumnavigation. The bars are the standard deviations of the data at each sampling depth. Green line

indicates the average depth chlorophyll maximum (DCM).

Gathering our data set according to the
seven nominal depth levels sampled during the
circumnavigation (Fig. 4.2.) reveals distinct
global profiles for the PARAFAC components.
Whereas C1 (Fig. 4.2a) and C2 (Fig. 4.2b)
increased monotonically with depth, C4 (Fig.
4.2d) exhibited the opposite profile. C3 (Fig. 4.

2c) showed an intermediate behaviour, with
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maximum values at the depth of the DCM
(average + SD depth, 95 + 36 m) and minimum
either at the surface or 200 m. The global
averages of the two humic-like components C1
and C2 showed a very strong positive and
linear correlation (Fmax2= 1.47 (£0.06) Fmax1

~ 3.1 (£0.4) 1073 R2 = 0.99, p < 0.001). The
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Fig. 4.3. Distribution of (a) salinity, (b) potential temperature, (c) chlorophyll a and (d) bacterial
biomass during the Malaspina 2010 expedition. White dots in panel b represent the mixed layer depth
(MLD).
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In contrast, the negative origin-intercept
suggests that after full consumption of C2, for
example by photodegradation, C1 would be
still present in the The
relationships between C1-C3, C1-C4, C2-C3
and C2-C4 followed a positive trend above the

water column.

DCM (see the green line in Fig. 4.2.) and a
negative trend below the DCM (R?> > 0.78).
Finally, the relationship between C3 and C4
was positive but followed distinct trends above
and below the DCM. The slope was lower for
the samples above the DCM (Fmax4 = 0.73
(£0.09) Fmax3 + 9.2 (+0.5) 1073, R? = 0.98)
than for the samples below the DCM (Fmax4
1.74 (+0.65) Fmax3 - 1.4 (+x0.4) 1073 R?
0.78).

Physical and biogeochemical differences

among biogeographic provinces

The mean and standard deviation of all
each
biogeographic province and nominal depth
level (70%, 20%, 7% PAR, DCM, DCM+20 and
DCM+50). The provinces CARB, NASE_W,
BENG and EARF were excluded because they

comprised less than 4 stations (Table 4.1).

study variables was calculated at

Salinity profiles were very homogeneous in all
the study provinces with maximum values
in NASE and NATR during
summer and minimum values of about 35 pss
in PNEC (Fig. 4.3a; la Appendix V).

Potential temperature, which ranged from 11°C

about 37 pss

Fig.

to 29 °C, showed very homogeneous profiles in
some provinces as NASE and NATR_S or
strongly stratified in other provinces as PNEC,
WTRA, or NATR_W (Fig. 4.3b; Fig. 1b Appendix
V). DS ranged between -0.005 and -0.012 pss
m~ (Fig. 4.4a) and the maximum were found
in NASE_S whereas the minimum in PNEC. D6
ranged between -0.115 and -0.010 °C m™
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(Fig. 4.4b) and the highest values were found
in PNEC and the minimum in NASE. The mixed
layer depth (MLD) ranged from 8 to 100 m,
with an average = SD of 48 + 21 m (white dots
Fig. 4.3b, Fig. 4.5a). The maximum values
were found in NPTG whereas the minimum was
found in EARF and PNEC. The total short wave
radiation (SWR) ranged from 112 to 497 W m™2
(Fig. 4.4c). SATL (occupied in
underwent the maximum average SWR with
358 + 73 W m2, followed by NPTG (occupied
in spring) with 357 + 62 W m=. NASE
(occupied in
average SWR with 146 + 37 W m™. N? ranged
from 0.1 to 1.2 min? (Fig. 4.4d), with PEQD
and NASE_S the
-26 and

summer)

in winter) showed the lowest

showing the maximum
minimum values. AOU ranged from
266 pmol kgl. The maximum values were
found in PNEC between 100 and 200 m depth,
whereas the minimum values were
between 50 and 75 m depth in the South
Atlantic and South
corresponding to the provinces SATL and ISSG
(Fig. 4.5a).

located

Indian oceanic gyres,

Chl a ranged from 0.01 to 1.93 yg L™
and the deep chlorophyll @ maximum (DCM)
was located between 37 and 161 m (Fig. 4.3c;
Fig. 1d in Appendix V). Maximum Chl a values
were found in NATR, EARF and PNEC whereas
the minima were in the centre of the oceanic
gyres. The maximum depths of the DCM were
coincident with the centre of the oceanic gyres
and were located in the SATL, ISSG and NPTG.
BB ranged from 0.1 and 16.7 pyg C L™! and the
maxima were found in SSTC and PNEC (Fig. 4.
3d). The minimum values were not found in a
specific geographic area, although a noticeable
group of samples with values near O were
found around 150 m in the SATL.
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The humic-like components C1 and C2
presented Fmax values ranging from 0.6 to
17.2 x 1073 RU and from below the detection
limit to 17.7 x 1073 RU, respectively, and their
distributions with  the AOU
distribution (Fig. 4.5a, b, ¢, Fig. 1lc, e, f of

concurred

Appendix V). The maximum means of Fmaxl
and Fmax2 were 11.5 + 1.8 and 11.6 = 1.8

x103 RU, respectively and were found at the
PNEC province (Fig. 4.6a, b). The ISSG and
SPSG provinces showed the minimum means
of Fmax1, with values of 3.7 + 0.6 and 4.0 +
0.5 x107® RU (Fig. 4.6a). The lowest Fmax2
means were found in ISSG and NASE_S with
3.8 £ 0.6 x103 RU (Fig. 4.6b).
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Fig. 4.6. Box and Whisker plots for the four fluorescent components at each biogeographic province.

Horizontal line, median; brown diamonds, mean; blue-box, 25-75% percentiles; and whiskers extend

from the upper (lower) to the highest (lowest) value that is within 1.5 x inter-quartile range of the

hinge. Note that provinces with less than four stations were not included.

The amino acid-like components C3 and
C4 were generally higher than the humic-like
components, with C4 roughly twice more
intense (Fig. 4.2); Fmax3 ranged from below
detection limit to 36.0 x 10 RU and Fmax4
from below detection limit to 37.2 x 1073 RU,

respectively. C3 was nearly absent in some
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oceanic areas such as the South Atlantic, the
South Indian Ocean or the South Pacific,
corresponding to the provinces SATL, ISSG and
SPSG (Fig. 4.5d, Fig. 1g of Appendix V); C4
was the most homogeneously distributed
component with a Fmax4 difference of around

10 x 103 RU throughout the water column



(Fig. 4.5¢, Fig. 1h of Appendix V). The NATR_W the lowest means were 3.5 + 1.1 x103 RU at
province presented the maximum means for ISSG for Fmax3 (Fig. 4.6¢) and 8.5 + 2.3 x 10~
Fmax3 and Fmax4, 11.5 £ 6.0 and 17.2 £ 0.7 3 RU at PNEC for Fmax4 (Fig. 4.6d).

x103 RU (Fig. 4.6¢, d), respectively, whereas
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Fig. 4.7. P-value of the F-statistic test resulted from the use of ANOVA applied to the five physical,

chemical and biological variables (a), and to the four fluorescent components (b) to evaluate intra-

province variability among the sampled PAR levels. Note that each square indicates that average

differences in environmental variables or fluorescent components among PAR levels within a specific

province are statistically significant or non-significant.
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Physical and biogeochemical differences

within biogeographic provinces

Results of the ANOVAs to explore the
environmental variability are shown in Figure
4.7 the physical and biogeochemical
parameters salinity (S), potential temperature
(8), temperature gradient (D6), salinity gradient
(DS), (AOU),
chlorophyll a (Chl a) and bacterial biomass
(BB) on one side (Fig. 4.7a) and (b) the four
PARAFAC components for each study province
on the other side (Fig. 4.7b). The red colour is

indicative of a marked variability, whereas the

apparent oxygen utilization

blue colour is indicative of homogeneity.

Potential temperature, AOU and Chl a
NATR_W) presented significant
AOU

increased with depth in all provinces; the AOU

(except for

intra-province differences (Fig. 4.7a).

in the mixed layer showed negative values for
in PNEC (Fig. 4.5a),
highlighting the predominance of primary

all stations, except
production against respiration. Salinity was not
as variable as the previous parameters and the
provinces NATR_S, NATR_W, AUSW, SSTC and
PEQD were homogeneous with depth (blue
squares, Fig. 4.7a). The BB was vertically
homogeneous in most provinces such as
NATR_S, NASE_S, ISSG, AUSW, SPSG and
PEQD (blue squares, Fig. 4.7a). The humic-like
components C1 and C2 showed a well-defined
variability within all
NATR_W (Fig. 4.7b). There was a significant

difference in Fmax1l and 2 above and below the

provinces, except in

mixed layer. The values were lower above the
MLD except for PNEC, and very uniform below
the mixed layer except in PEQD, NPTG and
PNEC (Fig. le, f of Appendix V). On the

contrary, the amino acid-like components were

116

more homogeneous, mostly those situated in
the intertropical convergence zone (ITCZ) (i.e.
NATR, NATR, WTRA, SPSG and PEQD). The
amino acid-like Fmax3 did not present a
defined depth profile in most of the provinces
Fig. 4.7b).

humic-like substances, the depth profiles of

(blue squares, Contrary to the
Fmax4 tended to display higher values at
surface than at depth in some provinces (e.g.
PNEC in Fmax4, Fig. 1h of Appendix V).

Drivers of FDOM variability

To explore the environmental factors
the global
PARAFAC

epipelagic waters of the world ocean we used

that

fluorescence

drive distribution  of

components in

generalized-additive models (GAMs) to allow
the

relationships (Fig. 4.8). Early examination of

testing occurrence of non-linear
the covariability among predictors allowed us
to reject N?, O, and NOs out of the analysis
(Table 4.3), thus finally testing a total of 8
predictor variables: SWR, S, 0, DS, D6, AOU,
Chl a and BB. The variable that exhibited the
largest effect on Fmaxl was AOU followed by
Chl a (Table 4.3). The dependence of Fmaxl
with both variables was positive and non-linear,
with a decrease of the slope as AOU and Chl a
increases (Fig. 4.8a). Inclusion of bacterial
abundance (BB) in the model, thus reducing
the number of cases from 680 to 473 samples,
resulted in a positive linear dependence that
increased the variance explained slightly from
72.1 to 73.3%, although the relationships kept
the same trends (Fig. 4.8b), and the variables
AOU and Chl a still explained most of the
variability (Table 4.3). In addition to AOU, Chl
a and BB, other parameters as SWR, 6 and S in

a non-linear trend, and DS in a linear trend



also contributed to explain Fmaxl in much
lesser extent (Table 4.3).
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Table 4.3. Results of the generalized-additive models (GAMs) of the relationship of environmental parameters with the FDOM components. SWR: the

daily total solar radiation, 0: temperature, S: salinity, Do: differential temperature, DS: differential salinity, AOU: apparent oxygen utilization, Chl a:
chlorophyll a, BB: bacterial biomass.

S(SWR_D) Non-linear (-) 6 0.003** S(SWR_D) Lineal (-) 3 0.08
S (0) Non-linear (-) (+) 19 < 0.001%** S (0) Non-linear (-) (+) 16 <0.001***
S(S) Non-linear (-) (+) 36 < 0.001%** S(S) Non-linear (-) (+) 31 < 0.001%**
Fmax1 S (D 0) Lineal (-) 19 < 0.001%** 0.72 Fmax 1 S (DO) Lineal (-) 16 < 0.001%**
(n=680) S (DS) - - - ’ (n=473) S (DS) - - - 0.73
S (AOU) Non-linear (+) 156 <0.001*** S (AOU) Non-linear (+) 110 <0.001***
S (IChla) Non-linear (+) 95 <0.001*** S (IChla) Lineal (+) 67 <0.001***
S (Depth) Non-linear (+) 6 0.003** S (Depth) Lineal (n) 0 0.51
- - - - S (log(BB)) Lineal (+) 7 0.006%*
S(SWR_D) - - -
S (0) Lineal (-) 6 0.01*
S(S) Non-linear (-) (+) 23 < 0.001%**
Fmax2 S (D 0) Non-linear (-) 9 < 0.001*** 0.79
(n=680) S (DS) - - R
S (AOU) Non-linear (+) 294 < 0.007***
S (IChla) Non-linear (+) 86 <0.001***
S (Depth) Lineal (+) 26 < 0.001***
S(SWR_D) - - -
S (0) Non-linear (+) 14 < 0.001%**
S(S) Non-linear (-) (+) 69 < 0.001%**
Fmax3 S(D 9) - - - 0.33
(n=669) S (DS) Lineal (-) 12 <0.001***
S (AOU) Non-linear (+) (-) 61 < 0.001%**
S (IChla) Lineal (+) 39 <0.001***
S (Depth) - - -
S(SWR_D) Lineal (-) 4 0.03* S(SWR_D) Lineal (-) 3 0.08
S (0) Non-linear (-) (+) 8 < 0.0071%** S (0) Non-linear (-) (+) 4 0.01*
S(S) Non-linear (n) (+) 37 < 0.001%** S(S) Non-linear (n) (+) 44 < 0.001%**
Fmaxd S (D 0) Lineal (-) 6 0.01 Fmaxd S (D 0) Lineal (n) 2 0.20
(n=678) S (DS) Non-linear (+) (-) 4 0.02 0.28 (n=473) S (DS) Non-linear (+) (-) 5 0.01* 0.31
S (AOU) Lineal (-) 10 0.001** S (AOU) Non-linear (n) (-) 2 0.09
S (IChla) Lineal (+) 11 0.001** S (IChla) Non-linear (-) (+) 2 0.15
S (Depth) Lineal (-) 23 < 0.001*** S (Depth) Non-linear (n) (-) 13 <0.001***
- - - S (log(BB))  Non-linear (n) (+) 8 < 0.001%**

Positive, constant and negative relationships are indicated with (+), (n) and ().



ER]
i
-
-

Fmax1 (x10° RU)

T T B

s ——— e L S T L s i - s
15 20 25 30 34 35 36 37 100 300 500 -0.10 -0.04 0 100 200 -4 -2 0 0 50 150

Fmax2 (x10~° RU)
®

R
L

——— s S S S oy R s s i s S B
15 20 25 30 34 35 36 37 -0.10 -0.04 0 100 200 -4 -2 0 0 50 150

Fmax3 (x10 RU)
®
L

s — o e
0.005 0 100 200 -4 -2 0

fr— s T
15 20 25 30 34 35 36 37 -0.005

Frmax4 (x10™° RU)
N
L

6L

gy p g ey ! ey S e Ly b g
15 20 25 30 34 35 36 37 100 300 500 -0.10 -0.04 -0.005 0.005 0 100 200 -4 -2 0 0 50 150
Temperature (°C) Salinity (pss) Daily SWR (W x m™) DO (°Cxm™) DS (pss xm™') AOU (umol x kg™') In-Chla (ug x L) Depth (m)

Fmax1 (x10™ RU)
>
P
P
P
P
P

2+ T T T T T T T T T [ S e S T U T T T T ¥ T
15 20 25 30 34 35 36 37 -0.10  -0.04 0 100 200 -3 -2 -1 0 2 0123
D6 (°Cxm™) In-Chla (ug x L")

Fmax4 (x10 RU)
EEEE
L
L
L

15 20 25 30 34 35 36 37 -0.005 0,005 0 100 200 50 150 2 0123
Temperature (°C) Salinity (pss) DS (pss x ™) AOU (umol x kg™") Depth (m) In-BB (ug C x L)

o
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the data.
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Likewise, Fmax2 variability was
controlled by the same parameters, having the
AOU also the largest influence on this variable
(Table 4.3). the AOU-Fmax2
relationship reached a plateau approximately
at 170 pmol kg'! (Fig. 4.8a, b) whereas for
Fmaxl, the relationship was more lineal. It is
that SWR and BB did

contribute significantly to explain Fmax2 in

In this case,

remarkable not

contrast with Fmax1.

The for the
30%) was
substantially lower than for the fluorophores
Cl and C2 (ca. 75%) (Table 4.3).
variability was mostly controlled by S and AOU
(Table 4.3), being 6, DS and Chl

contributors to explain 33% of the total Fmax3

explained  variance

fluororophores C3 and C4 (ca.

Fmax3

a also

variability. In this case, the relationship S -
Fmax3 was linear and positive from ~35 pss
and the relationship AOU - Fmax3 shifted from
positive to negative at around 170 umol kg
(Table 4.3, Fig. 4.8a).

Fmax4 variability was mainly explained
by S and depth (Table 4.3), and along with
AOU, Chl-a and SWR, the

explained variance was only 28%. In the S-

temperature,

Fmax4 relationship, Fmax4 started to increase
linearly with S for values over ~35 pss. The
relationship between AOU and Fmax4 was
linear and negative all over the AOU range,
which contrast with the relationships of AOU
with Fmaxl, Fmax2 and Fmax3. Concerning
Chl a, the relationship was positive. By taking
BB into consideration, we observed that BB
showed a positive relationship with Fmax4 and
the explained variance reached up to 31 %
(Table 4.3), being S and depth still the
dominant explanatory variables of
(Table 4.3). Noticeably, BB did no contribute

Fmax4
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significantly to explain the distribution of

Fmax3.

In summary, whereas the environmental
factors AOU and Chl a explained most of the
variability of Fmaxl and 2, the variability of
Fmax3 and Fmax4 was mostly explained by S
and AOU and by S and depth, respectively. BB
only contributed to explain significantly the
variability of two (Fmax1 and 4) out of the four
PARAFAC components.

Discussion

Comparison of the Malaspina PARAFAC

components with other studies

All the PARAFAC

components identified in this study have been

fluorescence

reported earlier in the oceans and in other
aquatic environments. The results of the global
fluorescence inventory carried out by Jorgensen
et al. [2011] revealed for the first time in the
oceans the ubiquitous signal of the two humic-
like fractions that we found in our study. As
well as in other marine FDOM studies [e.g.
Timko et al., 2015; Yamashita et al., in press;
Jorgensen et al., 2011; Yamashita et al., 2010],
our Cl revealed as a mixture of the classical
humic-like peaks A and C defined by Coble
(1996). This
frequently detected

component has also been

in terrestrial and low
salinity coastal environments [e.g. C3 in Wang
et al., 2014; Catald et al., 2013; C2 in
Yamashita et al., 2013; C3/P3 in Murphy et al.,
2008; C4 in Stedmon and Markager, 2005a;
Conmy et al., 2004), as well as in rivers [e.g. C3
in Chen et al., 2013; Hong et al., 2005] or lakes
such as a tropical lake [C3 in Bittar et al., 2015]
or a vegetation-free Antarctic lake [Cory and

McKnight, 2005]. Thus, C1 is related to the



microbial processing of organic matter in both
terrestrial and oceanic regions. Our C2 was
similar to the marine humic-like components
found in other PARAFAC models performed in
the ocean [C4 in Jorgensen et al., 2011; C2 in
Yamashita et al., 2010], as well as others from
environments [Catald et al., 2013;
Murphy et al., 2008; C6 in Yamashita et al.,
2008]. Similarly, it was also found in rivers and
the vegetation-free
lake [Cory and McKnight, 2005].

Thus, C2 also represents a group of fluorescent

coastal

lakes such as same

Antarctic

substances associated with biological activity.

Unlike other studies that found up to

[e.g.
Jorgensen et al., 2011; Yamashita et al., 2008],

four amino acid-like components
we solely found two amino acid-like C3 and C4,
which fluorescence characteristics were almost
identical to those of free tryptophan and
tyrosine [Yamashita and Tanoue, 2003b], and
also were similar to those of tryptophan- and
tyrosine-like components found
PARAFAC studies either in the ocean [Murphy et
al., 2008; Yamashita et al., 2008; Murphy et al.,
2006] and in coastal or inland waters [Cory and
McKnight, 2005;

2005al.

in previous

Stedmon and  Markager,

Comparing our 4-component PARAFAC
model with the first global inventory of 7-
component PARAFAC model carried out by
Jorgensen et al. [2011], we believe that the
exclusive coverage of remote oceanic areas
during the Malaspina 2010 expedition results
in  the absence of more fluorescent
components. Likely, the sampling of coastal
areas in Jorgensen et al. [2011] allowed them to
find two other amino acid-like peaks that were
attributed to phenylalanine and to a tyrosine
and a intermediate

remnant, peak with

121

fluorescence spectrum of the humic- and

amino acid-like materials.

Our the
PARAFAC model does not mean that the FDOM

exclusively contained these four fluorophores,

selection of 4.component

but it is an indicator of the most representative
the EEM database.

fluorescence intensities (Fl), Jargensen et al.

ones in Regarding
[2011] and ours global FDOM inventories are

directly comparable since they are
standardized in Raman units (RU). For the
case of the four PARAFAC components that we
the FI

similar, except for the tryptophan peak that

have in common, ranges are very

slightly outstands in Jorgensen’s et al. study,

ranging between below
detection limit and 20 x 10-3 RU for the humic-

like substances, below detection limit and 40

approximately

(up to 60 in Jorgensen’s study) x 103 RU for
the tryptophan peak, and below detection limit
and 40 x 1073 RU for the tyrosine peak.

The lack of wuniformity concerning

instrument settings, fluorescence
normalization and conversion units hinder the
comparison with other studies. Apart from the
Raman normalization, the other two usual

procedures to normalize fluorescence
intensities in aquatic environments are the
(QSU) the

normalized fluorescence units (NFI). Hence,

quinine sulphate units and
the range of fluorescence units normalization
FDOM

studies in the marine environment, and only

prevents direct comparison with all

those values that reported their fluorescence

intensities in RU are directly comparable.
Humic-like components and its major drivers

The increase with depth of the humic-

like FDOM components in the upper 200 m



followed the regular pattern previously
reported for open ocean waters (Fig. 4.2a, b) of
the Atlantic [Lenborg et al., 2015; Timko et al.,
2015; Kowalczuk et al., 2013; Determann et al.,
1996; Chen and Bada, 1992; Mopper et al.,
1991], the Southern ocean [Yamashita et al.,
2007; Wedborg et al., 1998], the equatorial
Pacific [Hayase and Shinozuoka, 1995; Chen and
Bada, 1992], the Okhotsk Sea the
northwestern North Pacific [Yamashita et al., in
press; Omori et al., 2010; Yamashita et al.,
2010; Tani et al., 2003], the Arabian Sea [Coble
et al., 1998] or the global cruise of Jargensen et
al. [2011] that covered the Atlantic, Pacific,

Indian and Southern Oceans. Generally, the

and

humic-like FDOM intensity is lower in surface

waters  where sunlight penetrates and
photolyses these compounds, which has been
shown to be very vulnerable to natural solar
2011; 20101

Photobleaching has a significant influence

radiation [Omori et al.,
upon the optical properties of DOM in the open
ocean [Helms et al.,, 2013] and its vertical
extent is limited to the penetration of the
ultraviolet radiation in the ocean [Kowalczuk et
al., 2013]. In our study, the SWR does not
contribute the

substantially to explain

fluorescence component profiles. We only
found a slight negative relationship between
Fmaxl and 4 with SWR (Fig. 4.8., Table 4.3),
and, for the case of Fmax2 and 3, significant
relationships were not found. We presume that
the prolonged exposure of surface water bodies
to sunlit results in a photobleaching saturation
in any oceanic region. Consequently, the
photochemical degradation will affect equally
regardless of the solar radiation received by
any biogeographic province. |In fact, previous
irradiation experiments with natural waters

showed high humic-like substances depletion
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rates were in the first hours [Timko et al., 2015;
Nieto-Cid et al., 2006; Del Vecchio and Blough,
2002], showing a slow down after twenty days
[Helms et al., 2013]. Likewise, the humic-like
peak A/C experienced the lowest losses after
24-h the
compared to greater depths [Timko et al.,
2015], which is likely a result of the highly

photodegraded material

irradiation in surface samples

that was already

present.

Distinct changes in FDOM composition
occur above and below the MLD, which limits
vertical mixing and thus exposure of DOM to
UV solar radiation. The DOM below the MLD is
characterized by low amino acid-like to humic-
like fluorescence intensity ratios. Indeed, we
found significant differences above and below
the MLD for the four fluorescent components.
Famxl, Fmax2 and Fmax3 showed lower
values above than below the MLD (4.22 + 0.18
vs 6.39 + 0.13 x102 RU for C1, 2.76 + 0.15 vs
6.76 + 0.15 x103 RU for Fmax2 and 4.89 *
0.23 vs 6.16 + 0.16 x10° RU for Fmax4,
respectively), and Fmax4 showed higher values
above the MLD (12.2 + 0.29 vs 10.0 + 0.19
x1073 RU for Fmax4). This suggests that DOM
may consist of more aromatic humic-like
compounds produced mostly by bacterial
processing of organic matter in the dark ocean
[Yamashita et al., 2010; Yamashita and Tanoue,
2008]. In this the

intensities of

regard, fluorescence

the humic-like components
differed between surface and dark waters
the 2010

humic-like

sampled  during Malaspina

expedition. The values of the
components Fmax1 and 2 in the surface ocean
(< 200 m) were lower than those from the dark
ocean. Whereas half of Fmaxl and Fmax2

values for the surface were lower than 5.2 x



107% RU and 4.9 x1073 RU, respectively, half of
the values in the dark ocean were lower than
12.7 x1072 RU and 9.2 x1073 RU, respectively.
In addition, we might expect that the large-
scale downwelling circulation of the gyres limit
the input of humic-like DOM from deep waters,
and the solar exposure photobleaches the
humic-like fluorescent components. These two
features create the scenario that we reported
in the subtropical oligotrophic gyres of the
South Atlantic, South and North Pacific and
South SATL, ISSG, SPSG and
NPTG), where the strongest depletion of the

Indian (i.e.
humic-like components was found. In our

circumnavigation, the minimum values of
Fmaxl and 2 at both surface and deep ocean
were found in the South Indian Ocean —a
mean value of 3.7 + 0.6 x 103 RU for ISSG and
a water mass proportion-weighted average
value (i.e. arquetypal value) of 5.4 + 0.2 x1073
RU in the Indian Subtropical Mode Water
(STMW)) for Fmax1, and a mean value of 3.8 +
0.6 x 1073 RU for ISSG and an arquetypal value
of 5.4 + 0.1 x103 RU in the Indian Central
Water (ICWi3) for Fmax2 [Chapter Il of this
PhD thesis]. Regarding the depletion of the
humic-like components in surface waters and
the increase with depth, Timko et al. [2015]
found that in the eastern North Atlantic Ocean
and the northern Sargasso Sea, the humic-like
C1 and C2 were on average 5.9 and 3.4 times
higher below 1000 m than at the surface.
Contrary to Morel et al. [2007], we did not find
the clearest natural waters in the South Pacific
Ocean likely because (1) the Malaspina 2010
expedition crossed the South Pacific in autumn
whereas the BIOSOPE expedition did
(2) the BIOSOPE
expedition covered longitudes 70°W to 150°W

and found the clearest waters near Easter

it in

spring-summer  and
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Island, whereas our transect was located within
the range 117°E to 170°E and remained further

west from their “clearest” waters spot.

In addition, after the

distribution of FDOM on this

comparing
geographical
paper with that from the dark ocean (=200 m)
during the same circumnavigation [Chapter Il
of this PhD thesis], we found that the
maximum were located in the Western North
Pacific. This area is peculiar, not only because
both maximum values of Fmaxl and 2 were
found there but also because this is the only
geographic area in which the values of Fmax1l
and 2 in the surface and dark ocean are similar
(i.e. the depth profiles do not increase with
depth). At the surface, the highest values for
both Fmaxl and 2 were found in the PNEC
11.8 and 12.4 x103 RU,
respectively), and at the deep in the North
Pacific Intermediate Water (NPIW) (16.4 + 0.2
x10 RU) and in the North Pacific Central
Mode Water (CMWyp) (12.0 * 0.2 x1073 RU)
[Chapter Il of this PhD thesis]. This unique

oddity was not reported previously in other

province (i.e.

regional or global studies because this region
was not covered previously [Jergensen et al.,
2011; Morel et al., 2010; Yamashita et al.,
2010]. Instead, the North Atlantic and the
Equatorial upwelling regions deviated from the
aforementioned increasing depth profile for the
humic-like substances and showed the
maximum values in the surface [Jorgensen et
al., 2011; Kowalzcuk et al., 2013]. In our case,
the depth profiles did not deviate from the
standard increasing fluorescence intensities
with depth but the equatorial provinces (i.e.
NATR, WTRA, PEQD and PNEC) showed the
values of the humic-like

largest mean

components, ranging from 6.6 £ 1.6 to 11.5 +



1.8 x1072 RU for Fmax1 and from 5.9 £ 1.9 to
11.6 + 1.8 x10® RU for Fmax2. The reasons

behind why upwelling regions are very

abundant in humic-like materials are (1) the

high microbial productivity in response to
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nutrient fertilization by deep waters and (2) the
net upward advection flux of deep water
enriched in humic-like materials [Siegel et al.,
2002].
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Fig. 4.9. Relationships between the apparent oxygen utilization and the fluorescence components (a) C1 and (b)

C2. Grey dots represent measured concentrations, white dots archetypal concentrations for each water type and

black dots archetypal concentrations for each sample. The power-law regression curves for the surface (in
orange) and for the dark ocean (in dashed blue after Chapter Ill of this PhD thesis). AOU-C1: R?2= 0.73,
p < 0.0001, n = 45; AOU-C2: R?= 0.80, p < 0.0001, n = 45. Note: the values with AOU < O were not

considered in the AOU-Fmax relationships.

The GAMs analysis of the humic-like
Fmaxl and Fmax2 indicate that microbial
heterotrophic metabolism (AOU as a surrogate)
and primary production (Chl a as a surrogate)
are the factors that mostly affect to these
fluorophores generation. For the case of
Fmaxl, BB was also a selected explanatory
variable, whereas for Fmax2 the contribution of
known that

BB was negligible. It is well

microbes are directly releasing humic-like
fractions during its metabolism [Fukuzaki et al.,
2014; Romera-Castillo et al., 2010; 2011], but
also primary production is likely indirectly
boosting the Fmaxl humic-like synthesis by
generating labile substrates that enhance

bacterial growth, thus contributing to the
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microbial carbon pump (MCP) [Jiao et al.,
2010; Ogawa et al., 2001]. However, the fact
that C2 was not explained by BB in our study
gives evidence of a less direct bacterial
influence than for Cl. The photo-degradation
and photo-production be

might plausible

explanations since previous studies have
reported that the bleaching of the fluorophore
responsible for Cl (peak C) leaves behind
residual peak M fluorophores [Helms et al.,

2014].

Since AOU was the most significant
parameter explaining Fmaxl and Fmax2, we
have explored their parametric relationships to
compare with previous works (Fig. 4.9a, b). As
in the dark ocean, the AOU-Fmaxl and AOU-



Fmax2 relationships were power law, positive
and highly significant (Fmaxl= 3.0 (+ 0.3) x
103 AQU (025%002), R2= (0,73, p < 0.0001, n =
45; Fmax2= 2.9 (+ 0.2) x 103 AQU (026 £ 0.02).
R?=0.80, p < 0.0001, n = 45; Fig. 4.9a, b). As
we were interested in the effect of microbial
metabolism on Fmaxl and Fmax2 production,
the values in which primary production rates
prevails over respiration rates (i.e. AOU < O
umol kg!) were ruled out from this analysis.
Note that the average values per province and
nominal depth have been used to perform
these correlations. However, unlike the dark
ocean, where the Fmax2 conversion efficiency
exceeded that of Fmaxl, in the illuminated
ocean the conversion efficiencies of both
humic-like components were similar (i.e.
By
comparing these regressions with those from
the dark ocean (chapter Il of this PhD thesis),
we found that in both cases the exponents
were higher in the dark ocean (i.e. 0.51 + 0.04

Fmaxl and 0.31 = 0.04 for

almost identical AOU-Fmax exponents).

for Fmax2,

respectively), meaning a higher conversion
efficiency of the humic-like substances in the
dark ocean than is the surface ocean, where a

net effect of photobleaching is also detected.

Amino acid-like components and its major

drivers

The decrease of the amino acid-like
components with depth suggests that those
substances were autochthonously produced
and likely more resistant to photobleaching
[Helms et al., 2013] (Fig. 4.2d, Fig. 4.8a, b). In

previous studies, the vertical distribution of the

amino  acid-like  components  displayed
dominance in the surface waters and
decreasing values with  depth. These
bioavailable components were linked to
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primary production [Kowalczuk et al., 2013;
Guéguen et al., 2012; Jargensen et al., 2011;
Yamashita and Tanoue, 2003b; Determann et al.,
1996].

acid-like fluorescence intensity dominance in

In fact, there was consistent amino

the surface waters of the Atlantic Meridional
Transect [Kowalczuk et al., 2013], the eastern
Atlantic Ocean and in the northern Sargasso
Sea [Timko et al., 2015] or in the southern
Canada Basin and in the East Siberia Sea
[Guéguen et al., 2012] after studying the DOM
composition. Here, we present larger values of
the tyrosine-like Fmax4 at the surface than at
the dark ocean, with half of the data exceeding
10.2 x1073 RU, whereas for the dark ocean half
of the data exceeded 4.9 x10-3 RU. Regarding
the fluorophore tryptophan-like C3, it was the
least variable out of the four fluorescent
components throughout the whole water
column, being half of the data lower than 4.2
x107 RU in the surface ocean and 4.9 x107
RU in the dark ocean. The vertical patterns of
both Fmax3 and 4 are coincident with those of
Jargensen et al. [2011] and Timko et al. [2015],
as they found that tyrosine-like Fmax4 was
approximately 1.5 times higher at the surface
than in waters > 1000 m depth and that
tryptophan-like Fmax3 did not show a clear
the

depth-dependence. The province with

maximum average of Fmax3 and 4 was
NATR_W, whereas the water mass with the
highest archetypal value was the South Atlantic
Central Water (18 °C) (SACWg) (i.e. 8.3 £ 0.9
x10"® RU). The provinces that showed the
minimum value for Fmax 3 and 4 were AUSW
and NPTG, whereas in the dark ocean, the
minimum was assigned to the Circumpolar

Deep Water (CDW¢) (i.e. 3.4 + 0.2 x1073 RU).



The amino acid-like components showed
a positive relationship with Chl a for both
Fmax3 and 4, and only with BB for Fmax4,
which implies a more relevant role of bacteria
on the distribution of Fmax4 (Table 4.3; Fig.
4.8). The relationship Fmax4-AOU was negative
and less significant than for the humic-like
components (Table 4.3; Fig. 4.8). In the dark
ocean, Catald et al. (Chapter 3 of this PhD
thesis) obtained the same result, explaining
the negative relationship by the microbial
consumption of the more recalcitrant fraction
of the amino acid materials represented by this
fluorescence signature with a timescale of
centuries. In the surface ocean, we are likely
observing the bulk of the recently produced
materials that

tyrosine-like scape

the

rapid

microbial utilisation and negative

relationship with AOU would also be a
consequence of the microbial utilization of a
less recalcitrant fraction of the amino acid-like
substances or the absence of microbial cell
communication by exometabolites under less
favourable conditions.

that

It has been reported

microbial quorum sensing releases

exometabolites like peptides [Pereira and Giani,
2014] that content chromophoric groups. This
assumption, as well as the microbially
produced humic-like substances, is supported
by a 72 h in the

darkness

incubation experiment

where the amino  acid-like
fluorescence decayed by 29 + 9 9% and the
marine humic-like fluorescence increased by
20 £ 9 % [Lenborg et al., 2015]. Fmax3 did not
show any trend with AOU throughout the whole
water column although we saw a shift in the
trend from positive to negative at around 170
umol kg due to the subsurface waters of
PNEC (Fig. 4.5a, d; Fig. 4.8a). However, unlike

the dark ocean, we found a positive and
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significant relationship of the amino acid-like
components with salinity (Fsrmaxs = 69 and Fs.
Fmaxa = 37, p < 0.0001, Table 4.3), that could
be related to the atmospheric influence within
the upper 200 m. The areas submitted to
intense solar radiation results in both higher
water evaporation (i.e. higher salinity) and
photobleaching rates of the most sensitive (i.e.
like  components)
material [Omori et al., 2011; 2010] and likely

an accumulation of the less photoreactive (i.e.

humic chromophoric

amino acid-like) components. In addition, as it
has been reported that photodegradation shifts
the higher molecular weight (HMW) materials
to lower MW (LMW) fractions [Omori et al.,
2011; 2015], we could expect that the LMW
DOM become more available to microbes that,
in turn, could synthesize fresh tryptophan- and

tyrosine-like materials.

Conclusions

The relationships between

environmental factors and fluorescence
PARAFAC components in the surface global
ocean are mostly non-linear, which encourages
the use of GAMs for describing the large-scale
variability of FDOM. GAMs results showed that
the environmental drivers of the humic-like and
amino acid-like fluorescent components, as
well as the robustness of the relationships are
not the same, with the humic-like components
being primarily affected by microbial activity
(AOU and Chl a), and the amino acid-like

components by physical processes (S).
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This dissertation presents the first global inventory of DOM optical properties, classified by
water types (WT) in the dark ocean and by Longhurst’'s biogeographic provinces and PAR levels in the
illuminated ocean. Both WT and provinces show intrinsic values of CDOM (absorption coefficients,
indices and slopes) and FDOM (fluorescence components) properties dictated by relevant
environmental variables including WT age and ageing (i.e. AOU) in the dark ocean and salinity,
chlorophyll a, bacterial biomass and AOU among others in the illuminated ocean. For the case of the
dark ocean, previous works by Nelson et al. [2007; 2010] have already reported a global inventory of
CDOM absorption coefficients and slopes but gathered by pelagic layers (epi-, meso- and
bathypelagic) and ocean basins. We stepped forward by presenting an oceanographic rather than
geographic approach based on WT that, in turn, overcomes some difficulties that are not solved with
the approach based on layers and basins. These difficulties are (1) the mixing of multiple water
masses of contrasting origin within a given pelagic layer and (2) the presence of intermediate and
abyssal water masses in more than one ocean basin. Concerning FDOM, the global ocean was
previously sampled during the Galathea Ill expedition in 2006-7 [Jorgensen et al., 2011], but the
number of samples collected in the dark ocean was very limited (about 50) compared with the number
of samples collected during the Malaspina 2010 circumnavigation (about 800). Regarding the surface
ocean, some studies have attempted to describe the DOM optical properties of a determined oceanic
region by Longhurst’s biogeographic provinces [e.g. Kowalczuk et al., 2013], but none, except that of
Jargensen et al. [2011], covered the entire global surface ocean. However, whereas Jargensen et al.’s
study occupied more coastal provinces and arrived to polar latitudes, our study was centred in the
open ocean at tropical and temperate latitudes. Given this coverage disparity, joining both global
databases as well as those from regional studies would be very convenient to perform a global analysis
on FDOM optical properties. However, consideration of fluorescence data collection and unit

standardization is mandatory before conducting this effort (see below).

1. Why it is so difficult to produce a standardized global database of FDOM measurements?

The lack of uniformity concerning instrument settings, fluorescence normalization and
conversion units hinder the comparison with other studies or the assemblage of all the data produced
in individual studies into a unique normalised database. Apart from the Raman normalization, the
other two usual procedures to normalize fluorescence intensities in aquatic environments are the
quinine sulphate units (QSU), which consists in dividing the fluorescence units by the QSU
fluorescence intensity at Ex/Em 340-350/440-450 nm, and the normalized fluorescence units (NFI),
which comprises the measurement of the quinine sulphate fluorescence intensity at the same Ex/Em
wavelengths of the peak of interest. For instance, in Yamashita et al. [2010] or Yamashita and Tanoue
[2008] the fluorescence intensities of the marine humic-like peak M were reported in NFI units by
calibrating the spectrofluorometer measuring the fluorescence of quinine sulphate at Ex/Em 320

nm/420 nm. The latter are valid only for the humic-like peaks given that quinine sulphate does not
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fluoresce at the Ex/Em wavelengths of the amino acid-like substances. For this reason, Nieto-Cid et al.
[2005] proposed standardization based on a mixture of quinine sulphate and tryptophan to overcome
this difficulty. Furthermore, the Raman and QSU normalizations are not always performed similarly.
The wavelength range of the Raman area can vary among authors as well as the consideration of
subtracting or not the baseline. Regarding the QSU normalization, quinine sulphate has the
inconvenient of being commercialized in several forms and with different molecular weights, which
leads to different fluorescence intensities at the same concentrations of these commercial forms.
Similarly, the Ex/Em wavelengths of the peaks of interest can vary according to the study site and,
thus in fluorescence intensity. As a consequence, fluorescence units will depend on the chosen peak of
interest and its position in the Ex/Em landscape (see an example in the box below). In this sense, as a
matter of the aquatic environment, the results exhibited by PARAFAC models will vary not only in the
number of components but also in the peak positions. Hence, the range of fluorescence unit
normalization prevents our direct comparison with all FDOM studies in the marine environment, and
only those values that reported their fluorescence intensities in RU with the same procedure are
comparable with ours. Furthermore, when using PARAFAC modelling, all EEM form the different
databases should be processed together to obtain a global PARAFAC model with consensus
components. In the future, a general consensus regarding the homogeneity in the fluorescence units is
required to make all the oncoming studies on FDOM comparable. Hereafter, we propose a
standardization of the methodology based on the one we applied in the Malaspina circumnavigation. It
consists on obtaining Raman units by calculating the Raman area (RA) between 381 and 426 nm
following the trapezoidal rule of integration [Lawaetz and Stedmon, 2009] and its baseline correction
with the emission scan at 350 nm of the daily Milli-Q water blanks (see section 4.6 of Appendix | for
more details). Also, EEM should be acquired in a standardized way (excitation and emission slit wide,

wavelength range and step) to facilitate collective treatment with any statistical technique.

Furthermore, continued improvement at the molecular level characterization of marine DOM
with accompanying optical spectroscopic characterization will provide deeper knowledge of how
changes in DOM composition impact the optical properties of CDOM and FDOM. A better
understanding of these relationships has implications for the use of in situ optical measurements
[Menon et al., 2011; Spencer et al., 2007] and remote sensing technology [Griffin et al., 2011; Del Castillo
and Miller, 2008; Kutser et al., 2005; Del Vecchio and Subramaniam, 2004; Carder et al., 1989] to track
biogeochemically and ecologically important processes over comprehensive temporal and spatial

scales.

129



In order to obtain a conversion factor and convert our Raman units into quinine sulphate units and make
them comparable with Yamashita and Tanoue [2008] we did a calibration curve of quinine hemisulphate
monohydrate. Given that Yamashita and Tanoue [2008]'s centred their study on the marine humic-like peak M, we
also used the same peak, which in our case was attributed to component C2. However, the direct comparison
was not possible because of three dissimilarities in (1) quinine sulphate standards, (2) peak positions and (3)

normalization units.

(1) In our case, we used quinine hemisulphate monohydrate (fw = 391.47 g mol-') and in Yamashita and
Tanoue’s they used quinine sulphate monohydrate (fw = 440.51 g mol-'). Therefore, our values should be

multiplied by a factor of 1.125 to be comparable with those of Yamashita and Tanoue [2008].

(2) In Yamashita and Tanoue [2008], the peak position was at EX’Em 320 nm/420 nm whereas in our case
Fmax2 was located at Ex/Em 320/400 nm. As a consequence, the fluorescence intensity of peak M in
Yamashita and Tanoue exceeded about ~10% our value, and a conversion factor of 1.10 have to be applied

to our data to make them comparable.

(3) Yamashita and Tanoue [2008] provided their data in NFIU and we calibrated our instrument in QSU. To
convert from QSU into NFIU, our data have to be multiplied by a factor of 2.24.

Overall, a conversion factor of 2.78 has to be applied to our fluorescent measurements to make them

comparable to those of Yamashita and Tanoue [2008].

2. How recalcitrant the CDOM and FDOM components are?

The absorption and fluorescence of DOM measurements preformed during the
circumnavigation, their significant relationships with apparent oxygen utilization (AOU) together with
the calculation of a global ocean oxygen utilization rate (OUR) allowed us to estimate net production
rates and turnover times of 300-800 yr for the different chromophoric and fluorescent fractions of
DOM in the dark global ocean (Table D.1). For the case of the bulk CDOM and the humic-like
fluorescent components C1 and C2, the turnover times exceeded the dark ocean flushing time, 345 yr
according to Laurelle et al. [2009], the turnover time of the bulk DOC pool, 370 yr according to Hansell
et al. [2009] and the water mass weighted average ideal age of the Malaspina 2010 samples, 454 + 22
yr according to our estimate in chapter |, whereas the turnover time of the amino acid-like fluorescent
component C4, as well as the ubiquitous UV- and VIS-chromophores were not significantly different
from those estimates (see Table D.1). The fact that the turnover times of some of the CDOM and
FDOM components exceed the renewal time of the dark ocean gives evidence of the role of refractory

DOM in carbon sequestration at the timescale of hundreds of years.
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Table D.1. Summary of the annual net production rates (NPR) and turnover times of the recalcitrant

DOM fractions detected with chromophoric and fluorescent spectral techniques.

Annual NPR (Raman Units) Turnover time (yr)

FDOM-C1 23+02x 10°RU 529 +49
FDOM-C2 12+0.1x 10°RU 742 + 67
FDOM-C4 -1.1£02x 10°RU 461 £ 125
CDOM (a 3,5) 33+05x10*m™! 634+ 120
UV-Chromophore 86+1.1x10°m" 345+ 80
VIS-Chromophore 31+04x10°m" 356+ 74

3. Moving a step ahead beyond absorption coefficients and slopes: picking individual chromophores

in the dark ocean

An exhaustive inspection of the CDOM spectra from the dark ocean collected during the
Malaspina 2010 circumnavigation allowed us to identify two discrete chromophores located at 302 + 3
nm (Ch-UV) and 415 = 3 nm (Ch-VIS) and calculated the absorption coefficient signal following the
Réttgers and Koch [2012]'s equation that is based on Breves et al. [2003]’s approximation (chapter 2).
Here, we calculate the contribution of these chromophores to the total CDOM absorption spectrum by
comparing the spectral slopes in the ranges 250-400 nm and 350-600 nm including and excluding
the UV and VIS chromophores in the non-linear regression Eq. 2 of chapter 2. On average, the slopes
when considering the chromophores in the equation were 82 + 149% and 87 *+ 119, the value when they
are not considered (Fig. D.1). Therefore, in general, the regression slopes used to characterise the
exponential decline of the absorption spectra associated to humic materials, are overestimated when
the presence of the UV and VIS chromophores is not considered. Furthermore, Table D.2 presents the
contributions of the chromophores signal with respect to the total absorption at that specific
wavelength for each water mass intercepted during the circumnavigation. Whereas the Ch-UV
contributed noticeably in the deep Antarctic waters (i.e. AABW, CDW and AAIW3;) (see Table 2.1 in
Chapter 2), the contribution in the Indian and South Pacific Mode Waters was very low (i.e. ICWy3,
STMW, and STMWsp). For the case of Ch-VIS, 17 out of the 22 water masses represented more than
109% of the total absorption.
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Fig. D.1. Comparison of the spectral slope values in the ranges 250-400 nm (red dots) and 350-600
nm (blue dots) solving Eq. 2 of chapter 2 with and without the UV and VIS chromophore signals,

respectively.

Table D.2. Percentage of the Ch-UV and Ch-VIS absorption coefficients with respect to the total

absorption signal.

Acronym VOL; achuvi/a300i  Ach-visi/Aasi
(%) (%) (%)
EDW 0.7% 1.5+2.0 6.4+34
ENACW,, 3.2% 1.9+0.8 84+3.1
ENACW 5 1.8% 1.1+1.0 6.5+33
13EqAtl 1.6% 28+14 18.1+7.1
SACW, 2.2% 5.0+2.0 15.2+5.0
SACW 5 1.4% 1.3+1.3 145+5.6
STMW, 0.9% 0.1+0.2 19.4+8.3
ICWy; 4.5% 05+04 155+43
STMWsp 0.2% 1.0+3.1 26.1+29.2
SPCW, 0.5% 11.0£9.9 12.7+13.0
13EqPac 5.7% 10.6 1.8 19.0+3.1
CMWyp 3.5% 6.2+1.8 17.1£2.8
STMWp 0.2% 3.2+29 16.0+8.0
MW 0.2% 29+49 7.6 +8.6
SAMW 8.0% 57+1.8 13.6+3.3
AAIW;, 4.5% 120+2.4 14.6 £3.8
AAIW;, 2.9% 7.9+2.7 15.4+4.1
NPIW 5.9% 11.1£1.7 189+£2.7
CDW 27.0% 144+1.0 152+1.7
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NADW,, 12.9% 6.5+£1.0 11.1+1.7
NADW,6 7.6% 6.6+1.4 11.7+2.2
AABW 4.4% 13.0+2.4 143+4.1

4. How much carbon holds the fluorescence components?

To better understand the role played by FDOM in the global carbon cycle, we have made an
attempt to estimate the concentration of the fluorescent components as well as the net production

rates (NPR) in carbon units on basis of our own conversion factors (for more details see Appendix IV).

With the aim of comparing our conversion factors with those obtained by Yamashita and Tanoue
[2008], we read up their procedure that was based on Hayase and Sinozuka [1995]'s approximation.
This approximation is very similar to ours, which consists of obtaining the contribution of the humic-
like substances to the bulk DOC pool from the slope of the calibration curve between the concentration
of a reference substance and its fluorescence intensity. For the case of Hayase and Sinozuka [1995],
they used a fulvic acid isolated from the sediments of Tokyo Bay due to the similarity that they find
with their FDOM samples in the Pacific Ocean. In our case, we used two International Humic
Substances Society (IHSS) reference materials, which were more alike to the humic-like components
obtained during the Malaspina 2010 circumnavigation. In addition, Hayase and Sinozuka [1995]
calculated the amount of FDOM in the Pacific Ocean from the slope of the relationship between FDOM
and AOU and their conversion factor of fluorescence into carbon. However, what they really obtained
with this calculation was the fraction of the mineralised organic matter that is converted to FDOM. As
a result, they inaccurately reported that the contribution of humic-like FDOM to DOM in the marine
environment was 1.2%, when they were really reporting that 1.29% of the organic matter mineralised in
the Pacific Ocean ends as humic-like FDOM rather than as CO,. Considering our humic-like NFP in
carbon units of 0.20 * 0.01 Pg C y! (see Appendix IV) and assuming that 10 Pg C are annually
respired in the dark global ocean [Hansell et al., 2009], the global production of humic-like FDOM
would represent about 2% of the organic carbon consumption, which is not significantly different from
the 1.2% obtained by Hayase and Sinozuka [1995]. Furthermore, If one considers the humic-like FDOM
measured in the samples of the Pacific Ocean (around 6 fluorescence units (flu) according to Fig. 2 of
their manuscript), multiply it by their conversion factor (50 flu per 1mg L™ of fulvic substance), and
the assumption that the carbon content in their fulvic acid is 50% of the total weight (i.e. 0.5 mg
C/1mg of fulvic substance), they would obtain a final concentration of humic-like FDOM of 0.06 mg C
L™ or 5 ymol C L. Extrapolating this estimation to the Pacific Ocean, which has a DOC concentration
of ~ 35-40 pM, it would result in a global DOC estimation of 12.5-14.29% accounted by humic
substances, which is not significantly different to our estimation of 15 + 3% (see Appendix IV) or the
estimation of Nieto-Cid et al. [2005] of 6-22% in the coastal upwelling system of the Ria de Vigo (NW

Spain), where the terrestrial inputs are more abundant than in the open ocean.

In summary, using the oceans as a bioreactor, our estimates indicate that the in situ microbial

production rate of fluorescent humic-like materials in the dark global ocean (0.20 + 0.01 Pg C yr?)
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might be a carbon sink in the time scale of hundreds of years, equivalent to the input of organic carbon
produced in the coastal seas that is exported to the global open ocean (0.28 Pg C yr™!) [Chen, 2004] or
the carbon sequestered in the ocean sediments by the biological pump (0.2 Pg C yr!) [Sarmiento and
Gruber, 2002].

However, we are aware that our conversion factors, as well as those from Yamashita and Tanoue
[2008], Nieto-Cid et al. [2005] or Hayase and Sinozuka [1995], are overestimated after considering that
the total amount of the reference materials is fluorescent. A better approximation with nuclear
magnetic resonance or ultrahigh resolution Fourier transform ion cyclotron mass spectrometry would
contribute to estimate the carbon content of the fluorescent components in the future. Similarly, we
suggest using the isolated DOM fraction from Natural Energy Laboratory of Hawaii Authority water
proposed by Green et al. [2014] as a standard of chromophoric and fluorescent marine RDOM to

compare the carbon estimations among studies.

5. Are changes in CDOM and FDOM properties coupled over the global thermohaline circulation?

To test for linkages between the CDOM and FDOM properties in the dark global ocean, we
studied the correlation of CDOM absorption coefficients and spectral slopes with the four fluorescent
PARAFAC components (see Table D.3). We found a significant negative power law relationship between
Fmaxl and Fmax2 with S,75.295 and Sg, which points to an increase in aromaticity and in the average
molecular weight of CDOM linked to the C1 and C2 humic-like production. The positive trend of Fmax1
and Fmax2 with aszys also expresses the accumulation of chromophoric aromatic substances with water
mass ageing. However, the shifts into a more aromatic and larger average molecular weight of organic
materials are more acute in Fmax1 than in Fmax2, indicating a slowing down in Fmax2 over time, as
well as seen in the relationship AOU-Fmax2 (see Figure 3.5 in Chapter3) that could be related to

oxygen depletion.

Unlike humic-like components, the amino acid-like Fmax4 showed a positive relationship with
Su75.205 and Sg, which indicates a lower degree of aromaticity and molecular weight when substantial

amounts of C4 are present in the environment. On the contrary, no aszs-Fmax3 relationship was found.

134



Table D.3. Correlations between CDOM absorption coefficient at 325 nm, spectral slopes and the four fluorescent PARAFAC components.

a3s SZ75-295

S350-400

Sk

Fmax1

(Humic-like)

Fmax2

(Humic-like)

Fmax3

(Tryptophan-like)

Fmax4

(Tyrosine-like)

Fmax1 = 0.05 (£0.02) as,s"* ¢
R?=10.50

Fmax1 =5 (£2) X107 Syr5.005"** ¢012)

R*=0.88

Fmax2 = 0.02 (£0.01) az,s"¢7 ¢
R?=10.50

Fmax2 =3 (£2) x10™ Sy75.005 % €019

R*=0.65

Fmax3 = 1.2 (£3.9) x107 az,5"¢ 02

R*=0.35

Fmax4 = 0.04 (£0.03) Sy7s.005"* 021
R*=0.27

Fmax3 =7 (£0.01) X107 S3s0.400 """ %3
R*=0.24

Fmax1 = 0.03 (£0.01) Sg~'*° ¢
R?=0.62

Fmax2 = 1.7 (£0.3) x107 Sg 7 02
R?=0.35

Fmax4 =2 (x1) x107 Sg"% ¢02?

R?=0.44
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6. Does FDOM and CDOM properties support the size-reactivity continuum model?

As well as other studies [e.g. Helms et al., 2013; Helms et al., 2008], low Sz75.295 and Sg values,
the high content of humic-like fluorescent components in the oldest water masses of the global ocean,
as well as the C1, C2 relationships with S,75.0095 and Sg allowed us to propose that water mass ageing
leads to increased levels of aromatic and likely high molecular weight (HWM) materials in the
recalcitrant DOM pool. However, this hypothesis, indicating that the low molecular weight (LMW) DOM
turns into a more recalcitrant HMW DOM with ageing, does not appear to apply to the bulk of natural
DOM according to Amon and Benner [1996], who proposed in their size-reactivity continuum model
(Fig. 2 of the introduction) that the bulk of HMW DOM is more bioreactive and fresher than the LMW
DOM given that most marine DOM was of LMW (up to 70%) and that the HMW DOM was utilized to a
greater extent than LMW DOM in all marine environments investigated. However, considering that the
net production of humic-like material is about 2% of the organic matter consumed in the dark global
ocean (see section 4 of this chapter) it results that an increase in fluorescent humic like HMW

materials would be compatible with the net accumulation of LMW materials in the global ocean.
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VL.

VII.

VIII.

The quantity of chromophoric dissolved organic matter (CDOM) in the dark ocean was
dependent on the cumulative microbial oxygen utilization, whereas the quality (i.e.
quantum yield and spectral slopes) was dependent on the microbial oxygen utilization
rate with CDOM becoming more aromatic and with higher average molecular weight along

the global thermohaline circulation.

The net production rate of CDOM was ca. 3.3 x 10> m™ yr! and the turnover time was
624 yr, i.e. significantly longer than the renewal time of the dark ocean indicating that
these chromophoric compounds are accumulated, and therefore can be used as tracers of

the microbial carbon pump in the dark ocean.

Two discrete chromophores have been identified in the dark global ocean: The UV
chromophore centred at 302 nm was attributed partially to nitrate and likely to the
antioxidant gadusol and presented a net production rate of 8.6 x 10° m™ yr! and a
turnover time of 345 years. The Visible chromophore was centred at 415 nm, was related
to the respiratory enzyme cytochrome c and presented a net production rate of 3.1 x 107
yr!
chromophores leads to an overestimate of the spectral slopes of ca. 15%.

-1

m and a turnover time of 356 years. Omission of the existence of these

Four ubiquitous fluorescent components both in the illuminated and in the dark ocean
were identified, two of humic-like nature (Cl, C2) and two of amino acid-like nature

(tryptophan-like C3, tyrosine-like C4).

The two humic-like fluorophores, C1 and C2 increased as a power function with the water
mass ageing at net production rates of ca. 2.3 x 10°and 1.2 x 10°°RU y! in the dark
global ocean. Conversion efficiencies per unit of oxygen in the surface ocean were lower

than in the dark ocean, likely because of photobleaching.

The tryptophan-like C3 component did not exhibit any pattern with ageing in the dark
ocean, whilst the tyrosine-like C4 presented an inverse power relationship with apparent

oxygen utilization leading to a net consumption rate of ca. -1.1 = 10° RU yr.

The turnover times of the humic-like components C1 and C2 were 529 and 742 yr,
significantly longer than the renewal time of the dark ocean suggesting an accumulation of
these components in the dark ocean. In contrast, the turnover time of the tyrosine-like C4
was shorter (461 yr) and was not significantly different from the renewal time of the dark

ocean.

In the illuminated ocean, the humic-like component C1 and C2 were also affected by
microbial metabolism, being the apparent oxygen utilization and chlorophyll a the

environmental variables that drove their distribution.
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IX. Unlike the dark ocean, in the illuminated ocean physical processes dictated the variability
of the amino acid-like C3 and C4, although C4 was also related to chlorophyll-a implying

also a microbial influence.
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VI.

VII.

Mientras que la cantidad de materia orgéanica disuelta croméfora (CMOD) en el interior
del océano depende de la utilizacién microbiana de oxigeno acumulada (utilizacién
aparente de oxigeno), la calidad (trazada a través de indicadores como las pendientes
espectrales o el rendimiento cuéantico de la fluorescencia) depende de la tasa de
utilizacién microbiana de oxigeno (tasa de utilizacién de oxigeno) con el resultado de que
la CMOD gana aromaticidad y peso molecular medio con el discurrir de la circulacién

termohalina global.

L aly su tiempo de

La tasa de produccién neta de CMOD es de aprox. 3.3 x 10 m
renovaciéon de aprox. 625 afios, que es significativamente mayor que el tiempo de
renovacién del interior del océano, indicando que la CMOD se acumulan y, por tanto,

puede usarse como trazador de la bomba microbiana de carbono en el océano.

Se han identificado dos croméforos en el interior del océano. Uno estéd centrado en 302
nm (croméforo UV) y se atribuye parcialmente a la absorcién de nitrato y probablemente
al antioxidante gadusol. Se produce a una tasa neta de aprox. 8.6 x 10° m* a' y su
tiempo de renovacién es de 345 afios. El otro estd centrado en 425 nm (croméforo
visible), su absorcién es probablemente debida al enzima respiratorio citocromo c, se
produce a una tasa neta de 3.1 x 10> m™ a~! y su tiempo de renovacién es de 360 afios.
Si no se considera la existencia de estos croméforos, las pendientes espectrales se

sobreestiman en aprox. un 15%.

Se han identificado cuatro fluoréforos presentes tanto en la capa superficial como en el
interior del océano, dos de naturaleza himica (C1, C2) y dos de naturaleza proteica (tipo

triptéfano, C3, y tipo tirosina, C4).

Los dos fluoréforos de naturaleza himica se acumulan en paralelo al envejecimiento de
las masas de agua siguiendo funciones potenciales con la utilizacién aparente de oxigeno
y con tasas de produccién de aprox. 2.3 x 10°y 1.2 x 105 RU a™* para Cl y C2
respectivamente en el interior del océano. Las eficiencias de conversién en el océano
superficial fueron menores que en el interior del océano probablemente debido a la

fotodegradacion.

Mientras que el fluoréforo tipo triptéfano, C3, no mostré ningln patrén definido con el
envejecimiento de masas de agua en el interior del océano, el fluoréforo tipo tirosina, C4,
present6é una relacién potencial negativa con la utilizacién aparente de oxigeno, indicando

una tasa de consumo neto de =1.1 x 10° RU a™L.

Los tiempos de renovacién de los fluoréforos himicos fueron de aprox. 530 afios para C1
y 740 afios para C2, significativamente mayores que el tiempo de renovacién del interior

del océano, sugiriendo una acumulacién de estos componentes. Por el contrario, el
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VIII.

tiempo de renovacién del fluoréforo tipo tirosina fue mas corto (aprox. 460 afios), que no

es significativamente distinto del tiempo de renovacién del interior del océano.

En la capa superficial del océano los fluoréforos himicos también se ven afectados por el
metabolismo microbiano, siendo la utilizacién aparente de oxigeno y la concentracién de

clorofila las variables ambientales que mas influyen en su distribucién global.

En la capa superficial del océano la distribucién global de los fluoroforos proteicos la
dictan fundamentalmente procesos fisicos, aunque la concentracién de clorofila también
afecta a la distribucién del fluoréforo tipo tirosina lo cual implica que estéd igualmente

afectado por procesos microbianos.
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Methodology in sample collection
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1. General concepts

The fraction of dissolved organic matter in the oceans that absorb light in the ultraviolet
wavelength range and, to a lesser extent, in the visible range are meant to be chromophoric
dissolved organic matter (CDOM). When the CDOM s irradiated with ultraviolet light, it emits

fluorescent light characteristic of both amino acid-like and humic-like materials.

The CDOM is characterized by absorption spectra between 250 and 750 nm and excitation-
emission matrixes of fluorescence, exciting between 240 and 450 nm and reading the emission
between 300 and 560 nm.

In the open ocean, the concentrations of particulate organic matter are considerably low
that is not usual to filter the samples in order to minimize the risk of contamination during the
filtration process. In the case of Malaspina expedition, only the surface rosette (from O to 200
meters) were filtered through GF/F filters of 47 mm of diameter (precombusted at 450°C during

4h) with a glass ramp filtration under controlled pressure of No.

2. Neccesary equipment

e Spectrophotometer Shimadzu UV-2401 with cell holders for 10-cm and prismatic cells.
e Spectrofluorometer FLUOROMAX-4 (Jobin Yvon Horiba) with cell holders for 1-cm and

squared cells.

3. Calibration
3.1. Absorbance

The CDOM is characterized with absorption spectra between 250 and 750 nm at 1-nm
intervals. Freshly produced Milli-Q water is used as a blank. In double-beam spectrophotometers,
the reference substance is inserted in the back cell holder for 10-cm cuvettes.

Absorption spectra were obtained in absorbance units, so there was no need to calibrate

them with any reference substance.
3.2. Fluorescence

Previous to start the routine analysis of each station, an emission spectra of several
reference substances were done: (1) sealed Milli-Q between 365 nm and 450 nm exciting at 350
nm; (2) the p-terphenyl between 310 nm and 600 nm exciting at 295 nm; and (3) the tetraphenyl
butadiene between 365 nm and 600 nm exciting at 348 nm, fixing the excitation and emission

bandwidth at 5 nm and the integration time at 0.25 seconds.

3.2.1. Daily checks of the instrument conditions
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Excitation Check

This check lets us know if the lamp intensity (for the pulsed xenon flash tube lamp) has
changed over time. Perform this check every 2 or 3 days.

The chamber has to be empty and completely closed and the settings are at Ex from 200-600
nm, Em set at 350 nm, Ex and Em slits at 1 nm.

When scan is complete, record the highest peak that should be at 467 nm.

Emission Check

Spectra on the sealed Milli-Q cuvette.

This test allows checking the lamp decay over time.

The settings are Ex from 350 nm, Em 365-450 nm, Ex and Em slits at 5 nm.

When the spectrum finishes, click on the top peak of both modes. The Raman peak should be
located at 3971 nm. If the Raman peak location is within the acceptable range, calculate the
integrated area under the peaks.

At the end of sampling analysis, repeat the emission spectrum of the sealed Milli-Q water with

the same settings as above.

Spectra on the p-tephenyl

This test allows checking the lamp decay in the fluorescence region of the amino
acids/aromatic proteins.

Check that the settings are Ex 295 nm, Em 310-600 nm, Ex and Em “slits” 5 nm. The
integration time is set to 0.25 s.

When the spectrum finishes, click on the top peak. The Raman peak should be located at
338£1 nm.

If the Raman peak location is within the acceptable range, calculate the integrated area under

the peak.

Spectra on the tetraphenyl butadiene

This test allows checking the lamp decay in the fluorescence region of the humic substances.
Check that the settings are Ex 348 nm, Em 365-600 nm, Ex and Em “slits” 5 nm. The
integration time is set to 0.25 s.

When the spectrum finishes, click on the top peak. The Raman peak should be located at 422
+ 1 nm. If the Raman peak location is within the acceptable range, calculate the integrated

area.

Cuvette check for contamination

By using vinile or polietilene gloves, fill the QUARTZ cuvette with clean (purged) milliQ water
avoiding the formation of bubbles. Make sure to wipe the cuvette clean.
Settings should be Em from 270-430 nm, Ex set at 240 nm, Ex and Em slits at 5 nm and

integration time of 0.1 s.
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* The scan should look like a relatively flat but noisy line and have very low intensity (under
2000 CPS). If you can see a peak, even if it is noisy, clean the cuvette or replace the milliQ
water and run again. Record intensity of the highest point between 300-350 nm, this range is
where amino acids/proteins will fluoresce, so you don’'t want to see a peak here in milliQ
water.

* If you clean the cuvette a lot and peak is still there, rotate cuvette 90 degrees and re-run. If
peak changes intensity or position, this is good indication that something is stuck on the

cuvette walls. It may take special treatment of methanol/base to remove it, see below.
Water Raman Scan

* This check lets us know if the lamp is drifting. We use the integrated area under the Raman
scatter peak for the 3D normalization. This puts everything in Raman units that we can
compare with other instruments.

* Check that the settings are at Ex of 350 nm, Em from 365 to 450 nm, Ex and Em slits at 5
nm. The integration time is set to 0.1 s.

e Place a clean milliQ-filled cuvette in the chamber.

* When the scan is finished, click on the highest peak for both modes. The Raman peak should
appear at 397 +/- 1 nm. If the Raman peak location is within the acceptable range, calculate

the integrated area under the peaks.

4. Description of the technique
4.1. Sample collection for absorbance and fluorescence measurements

The use of vinile gloves is compulsory. Samples were collected with glass flasks of 250 ml.
Previous to sampling collection, the flasks were daily washed 3 times with Milli-Q water. Every 3
days, the flasks were introduced in an acid bath (1% HCI) for 24 hours and subsequently washed
with plenty of Milli-Q water. The flasks were rinsed 3 times with seawater before filling the flask.

The acid bath was replaced every 15 days.

Meanwhile the samples are not measured (less than 2 hours after collection), they were
stored in darkness conditions, away from any volatile organic compounds. Samples should warm

up until room temperature before starting measurements.
4.2. Sample filtration for the absorbance and fluorescence determination

The use of vinile gloves is compulsory. For depth profiles, the procedure was to start with
the largest depths and end up with surface waters. Surface seawater samples (collected at depths
higher than 200m) were filtered before measuring its absorbance and fluorescence. For all surface
samples (higher than 200m), a volume of 50 mL for absorbance and a volume of 10 mL for

fluorescence were filtered through pre-combusted 47mm-diameter GF/F filters with a glass ramp
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filtration under controlled pressure of N,. Previous to filtration, the system and the filter was

washed out with 50 mL of Milli-Q water and then with 50 mL of sampling water.

Once the filtration is done, the filtration system was submitted to the same washing

procedure of the flasks (see above).

4.3.

Absorbance determination on board

Turn on the spectrophotometer approximately half an hour before starting measuring.

Set up the instrument to carry out absorption spectra from 250 nm to 750 nm at 1 nm
intervals.

Use vinile or polietile gloves.

Fill the cuvette with freshly produced Milli-Q water avoiding the bubbles formation. Dry the
cuvette walls with tissue and insert it in the back (reference) cell holder.

Fill the front cuvette with Milli-Q water avoiding the bubbles formation, dry the cuvette walls
with tissue and insert it in the front cell holder. Do an absorbance blank. Mind to place the
cuvette in the same position at every measurement.

Rinse the cuvette 3 times with sample water and fill it avoiding the bubbles formation. Mind to
place the cuvette in the same position at every measurement.

Do the spectrum and save it as a compatible excel format (e.g. ascii).

At the beginning, middle and at the end of the analysis session do a Milli-Q water spectrum to
check the spectrophotometer decay.

After the analysis session, putt he cuvettes in the 19 HCI acid bath for at least 2 hours and

wash them with plenty of Milli-Q (3 washes with 25 mL of Milli-Q) before using them again.

. Fluorescence determination on board. 3-Dimensional Matrixes (EEMs) - Blank & Samples

Excitation-emission matrixes consist of 22 successive emission spectra, starting from a
wavelength of 240 nm and finishing in 450 nm at every 10 nm, and a series of emission
spectra between 300 and 560 nm at every 2 nm.

Each scan takes about 20 minutes.

Note: a blank must always be run first so that you can subtract it later from your sample.
Always run the blank and the sample using the same experiment file.

Rinse the cuvette 3 times with sample water and fill it avoiding the bubbles formation.

Settings should be for a 3D scan. Ex from 240 to 450 at 10 nm increments. Em from 300-560
nm at 2 nm increments. Ex and Em slits at 5 nm and no Rayleigh masking checked. The

integration time is set to 0.25 s.

. Data exporting

Export your files as ASCII data that you can view with Excel or Matlab and save them in your
directory.
After the analysis session, put the 1-cm cuvette in the 1% HCI acid bath for at least 2 hours

and wash them with plenty of Milli-Q (3 washes with 25 mL of Milli-Q) before using them
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again. If the cuvette remains dirty, wash it with methanol (3 washes with 5 ml of Milli-Q) and
later with plenty of Milli-Q (3 washes with 25 mL of Milli-Q).

Rinse cuvette several (>10) times with Milli-Q water. Let dry a few minutes. Then place back in
protective case and put away.

Pour out Milli-Q water, put samples back into the refrigerator, and clean workspace.

4.6. Fluorescence data pre-treatment with the Fluoromax 4 software or Matlab

Before applying PARAFAC, a pre-treatment of the fluorescence data is needed. These

procedures were done either with Fluoromax 4 or with Matlab software 7.6.0 (2008a).

Lamp and instrument correction (done with Fluoromax). To correct for lamp spectral
properties and the instrument-specific excitation and emission spectra and to be able to
compare results with fluorescence reported in other studies, spectra were collected in signal-
to-reference (Sc:Rc) mode.

Excitation spectral corrections take into account deviations in the spectral output of the lamp
and small imperfections in the instrument’s components ability to transmit light. Similarly,
every fluorometer is not capable of transmitting the sample emission (fluorescence) from the
cuvette to the detector equally efficiently at all wavelengths.

Another step of the data pretreatment is to handle the effects of Raman and Rayleigh scatter.
They originate from the interaction between molecules in the solution and the incident light.
The Rayleigh scatter is caused by molecules of the solute oscillating at the same wavelength
as the incident light (1st order). It also emits light at twice the excitation wavelength (2nd
order), and also at higher multiples of the wavelength [Rinnan and Andersen, 2005]. The 1st
and 2nd Rayleigh scatter lines were cut off and the region of the EEMs below the Rayleigh
peaks were set to zero because there is no fluorescence (emission wavelength > excitation
wavelength) [see Stedmon et al., 2003; Andersen and Bro, 2003; Rinnan and Andersen, 2005].
The Raman scatter is less intense than the Rayleigh scatter and emits light at longer
wavelengths than the incident light. The majority of the Raman peak is removed by subtracting

the pure water spectrum from the sample spectrum.

Inner-filter correction for 3D (EEMs) (done with Matlab). Because of the low DOC
concentration and absorbance of open ocean samples, no inner-filter effect correction was

applied.

1st and 2nd order Rayleigh Masking (done with Matlab). Rayleigh scatter bands (first order at
each wavelength pair where Em = Ex £ band pass; second order at each wavelength pair
where Em = 2 * Ex + band pass) were trimmed. For instance, at Ex = 240 nm and a band pass
= 20 nm, the 1% order Rayleigh masking would cut off the Em wavelengths from 260 nm
downwards (Em = 240 + 20 nm) and then filled up with zeros the Em = Ex - 35 nm (Ex = 240 -
35 nm), and the 2™ order Rayleigh masking would cut off the Em wavelengths higher than
460 nm (Em = 2 * 240 - 20) and then filled up with zeros the Em = Ex + 35 nm.
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Raman area normalization for 3D (EEMs) (done with Matlab). All samples were normalized to
the Raman area to account for lamp decay over time and to express the obtained values in
Raman units [Lawaetz and Stedmon, 2009]. In our case, the procedure was done with the

emission scan at 350 nm of the Milli-Q water blanks.

The Raman area (RA) and its baseline correction were calculated following the Trapezoidal rule
of integration [Lawaetz and Stedmon, 2009]. The selected range of the Raman area was
between 381 and 426 nm.

F,+F F,+F
RA:ZFi_—OZ f——oz f(/lf_ﬂi)

Where F; is the sum of all the fluorescence intensities between 381 and 426 nm, F, is

the fluorescence intensity at 381 nm, Fris the fluorescence intensity at 426 nm and A is the

wavelength at 426 nm and 4; is the wavelength at 381 nm.

Furthermore, in order to make sure that either the Raman normalization was done
similarly in both the amino acid and humic regions of the EEM (1) and the Milli-Q water used to

carry out the Raman normalization was of a good quality (2), daily scans were performed with:

P-terphenyl that fluoresce in the amino acid region, between 310 nm and 600 nm exciting at
295 nm, and Tetraphenyl butadiene that fluoresce in the humic region, between 365 nm and
600 nm exciting at 348 nm, fixing the excitation and emission bandwidth at 5 nm and the
integration time in 0.25 seconds. Fig. 1.1a demonstrates that the temporal evolution either of
the Milli-Q water used on board and the reference substances of P-tephenyl and Tetraphenyl
butadiene were similar, which confirms that the Raman normalization was successful in both
the amino acid and the humic region of the excitation-emission matrix. Therefore, no extra

correction was needed.
The first three stations were removed due to some incoherencies in the measurements.

A reference sealed Milli-Q scan between 365 nm and 450 nm exciting at 350 nm.

The comparison between the reference sealed Milli-Q and the daily Milli-Q water allowed us to
demonstrate that the Milli-Q water used on board was of a good quality (Fig. 1.1b of Chapter
D.

Furthermore, two scans of this reference sealed Milli-Q were measured at the beginning and at
the end of the journey to check the instrument shift over the day.

The fluorescence intensities experienced a slight shift along the day after the comparison of
sMQ1 and sMQ2 (Fig. 1.1c of Chapter I).

Note that there is some missing data of sMQ2 along the cruise.

All reference substances were normalized as well as the excitation-emission matrixes in order

to check their decay over time and make them comparable with other studies.

Finally, we found that whereas the average variability between sMQ1 and sMQ2 during the

total oceanic campaign was 1.62%, the average variability between the sMQ1 and Milli-Q

148



water throughout the campaign was only 0.819%. This demonstrates the fact that the daily

instrument shifts are higher than the variations between different substances.

Blank Subtraction for 3D (EEMs) (done with Matlab). Milli-Q water blanks were subtracted to

remove Raman scattering. Seven blanks were identified as contaminated and they were
replaced with the blank of the previous/forward day.
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Appendix Il.

Description of the water masses intercepted during the Malaspina circumnavigation

Table 1. Water types intercepted during the Malaspina circumnavigation, brief description of the domain, ocean basin and source point where they
belong to, characteristics, and some references with more details about their origin and circulation.

Mode water observed in the northern Sargasso Sea in winter,

Central Atlantic Elghtijztgregrees Sargasso Sea weakly stratified with temperature of ~18°C and salinity of EDW Davis, 2013; Istoshin, 1961
~36.5.
. SubtroplcaI. Eastern Eagtem Nonh Mode waters defmmg the upper (15°C) and lower (12°C) limits ENACW,, Harvey, 1982; Pollard and Pu,
Atlantic North Atlantic Central Atlantic Subtropical of the subtropical ENACW formed between the area of the b .
Central water re Azores and Portugal currents ENACW,s ( 1985; Rios et al., 1992;
gy g ’ Alvarez-Salgado et al., 2013
Formed by mixing of low salinity water
Central Adlantic Equatorial Atlantic iﬁ;irtrilcsglel;}rl outcropped further south with overlying high salinity water. 13EqAtl Tsuchiva et al.. 1986
Central Water (13°C) Namii)ia Transported by the South Equatorial current to the Equator and q y v
along the Brazilian coast by the North Brazil current.
. South Atlantic Central Western Subtropical Series of mode waters formed south of the Angola-Benguela SACW,,
Central Atlantic Water (SACW) ayre front (~18°S). SACW,5 Gordon and Bosley, 1991
Indian Subtropical . . . .
Central Indian Mode Indlan.Ocean Present in th.e western subtropical gg/re in sunolmer. The STMW, Tsubouchi et al., 2009
Water Subtropical gyre distribution area was 27-38°S, 25-50°E.
. Indian Central water Indian Ocean . Orsi et al., 1995; Tsubouchi et
Central Indian of 13 °C Subtropical gyre Mode water formed north of the Subtropical Front. ICW 3 al.. 2009
South Pacific . .. L .
Central Pacific Subtropical Mode Southwestern Pacific Formed by deep mixing and cooling in the eastward-flowing STMW Roemmich and Bruce, 1992
Water Ocean waters of the East Australia Current.
The Western South Pacific Central Water has 6—S properties
South Pacific Central South Pacific identical to those of Indian and South Atlantic Central Water.
Central Pacific Water subtropical evre Formed and subducted in the subtropical convergence between SPCW,, Tomczak and Godfrey, 2003
pical gy Tasmania and New Zealand. The transition to the fresher
Eastern South Pacific Central Water is gradual.
) ) ) Visible as a thermostad between 5°S and 5°N (12—14 °C at
Central Pacific Thlrteer} degrees Either side of the 110°W or 11-13°C at 150°W), associated with narrow eastward 13EqPac Fiedler and Talley, 2006
Equatorial Water Equator jets.
North Pacific : Uniform thermostad of 16—17°C centred at 150°-160°E south of :
Central Pacific Subtropical Mode I\tI)orth P a;:lﬁc the Kuroshio Extension STMWyp Suga, Takei and Hanawa,
Water subtropical gyre 1997
Central Pacific North Pacific Central North Pacific Thermostads with temperatures ranging from 10 to 13°C at CMWyp Suga, Takei and Hanawa,
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Mode Water

subtropical gyre

160°W between the Kuroshio Extension and the Kuroshio
bifurcation front

1997

Formed in the Gulf of Cadiz by entrainment of Eastern North
Atlantic Central water on the high-salinity outflow from the

Zenk, 1975; Ambar and Howe,

Intermediate Atlantic Mediterranean Water Gulf of Cadiz Mediterranean Sea, spreads at 8001300 m, S > 36 and 0 ~ 11— MW ) 1979; Castro el al., 1998;
12 °C Alvarez-Salgado et al., 2013
Pacific Ocean
Atlantic, Antarctic north of the Sub- Formed north of the Subantarctic Front (SAF) and east of the AATW McCartney, 1982;
Intermediate Indian, Intermediate Water Antarctic Front & Drake Passage by ventilation of the Subantarctic Mode Water A AIW5 0 Piola and Gordon, 1989;
Pacific Malvinas-Brazil (SAMW) formed in the Southeast Pacific. 3 Talley, 1996
Confluence.
emedie 170 Sub-Amaretie Mode (0Tt O B e e e areti Font APy samw  Tomesak and Leftnk, 2005
ermediate Pacific Water (SAMW) ‘ Ocean ! ’ Sallee et al., 2006
Characterized by a salinity minimum (as low as 33.8) with low
. . North Pacific . oxygen (50-150 umol/kg) and low density (averaging 26.8 G,). Johnson, 2008; Bostock et al.,
Intermediate Pacific Intermediate Water North Pacific Ocean Formed by the mixing of different waters in the NW Pacific, in NPIW 2010
the Okhotsk Sea and at the Oyashio Front.
Atlantic, Cireumolar Dee Antarctic Also named Commonc\?iiterl;; fglr:rlecclilgznr?]xmg in the Antarctic Montgomery et al., 1958;
Abyssal Indian, ump p Circumpolar . . Lmp . . CDW, 6 Georgi et al., 1981; Broecker
Pacifi Water Current of mid-depth Indian, Pacific and Atlantic deep water with ctal. 1985
acthe urre WSDW and NADW. >
Carried into the South Atlantic by the Deep Western Boundary
Atlantic, North Atlantic Deep Current (DWBC). Characterized by salinity maximum and NADW Wiist, 1935; Speer and
Abyssal Indian, Water North Atlantic Ocean silicate minimum (4.6°C) ; and 6-S discontinuity and oxygen NADWM McCartney, 1991; Friedrichs
Pacific maximum (2.0 °C). Defined at their entry in the South Atlantic 20 etal., 1994
Ocean off South America.
Atlaptlc, Antarctic Bottom Formed by mixing of Weddell Sea Bgttom‘water (WSBW) and Reid, 1989 Onken, 1995
Abyssal Indian, Water Weddell Sea Warm Deep water (WDW) (1:1), nutrient rich and oxygen poor. AABW Arhan ot al.. 1999
Pacific Defined at its entry in the South Atlantic Ocean. "
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Table 2. Mixing groups defined to solve the OMP analysis along the Malaspina circumnavigation. The number of samples comprised within each group (n) is
shown.

a ENACW,, ENACW 5 1¢

b ENACW,s, EDW 14

c NADW,6, MW, ENACW , 14

Central 1 d NADW,6, AAIWs,, ENACW , 2¢

e SACW,,, SACW g 2

Atlantic f 13EqAtl, SACW g 3
g NADW,6, AAIWs,, SACW ), 1"

............................................................ b ... NADW,, AAIWs,, 13BqAd 2]

__________ Intermediate 2 ... NADW;o, NADWye MW %L

a NADW,, CDW, 5, NADW,¢ 8¢

Abyssal 3 b CDW, 6, NADW, 6, AAIW; 2(

c NADW,6, AAIW;, AAIWs, 14

’?ﬂgin;lf Abyssal 4 AABW, CDW, 5, NADW,, 9¢
a SAMW, ICW 3 5¢

wdan B SR O JCW STMW, ] I
Intermediate 6 a AAIW;,;, CDW, s, NADW,, 2.

Abyssal b AAIW; ;, CDW, ¢, SAMW R

a 13EqPac, SPCW. 7

Central 7 b CM\(’]VNP, STMW;Zqi 7
e CDW, g, AAIW;,, SAMW Ty

Pacific Intermediate 3 b CDW, 4, NPIW, 13EqPac 13
Abyssal c NPIW, CMWyp, 13EqPac 3¢

d SAMW, STMWsp 3

"""""" Abyssal g T T T T T T T CDW, e AAIW, L AABW T,

Total 80
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Fig. 1. Potential temperature and salinity (8/S) diagrams of the Malaspina 2010 circumnavigation samples for the nine mixing groups introduced in the water mass analysis.



Chromophores Toolbox Tutorial

You can consult the Toolbox and manual at the webpage: (http://ecologia.ugr.es/pages/herramientas/toolbox-

matlab?lang=en).

Contents

1. Introduction to the Chromophores-Toolbox

2. Chromophores-Toolbox Interface and key concepts
2.1. Chromophores identification analysis
2.2. Ch-Uv
2.3. Ch-VIS
2.4. Chromophores-Toolbox components
2.5. Chromophores-Toolbox interface

3. Getting started

4. Inputs to the Chromophores-Toolbox: Import data

5. Chromophores-Toolbox analysis

6. Outputs from the Chromophores-Toolbox
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1. Introduction to the Chromophores-Toolbox

Absorption coefficients at specific wavelengths, a;, are used as proxies of the concentration of CDOM
and a wide variety of spectral indices and slopes have provided key information on the origin and molecular
structure of CDOM. As the characterisation of specific chromophores is still lacking in the literature we have

developed a toolbox to obtain distinct chromophores within CDOM datasets.

The toolbox is adapted to obtain two distinct chromophores centred around 300 nm (named Ch-UV)
and 415 nm (named Ch-VIS) by fitting the measured absorption coefficient spectra to the Réttgers and
Koch’s equation [Réttgers and Koch, 2012] and statistically isolating the absorption signal attributable to

these chromophores from the standard decreasing exponential curve.

2. Chromophores-Toolbox Interface and key concepts
2.1. Chromophore identification analysis

In order to locate and quantify the absorption chromophores centred around 300 nm (Ch-UV) and
415 nm (Ch-VIS), we developed this Matlab toolbox that obtains the parameters that best fit (least squares
sense) the following equation [Breves et al., 2003; Réttgers and Koch, 2012]:

—(A=2g)?

=e = +b, €y

a, = ble_b2(7‘_7‘0) + b3 G_\/ﬁ e

The equation was fitted within different wavelength ranges for each chromophore. The first and third
terms of the equation models the typical exponential decay of any CDOM spectrum with increasing
wavelength. It consists of a pre-exponential term (b1), an exponential slope (bz), and an absorption
parameter to correct for offsets in the absorption at longer wavelength (bs). The second term is a Gaussian
function to model the absorption spectra of the UV or VIS chromophore, with bz being the height at the
reference wavelength A, of the chromophore and o the width of the Gaussian function, respectively. The

absorption coefficient of the UV or VIS chromophore at their respective A, (ach-uv Or acn-vis) is calculated as

bz ﬁ b1, by, bz, bs, A9 and 6 are optimised with the Matlab toolbox.

2.2. Ch-UV

To obtain the parameters of the UV chromophore equation (1) is applied to the wavelength range
from 250 to 400 nm. This chromophore is related with the absorption of nitrate in the UVB region of the
spectrum [Johnson and Coletti, 2002] or may be caused by the absorption of deoxygadusol, a mycosporine-
like precursor synthesized via bacteria, cyanobacteria, phytoplankton, macroalgae (red, brown and green),

plants and fungi with an absorption maximum at 294 nm [Shick and Dunlap, 2002].
2.3. Ch-VIS

To obtain the parameters of the VIS chromophore equation (1) is applied to the wavelength range
from 350 to 600 nm. A plausible source for the absorption of the VIS chromophore is the respiratory
enzyme cytochrome c oxidase. This enzyme presents an absorption maxima around 410 to 415 nm and is
one of the most important components of cellular respiration, which reduces molecular oxygen to water

coupled to the pumping of protons across the mitochondrial or bacterial membrane [Yoshikawa et al.,
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2011].
2.4. Chromophores-Toolbox components

The Chromophores-Toolbox is a GUI (Graphical User Interface)-based Matlab toolbox. The
Chromophores-Toolbox consists of three parts: (1) a main script related to the Matlab GUI interface
(CHROMOPHORES.fig), which is called ‘CHROMOPHORES.m’. This scripts works as a connection (set of
commands) between the interface components and the calculus done by Matlab; (2) A folder called
‘functions’, which contains the Matlab functions that do the fitting analysis (Ch_UV_fit.m, Ch_VIS fit.m,
rottgers_koch.m) and the scripts that sends information to the interface log-window (WriteinWindow.m); and

(3) a folder called ‘Help’, which contains information to help the user with the toolbox (this tutorial).
2.5 Chromophores-Toolbox interface
The Chromophores-Toolbox interface is divided in two main modules, (1) one for the UV

chromophore and (2) another for the visible chromophore (see Fig. 1). Each module is divided, in turns, into

the toolbox inputs (initial parameters), outputs (end parameters) and a “GO” command.

Import .csv files ‘ Module for Ch-UV ’ Module for Ch-VIS l
Initial value
B CHROMOPHORES = | B S of the fit
coefficients
Fit .
. Final value
equatlon\ of the fit

coefficients

Initial value — Error for each

of the fit 1 End parametere itial parameteres End parg // eres v coefficient
coefficients / al st b1 | 0.05 b1 #1 1
s2 b2
(3 b3 Value of the
Final value of the " o | bandwidth for
fit coefficients the best fit
Lambda Sigma
Error (confident B AR X aCh-vis Absorption
interval) for each — coefficient for
Show gragfy 3 Db
coefficient | ° Ch-VIS
Value of the Clear all
bandwidth for L processed and
the best fit input data of the
toolbox

Absorption

coefficient for

Ch-UV ‘»

He.lé) Show observed Sample IDs  Value of lambda Save .mat file with the
guide

vs. fit values for the best fit processed data

Fig. 1. Chromophores-Toolbox interface

Inputs to the toolbox are the initial value of the a;-a4 and b;-by fitting coefficients for the Ch-UV and
Ch-VIS, respectively. These coefficients correspond to the initial value of coefficients b in Eq. 1. These initial

values are set by default to be a; = 0.05, a, = 0.1, a3 = 0.05 and a5 = 5 (the same for the b coefficients, see
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Fig. 1) but can be changed by the user, before running the analysis, by clicking on the respective coefficient
box and introducing a new initial value. Other inputs to the toolbox are the range of ‘lambda’ A, and ‘sigma’
o (Eq. 1 and Fig. 1) to be tested. For Ch-UV, A, is allowed to vary within the range 280:5:320 nm and for Ch-
VIS, %, is allowed to vary within the range 390:5:440 nm. o is allowed to vary within the range 15:5:30 nm
for both the Ch-UV and Ch-VIS. Although these ranges are fixed in the toolbox, and thus, there is not a
direct access to them through the GUI interface, the user can change them by opening the script
CHROMOPHORES.m and by modifying the values of L (wavelength) and D (bandwidth) in lines 408 and 409
for Ch-VIS and lines 1024 and 1025 for Ch-UV of that .m file.

Outputs of the toolbox (end parameters) consist of the final value (best fit) of the a;-a4 and by-bs
fitting coefficients and their respective errors (confident intervals) s;-s4, together with the coefficient of
determination R?, the value of A, (box Lambda), s (box Sigma) and the absorption coefficient of the
chromophore —ach.yv Or achvis— for which the best fit was achieved. The corresponding sample ID (e.g.

depth, time, name of the sample) is shown in the box /D.

By clicking the ‘GO’ button, the fit analysis is run. If the box Show Graphs is ticked the toolbox will
display a graph showing the measured absorption coefficients together with the best-fit line for each

evaluated sample (e.g. Fig. 2).

— Ch-UV
Initial parameteres End parameteres lt ——— Measured |
al | 0.08 a1 |0.062 s1 |0.004 ‘ Fit line
0.8F
a2z | 01 a2 0.054 s2 |0.001 \
a3 005 a3 16264 3 0418| | T_ 06+
E™ \
ad | 5 ad 0.154| s4 0.002 © ~
0.4+ N
Sigma | 30 |Lambda 295 \
aCh-Uv 02182 D [1200m ozl -\ |
N 3 T —
[¥] Show graph 250 300 350 400
A (nm)

Fig. 2. Example of the interface outputs and graph for the measured and calculated absorption

coefficients

The interface also contains a button called ‘OPEN .CSV FILE’ to import one or several .CSV files
with the measured absorption coefficients (see Section 4 for details), a box called ‘FUNCTIONS’ where the
fit equation is defined (Eq. 1), a ‘Log Window’ where the toolbox displays each of the actions that is carrying
out, a ‘HELP’ button which contains the basic information to use the Chromophores-Toolbox (this tutorial),
a ‘Clear log’ button, which erases all the information (imported data and outputs) and a ‘Save /log’ button,

which allows the user to save the outputs in .mat format of the last analysis carried out by the toolbox.

3. Getting started

The Chromophores-Toolbox can be downloaded from

‘http://ecologia.ugr.es/pages/herramientas/toolbox-matlab?lang=en’. Once the file is unzipped it is
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important to maintain the structure (distribution) of the files within the folder Chromophores_Toolbox for a
correct function of the toolbox. Once the user has chosen the directory where to locate the toolbox there are

two ways to run it:

(1) Open Matlab and in Current Folder set the path to the toolbox: Eg: Current Folder:
C:\User\Chromophores_Toolbox. Once Matlab is in the same directory as the toolbox, write
‘CHROMOPHORES’ in the Command Window. The GUI interface should open.

(2) Open the CHROMOPHORES.m file in the Matlab Editor and run the script (press the play button
or go to Debug-Run CHROMOPHORES.m). The GUI interface should open.

It is important not to change the Matlab directory while the toolbox is being used. Otherwise an error

would appear in the Matlab command window.

4. Inputs to the Chromophores-Toolbox: Import data

The Chromophores-Toolbox is set to load and read .csv files with information on the measured
wavelengths and CDOM absorption coefficients. The first column of the .csv file should contain the wavelength
values and the subsequent columns, the absorption coefficient values for each of the samples. The first row
should contain identification for each sample (sample ID). This sample ID could be a measured depth, time,
etc. Fig. 3 shows an example of an input .csv. It is important to keep the distribution shown in Fig. 3. The
analysis will be done no matter the resolution of the sample, i.e. the separation between consecutive values of
wavelengths (e.g. each 1 nm, each 5 nm, etc). An example of input .csv file can be downloaded from

(‘http://ecologia.ugr.es/pages/herramientas/toolbox-matlab?lang=en’).

A B C D E F G H |

1 .4000m 3000m 2500m 1700m 900m 470m 400m 200m

2 250 0.0532 0.0453 0.0475 0.0469 0.0469 0.0467 0.042 0.0482
3 251 0.0513 0.0435 0.0458 0.0451 0.0452 0.0451 0.0402 0.0465
4 252 0.0501 0.0424 0.0445 0.0438 0.0437 0.0436 0.0388 0.0453
5 253 0.0485 0.0406 0.0428 0.0422 0.0422 0.042 0.0372 0.0436
6 254 0.0475 0.0395 0.0416 0.0411 0.0411 0.0407 0.036 0.0424
7 255 0.0464 0.0386 0.0408 0.0404 0.04 0.04 0.0351 0.0417
8 256 0.0454 0.0374 0.0395 0.0391 0.0389 0.0387 0.0341 0.0406
9 257 0.0443 0.0365 0.0386 0.038 0.0376 0.0378 0.0328 0.0391
10 258 0.0438 0.0358 0.0379 0.0374 0.0374 0.0371 0.0322 0.0386
11 259 0.0431 0.035 0.0371 0.0366 0.0364 0.0365 0.0315 0.0379
12 260 0.0423 0.0344 0.0365 0.0362 0.0357 0.0358 0.031 0.0373
13 261 0.0417 0.0336 0.0356 0.035 0.0351 0.0353 0.0302 0.0365
14 262 0.0412 0.0329 0.0348 0.0345 0.0343 0.0345 0.0295 0.036
15 263 0.0408 0.0322 0.0346 0.0339 0.0338 0.0338 0.0288 0.035
16 264 0.0407 0.032 0.0341 0.0337 0.0339 0.0335 0.0289 0.0351
17 265 0.0392 0.0314 0.033 0.0327 0.0326 0.0326 0.0276 0.0341
18 266 0.0383 0.0301 0.0322 0.032 0.0323 0.032 0.027 0.0333
19 267 0.0383 0.0305 0.0323 0.0319 0.0318 0.0319 0.0267 0.0329
20 268 0.0378 0.0295 0.0314 0.0312 0.0312 0.0313 0.0262 0.0323
21 269 0.0374 0.0293 0.0312 0.0306 0.0308 0.031 0.0259 0.0323
22 270 0.0366 0.0284 0.0302 0.0298 0.0306 0.0302 0.0246 0.031
23 271 0.0354 0.0277 0.0292 0.0288 0.0296 0.0288 0.0238 0.03
24 272 0.0354 0.0267 0.0288 0.0287 0.0291 0.0287 0.0242 0.0298
25 273 0.0349 0.0263 0.0288 0.0281 0.0285 0.0281 0.0234 0.0293
26 274 0.0341 0.026 0.0277 0.0275 0.0283 0.0281 0.023 0.0287
27

275 0.0335 0.0254 0.0271 0.0267 0.0275 0.0269 0.0224 0.0275

)
b
b
1
Al
b
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Fig. 3. Example of .csv file to be loaded by the toolbox

The user can import one or several .csv files. In case the user loads several .csv files, the analysis for

Ch-UV and Ch-VIS will be carried out for all samples within a given .csv file and all the imported .csv files.

5. Chromophores-Toolbox analysis

The Chromophores-Toolbox fits the data in x (wavelengths A) and y (absorption coefficients) to the
function in Eqg. 1., with the fitting method of non linear squares, where b;-b, are the coefficients to estimate,
and X, and ¢ are the problem parameters. In order to start the fitting iterations, an initial value of the fit
coefficients should be given. These initial values are set by default to be b; = 0.05, b, = 0.1, b3 = 0.05 and
bs = 5, but they can be directly changed by the user by changing the initial value of these parameters in the
interface (see section 2.5). In order to obtain results, which are realistic in terms of a physical
interpretation, the coefficients b; and bs (the height at A,) are forced to be = O in the model. By default all
coefficients have an upper-limit value of 20 and a lower-limit value of -10 (except for b; and bs which is 0).
These limits, however, can be modified by the user in lines 393 to 399 and lines 1010 to 1016 (example
below) in the ‘CHROMOPHORES.m’ file for Ch-VIS and Ch-UV, respectively. The toolbox will show a warning
message if the calculated value of az or bz is too close (<0.001) to their upper limit, suggesting the user to

increase the upper limit for these coefficients.

$2. Fit Conditions:

optionsb = fitoptions('Method', 'NonlinearLeastSquares',

6. Outputs from the Chromophores-Toolbox

The Chromophores-Toolbox generates two folders, one for each chromophore under study, called
‘Ch_UV’" and ‘Ch_VIS’, in the same directory as the imported .csv files, and where the outputs related to the
UV chromophore and the visible chromophore will be located, respectively. By default, the Chromophores-
Toolbox generates one .csv file after each analysis called ‘Parameters_ChUV_[FileName];_[FileName]gpq.CSV’
or ‘Parameters_ChVIS_[FileName];_[FileName]enq.cSv’, depending on the chromophore, with the information
on the fitting coefficients, the goodness of the fitting, the final values of A, and o, and the calculated value
for ach.uv Or acn.vis. [FileName]; and [FileName]lenq are the names of the first and the last imported .csv files.
For example, for three imported files called ‘Examplel.csv’, ‘Example2.csv’ and ‘Example3.csv’, the
Chromophores-Toolbox would generate a .csv file called ‘Parameters_ChUV_Examplel_Example3.csv’ after
the analysis of the UV chromophore. If only one .csv file is imported, the Chromophores-Toolbox will
generate a .csv file called ‘Parameters_ChVIS_[FileName].csv’. Fig. 4 shows an example of the

‘Parameters_ChUV_[FileName];_[FileName]qnq.csv’ generated by the Chromophores- Toolbox. Note that the
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‘Parameters_ChUV_[FileName];_[FileName]esnq.Ccsv' is generated for each ‘GO’ command. Thus, it will contain

the information for several imported files if more than one .csv file has been loaded into the toolbox.

Wi~ ;s W N e

7

A

Examplel.csv
Sample ID al
04163774 0.0249467 0.4254075 0.0540878 0.0075177 0.0004444 0.2175398 0.0039217 0.9993193

4000m

Example2.csv

Sample ID al
4000m 0.0539624
3000mR 0.0520134
2000m 0.056018
1200m 0.061799
600m 0.0789688
370m 0.1188646
320m 0.119889
200m 0.0954071
150m 0.1905735
120m 0.438854
100m 0.6370804
67m 0.3897257
40m 0.4448933
3m 0.3610886

a2

a2

0.0565319
0.0564041
0.0629067
0.0539483
0.0509089
0.0383593
0.0407382

0.046578
0.0350771
0.0221344
0.0225964
0.0378461
0.0349248
0.0394763

a3

a3

12.853368

13.19717
15.892677
16.263709

16.04699
11.538134
11.602415
12.841082
10.735813
1.7511749
1.6038448
1.8475381
1.3397668

1.394694

ad

ad

0.0910721
0.1143315
0.1225537
0.1543773
0.18835
0.220477
0.1354628
0.2021197
0.1430252
0.1425604
0.1538181
0.0809438
0.1098756
0.0570373

sal

sal

0.002831

0.002885
0.0036107
0.0036596
0.0040352
0.0051962
0.0058734
0.0055953
0.0141942
0.0088459
0.0049764
0.0160487
0.0144798
0.0173741

sa2

sa2

0.0012817

0.001355
0.0017577
0.0014437

0.001241

0.000943
0.0011548
0.0014118
0.0018141
0.0004351
0.0001909
0.0013242
0.0010113

0.001573

sa3

sa3

0.3435305

0.349053
0.4159339
0.4184411
0.4307794
0.4644506
0.5007417
0.5426603
0.9944459
0.2268303
0.1400158
0.5906189
0.5165056
0.6494296

sad

sad

0.0018264
0.0018516

0.002102
0.0021198
0.0020442
0.0019384
0.0017863
0.0023044

0.002784
0.0051522
0.0028435
0.0050372
0.0050853
0.0051314

R2

R2

0.9984967

0.998365
0.9981089
0.9982788
0.9986868

0.999007
0.9989714
0.9982674
0.9986966
0.9993324

0.999811
0.9978379
0.9983023
0.9973361

285

295
295
290
295
295
300
295
295
290
290
280
280
280
280

15

M

Lambda(nm Sigma(nm) aCh-UV(1/m)

0.0113142

Lambda(nm Sigma(nm) aCh-UV(1/m)

0.1709251
0.175497
0.211342
0.216276

0.2133941
0.153435

0.1542898

0.1707617

0.1427657

0.0465745

0.0426561

0.0481374

0.0356326

0.0370935

Fig. 4. Example of ‘Parameters_ChUV_[FileName];_[FileName]cnq.csv’ generated by the Chromophores

Toolbox. In this example two .csv files called ‘Examplel.csv’ (with one sample) and ‘Example2.csv’ (with

14 samples) were loaded into the toolbox.

It is important to keep the output .csv files closed while the toolbox is doing the analysis. Otherwise

an error would appear in the Matlab Command Window.

Alternatively, after each analysis (‘GO’ command), the Chromophores-Toolbox gives the option to

save output data in .mat format. After each analysis a question dialog box will open, asking whether the

user would like to save the output data in .mat format (Fig. 5).

rn save log?

DONE. Do you want to save Ch_UY.mat file?

(s

]

No

r—

Fig. 5. Question dialog box after the analysis for the Ch-UV

select the directory to save it. This .mat file will contain the following information (Fig. 6):

If the user presses ‘Yes’, a ‘Ch_UV.mat’ file or a ‘Ch_VIS.mat’ will be generated and the user will

Variable

Coeffs:

This

contains all

the

variables in

the ‘Constants_Ch_UV.csv’

‘Constants_Ch_VIS.csv’ ) for each sample and each imported .csv file.

Variable SamplelD: all the sample IDs
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Variable x00: Range of wavelengths for which absorption coefficients were measured (x-

variable) for each sample and .csv file (1 in Eq 1). Units = nm.

Variable a: Best fit of the absorption coefficients (Eq. 1) for each sample and .csv file (y-

variable). Units = m'L.

Variable aChUVrange or aChVISrange: Absorption coefficients for the Ch-UV range or Ch-VIS

range, respectively (term 2 in Eq. 1). Units = m™..

Variable aChUV or aChVIS: absorption coefficients for the UV or visible chrompohores. Units =
-1

m-.

Variable Names: Name of each imported .csv file.

Morkspace D 3, | Coer Folas: CVarsbleEdtor-Ch WV
B & 8% | |DP Novalidplotsfor.. ~ 83| & B2 M| & | L~ | W | stack[Base - || B2 Novalid plots for: Ch_Uv.c... ~
Name Value Min Ch_UV <1x struct>
LEchuv b struct> Field Value Min  Max

<1x struct>

SamplelD <1x8 cell>

aChUV <18 cell>

x00 <1x cell>

a <1xl cell>

aChUVrange <1xl cell>

Names <1x cell>

Fig. 6. Example of data in a Ch_UV.mat file.

If the user presses ‘No’ or ‘Cancel’ in the question dialog box, there is still the possibility to save the

.mat file by clicking on the interface ‘Save log’ button. The question dialog box will reopen.
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Conversion of Raman units into carbon units

Conversion of fluorescence RU of the humic-like components (C1 and C2) into carbon units is
complicated as the chemical composition and structure of these materials are essentially unknown. Average
fluorescence intensities of C1 and C2 in the dark global ocean were 12.2 (+ 0.3) 103 and 9.2 (+ 0.2) 103 RU,
respectively. We obtained a mixed humic-like component C1+2 by combining the EEMs of C1 and C2 in these
proportions. The resulting EEM of C1+2 was compared with the EEM of the terrestrial humic isolates available
from the International Humic Substances Society (IHSS): Nordic Lake humic (IHSS 1R105H) and fulvic acid
(IHSS 1R105F), Waskish Peat fulvic (IHSS 1R107F) and humic acid (IHSS 1R107H), Suwannee River fulvic acid
(IHSS, 1R101F), Pahokee peat fulvic acid (IHSS 1R103H) and Pony Lake fulvic acid (IHSS 1R109F). We
observed that the EEM of C1+2 could be modelled as a combination of the EEM of the Suwannee River (SRFA)
and Pahokee peat (PPFA) fulvic acids in proportions 25% and 75%, respectively. Therefore, we obtained the
corresponding conversion factors of these two isolates from the slopes of the linear regressions of fluorescence
against dissolved organic carbon of 5 standards of each isolate prepared in milli-Q water (carbon concentration
range 83-1667 uM). In this case, fluorescence data were inner filter corrected before the regressions were done.
The final conversion factor, resulting from combining the corresponding factors of SRFA and PPFA in
proportions 25% and 75%, was 425 + 66 yM C RU™ (at Ex = 270 and Em = 464 nm).

To allow conversion of fluorescence Raman units (RU) of tryptophan- and tyrosine-like components (C3
and C4) into carbon and nitrogen units, tryptophan (Fluka) (4-point calibration curve, concentration range 7-
150 nM of C) and tyrosine (Fluka) (4-point calibration curve, concentration range 8-168 nM of C) were diluted in
milli-Q water. The corresponding conversion factors were 16.9 + 0.1 yM C RU™! (3.08 + 0.01 uM N RU™) at
Ex/Em 290 nm/340 nm for tryptophan, and 31.5 + 0.2 yM C RU™ (3.50 = 0.02 uM N RU™) at Ex/Em 270

nm/310 nm for tyrosine.

The global carbon content in fluorescence components C1+2 (average fluorescence intensity, 14.5 (£
0.3) 103 RU), C3 (4.5 (+ 0.3) 102 RU) and C4 (4.9 (+ 0.4) 103 RU) was calculated as f - 3, VOL; < Fmax; >
/100 where f is the corresponding conversion factor: 425 + 66 yM C RU™ for C1+2, 16.9 + 0.1 uyM C RU™! for
C3 and 31.5 + 0.2 uM C RU™! for C4. Furthermore, the corresponding NPF rates were calculated as f x NFP.
Finally, the portions of the dissolved organic carbon (DOC) in the form of humic substances (C1+2), tryptophan
(C3) and tyrosine (C4) were calculated dividing f - X;VOL; -< Fmax; >/100 by the average concentrations of DOC
in the dark global ocean: 40 pymol C kg™ [Hansell, 2009]. We used the same formulas to calculate the global
nitrogen content in fluorescence components C3 and C4, with f being 3.08 + 0.01 uM N RU™! for C3 and 3.50 +
0.02 uM N RU! for C4 and the average concentration of DON in the dark global ocean 2.9 umol N kg™ [Bronk,
2002].

We obtained that the humic-like materials represent about 15 + 3 % (equivalent to 102 + 18 Pg C) of the
bulk DOC in the dark ocean, and the resultant in situ production of humic-like substances in carbon units is 0.2
+ 0.1 Pg C yr'l. Tyrosine-like materials represented 0.39% (equivalent to 2.6 + 0.2 Pg C) of the bulk DOC and
0.60% (equivalent to 0.34 £ 0.03 Pg N) of the bulk dissolved organic nitrogen (DON), and tryptophan-like
compounds 0.19% (equivalent to 1.3 £ 0.1 Pg C) and 0.48% (equivalent to 0.27 £ 0.02 Pg N) of the bulk DOC
and DON, respectively.
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Average profiles of the environmental parameters that contribute on FDOM variability in the

surface ocean.

-Salinity

-Temperature

-Aparent oxygen utilization (AOU)
-Chlorophyll-a

-Fluorophore C1

-Fluorophore C2

-Fluorophore C3

-Fluorophore C4
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Fig. 1. Average profiles of the environmental parameters (a) potential temperature, 0, (b) salinity, S, (c)
apparent oxygen utilization, AOU, and (d) chlorophyll a, Chl a, and the four fluorescent components (e) Fmax1,
(f) Fmax2, (g) Fmax3 and (h) Fmax4 for each biogeographic province. The bars are the standard deviations of

the data at each sampling depth. Note that provinces with less than four stations were not considered.
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