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Abstract

Ocean primary productivity (PP) is a key driver of the global marine carbon cycle and thus, the
climate of our planet. Obtaining quantitative information on past PP relies on biogeochemical
models since current paleoproductivity proxies are qualitative at best. Moreover, the global scale

applicability of such proxies and their constraints remains unclear.

The objective of this thesis is to evaluate the applicability and constraints of some of the most
frequently used organic proxies to obtain information on biomass export and surface nutrient

conditions, and appraise their potential to deliver quantitative information on global spatial scales.

The central approach followed in this thesis relies on the comparison of remote sensing sea-
surface ocean chlorophyll-a (SSchla) concentration, as an indicator of marine PP, with global
surface sediment data of chlorins, alkenones and total organic carbon (TOC) concentration. In
addition, the study on nutrient proxies is based on the comparison of nitrogen isotopic signal

(6"°N) derived from sedimentary bulk and chlorophyllic pigments.

A key result is that the global spatial distribution of chlorins and alkenones is mainly related to
SSchla concentration rather than depositional factors (e.g. oxygen and sedimentation rate).
However, sedimentary chlorins concentration is linked to SSchla by a non-linear relationship, while
alkenones and TOC by a linear equation. Global TOC presents higher scatter than biomarkers on
its correlation with global SSchla. Depositional factors do play a role in decomposing organic
matter, and we estimate that only 0.33% of SSchla accumulates in sediment. However, we also
postulate that the rate of degradation is spatially constant. Hence, our results indicate that chlorins
and alkenones can be used to quantitative reconstruct past PP at global scale. These export
proxies would deliver lower errors on past PP quantitative estimation than TOC. Regarding to
nutrient proxies, our data show a linear relationship between &N of bulk and chlorophyllic
pigments, which indicate these proxies globally provide equivalent information on past nutrient
conditions and past PP. Furthermore, §'°N presents considerable differences between pigments,
which suggests chlorins might not track chlorophyll-a signal, and complicates the application of

individual chlorins as nutrient proxies.

This study highlights the limitations on the applicability of TOC as a quantitative paleoproductivity
proxy at global scale, and the potential constraints on the use of individual chlorins for
reconstructing past nutrient conditions and past PP. Our findings also pave the way for the use of
biomarkers as global quantitative proxies of past PP using globally applicable correlations in

ocean sediments.
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Resum

La productivitat primaria (PP) marina és un procés clau en el cicle global del carboni mari i, per
tant, en el clima del nostre planeta. L'obtencié d'informacié quantitativa de PP en el passat es
basa en models biogeoquimics, ja que les proxies de paleoproductivitat actuals son qualitatives.

A més, 'aplicabilitat a escala global d'aquestes proxies, i les seves limitacions, romanen incertes.

L'objectiu d'aquesta tesi és avaluar I'aplicabilitat i les limitacions d'algunes de les proxies
organiques més utilitzades per obtenir informacié sobre I'exportacio de biomassa i condicions
nutricionals en superficie, i avaluar el seu potencial per proporcionar informacié quantitativa en

escales d'espai globals.

El plantejament central abordat en aquesta tesi es basa en la comparacié de la concentracié de
clorofil-la-a a la superficie oceanica (SSchla) mesurada per teledeteccid, com a indicador de la PP
marina, amb concentracions de sediment superficial de clorines, alquenones i carboni organic
total (TOC). A més, I'estudi de proxies de nutrients es basa en la comparaci6 de la senyal isotopica

de nitrogen (6"°N), derivada de sediment total i de pigments clorofil-lics sedimentaris.

Un resultat clau és que la distribucié espacial global de clorines i alquenones esta principalment
relacionada amb la concentracié de SSchla, en comptes de factors deposicionals (p. ex. oxigen i
tasa de sedimentacid). Tanmateix, la concentracié de clorines sedimentaries esta relacionada amb
la SSchla a través d’'una relacié no lineal, mentre que les alquenones i el TOC, per una equacio
lineal. EI TOC global presenta una major dispersi6 que els biomarcadors en la seva correlacié amb
la SSchla global. Els factors deposicionals juguen un paper en la descomposicié de mateéria
organica, i hem estimat que només un 0.33% de la SSchla s'acumula en els sediments. Tanmateix,
també hem postulat que la velocitat de degradacio és constant en I'espai. Per tant, els nostres
resultats indiquen que les clorines i les alquenones es poden utilitzar per reconstruir
guantitativament PP en el passat a escala global. Aquestes proxies presenten errors més baixos
que el TOC en l'estimacio de PP quantitativa. Respecte a les proxies nutricionals, les nostres dades
mostren una relacié lineal entre la §"°N derivada de sediment total i de pigments clorofil-lics
sedimentaris, el que suggereix que les clorines no reflexen la senyal de la clorofil-la-g, i pot

complicar I'Gs de les clorines individuals com a proxies de nutrients.

Aquest estudi destaca les limitacions de I'aplicabilitat del TOC com a proxy quantitativa de
paleoproductivitat a escala global, i les potencials limitacions en I's de clorines individuals per
reconstruir condicions nutricionals i la PP en el passat. Els nostres resultats també mostren el
potencial d'alguns biomarcadors com a proxies quantitatives de PP, a través de correlacions que

es poden aplicar a escala global en sediments marins.
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1. Introduction and objectives

1.1. Global climate change

CO; concentration in the atmosphere and the oceans directly influences global climate. Its
increasing concentration in the atmosphere due to recent human activities is markedly altering
the natural global carbon cycle, and leading to global warming and ocean acidification (Archer et
al, 2009; Shakun et al, 2012). Figure 1 shows the close link between CO;, concentration and
temperature over the past 800,000 years, and the drastically increase of CO, concentration in the
present day. Carbon cycle models project CO, concentrations of 720 to 1,000 ppm by 2100, which
may result in an increase of ~ 2.6 °C in global mean temperature, and a pH decrease of ~ 0.3 in

seawater (Kawahata et al., 2019).

In order to undertake mitigation and adaptation actions in response to the anthropogenic climate
change, it is essential to understand the global interactions between the geological, biological,
physical and chemical mechanisms that govern our climate. One of the main unresolved questions
to understand the impact of the anthropogenic emissions of CO, are the dynamics of the ocean
as a natural sink of atmospheric CO,, and the role of marine biology on transferring CO, from the

atmosphere to the deep ocean and sediments.
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Figure 1. Temperature and COz concentration from Antarctic ice cores over the past 800,000 years. Image
extracted from (Shakun et al,, 2012).
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1.2. The soft-tissue pump

Marine biology influences the global CO; cycle by sequestrating CO. from the atmosphere to the
ocean. One of the principal biological mechanisms that transfer atmospheric CO; to the deep

ocean and marine sediments is the soft-tissue pump.

The soft-tissue pump can be divided in three distinct stages: fixation, export and burial (Figure 2).
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Figure 2. Principal processes and compartments of the soft-tissue pump.

Carbon fixation per unit area per unit time is named primary productivity (PP). Although this
process can be developed in the absence of sunlight by oxidation or reduction of inorganic
compounds (chemosynthesis), it principally takes place through phytoplankton photosynthesis by

using sunlight as the energy source. Photosynthesis reaction is described hereafter:

sunlight
6 COz + 12 Hzo > C6H1206 +6 O?_ +6 H?_O

The phytoplankton community is very diverse, accounting for more than 20,000 species
(Sarmiento & Gruber, 2006). However, all species use chlorophyll-a (Chl &) as the principal pigment
for absorbing sunlight and carrying out photosynthesis. The dominant species over most of the

open ocean are diatoms, coccolithophores and dinoflagellates (Figure 3).
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Figure 3. Photographs of the dominant phytoplankton species in the global ocean.

Once fixated, the vast majority of organic carbon is converted back into CO;in the upper layers
of the ocean. This process is known as carbon remineralization, and commonly occurs by
heterotrophic and bacteria respiration. Global carbon cycle models predict that only 6 to 10
PgC/yr (Schlitzer, 2002; Siegel et al., 2014) of the 48 PgC/yr that are produced in surface waters
(DeVries & Weber, 2017; Sarmiento & Gruber, 2006), are exported from the euphotic zone to the

deep ocean.

Many efforts have been made to describe the carbon flux from the surface to the ocean’s interior
and identify the factors that control this process. The majority of the elaborated equations point
out PP and water depth as the main variables in influencing the global carbon flux in the ocean
(Betzer et al., 1984; Pace et al., 1987; Sarnthein et al., 1988; Suess, 1980). However, other factors,
such as oxygen, ballast, particle size and temperature have also been discussed to have an
influence in the organic carbon sinking flux (Cram et al., 2018). Below, the most common carbon
flux equations are described:

PP

(SUGSS, 1980) Carbon flux = 00238 WD+0212

(Betzer et al., 1984) : Carbon flux = 0.409- WD 228. pp141
(Sarnthein et al.,, 1988) : Carbon flux = 20.5361-PPpes>2048. WD 02237
(Antia et al, 2001) : Carbon flux = 0.1- WD 2%8.pp™-77

Similarly to the remineralization in the water column, benthic organisms, such as worms, clams
and bacteria, decomposed organic matter that arrives to the water-sediment interface. Global
carbon cycle models estimate only 0.15 PgC/yr are ultimately buried in the surface ocean sediment

(Muller-Karger et al., 2005).

Burial efficiency equations, which calculate the fraction of organic carbon that is finally buried in
the sediments related to that which reaches the sediment-water interface, indicate sedimentation
rate as the principal factor in controlling the accumulation of organic carbon in sediments (Betts
& Holland, 1991; Reeburgh & Henrichs, 1987). Nevertheless, oxygen concentration in bottom

waters has also been suggested as an important factor in controlling organic matter burial and
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preservation (Betts & Holland, 1991; Hartnett et al., 1998). The most common burial efficiency (BE)

equations are described hereafter:

. 0.4
(Reeburgh & Henrichs, 1987) : BE = 20—

1.39- log SR

log,o(SR+7.9) +0.34

(Betts & Holland, 1991) : |0910(BE/1 00) =

In spite of numerous studies demonstrating empirical relationships between organic matter
accumulation and several factors, the main control factors of organic matter export and
accumulation in sediment are still controversial. Thus, organic carbon accumulated in marine

sediments seems to reflect the interplay of PP and several organic matter preservation factors.

1.3. Primary productivity (PP) and remote sensing

Ocean PP is the driving factor in the marine carbon cycle and plays a key role in regulating our
global climate. Since almost all marine PP occurs through phytoplankton photosynthesis, it is
commonly estimated by determining phytoplankton biomass in the ocean surface (Davies et al.,
2018). In turn, phytoplankton biomass is generally estimated from sea-surface chlorophyll-a
(SSchla) concentration by using oceanic biogeochemical models (Behrenfeld et al., 2005; Lee et
al, 2015), as it is the principal pigment used by all phytoplankton during photosynthesis (Figure
4).

Chlorophyll a Concentration (mg/m?)
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Figure 4. Global annual average sea-surface chlorophyll-a (SSchla) concentration measured by the Sea-
viewing Wide Field-of-view Sensor (SeaWiFS) since 1997 to 2010. Image from the National Aeronautics and
Space Administration (NASA) Earth Observatory.

Remote sensing has been recognized as the only feasible means to estimate SSchla concentration
for the global ocean and quantify global PP, as it overcomes spatial and temporal limitations (Lee
et al,, 2015). Since 1997, remote sensing sensors have been launched to space for collecting global
SSchla concentration data. Some examples of sensors from the National Aeronautics and Space

Administration (NASA) missions are the Sea-viewing Wide Field-of-view Sensor (SeaWiFS), the
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Moderate-Resolution Imaging Spectroradiometer (MODIS) and the Visible and Infrared Imager
Radiometer Suite (VIIRS), which collected data from 1997 to 2010, from 2002 to present and from
2012 to present, respectively. Another example from the European Space Agency (ESA) mission is

the MEdium Resolution Imaging Spectrometer (MERIS), which registered data from 2002 to 2012.

Remote sensors capture ocean colour emitted from phytoplankton blooms by collecting several
spectral bands at a 1/24° spatial resolution (4.63 km at the equator) meanwhile navigating around
the globe (Figure 5). For instance, MODIS views the entire Earth's surface every two days, acquiring
data in 36 spectral bands. Merging data for a certain period would improve spatial coverage by
avoiding gaps caused by environmental factors, such as clouds and dust. To improve spatial
coverage, monthly averaged data is obtained from combining daily data (Figure 6). Besides,
studying PP changes at long time-scales would require longer time periods than those registered
in a single remote sensing mission. In order to ensure data continuity, reduce data noise and
improve spatial and temporal coverage, the GlobColour project merges data from different
sensors. The GlobColour project (http://globcolour.info) has been developed, validated, and

distributed by ACRI-ST, France.

Figure 5. Satellite images obtained from phytoplankton blooms in the Bering Sea in a. 1998 and b. 2014.
Images from the NASA Earth Observatory.

To obtain SSchla concentration from the wavelengths captured by remote sensors, the
GlobColour Project uses the OCx algorithm, which is a fourth-order polynominal relationship
between a ratio of remote sensing reflectance (Rrs) and SSchla concentration. Coefficients ag to

a4 are sensor specific (O'Reilly et al., 2000):

4
10910 (1SSchla)) = a0 + >

Rrs(blue) i
Rrs(g reen))

ai log10 (
1
Despite the great progresses have been achieved over the last decades in estimating global SSchla
concentration, there are still some hampers that deviate remote sensing SSchla from /n situ SSchla
measurements at the sea-surface (Lee et al., 2015), especially in those oceanic regions, where

optical, physical and biological properties are complex (Blondeau-Patissier et al., 2014; Brown &
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Yoder, 1994; Gregg & Casey, 2004; Werdell et al., 2018). The main factors contributing to surface
waters complexity are reported to be coloured dissolved organic matter, radiance-absorbing
aerosols, phytoplankton species diversity, suspended sediments, clouds, ice, sun glint, and
navigation/time space mismatches (Claustre & Maritonera, 2003; Dierssen & Smith, 2000;
Sathyendranath et al., 2001; Volpe et al.,, 2007). Therefore, global standard algorithms, such as the
OCx algorithm used in the GlobColour Project, might not reflect accurate SSchla concentrations

for some specific oceanic regions that present high complexity surface waters.
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Figure 6. Global average sea-surface chlorophyll-a (SSchla) concentration obtained by merging the
Moderate-Resolution Imaging Spectroradiometer (MODIS) and the Infrared Imager Radiometer Suite (VIIRS)
sensors. Data collected in a. 2017-05-30 (daily data) and b. 2017-04-01 to 2017-04-30 (monthly data).
Images from the GlobColour Project.

1.4. Paleoproductivity proxies

1.4.1. Introduction to paleoproductivity proxies

Remote sensing provides a powerful tool for studying PP variations in a global scale over the last
decades. However, elucidating the principal mechanisms that control the soft-tissue pump and
predict future changes in our climate, require larger time-scales than those offered by remote

sensing. Therefore, paleoceanographers have developed palaeoproductivity proxies to infer past
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PP (Schoepfer et al., 2015; Zhao et al., 2006), and which are usually based in paleontological or
geochemical characteristics of sediments. Paleoproductivity proxies can be classified in two major

groups: export and nutrient proxies (Berger et al., 1994; Marchitto, 2007) (Figure 7).

— Biomarkers

Organic
T— Total organic carbon

] Export T
— Mineral shells
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Trace elements

— Nutrient

Paleoproductivity proxies

Isotopic ratios

Figure 7. Paleoproductivity proxies classification. This classification is based on (Berger et al., 1994; Marchitto,
2007).

1.4.2. Export proxies

Export proxies are based on the concentration of organic and inorganic molecules accumulated
in the ocean sediment. Hence, they are related to export and buried production and affected by
export and burial efficiencies. Consequently, one of the major drawbacks of export proxies is that
temporal changes in preservation conditions might affect proxies concentration. For instance,
enhanced burial of total organic carbon (TOC) in glacial-age sediments from the equatorial Pacific
was interpreted as reflecting increased past PP (Pedersen, 1983), but more recently it was
reinterpreted as the result of better preservation conditions (Bradtmiller et al., 2010). To solve this
problem, several proxies are measured for comparison, which is known as a multiproxy study. It is

based on the fact that preservation rarely affects different materials in the same manner.

Another issue that might affect export proxies would be that changes in the accumulation of other
compounds present in the sediment can modify the concentration of the proxy. This factor is
named the dilution effect, and particularly occurs in coastal margins, where considerably amounts
of terrestrial material can achieve marine sedimentary settings, mainly by river input (Bianchi et
al., 2018). Mass accumulation rates, which take into account the bulk sedimentation rate (i.e.
centimetres of sediment accumulated in a time), are calculated to discard dilution effects.

However, sedimentation rate calculation requires an age model based on microfossil datums
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and/or magnetic anomalies (Stein et al., 1989), which is not always available. Therefore, mass

accumulation rates are not always possible to obtain.

1.4.2.1. Biomarkers

Among export proxies, we can find biomarkers. These are organic compounds that can be linked
to specific sources and provide information about past environmental conditions. For instance,
chlorins are directly linked to Chl g, as they are its degradation products. Since Chl a is relatively
unstable under oxic and light conditions, chlorins are frequently found instead in the sedimentary
record (King & Repeta, 1994; Prowse & Maxwell, 1991; Soma et al., 2001). Chlorins include Chl a
primary degradation products that can be formed by senescence, such as pheophytin-a (Phe a),
pyropheophytin-a (PPhe a) and pheophorbide-a (Phide a) (Chikaraishi et al., 2007), and by
zooplankton grazing, such as cyclopheophorbide-a-enol (CPhe a) and chlorophyllone-a (Chlone
a) (Goericke et al, 2000; Louda et al., 2008). Moreover, chlorins encompass Chl a secondary
degradation products, which are formed by esterification with steroids and carotenoids, such as

carotenoid and steryl chlorin esters (CCEs and SCEs) (Goericke et al., 1999; King & Repeta, 1994)

(Figure 8).
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Figure 8. Principal chlorins structure and their degradation pathways. Image from (Chikaraishi et al., 2007).
Abbreviations: chlorophyll-a (Chl a), chlorophyllide-a (Chide a), pheophorbide-a (Phide a), pheophytin-

a (Phe a), pyrochlorophyll-a (PChl a), pyropheophorbide-a (PPhide a), pyropheophytin-a (PPhe a), stery!
chlorin esters (SCEs).
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Since Chl ais produced by all phytoplankton species for carrying out photosynthesis, chlorins are
commonly used to track total past PP (Finkenbinder et al., 2018; Harris et al., 1996; Higginson et
al., 2003; Summerhayes et al.,, 1995; Szymczak-Zyta et al., 2011). In contrast, alkenones, and to a
minor extent long chain alkyl diols and sterols, have been used as biomarkers for inferring past
PP of some phytoplankton species (Bolton et al, 2010; Hinrichs et al.,, 1999; Lawrence, 2006;
Moreno et al., 2004; Petrick et al., 2018; Plancq et al., 2014; Prahl et al., 1993; Rostek et al., 1997;
Seki et al., 2004; Tyler et al., 2010).

Alkenones are biomarkers of Emiliania huxleyi, which is its principal source and the most abundant
coccolithophore in the modern pelagic ocean (Conte et al., 1994; Marlowe et al., 1984; Rhodes et
al., 1995; Schmidt et al, 2013; Volkman et al, 1980; Volkman et al., 1995). However,
Geophyrocapsa oceanica and other coccolithophore species from the same genera are also
considered important alkenones producers nowadays (Volkman et al., 1995). Long chain alkyl diols
are produced by eustigmatophytes and diatoms, but unidentified algal sources might be
significant (Méjanelle et al., 2003; Sinninghe Damsté et al., 2003); meanwhile sterols are mainly
produced by different species of dinoflagellates, although they also have been found in a few

diatoms (Volkman et al., 1998).

1.4.2.2.  Total organic carbon (TOC)

TOC englobes all organic material buried in the sediment and has the advantages that is the major
component of phytoplankton biomass and provides the most direct proxy for past PP. Therefore,
many studies have used TOC as a proxy for reconstructing past PP (Bunzel et al., 2017; Moreno et
al., 2004; Nieto-Moreno et al., 2011; Pedersen, 1983; Schoepfer et al., 2015; Schubert et al., 2001;
Summerhayes et al., 1995; Xu et al., 2017). However, it has some constraints as a paleoproductivity
proxy. For instance, organic matter from terrestrial sources might bias TOC concentrations and
thus, obscure the marine signal (i.e. organic matter produced in the surface ocean and exported
and buried in the sediments). This limitation primarily affects coastal margins, where almost half
of the organic carbon accumulated in the sediments comes from river inputs (Schlinz &
Schneider, 2000). Another issue related to TOC proxy would be that it encompasses many different
compounds, which would present different degradation pathways. Therefore, TOC as a past PP
proxy could be affected by complex changes in preservation conditions, probably more than other

export proxies.

Since TOC reflects total buried production, which has important implications in the global carbon
cycle, numerous studies have focused on the factors controlling TOC accumulation in sediments.
Hence, several equations have been proposed to estimate the carbon flux and burial into the

sediments. Common equations include PP, water depth, sedimentation rate and oxygen. However,

11
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the primary control is an ongoing debate (Chen et al, 2016; Fu et al, 2014; Yu et al., 2019;
Zonneveld et al,, 2010). Therefore, the reliability and applicability of palaeoproductivity proxies
that are based on PP as the principal factor controlling organic matter accumulation on the

sediment, such as TOC or biomarkers, remains controversial.

1.4.2.3. Mineral shells

Inorganic compounds used by some marine organisms for producing their external skeletons are
also generally used as paleoproductivity proxies (Finkenbinder et al., 2018; Plancq et al., 2014).
This is the case of carbonate and silice. Carbonate production in the pelagic ocean is dominated
by coccolithophores (phytoplankton) and foraminifera (zooplankton), and to a minor extent by
calcareous dinoflagellates (phytoplankton) and pteropods (zooplankton) (Riihlemann et al., 1999).
On the other hand, silice is mainly produced by diatoms (phytoplankton) and radiolarians

(zooplankton) (Huneke & Henrich, 2011).

Generally, carbonate and silice abundances on the sea-floor correlate with overall patterns of
surface water productivity. This fact has been used to justify their value as paleoproductivity
proxies. Nevertheless, other processes can obscure their application. For instance, spatial and
temporal variation dissolution in the water column and after deposition on the sea floor affect
both carbonate and silice proxies. In fact, some studies have suggested carbonate glacial-
interglacial cycles are predominantly caused by dissolution rather than productivity changes
(Anderson et al., 2008; Le & Shackleton, 1992). Another major limitation factor of the silice proxy
is the spatial and temporal variation of silicate supply in the photic zone. Moreover, iron availability
regulates diatom growth and silice downward flux in the open ocean (Hiineke & Henrich, 2011).
Therefore, silice abundance variation in sediment may also reflect changes in surface waters iron
supply rather than productivity. This limitation is particularly severe in high-nutrient-low-
chlorophyll (HNLC) regions, such as the Southern Ocean, where silice sedimentation records do
not clearly show a glacial increase in export production (Dezileau et al., 2003; Frank et al., 2000),

as it is suggested by ice core measurements (Anderson et al., 2002).

1.4.2.4. Trace elements

Some trace elements are delivered to the sediment in association with organic matter, and they
may be retained within the sediment after organic matter decay (Tribovillard et al., 2006). For
instance, nickel, barium and copper have been found to present similar distributions to organic
carbon fluxes (Béning et al.,, 2015; Paytan & Griffith, 2007; Steiner et al., 2017). Hence, the high
tendency of some trace elements to be incorporated into organic matter during export, promote

their use as export proxies.
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Besides, several trace elements have been reported to present similar fluxes to major nutrients.
For instance, cadmium and zinc exhibit an oceanic distribution very close to phosphate and silice,
respectively; and nickel correlates with phosphate in the upper waters, and with silice at depth
(Bruland, 1980; Marchitto, 2007). Thus, trace elements have also been used to reconstruct past

nutrient conditions (Marchitto, 2007).

However, other factors control trace element accumulation in sediments. For instance, redox
conditions and seawater saturation level might affect cations re-solubilization from the sediment
and allow their transport to other marine settings (Paytan & Griffith, 2007; Steiner et al., 2017;
Tribovillard et al., 2006). For instance, recent studies suggest barium might not reflect changes in

past PP (Steiner et al,, 2017; Tribovillard et al., 2006).

1.4.3. Nutrient proxies

Most of the global ocean is oligotrophic (i.e. low nutrient concentration in surface waters).
Therefore, nutrient availability in the surface ocean is an important control on PP, as it is a limiting
factor for carrying out photosynthesis. Proxies associated with nutrient conditions in sea-surface

waters are known as nutrient proxies.

Nutrient proxies can be divided into two different groups: isotopic ratios and trace element. The
basis of isotopic ratio proxies relies on the fact that changes in nutrient conditions produce
variations in the ratio between the different stable isotopes of an element, such as nitrogen or
carbon. On the other hand, trace element proxies exhibit similar patterns than major nutrients

along the water column.

1.4.3.1. Isotopic ratios
PP is limited by the availability of nitrate in most part of the ocean (70%) (Bristow et al., 2017).

Therefore, nitrate availability has been frequently inferred to obtain information about nutrient
conditions and PP in the global ocean. Since phytoplankton preferentially assimilate "*N relative
to "N in high nutrient availability conditions (Wada & Hattori, 1978), and nitrogen isotopic
composition in the surface ocean is uniform (§"°N~5 %o) (Sigman et al., 2000), changes in the
nitrogen isotopic ratio might reflect changes in nutrient availability conditions (Wada & Hattori,
1976). The nitrogen isotopic ratio or nitrogen isotopic signal is commonly expressed in delta
notation by using atmospheric N; as a reference.

(15N/
14
§'°N= (—BNM1 1000

14
N)standard
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For tracking past changes in sea-surface nutrient conditions and infer past PP,
paleoceanographers generally measure the nitrogen isotopic signal of total matter accumulated
in the sediment (6"°Npui) (Ehlert et al., 2015; Mollier-Vogel et al., 2012), as nitrate surface signal
has been found to be transferred and preserved in sediments (Altabet & Francois, 1994). However,
8" Npui is limited by the heterogeneity and different diagenetic pathways of organic nitrogen
accumulated in the sediment (Wada, 1980), which can overprint the nitrogen signal and thus,
complicate the interpretation of the proxy (Enders et al., 2008; Junium et al., 2015; Sachs & Repeta,
1999; Tyler et al., 2010).

In order to avoid the effect of multiple sources and diagenetic pathways on the isotopic signal,
chlorin-specific nitrogen isotopic signal (§"°Ncniorin) has been used as an alternative proxy (Enders
et al,, 2008; Fulton et al., 2012;Fulton et al., 2018; Kusch et al., 2010; Naeher et al., 2016a; Naeher
et al, 2016b; Sachs & Repeta, 1999; Tyler et al., 2010). Nevertheless, the interpretation of 8"*Nchiorin
proxy relies on the assumption that 8" Neniorin reflects the original Chl a nitrogen isotopic signal
(8" Nchia). This is based on the fact that the chemical bonds that are involved in the reaction from
Chl ato the other chlorins do not link nitrogen atoms, so no relative nitrogen isotopic abundances
are expected to vary during diagenetic transformation. The variation on the isotopic ratio of a

certain element is known as isotope fractionation.

Hence, nitrogen isotope fractionation produced by phytoplankton consumption is commonly
used to infer past nutrient conditions and past PP. However, interpretations from &'°Npuk and
8" Nehiorin proxies are not always concordant (Junium et al., 2015; Sachs & Repeta, 1999; Tyler et
al, 2010) and the contribution of diagenetic processes in modifying the nitrogen isotopic

fingerprint is still controversial.

1.5. Objectives and outline

The aim of this thesis is to evaluate the applicability and constraints of some of the most frequently
used organic proxies to study the marine carbon cycle through time. Oceanic PP is the driving
factor of the global marine carbon cycle. Therefore, estimating modern and past PP for key
climatic periods is a main interest for the scientific community. Global SSchla concentration,
estimated by remote sensing, is used to infer modern PP using biogeochemical models.
Meanwhile for tracking past PP, many palaeoproductivity proxies have been proposed. However,
proxies limitations and their applicability on a global scale remains unclear in most cases. Besides,
the lack of modern PP data on a global scale has hindered the calibration of available proxies and

their use to provide quantitative estimates on past PP (Hernandez-Almeida et al., 2019). In this

14
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sense, and in order to achieve the main aim of this thesis, the following specific objectives and

research questions have been addressed:

Objective 1. To evaluate the use of available organic export proxies for reconstructing ocean past
PP at global scale, and their potential as quantitative paleoproductivity proxies (Chapter 2, 3 and
4).

In this thesis we have focused our research on the following organic export proxies:
o Chlorins (Chapter 2):

Chlorins include Chl g, the main pigment used in photosynthesis, and its degradation products.
Thus, in contrast to other available proxies, chlorins provide information about total PP. Chlorins
abundance in sediment is common used to infer total past PP (Harris et al., 1996; Higginson et al,,

2003; Summerhayes et al., 1995; Szymczak-Zyta et al., 2011).
o Alkenones (Chapter 3):

Alkenones are biomarkers of Emiliania huxleyi; which is the most abundant coccolithophore in the
modern pelagic ocean (Conte et al., 1994; Marlowe et al.,, 1984; Rhodes et al., 1995; Schmidt et al.,
2013; Volkman et al., 1980; Volkman et al., 1995;). Hence, alkenones concentration in sediment is
one of the most common approaches for estimating past PP (Bolton et al., 2010; Lawrence, 2006;
Moreno et al., 2004; Petrick et al., 2018; Prahl et al., 1993; Rostek et al., 1997; Seki et al., 2004).
Nevertheless, in contrast to chlorins, alkenones are only produced by some species of

phytoplankton.
o TOC (Chapter4):

TOC embraces all organic matter that is accumulated in the sediment. Therefore, TOC is the major
component of phytoplankton biomass and provides the most direct proxy for productivity.
Consequently, many studies use TOC as a proxy for reconstructing past PP (Bunzel et al., 2017;
Moreno et al., 2004; Nieto-Moreno et al., 2011; Pedersen, 1983; Schoepfer et al,, 2015; Schubert
et al,, 2001; Summerhayes et al., 1995; Xu et al., 2017).

Research question 1.1. Are organic export proxies concentration in sediment mainly related to

PP?

Only around 0.31% of surface PP is exported and buried onto the sediments (DeVries & Weber,
2017; Muller-Karger et al., 2005; Sarmiento & Gruber, 2006). Therefore, besides PP, other factors
influence the concentration of organic matter in sediments. Depositional factors, such as water
depth, sedimentation rate and oxygen are discussed to have an important role in controlling

organic matter concentration in sediment (Mann & Zweigel, 2008; Mduller & Suess, 1979;
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Schwarzkopf, 1993). Despite numerous studies have been focused on the factors that control
organic matter accumulation, the primary control is an ongoing debate (Chen et al.,, 2016; Fu et
al, 2014; Yu et al., 2019; Zonneveld et al., 2010). Hence, organic export proxies reliability and

applicability is still unconstrained.

Research question 1.2. Which organic proxy provides more accurate values on past PP

quantitative reconstructions?

Currently, many proxies are available to estimate past PP (Schoepfer et al., 2015; Zhao et al., 2006).
However, past PP quantitative reconstruction relies on the use of biogeochemical models as the
available proxy approaches are qualitative at best. Therefore, only relative past PP changes
through downcore can be currently inferred from sedimentary field data and no comparisons

between different locations of the global ocean can be addressed.

Objective 2. To evaluate global constraints of available nutrient proxies used for tracking past

nutrient conditions and past PP (Chapter 5).
In this thesis we have focused our research on the following nitrogen isotope proxies:
o 8"Npuk:

8" Npuk comprises all nitrogen accumulated in the sediment and present an alternative approach
to infer past PP by estimating past nutrient conditions. However, it is limited by the heterogeneity
and different diagenetic pathways of sedimentary nitrogen (Wada, 1980), which can complicate
the interpretation of the proxy (Enders et al., 2008; Junium et al., 2015; Sachs & Repeta, 1999; Tyler
et al., 2010).

15 .
O 8" Nchiorin :

8" Nehiorin includes Chl g, the main pigment used in photosynthesis, and its degradation products.
In order to avoid the effect of multiple nitrogen sources and diagenetic pathways on the isotopic
signal, 8" Nchiorin is used as an alternative proxy for past nutrient conditions and past PP (Enders
et al,, 2008; J. M. Fulton et al,, 2018; James M. Fulton et al., 2012; Kusch et al., 2010; Naeher et al.,
2016a; Naeher et al,, 2016b; Sachs & Repeta, 1999; Tyler et al., 2010).

Research question 2.1. Are nitrogen isotope proxies consistent at a global scale?

Comparisons between 8" Npyk and 8" Nehiorin present consistent agreement in some occasions
(James M. Fulton et al., 2012; Higgins et al, 2010; Kusch et al, 2010), but show significant
differences in others (Junium et al., 2015; Sachs & Repeta, 1999; Tyler et al.,, 2010). Consequently,
the reliability of 8 Npuk has been questioned by arguing its signal is compromised by multiple

sources and diagenetic alteration. However, all comparison studies carried out so far are based
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on independent regional environments, which might not reflect global environmental conditions

governing most of the ocean.
Research question 2.2. Can 6" Nejorin be used to track 6" Neya in sediment?

The interpretation of §"Nchiorin proxy relies on the assumption that 8"*Nehiorin reflect the original
8" Nehia. This is based on the fact that the chemical bonds that are involved in the transformation
from Chl g to the other chlorins do not link nitrogen atoms, so no nitrogen fractionation is
expected during the transformation. This assumption has been confirmed in some locations (Tyler
et al,, 2010), but some discrepancies between the nitrogen isotope signal of Chl a and the rest of
chlorins, as well as among different chlorins have been found in other studies (Kusch et al., 2010;
Naeher et al., 2016b). Hence, the dominant factor that controls 8"°Nehiorin variability in sediments
remains controversial, which might complicate the interpretation of 8" Nehiorin proxy for tracking

past nutrient conditions and past PP.
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2. Chlorins: quantitative paleoproductivity proxy

2.1. Introduction

Chlorophyll-a is the principal pigment used by plants for carrying out photosynthesis. Its
concentration in sea surface waters is commonly used as a an indicator of phytoplanktonic
abundance in the oceans (Davies et al., 2018). Most oceanic biogeochemical models use sea-
surface chlorophyll-a (SSchla) concentration as the central metric of phytoplankton biomass to
estimate primary productivity (PP) (Behrenfeld et al., 2005). PP establishes the carrying capacities
of marine ecosystems, and ultimately regulates the flux of carbon to the deep ocean (Suess, 1980)
(i.e. the soft-tissue pump). Understanding how PP varies through space, time, and across global
climatic oscillations is a key objective in oceanographic and climate research, as it is a vital living

link in the carbon cycle.

Satellite sensors are recognized as the only feasible means to overcome spatial and temporal
limitations in the estimation of PP on global scales (Lee et al., 2015). Since 1997, different satellite
sensors have been launched to estimate global SSchla concentration. The Sea-viewing Wide Field-
of-view Sensor (SeaWiFS; 1997-2010), the Moderate-Resolution Imaging Spectroradiometer
(MODIS; 2002-present), and the MEdium Resolution Imaging Spectrometer (MERIS; 2002-2012)
are some examples. The data from these different sensors have been merged in the GlobColour
project for ensuring data continuity, reducing data noise, and improving spatial and temporal
coverage (http://globcolour.info). In this way, SSchla concentration can be estimated in a global

scale over the last 20 years.

The measurement of SSchla concentration previous to the satellite era, and in the absence of
water column data, relies on the study of chlorophyllic pigments in marine sediments. However,
chlorophyll-g, once released into the environment after algae senescence, quickly breakdowns or
transforms into a range of degradation products, named chlorins (Leavitt, 1993). These includes
pheophytin-a, pyropheophytin-a, pheophorbide-g, cyclopheophorbide-a-enol and steryl chlorin
esters, among others. They are diagenetically stable and can persist in sediments over millions of
years (King & Repeta, 1994; Prowse & Maxwell, 1991; Soma et al,, 2001). Their joint measurement
as total chlorins abundance has been used in a number of studies to infer qualitatively past PP
variability (Harris et al., 1996; Higginson et al., 2003; Summerhayes et al., 1995; Szymczak-Zyta et
al., 2011). Thus, for its very nature and unlike any other paleo-proxies for past PP, it provides a
signal that it is exclusively linked to SSchla and PP. However, the occurrence of chlorins, in
common with any organic carbon derived proxy in sediments, is in fact a measurement of their

export from the surface waters and burial flux, which depends on the depositional conditions
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(Bianchi et al., 2016; Niggemann et al., 2007), and complicates the interpretation of the proxy to
estimate past PP. For instance, enhanced burial of organic carbon in glacial-age sediments from
the nearby equatorial Pacific was interpreted as reflecting increased PP (Pedersen, 1983), but more
recently it has been reinterpreted as the result of enhanced organic carbon preservation
conditions under reduced oxygenation (Bradtmiller et al., 2010). In fact, there is no global
assessment that determines to which extent changes in sedimentary chlorins abundance can be
related to PP or depositional conditions. To this end, in this chapter we evaluate on a global scale
the link between sedimentary chlorins content and remote sensing SSchla concentration as a

means to derive a quantitative proxy for estimating marine past PP.

2.2. Methods

2.2.1. Chlorins abundance

We compiled a global suite of 121 core-top sediments, generally corresponding to the upper 2
c¢m of the sediment core (Figure 9). Sediments were obtained between 1973 and 2014 from diverse
core repositories and laboratories. Approximately 45% of the samples were retrieved using box
corer or multicorer, while the remaining were obtained with gravity and piston corers. The
compilation appears to be dominated by samples along continental margins, since they represent
the most intensively studied regions. However, sample sites span a wide range of chlorins
concentration distributed in the diverse biogeochemical regions defined in (Weber et al., 2016)
around the global ocean (Figure 9). In addition, over 80% of the compiled surface sediments are
located in sites with a water column deeper than 1,000 meters, while 95% of the samples were
retrieved from waters deeper than 500 meters. Consequently, the compilation is mainly

representative of the pelagic zone, i.e. the water column of the open ocean.

Chlorins in sediments (ca. 1 g) were extracted using 10 mL of acetone (HPLC grade, LiChrosolv) in
a MARS5 microwave accelerated extraction system (CEM Corporation). During extraction the
mixture was stirred continuously with a magnetic bar, while temperature was increased from
ambient to 70°C over 5 minutes and left at this temperature for a further 5 minutes. After
extraction, samples were left to cool down at room temperature, and the supernatants were
decanted into glass tubes and centrifuged. Extracts were then concentrated to 0.5 mL under
vacuum and filtered through anhydrous Na,SO. columns. To quantify total chlorin abundance, we
used an off-column HPLC system with a photodiode array detector (i.e. PDA; Surveyor, Thermo
Finnigan) (Harris & Maxwell, 1995) and fluorescence detector (FL3000;Thermo Finnigan).
Absorbance was measured at 665 nm, while for the fluorescence measurement we used the 406

nm and 672 nm bands as the excitation and emission wavelengths, respectively. In order to take
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into account the effect of the matrix in the quantification analysis, a control sediment sample,
characterized by pheophorbide-a standard (Sigma-Aldrich), was processed in every batch of
samples (14 samples). The reproducibility of the measurement brings a relative standard deviation
of 4%. A subset of the compilation was obtained from (Radke et al., 2017), where the quantification
of chlorins was done by using the chlorin index established in (Schubert et al., 2005). The study
(Radke et al., 2017) yielded results for the Waters around Australia that have a range of variability

equivalent to those generated for the present study on a global scale (Figure A1, Appendix 1).

Figure 9. Global core-top sediments distribution. Lines delineate distinct biogeochemical regions defined
on the basis of temperature and nutrient concentration (Weber et al., 2016). Abbreviations: subarctic (SA),
subtropics (ST), tropics (T) and Southern Ocean (SO).

2.2.2. Uncertainties in the sedimentary data

All samples used in the study were obtained from sediment core repositories. We had no control
on handling and storage conditions before samples arrived at our laboratory. In fact, the sediment
compilation is rather heterogeneous in terms of the retrieval devices used to extract the sediment
from the sea-floor, the date when they were retrieved, and the sediment repositories that
generously provided the samples. Nevertheless, this diversity in the retrieval ages from the
seafloor, the length of storage, and handling conditions probably do not impinge noticeably on
chlorins preservation in the sediment. For instance, we did not observe a decrease of sedimentary
chlorins concentration with the year of collection from the seafloor (Figure A2, Appendix 1).
Arguably, such a decrease could be expected due to the higher exposure of the pigments to light,
oxygen and temperature in the core repositories, in comparison to the seafloor. Besides, biogenic

agents (i.e. fungi and microorganisms) could also play a role in decomposing chlorins in sediments
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during handling and storage. However, this does not appear to be the case, and pigments appear

to be stable in the sediments while cores are in storage.

The goal of the study was to analyze modern pigments inputs to seafloors sediments, and thus
we considered only the bottom ocean surficial sediments. For this reason, we prioritized the
analysis of sediments obtained using box corers and multicorers, which are specially designed for
a minimum of disturbance of the sediment surface during coring. To expand the size of the
sediment compilation we eventually also included sediments obtained using gravity and piston
corers, even though these devices disturb the upper centimetres of the sediment. To assess the
variability induced by using different types of corers, we classified the samples in two groups
(Figure A2, Appendix 1), and compared their means of sedimentary chlorin concentration. As every
group counts with more than 30 observations, we did a z-test. We defined the null hypothesis,
Ho: p=po, and the alternate hypothesis, Hi: p#uo. The z-statistic obtained was z-calc=0.58, while
two tail z-tab is equal to 1.96. Hence, zcalc<ztab, from which it is derived that the means of the
values from the two types of corers are statistically indistinguishable. Therefore, the type of coring

device does not influence significantly the concentration values in our compilation.

Sedimentation rates could also play a role in driving the concentration of chlorins in sediments.
Consequently, to analyse changes in the flux of a chemical or substance to the sea, the mass
accumulation rates (MAR) must be used instead of concentrations. Chlorin mass accumulation
rates (MARchlorin) were estimated by multiplying chlorin concentration by sedimentation rate
and dry bulk density. In the absence of these data for each sample site, we extracted
sedimentation rates from two global maps previously published (Dunne et al., 2012; Jahnke, 1996)
and discussed in (Cartapanis et al., 2016). However, sedimentation rates could only be extracted
for 71% of the sites. Dry bulk densities were assumed to be 0.9 g-cm?, as it corresponds to the
mean dry bulk density for marine sediments in the global sediment core database published in
(Cartapanis et al, 2016), which has been created by retrieving available data from online data
repositories. It is important to point out that these estimated accumulation rates are highly
uncertain, given that sedimentation rates can vary significantly over relatively short distances on
the seafloor due to winnowing and focusing, and the locations of cores are often biased towards
the highest accumulation rates in the search of retrieving records with high temporal resolution.
Nonetheless, in the absence of more accurate data, we include the estimates to provide a first-
order information on the effect of sedimentation rates in our sedimentary data. We compared
MARCchlorin against chlorin concentration in Figure A3 (Appendix 1). The correlation between the
two variables is high as attested by their coefficient of determination of R>=0.93 and R®=0.85,

depending on the sources of sedimentation rates (Dunne et al., 2012; Jahnke, 1996). Consequently,
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overall for our compilation, the differences in using MARchlorin and chlorin concentration when
compared to values of SSchla concentration are not likely to lead to significantly different results.
To maximize the size of data points in our compilation we used the chlorin concentration rather

than its MAR.

2.2.3. SSchla concentration

SSchla concentration (mg-m~) at sediment sample locations were obtained from the Globcolour
Project. GlobColour data (http://globcolour.info) used in this study has been developed, validated,
and distributed by ACRI-ST, France. CHL1 ocean colour L3 is a merged product from different
sensors that were in operation from 1997 to present: SeaWiFS (1997-2010), MERIS (2002-2012),
MODIS (2002-2017) and VIIRS (2012-2017). The algorithms used to obtain the CHL1 product were
OC4v5 for SeaWiFS, OC4Me for MERIS and OC3v5 for MODIS and VIIRS (O'Reilly et al., 2000). The
spatial resolution of CHL1 product is 1/24° (4.63 km at the equator). Monthly SSchla concentration
were extracted for each location from the merged global-scale matrix (2160x4320). A n=2160
vector with values from 90 to -90 (steps=0.041667) was created for latitudes and other m=4320
vector with values from -180 to 180 (steps=0.041667) was created for longitudes. A search was
then conducted for the nearest value in those vectors that coincide with the samples location
(latitude and longitude), and to deliver the chlorophyll-a concentration values of the matrix that
correspond to every location. Each matrix contains monthly data, thus, we obtained chlorophyll-
a concentration for every location and for every month over the last 20 years. To obtain SSchla
concentration for the last 20 years, we added the concentrations from September 1997 to

December 2017 for every location.

2.2.4. Uncertainties in the remote sensing data

One of the principal sources of the satellite data scatter might be the poor accuracy of satellite
SSchla concentration products in some specific oceanic regions where the complexity of the
optical and biological properties are significant. Global standard algorithms are inapplicable in
areas with coloured dissolved organic matter, radiance-absorbing aerosols, phytoplankton
species diversity, suspended sediments, clouds, ice, sun glint, and navigation/time space
mismatches (Claustre & Maritonera, 2003; Dierssen & Smith, 2000; Sathyendranath et al., 2007;
Volpe et al,, 2007). Moreover, desert dust trapped in the upper layer (Claustre et al., 2002) and
bubbles (Stramski & Tegowski, 2001) make the water appear greener. The poor quality of the
atmospheric correction still hamper accurate retrievals of optical properties and biogeochemical

concentrations (Blondeau-Patissier et al., 2014).
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Other sources of scatter that might affect our comparison between SSchla and sedimentary
chlorins are the satellite limitation of detecting phytoplankton growing deep in the water column
(Cullen, 1982; Huisman et al., 2006), and the different timescales between SSchla observations and
sediment measurements. SSchla estimates correspond to 20 years of satellite observations.
However, sedimentary data for most of the samples (> 85%) corresponds to about 155 years, as
the average of sedimentation rates is around 13 cm/ka, using the map published in (Dunne et al.,

2012).

2.3. Results

2.3.1. The global fraction of the exported and buried chlorophyll-a

The concentration of chlorins in the sediment is bound to be influenced by the concentration of
chlorophyll-ain the upper water column (Suess, 1980). However, chemical, physical and biological
processes that occur in the water column and/or in the water-sediment interface, such as
oxidation, mineral adsorption and bioturbation, may also play a role (Sarmiento & Gruber, 2006).
As aresult, only a small fraction of the organic matter produced in the sea-surface is finally buried
in the sediments. For instance, globally, integrated marine PP at the surface is around 48 PgC/yr
(DeVries & Weber, 2017; Sarmiento & Gruber, 2006), while global export production, PP exported
out of the photic zone, range from 6 to 10 PgC/yr (Schlitzer, 2002; Siegel et al., 2014). Furthermore,
the transfer efficiency, which is the fraction of particulate carbon that is exported from the
euphotic zone to the deep ocean, ranges from 5 to 35%. Much less studied is the global fraction
of organic matter that reaches the sea-floor, which is estimated to be 0.93 PgC/yr (Muller-Karger
et al,, 2005). Finally, only 5% of the organic carbon that reaches the sea-floor becomes buried in
the sediments. Global fluxes from the sea-surface to the deep ocean or sea-floor, and global burial
fluxes that take place in the sediment-water interface are estimated by ocean biogeochemical
models (Lutz et al.,, 2002; Martin et al., 1987; Suess, 1980) and early diagenetic models (Boudreau,
1996; Soetaert et al.,, 1996; Stolpovsky et al., 2018), respectively.

However, the percentage of the global amount of organic matter produced in the sea-surface that
is eventually buried into the sediments is less frequently evaluated. Estimations from models
indicate that the amount of carbon that is buried globally in the sediments is around 0.15 Pg
(Muller-Karger et al., 2005), which represents around 0.31% of the carbon at the sea-surface. Using
our chlorin and SSchla concentration data, we estimate that globally the average fraction of the
SSchla that is finally buried in the sediments in the form of chlorins is 0.33%, which is consistent

with the fraction of global buried carbon estimated by modelling (Muller-Karger et al., 2005). This
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value is derived from the ratio between the amount of chlorins that are buried in the sediment

every year, and the annual rate of production of sea-surface chlorophyll-a at each core site.

2.3.2. Quantifying SSchla from chlorins

The global comparison between sedimentary chlorins and SSchla concentration estimated over
the last 20 years is shown in Figure 10. We represented the data on a logarithmic scale based on

the natural distribution of ocean chlorophyll, which is lognormal (Campbell, 1995).
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Figure 10. Global correlations between sedimentary chlorins concentration and the sum of sea-surface
chlorophyll-a (SSchla) concentration from 1997 to 2017. a. includes the whole compilation, and b. includes
regions presenting RMS log errors lower than 31% between remote sensing and /n situ SSchla. Samples are

classified by biogeochemical regions as defined in Figure 9.

For reducing the uncertainty derived from the use of SSchla concentration global standard
algorithms, we only considered regions reported to present RMS log errors lower than 31%
between remote sensing and /n situ SSchla concentration, as this threshold has been used to
define well-performing regions in global and regional remote sensing SSchla evaluation studies
(Gregg & Casey, 2004). Consequently, the North Atlantic (Gregg & Casey, 2004; Mendonga et al.,
2010; Stramska et al., 2003), the Antarctic (Barbini et al., 2001; Dierssen & Smith, 2000; Gregg &
Casey, 2004; Marrari et al., 2006; Moore et al., 1999) and the California current for high SSchla
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concentration (>1mg-m?) (Kahru et al., 2012, 2014), which present RMS log errors higher than
31%, are not included in Figure 10 b. Nor the western South American margin, as the error of this
region has not been thoroughly studied. Although the equatorial Atlantic presents a RMS log
error of 48%, it drops to 23% when removing samples located offshore of the north-eastern coast
of South America (Gregg & Casey, 2004). Since our samples are not located in this region, we

included samples from the equatorial Atlantic in Figure 10 b.

As it is shown in Figure 10 b, the scatter in the global correlation between sedimentary chlorins
and SSchla concentration drop significantly when no considering the regions explained above.
The obtained correlation follows a logarithmic relationship with a root mean square error of 26%
and R? of 0.68. This indicates global SSchla concentration is the dominant factor controlling
chlorins content in sediments and suggest sedimentary chlorins as a reliable proxy for quantifying

SSchla concentration.

However, several studies suggest regional variability in the organic matter flux from surface to
deep ocean (Henson et al,, 2012; Lam et al., 2011; Marsay et al., 2015; Weber et al., 2016), which
may lead to different correlations between sedimentary chlorins and SSchla concentration
depending on the region. To investigate the influence of spatial variability in our data set, we
divided the global ocean in the different regions defined in (Weber et al, 2016), which are
classified by factors influencing transfer efficiency, such as phytoplankton community, nutrient
concentration and temperature. The defined regions are as follows: the tropics, the subtropics,
the subarctic and the Southern Ocean. However, due to lack of sufficient data we did not appraise
all the biogeographic regions. As can be seen in Figure 11, we did not found significant differences
in the correlation between the two regions appraised, the tropics and the subtropics, and the RMS
log error range from 19 to 29 % (Table 1). Our data support the results obtained in (Lutz et al.,
2002), which showed that spatial variability in the vertical flux of particulate organic carbon
decreases with increasing water column depth. Our results are also in agreement with (Jahnke,
1996), where the author indicate, using data from the North Atlantic, that the proportion of

primary production that reaches the deep sea does not vary greatly with latitude.
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Figure 11. Regional correlations between sedimentary chlorins concentration and the sum of sea-surface
chlorophyll-a (SSchla) concentration from 1997 to 2017. Different colours for lines and text indicate the
evaluated biogeochemical regions, which are defined in Figure 9.

Equation a b R2 RMS log error (%) n
1 9.23 -30.22 0.14 109 140
2 475 -16.16 0.68 25 70
3 2.40 -7.64 0.62 19 42
4 571 -20.07 0.72 29 26
5 4.01 8.25 0.63 33 70
6 3.69 6.41 0.62 36 70
7 3.25 5.39 0.58 43 70

Table 1. Coefficients and errors of chlorins equations. [Chlorins]=a-Y[SSchla]+b. Abbreviations: coefficient of
determination (R?), root-mean square logarithmic error (RMS log error), number of samples (n).

Not only spatial, but also temporal variability of SSchla concentration can modify the sedimentary
chlorin content by influencing the relative amount of organic matter exported from the surface
ocean to depth (Berger & Wefer, 1990; Dunne et al., 2005). To approach the temporal variability,
we looked into the correlation between the seasonal variation index (SVI) (Lutz et al., 2007), as an
indicator of temporal variability, and sedimentary chlorins concentration. We determined the SVI
for every location by calculating the average of every month for the whole period of satellite
available data, and then the average and the standard deviation of the calculated averages. Both
SVI and sedimentary chlorins were logarithmicly transformed before statistical analysis for
obtaining a normal distribution. We obtained a p-value of 0.004 (for a confidence level of 95%),

which indicates that there is a significant correlation between SVI and sedimentary chlorins
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concentration. However, the R? of 0.12 indicates a minor role of the SVI in controlling sedimentary

chlorins concentration.

To further evaluate the extent of the seasonality of SSchla concentration in our study, we also
compared the correlation between sedimentary chlorins concentration and the SSchla /) annual,
/f) the seasonal maxima, and /) the monthly maxima, averaged over the last 20 years. The annual
SSchla was determined by averaging all months during the last 20 years; and the seasonal or
monthly maxima by averaging only the most productive seasons or months of each year,
respectively. As it is shown in Figure 12, there are no significant differences between any of the
correlations. The coefficients of determination range from 0.58 to 0.63 and the RMS log errors

between 33 and 43% (Table 1).
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Figure 12. Global correlation between sedimentary chlorins concentration and the average of sea-surface
chlorophyll-a concentration (SSchla) from 1997 to 2017. Different colours for the lines and text indicate, /)
annual SSchla: average of all months (green dots), /) seasonal maxima average SSchla: the most productive
season (orange line), and 7)) monthly maxima average SSchla: the most productive month (purple line).

2.3.3. Other factors controlling chlorins deposition

Besides PP, other factors, such as water depth, sedimentation rate and oxygen have been
discussed to play an important role in controlling organic matter flux and deposition in sediments
(Betts & Holland, 1991; Betzer et al., 1984; Miller & Suess, 1979; Pace et al., 1987; Suess, 1980).
To study the influence of these factors in altering chlorins content in sediments, we correlated the
SSchla-chlorins ratio, as a measurement of chlorins transfer efficiency from surface to sediments,
with water column depth, sedimentation rates and oxygen concentration in bottom waters (Figure
13). Sedimentation rates were extracted from the map published in (Dunne et al, 2012) and

oxygen concentration in bottom waters from NOAA database.
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The obtained p-values (with a confidence level of 95%) for the correlation between SSchla-chlorins
ratio and oxygen, sedimentation rates and water depth were 0.21, 0.60 and 0.03, respectively.
These results indicate that there is no significant correlation between SSchla-chlorins ratio and
neither oxygen nor sedimentation rates, but it is significant against water depth. The R* obtained

for the latter correlation was, however, of 0.05.
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Figure 13. Global correlations between the ratio of the sum of sea-surface chlorophyll-a (SSchla)
concentration from 1997 to 2017 and chlorins concentration, with depositional factors: a. bottom oxygen
concentration, b. water depth and c. sedimentation rate.

2.4. Discussion

2.4.1. Chlorins as a quantitave proxy for past PP

The presence of chlorins in sediments is the outcome of their export from surface waters and
sedimentary burial rates, which is driven by PP and the production of SSchla, as well as
depositional conditions. As chlorins are labile compounds, arguably, their concentration might
have a higher dependence on depositional conditions than other paleoproductivity proxies, such
as barium. This would constrain their application as a past PP proxy. However, in
paleoceanographic studies, sedimentary chlorins concentration maxima were found concordant
with other paleoproductivity proxies, such as biogenic opal and organic carbon (Harris et al., 1996;
Schubert et al., 1998), which suggests that chlorins can track past PP variations in some settings,

particularly such as upwellings where PP is very high.

To constrain the link between SSchla and sedimentary chlorins concentration, we appraised their
global scale correlation (Figure 10). The data span several oceanic biogeochemical regions (Weber
et al, 2016), and show that the spatial variability in sedimentary chlorins is indeed related to
changes in SSchla, following a logarithmic trend with a root mean square (RMS) log error of 26%,
and a coefficient of determination (R? of 0.68. Thus, depositional conditions, are not globally the
primary variables explaining the spatial distribution of sedimentary chlorins concentration, but

rather SSchla concentration which is related to past PP.
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The consideration of a logarithmic relationship between SSchla and sedimentary chlorins
concentration has important implications in the interpretation of paleoceanographic archives. In
previous studies, a linear relationship between SSchla and chlorins proxy was assumed, which in
fact might have led to an under- or overestimation of past PP changes. It may be also particularly
relevant that in the Figure 10 b relationship there is an inflection point at 1 ug/g in sedimentary
chlorins concentration. Below this apparent threshold, a large change in sedimentary chlorins
concentration corresponds to small change in SSchla concentration, and the opposite occurs
above 1 pg/g in sedimentary chlorins concentration. Therefore, chlorins time series which
encompass values above and below the 1 pg/g threshold are estimating magnitudes of relative
past PP changes (i.e. ASSchla concentration) that are different per unit of change of chlorin

concentration.

For instance, in one of the seminal studies using chlorins undertaken in lake Biwa (Ishiwatari et al.,
2009) this is exactly what was observed. The downcore pattern of chlorins had higher values of 1-
4.5 pug/g in the upper sedimentary sections corresponding to the Holocene, and lower values (ca.
0.5 pg/qg) in the glacial sections. The interpretation of the results was that the difference in chlorins
PP between the Holocene and the glacial was greater than in the organic carbon PP. PP using the
organic carbon proxy was approximately the double in the Holocene than in the glacial, but the
difference was more than 4 times greater when using the chlorins proxy. Using our regression in
Figure 10 b, the difference between estimated SSchla concentration between the two periods is
approximately the double (69.7 mg/m? in the glacial and 33.3 mg/m? in the Holocene), in
agreement with the organic carbon estimates in the original paper. In contrast, in studies carried
out in the Benguela and the Canary current (Harris et al., 1996; Summerhayes et al., 1995), chlorins
concentration were higher than 1 ug/g throughout the glacial and the Holocene. In these settings,
a linear relationship can be assumed between SSchla and chlorins concentration as their range in
the records corresponds to the part of the relationship above the 1 ug/g inflection point. As a
consequence, chlorins and organic carbon proxies of these studies were found to estimate similar
PP changes between both periods. Another important implication derived from our study is that
the Figure 10 b equation will allow the quantification of past SSchla concentration, with a RMS
log error of 26%, and therefore offers a means for inferring past PP using estimates of SSchla

concentration.

2.4.2. Regional and seasonal variability

A number of authors have argued that the export efficiency of surface biomass to the deep ocean
is spatially variable, and depends on the latitude or biogeographical regions. The issue, however,

is not devoid of controversy. Several studies indicate that there are no significant latitudinal trends
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in water column fluxes of organic matter (Lampitt & Antia, 1997; Martin et al., 1987; Suess, 1980).
In contrast, others suggest a regional variability in the efficiency of the biological pump to
transport organic carbon from surface to the ocean’s interior (Henson et al.,, 2012; Lam et al., 2011;

Marsay et al., 2015; Weber et al., 2016).

To approach regional differences in the global correlation between sedimentary chlorins and
SSchla, we did individual correlations between sedimentary chlorins and SSchla concentration for
each defined region in Figure 9. Our comparison between the tropics and the subtropics
correlations does not show significant differences (Figure 11), suggesting no significant regional
differences in the export and burial efficiency of organic matter to the sediments. Our findings are
consistent with previous observations, which found that variability decreases in the intermediate
and deep ocean with increasing depth (Lutz et al.,, 2002). Hence, chemical, physical and biological
processes that take place through the deep-water column and in the water-sediment interface
seem to play a key role in spatially homogenising the amount of organic matter that is finally
buried in the sediment at any site. These results are relevant in paleoclimate reconstructions as
biogeochemical regions change through time in some locations. Therefore, finding no significant
differences between regions in the evaluated scales suggest that past PP can be inferred using
the relationship in Figure 10 b without concerns about changes in the biogeochemical conditions

through time.

Besides biogeochemical region conditions, temporal variability of SSchla concentration might also
alter chlorins export from surface to sediments and thus, sedimentary chlorins concentration.
More episodic PP regions are believed to export a greater amount of particulate organic matter
than regions which show lower seasonal variability in past PP (Berger & Wefer, 1990; Dunne et al.,

2005).

Our results from the correlation between the seasonal variation index (SVI) (Lutz et al., 2007), as
an indicator of temporal variability, and sedimentary chlorins concentration indicates a minor role
of the temporal variability in altering sedimentary chlorins concentration (R>=0.12). Moreover, we
did not find significant differences between the following correlations: sedimentary chlorins and
7) annual SSchla, /7)) the seasonal maxima SSchla, and /i) the monthly maxima SSchla (Figure 12).
These results suggest that the transfer efficiency from the surface to sediment burial is not
significantly higher during episodes of higher PP (i.e. phytoplankton blooms) in comparison to
the rest of the year. Hence, although seasonality might lead to changes in export fluxes, this
variability is not the predominant cause of variations in sedimentary chlorins concentration, and
has not a significant effect in the correlation between SSchla and sedimentary chlorins

concentration for the samples evaluated in this study.

43



Chapter 2

2.4.3. Depositional factors in the export and burial of surface chlorophyll-a

We have shown that SSchla concentration explains most of the spatial variability of chlorins
concentration in surface sediments worldwide. However, there are other factors that influence
chlorins fluxes to sediments spatially, which arguably could be water depth, sedimentation rate
and oxygen (Betts & Holland, 1991; Betzer et al., 1984; Mller & Suess, 1979; Pace et al.,, 1987;
Suess, 1980).

The results from the correlation between the SSchla-chlorins ratio (i.e. a measurement of the
transfer efficiency and chlorophyll-a degradation) and bottom oxygen concentration (p-
value=0.21), sedimentation rates (p-value=0.60) and water column depth (R>=0.05) suggest that
depositional processes in the water column do not greatly affect the global spatial variability of
sedimentary chlorins concentration (Figure 13). This agrees with previous studies on experimental
and field observations that claimed that oxygen is not a primary control on the degradation of
labile organic material (Canfield, 1994), and from sinking particle models which found that the
influence of oxygen on remineralization does not contribute significantly to the large-scale
patterns of organic carbon transfer efficiency (Cram et al., 2018). Other studies have also asserted
that water column depth is not a relevant factor in controlling organic matter concentration in
sediments as the majority of organic matter is remineralized above 500 meters depth, and deeper
down there is almost no degradation (Pace et al., 1987; Yamanaka & Tajika, 1997). However, it
remains to be assessed the combined role of various depositional processes in controlling

sedimentary organic matter concentration (Cram et al., 2018).

2.5. Conclusions

In summary, the primary driver that explains the spatial distribution of sedimentary chlorins
concentration is SSchla concentration and PP, rather than depositional factors. The latter process
degrades 99.7% of the SSchla during sedimentation until its derivatives are buried in sediments,
but is arguably globally constant. As a consequence, this study provides the first space-based
calibration for quantifying global PP through the past estimation of SSchla concentration. This
calibration is independent of the biogeographic region, and seasonality of production, which
implies that it is applicable globally despite any changes in biogeochemical regimes in a given
site through time. The data generated in this study would also serve as a new tool for validating
remote sensing chlorophyll and identifying oceanographic areas with optical properties that
diverge from the global and needs specific algorithms for estimating surface chlorophyll
concentration and PP. Moreover, these results also provide new constraints, i.e. past SSchla and
chlorins values, against which is possible to validate and improve ocean biogeochemical models

and their estimates of PP and organic carbon sedimentary burial.
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3. Alkenones: quantitative paleoproductivity proxy

3.1. Introduction

Chlorophyll-ais the principal pigment used by all phytoplankton for carrying out photosynthesis.
Its concentration in surface waters is commonly used as an indicator of phytoplankton biomass
and to infer primary productivity (PP) (Davies et al, 2018). On a global scale, sea-surface
chlorophyll-a (SSchla) concentration is estimated by remote sensing (Lee et al.,, 2015), and the first
sensor that estimated global SSchla concentration was the Sea-viewing Wide Field-of-view Sensor
(SeaWiFS), launched in 1997. Since then, other missions have taken place and their data have been
merged in the GlobColour project, which combines measurements from the SeaWiFs, the MEdium
Resolution Imaging Spectrometer (MERIS), the Moderate-Resolution Imaging Spectroradiometer
(MODIS), and the Visible and Infrared Imager Radiometer Suite (VIIRS). Consequently, at present

the available data on satellite surface ocean chlorophyll-a spans the last 20 years.

To infer past PP for periods before the existence satellite observation programs, on decadal to
millennial time-scales, a range of organic proxies are available, which are based on the study of
organic molecules that can be found in the sedimentary records (Schoepfer et al,, 2015; Zhao et
al., 2006). However, besides PP, many other factors, such as oxygen, temperature, ballasting effect
and remineralization, are suggested to be important in controlling transfer and burial efficiency
of organic matter (DeVries & Weber, 2017; Francois et al., 2002; Henson et al., 2012) and thus,
organic proxies concentration. The relative weights of the factors that control the spatial variability
of organic matter concentration in sediments are still unconstrained, which leads to some
uncertainty on the applicability of organic matter proxies to estimate past PP. Consequently,
available proxies do not yield absolute quantitative information, and only allow for the estimation

of downcore relative productivity changes for a given location.

One of the most common approaches relies on the measurement of alkenones concentration in
sediments (Bolton et al., 2010; Lawrence, 2006; Moreno et al., 2004; Petrick et al., 2018; Prahl et
al., 1993; Rostek et al., 1997; Seki et al., 2004). These organic molecules are biomarkers of £miliania
huxleyi; which is the principal source of alkenones and the most abundant coccolithophore in the
modern pelagic ocean (Conte et al., 1994; Marlowe et al,, 1984; Rhodes et al., 1995; Schmidt et al.,
2013; Volkman et al, 1980; Volkman et al, 1995). Geophyrocapsa oceanica and other
coccolithophore species from the same genera are also considered important alkenones
producers nowadays (Volkman et al., 1995). Hence, in contrast to chlorophyll-a, alkenones are

only produced by some species of phytoplankton.

55



Chapter 3

In this study, we evaluate the use of sedimentary alkenones as a quantitative proxy to estimate
the global spatial variability of SSchla concentration, and hence as a tool for estimating past PP.
The study is based on a global compilation of C37 di-, tri and tetraunsaturated methyl ketones
(C37 alkenones) concentration in core-top sediments, and compared it with remote sensing
SSchla concentration. As alkenones are exclusively produced by some phytoplankton species and
the main alkenones producers are coccolithophores, we also used sea-surface particulate
inorganic carbon (SSPIC) concentration, as a metric for detecting global coccolithophore blooms

(Holligan et al., 1983), to better constrain the use and applicability of alkenones as a productivity

proxy.

3.2. Methods

3.2.1. Alkenones abundance

Our database contains C37 alkenones concentration from 227 locations widely distributed around
the global ocean across diverse biogeochemical regions as defined in (Weber et al., 2016) (Figure
14). Generally, the samples correspond to the upper 1 cm of the sediment core and approximately
the 90% of them have been retrieved using devices specially designed for a minimum of
disturbance of the sediment surface, i.e. box corer or multicorer. Most of the data (95% of the
compilation) are obtained from previous published studies (Appendix 2), while the rest have been
analysed in our laboratory following the methodology explained hereafter. Since this study
combines data from several laboratories that used somewhat different methodologies, the
different analytical techniques used for quantifying alkenones can be a possible concern.
However, interlaboratory reproducibility of the different available methods to measure the
absolute alkenone abundance in sediments was found to be 32% (Rosell-Melé et al., 2001).
Consequently, greater differences between C37 alkenones concentration and remote sensing data

(SSchla or SSPIC) can be evaluated in this study without concerns.
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Figure 14. Global core-top sediments distribution. Lines delineate distinct biogeochemical regions defined
on the basis of temperature and nutrient concentration (Weber et al., 2016). Abbreviations: subarctic (SA),
subtropics (ST), tropics (T) and Southern Ocean (SO).

Alkenones in sediments (1-4g) were extracted using 10 mL of DCM:MeOH (3:1) (GC grade,
Suprasolv) in a MARS5 microwave accelerated extraction system (CEM Corporation). Before
extraction, 25 ng/uL of the internal standard 2-nonadecanone (Fluka, purity 0.97%) was added.
During extraction the mixture was stirred continuously with a magnetic bar, while temperature
was increased from ambient to 70°C over 2.5 minutes and left at this temperature for 5 minutes.
After extraction, samples were left to cool down at room temperature, and the supernatants were
decanted into glass tubes and centrifuged. Extracts were then dried under vacuum and
fractionated through SiO» columns using hexane (first fraction) and dichloromethane (second
fraction) as eluents. Extracts were dried again and 50 pL of isooctane was added to the second

fraction for the gas chromatography (GC) analysis.

Samples were injected in splitless mode in a GC column (Agilent 19091Z-436 column,
60mx250umx0.25um) with a flow rate of 1.5 mL/min. The GC method consists of 2 ramps, the first
one from 80°C to 120°C with a temperature rate of 30 °C/min, followed by a second ramp that
increases temperature at 6°C/min until 320°C. Then, the conditions were held during 21 minutes
and the signal was detected by a flame ionization detector at 320°C (Agilent Technologies 7820A
GC System).

3.2.2. SSchla and SSPIC concentration

SSchla and SSPIC concentration values for every location were extracted from merged global-

scale matrixes of the Globcolour Project (http://globcolour.info), which contain monthly data for
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the last 20 years. To obtain both SSchla and SSPIC concentration for the last 20 years, we added
the concentrations from September 1997 to December 2017 for every location. GlobColour data
used in this study has been developed, validated, and distributed by ACRI-ST, France. The sensors
used for estimating SSPIC concentration are as follows: SeaWiFS (1997-2010), MODIS (2002-2017)
and VIIRS (2012-2017). The previous sensors plus MERIS (2002-2012) have been used to estimate
SSchla concentration. The spatial resolution for both parameters is 1/24° (4.63 km at the equator).
The algorithms used for SSchla concentration are OC4v5 for SeaWiFS, OC4Me for MERIS, and
OC3v5 for MODIS and VIIRS (O'Reilly et al., 2000). The SSPIC concentration algorithm is a hybrid

of two independent approaches described in (Balch et al., 2005) and (Gordon et al., 2001).

A number of factors might affect our comparison between remote sensing and sedimentary data,
including the limitation of detecting SSchla and SSPIC in the deep water column (Cullen, 1982;
Huisman et al., 2006), lateral transport of organic matter and the different timescales between
remote sensing observations (20 years) and sediment (c.a. 71 years). The age range of sediment
samples have been calculated from the sedimentation rate average of all sediments (14 cm/ka)

by using the map published in (Dunne et al., 2012).

However, one of the main sources of uncertainty of the remote sensing data might be the poor
accuracy of satellite retrievals in some specific oceanic regions, where the optical and biological
properties are complex (Blondeau-Patissier et al., 2014; Brown & Yoder, 1994). In those regions,
global standard algorithms used in global scale studies, such as this one, might provide biased
estimations. Some of the factors that affect the properties of the surface waters are as follows:
coloured dissolved organic matter, radiance-absorbing aerosols, phytoplankton species diversity,
suspended sediments, clouds, ice, sun glint, and navigation/time space mismatches (Claustre &
Maritonera, 2003; Dierssen & Smith, 2000; Sathyendranath et al, 2001; Volpe et al., 2007).
Furthermore, desert dust (Claustre et al., 2002) and bubbles (Stramski & Tegowski, 2001) make
the water appear greener. It is also important to note that although the main alkenones producers
are coccolithophores, there are also other organisms that produce them. Besides, not every
coccolithophore organism produces alkenones. Consequently, the correlation between SSPIC and
C37 alkenones concentration might be impacted by this mismatch between alkenones and

coccolithophores.
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3.3. Results

3.3.1. Quantifying SSchla from alkenones

To study the role of C37 alkenones in tracking global SSchla concentration, we appraised their
global scale correlation in Figure 15. Our samples cover several oceanic biogeochemical regions,
which are defined following the classification described in (Weber et al., 2016), that is based on
temperature, phytoplankton community and nutrient concentration. We obtained a linear
correlation between the logarithms of C37 alkenones and SSchla concentration with a coefficient

of determination (R?) of 0.45 and a root mean square (RMS) log error of 45%.
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Figure 15. Global correlations between sedimentary C37 alkenones concentration and the sum of sea-
surface chlorophyll-a (SSchla) concentration from 1997 to 2017. a. includes the whole compilation, and b.
includes regions presenting RMS log errors lower than 31% between remote sensing and /n situ SSchla.
Samples are classified by biogeochemical regions as defined in Figure 14.
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In order to minimize the uncertainty derived from the use of SSchla global standard algorithms,
we only considered regions reported to present RMS log errors lower than 31% between remote
sensing and /n situ SSchla concentration, as this threshold has been used to define well-
performing regions in global and regional remote sensing SSchla evaluation studies (Gregg &
Casey, 2004). Consequently, the North Atlantic (Gregg & Casey, 2004; Mendonca et al.,, 2010;
Stramska et al., 2003) and the Gulf of Alaska (Waite & Mueter, 2013), which present RMS log errors
higher than 31%, are not included in Figure 15 b. Nor the western South American margin, as the
error of this region has not been thoroughly studied. Although the equatorial Atlantic presents a
RMS log error of 48%, it drops to 23% when removing samples located offshore of the north-
eastern coast of South America (Gregg & Casey, 2004), as our samples are not located in this
region, we included samples from the equatorial Atlantic in Figure 15 b. The correlation obtained
in Figure 15 b between C37 alkenones and SSchla concentration shows that the spatial variability
in C37 alkenones concentration can explain 60% of SSchla concentration variability (R>=0.60) with
a RMS log error of 38% (Table 2). Hence, changes in C37 alkenones concentration are mainly

related to changes in SSchla concentration.

Equation a b R? RMS log error (%) n
1 1.04 -2.40 0.45 53 226
2 1.26 -2.74 0.60 38 194
3 1.01 -2.35 0.59 31 75
4 1.24 -2.62 0.49 46 88
5 1.32 -2.95 0.33 35 26
6 0.35 0.28 0.03 212 226
7 0.34 0.32 0.03 209 211

Table 2. Coefficients and errors of alkenones equations. Log[C37]=a:log}[SSchla]+b. Abbreviations:
coefficient of determination (R?), root-mean square logarithmic error (RMS log error), number of samples
n).

The global compilation represented in Figure 15 b (C37 alkenones and SSchla concentration)
englobes different oceanic biogeochemical regions that present different ranges of PP (mainly
due to differences in nutrient circulation, solar irradiance, temperature and phytoplankton
community) and organic export efficiencies from the sea-surface to the surface sediment (Weber
et al, 2016). In order to study the possible variations that the different oceanic biogeochemical
regions might reflect in the correlation between C37 alkenones and SSchla concentration, we

obtained a specific correlation for each region described in (Weber et al., 2016) (Figure 14 and
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Table 2). The defined regions are as follows: the tropics, the subtropics, the subarctic and the
Southern Ocean. Note that the correlation for the subarctic region has been not stablished due
to lack of data. The subtropics show the lower RMS log error (31%) and is the region that can
explain more SSchla concentration variability (59%). The tropics present the higher RMS log error
(46%), with a coefficient of determination of 0.49, and the Southern Ocean is the region that can
explain less SSchla concentration variability (33%), with a log RMS error of 35%. However, no
significant differences between oceanic biogeochemical regional correlations were found, as it is

shown in Figure 16.
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Figure 16. Regional correlations between sedimentary alkenones concentration and the sum of sea-surface
chlorophyll-a (SSchla) concentration from 1997 to 2017. Different colours for lines and text indicate the
evaluated biogeochemical regions, which are defined in Figure 14.

3.3.2. Quantifying SSPIC from alkenones

The main alkenones producers are coccolihophores (Conte et al, 1994; Marlowe et al., 1984;
Rhodes et al., 1995; Schmidt et al., 2013; Volkman et al.,, 1980; Volkman et al., 1995) and the most
common parameter for detecting global coccolithophore blooms is remote sensing SSPIC (Brown
& Yoder, 1994; Kondrik et al., 2017; Moore et al., 2012; Neukermans et al., 2018; Sadeghi et al.,
2012). Therefore, to better assess the use of alkenones as a PP proxy we also study the global
correlation between the logarithms of C37 alkenones and SSPIC concentration (Figure 17).
Samples were classified by oceanic biogeochemical regions described in (Weber et al,, 2016), as
in the case of C37 alkenones and SSchla correlation. We obtained a p-value of 0.01 (95%
confidence interval), which indicates that exist a significant correlation between C37 alkenones
and SSPIC concentration. However, a R? of 0.03 and RMS log error of 212% indicate a low degree

of correlation.
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Similarly, to the C37 alkenones and SSchla correlation, we excluded specific regions where the
global standard algorithms are reported to not reflect SSPIC concentration in agreement to /n situ
SSPIC measurements, for reducing the uncertainty associated with the use of SSPIC global
standard algorithms in this study. However, we found much less studies that validate remote
sensing SSPIC than SSchla estimations. Remote sensing SSPIC were reported to be lower than the
average shipboard value in the Pacific equatorial divergence province (Balch et al., 2005) and
greatly overestimated in Antarctic waters near the south of Australia (Trull et al, 2018).
Consequently, we excluded data from these two sites in Figure 17 b. The p-value obtained for the
samples in Figure 17 b was 0.01 (95% confidence interval), which indicates correlation between
C37 alkenones and SSPIC concentration. However, a R? of 0.03 and a RMS log error of 209%
indicate a low degree of correlation (Table 2). Hence, variability in C37 alkenones concentration

only can explain 3% of SSPIC concentration variability, with a RMS log error of 209%.
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Figure 17. Global correlations between sedimentary alkenones concentration and the sum of sea-surface
particulate inorganic carbon (SSPIC) concentration from 1997 to 2017. a. includes the whole compilation,
and b. includes regions presenting RMS log errors lower than 31% between remote sensing and /n situ
SSchla. Samples are classified by biogeochemical regions as defined in Figure 14.
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The global correlation represented in Figure 17 englobes different oceanic biogeochemical
regions that are related to different ranges of PP and organic matter export efficiencies, as in the
case of the global correlation between C37 alkenones and SSchla concentration. In order to study
the SSPIC variability that can be explained by variations in C37 alkenones concentration, we
followed the same procedure as in the case of C37 alkenones and SSchla correlation, and studied
the correlation between C37 alkenones and SSchla concentration for each oceanic
biogeochemical region defined in (Weber et al,, 2016). None of the regions shows a significant
correlation (p-value>0.05). Hence, changes in the SSPIC concentration of any of the oceanic
biogeochemical regions defined in (Weber et al.,, 2016) cannot be explained by changes in C37

alkenones concentration estimated from the corresponding region.

3.4. Discussion

3.4.1. Alkenones as a quantitative proxy for past PP

Alkenones abundance has been used in many studies as a proxy for past PP. For instance,
alkenones concentration were used to qualitatively reconstruct past PP variations in the Sea of
Okhotsk over the last 30 kyr (Seki et al., 2004), in the Western Mediterranean for 48,000-28,000
years before present (Moreno et al., 2004) and in the southeastern Arabian Sea for the study of
the Indian monsoon during previous climatic cycles (Rostek et al, 1997). PP reconstructions
derived from C37 alkenones concentration proxy assume a linear relationship between PP and
C37 alkenones abundance in sediment. However, besides PP, other factors such as oxygen,
temperature, ballasting effect and remineralization control export PP and burial efficiencies
(DeVries & Weber, 2017; Francois et al., 2002; Henson et al., 2012) and, consequently sedimentary

C37 alkenones abundance.

The global correlation between C37 alkenones and SSchla concentration confirms there is a linear
relationship between these two variables (Figure 15 b). This study also reveals that SSchla
concentration is the dominant factor controlling C37 alkenones abundance in sediment, being the
latter able to explain 60% of the global SSchla concentration spatial variability (Figure 15 b).
Therefore, we validate the use of sedimentary alkenones as a proxy to estimate global spatial

variability of SSchla, and thus, as a tool for estimating past PP.

However, alkenones concentration has been considered as an exclusive coccolithophore PP proxy
and information derived from alkenones concentration is generally interpreted as coccolithophore
PP (Higginson & Altabet, 2004; Pelejero et al, 1999; Petrick et al., 2018; Seki et al., 2004). In

contrast, Bolton et al. (2010) suggested that in upwelling tropic areas, C37 alkenones
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concentration tracks PP not only from coccolithophores, but also from the wider phytoplankton
community. Later, Bolton et al. (2011) corroborate the last interpretation at two more sites: ODP
Site 982 in the North Atlantic and ODP Site 846 in the eastern tropical Pacific. Our results are in
agreement with those from (Bolton et al, 2010, 2011) and shows C37 alkenones can be
interpreted as a proxy for total PP in very different biogeochemical conditions and thus,

independently from the dominated phytoplankton community (Figure 15 b).

We also studied the use of C37 alkenones concentration proxy particularly in oligotrophic areas,
as it was suggested to not expect a relationship between C37 alkenones concentration and total
PP because the alkenone-synthesising coccolithophores in such regimes constitute a small
proportion of the coccolithophore population (Bolton et al., 2010). We calculated the RMS log
error in the global correlation considering only samples located in oligotrophic (SSchla annual
average concentration<0.1Tmg-m) and no oligotrophic areas (Figure A4, Appendix 1). The RMS
log error considering only oligotrophic areas (33%) is lower than both, considering only no
oligotrophic areas (39%) and all samples (38%). Hence, although only 9% of our samples
correspond to oligotrophic areas, our results suggest C37 alkenones concentration can be

interpreted as a proxy for total PP in a global scale, including oligotrophic areas.

Moreover, in contrast to current available paleoproductivity proxies, the linear relationship
obtained from our global correlation between C37 alkenones and SSchla concentration (Figure
15) will permit to obtain absolute values of SSchla concentration in past periods with a RMS log
error of 38% (Table 1) and thus, quantitatively estimate past PP. Therefore, besides relative past
PP changes through downcore, past PP changes will be able for comparison between different

locations at any site in the global ocean.

Obtaining a global correlation between C37 alkenones and SSchla concentration (Figure 15)
suggests a proportional organic matter flux rate from sea-surface to sediments over different
biogeochemical regions in the global ocean. Previous studies indicate there are no regional
differences in the water column organic matter fluxes (Lampitt & Antia, 1997; Martin et al., 1987;
Suess, 1980), but later studies found spatial variability in the export efficiency of surface biomass
to the deep ocean (Henson et al,, 2012; Lam et al,, 2011; Marsay et al., 2015; Weber et al., 2016).
The correlations between C37 alkenones and SSchla concentration obtained for the different
oceanic biogeochemical regions defined in (Weber et al., 2016) were no significantly different as
it is shown in Figure 16. Hence, our data support the results obtained in (Lutz et al.,, 2002), which
showed that spatial variability in the vertical flux of particulate organic carbon decreases with

increasing water column depth. Our results are also in agreement with (Jahnke, 1996), where the
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author concluded the proportion of primary production that reaches the deep sea does not vary

greatly with latitude by extrapolating data from the North Atlantic.

3.4.2. The relevant role of photosynthetic picoeukaryotes (PPE) in the
global carbon export

Global carbon export to sediments was recognise to be dominated by large phytoplankton, such
as diatoms (Sancetta et al., 1989; Smetacek, 1985), and picophytoplankton, which basically
englobes cyanobacteria and photosynthetic picoeukaryotes (PPE), was claimed to no contribute
significantly to carbon export because of their small size (Michaels & Silver, 1988). Nevertheless,
more recent studies enhanced the role of picoplankton in sedimentary carbon fluxes. For instance,
massive picoplankton sedimentation in east of New Zeland (Waite et al., 2000), and
picophytoplankton export carbon fluxes dominance were found in the eastern equatorial Pacific
(Richardson et al., 2004) and in the Arabian sea (Richardson et al., 2006). Later studies showed that
the downward flux of organic carbon via small particles often constitute the bulk of the total
particulate organic carbon flux in the North Atlantic (Giering et al.,, 2016), and the export in the
Norwegian Sea was most likely due to small particles and contributed to long-term carbon
sequestration (Dall'Olmo & Mork, 2014). Therefore, global carbon flux seems to be dominated by

picoplankton, either cyanobacteria or PPE.

As mainly alkenones producers (Emiliania huxleyi and Geophyrocapsa oceanica) are PPE, our
results are in agreement with later studies, and suggest PPE as the dominant phytoplankton in
terms of global carbon sequestration and burial in the sea-floor. Figure 15 shows a global linear
correlation between SSchla and sedimentary C37 alkenones concentration. These results are not
surprising as although cyanobacteria dominates phytoplankton abundance in the ocean (Worden

et al., 2004; Zubkov et al., 2000), PPE dominate biomass (Liu et al., 2009; Teira et al., 2005).

Our results also indicate that PPE export contribution is proportional to total PP at global scale
(Figure 15). These results can be explained by the high contribution to total PP by PPE, which has
been found to be more than half in several oceanic regions. For instance, in the North Atlantic
(68%) (Li, 1995), the southern California Bight (76%) (Worden et al., 2004), the eastern North
Atlantic subtropical gyre (54%) (Teira et al., 2005), the southern Bay of Biscay (51%) (Moréan, 2007)
and the South East Pacific Ocean (>60%) (Rii et al., 2016). Besides, our data are consistent with
results obtained in (Richardson & Jackson, 2007) that show the contribution of picoplankton to
export is proportional to their contribution to PP. Therefore, the study of C37 alkenones
abundance in sediments gives information not only about past PP in the sea-surface, but also

about the soft-tissue pump.
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3.4.3. Alkenones and SSPIC for studying past PP and the global carbonate
pump

Main alkenones producers are coccolithophores (Emilliana huxleyi and Geophyrocapsa oceanica)
(Conte et al,, 1994; Marlowe et al., 1984; Rhodes et al., 1995; Schmidt et al.,, 2013; Volkman et al,,
1980; Volkman et al., 1995), which are covered by CaCOs plates or coccoliths. Hence, we studied
the global carbonate pump by correlating our global compilation of C37 alkenones concentration
with remote sensing SSPIC concentration, which is the most common parameter for detecting
global coccolithophore blooms (Brown & Yoder, 1994; Kondrik et al., 2017; Moore et al., 2012;
Neukermans et al., 2018; Sadeghi et al., 2012). In contrast to SSPIC, SSchla is representative of
total phytoplankton community. Hence, we also used SSPIC concentration for better assessing the

use of C37 alkenones concentration as a paleoproductivity proxy.

Our results indicate correlation between C37 alkenones and SSPIC concentration (p-value=0.01),
but the variability in C37 alkenones can only explain 3% of SSPIC variability, with a RMS log error
of 209% (Figure 17 and Table 2). Therefore, the study of C37 alkenones abundance does not
provide information about coccolithophore fluxes from sea-surface to sediments and thus, neither

about the global carbonate pump nor past PP changes.

The poor correlation found between C37 alkenones and SSPIC concentration might be explained
by the fact that in latter stages of bloom, several hundred detached coccoliths are present for
each live Emiliania huxleyi cell, in addition to empty coccospheres (van der Wal et al.,, 1995).
Actually, the increase in reflectance observed by satellite was attributable specifically to light
scatter by detached coccoliths rather than cells of Emiliania huxleyi (Holligan et al., 1993).
Therefore, SSPIC concentration seems not to be a good indicator of coccolithophore PP, as PP is
carried out by living cells rather than detached coccoliths. In contrast, chlorophyll-ais produced
by living cells during photosynthesis, which makes possible to estimate PP from SSchla (Davies et
al, 2018). An alternative way to estimate coccolithophore PP could be to study the coccospheres
in the sea-surface rather than SSPIC. Although in the latter stages of a coccolithophore bloom
there would be some empty coccospheres that would not contribute to PP, coccospheres flux
profile, in contrast to coccoliths, were found similar to alkenones flux profiles (Rosell-Melé et al.,
2000). However, remote sensing techniques, which cannot discern between coccospheres and

coccoliths, are needed for global scale and decadal time studies, such as this one.

66



Alkenones

3.5. Conclusions

In this study, we validate the use of C37 alkenones abundance as a proxy to estimate global spatial
variability of SSchla concentration, and thus, as a tool for estimating past PP changes. In a global
scale, C37 alkenones abundance can be interpreted as a proxy for total PP and thus, independently
from the dominated phytoplankton community. Our data suggest C37 alkenones concentration

proxy can also be used to infer past PP changes in oligotrophic areas.

In contrast to current available paleoproductivity proxies, the global linear correlation obtained in
this study between C37 alkenones and SSchla concentration, will permit to obtain absolute values
of SSchla concentration in past periods and thus, quantitatively estimate past PP. Therefore,
besides relative past PP changes through downcore, past PP changes will be able for comparison
between different locations at any site in the global ocean. The global correlation between C37
alkenones and SSchla concentration also suggest that spatial variability of surface organic matter
is homogenised during export through the water column by physical and biogeochemical

processes, driving to a spatially constant carbon flux from sea-surface to sediments.

As alkenones are mainly produced by PPE, our data suggest PPE as the dominant phytoplankton
in terms of global carbon sequestration and burial in the sea-floor. Our results also indicate that
PPE export contribution is proportional to total PP at global scale, which can be explained by the
high contribution to total PP by PPE (>50% of total PP). Therefore, the study of C37 alkenones
abundance in sediments gives information not only about PP in the sea-surface, but also about

the soft-tissue pump.

Besides, the study of C37 alkenones abundance and remote sensing SSPIC concentration does
not provide information about coccolithophore fluxes from sea-surface to sediments and thus,
neither about the global carbonate pump nor changes in coccolithophore past PP. Therefore,
remote sensing SSPIC concentration seems not to be a good indicator of coccolithophore PP,
probably because it is associated with detached coccoliths rather than living cells. In contrast,
chlorophyll-ais produced by living cells during photosynthesis, which makes possible to estimate

PP from remote sensing SSchla.
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Total organic carbon: quantitative paleoproductivity proxy
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Chlorophyll-a is the main pigment used by phytoplankton for carrying out photosynthesis.
Consequently, sea-surface chlorophyll-a (SSchla) concentration, which can be globally estimated
by remote sensing, is the most common indicator of total phytoplankton biomass and serves to
infer primary productivity (PP) in the global ocean by using oceanic biogeochemical models (Lee

et al., 2015).

In 1997, NASA launched the first sensor to estimate SSchla concentration for the global ocean,
the Sea-viewing Wide Field-of-view Sensor (SeaWiFS), which offers remote sensing data until
2010. However, many other sensors have been launched to space for collecting global SSchla
data. For instance, the MEdium Resolution Imaging Spectrometer (MERIS), from 2002 to 2012, and
the Moderate-Resolution Imaging Spectroradiometer (MODIS), from 2002 to present. In order to
ensure data continuity, reduce data noise and improve spatial and temporal coverage, data from
the above mentioned and other sensors have been merged in the GlobColour project
(http://globcolour.info). In this way, remote sensing SSchla concentration can be obtained in a

global scale from 1997 to present.

To infer past PP for periods before available remote sensing data, paleoceanographs measure
sedimentary total organic carbon (TOC) and specific compounds, such as alkenones, silice and
barium (Schoepfer et al., 2015; Zhao et al., 2006). Organic carbon has the advantage that is the
major component of phytoplankton biomass and provides the most direct proxy for past PP.
Hence, many studies use TOC as a proxy for reconstructing past PP (Bunzel et al., 2017; Moreno
et al., 2004; Nieto-Moreno et al., 2011; Pedersen, 1983; Schoepfer et al., 2015; Schubert et al., 20071;
Summerhayes et al.,, 1995; Xu et al., 2017).

However, the major part of the organic matter that is produced in surface waters, which is around
48 PgC/yr (DeVries & Weber, 2017; Sarmiento & Gruber, 2006), is converted back into CO; in the
upper layers. Only 6 to 10 PgC/yr are exported from the euphotic zone to the deep ocean
(Schlitzer, 2002; Siegel et al., 2014), and 0.15 PgC/yr are ultimately buried in the sediments (Muller-
Karger et al., 2005). Therefore, besides PP, other factors influence the amount of organic matter
accumulated in the sediments. Water depth, sedimentation rate and oxygen are discussed to have
an important role in controlling TOC in sediments and are frequently included in multivariate and

process-based equations used to calculate TOC values (Mann & Zweigel, 2008; Miiller & Suess,
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1979; Schwarzkopf, 1993). Consequently, the link between PP and TOC can be altered by multiple

factors and processes that occur during organic matter deposition and burial.

Although numerous studies have focused on the factors that control organic matter accumulation
in sediments, the primary control is an ongoing debate (Chen et al.,, 2016; Fu et al., 2014; Yu et al,,
2019; Zonneveld et al.,, 2010). Therefore, the reliability and applicability of organic matter proxies,
such as TOC, remain controversial. For instance, enhanced burial of organic carbon in glacial-age
sediments from the nearby equatorial Pacific was interpreted as reflecting increased PP (Pedersen,
1983), but more recently it has been reinterpreted as the result of enhanced organic carbon
preservation conditions under reduced oxygenation (Bradtmiller et al., 2010). In this study, we
assess the use of TOC as a quantitative proxy for estimating SSchla concentration, and hence as a
tool to estimate past PP. The study is based on a global compilation of TOC content in core-top

sediments, and compared it with remote sensing SSchla concentration.

Our database contains TOC content from 7,783 locations widely distributed around the global
ocean (Figure 18), which have been obtained from previous studies (Appendix 2). Since the
distribution of the samples is not spatially homogeneous around the global ocean, we checked
the representability of our global compilation. For this, we created a 1°x1° grid layer and
combined it with our samples location layer, obtaining average values of TOC and SSchla
concentration for each 1°x1° cell that contain at least one sample (Figure A5, Appendix 1). As we
obtained the same equation and coefficient of determination (R?) for the individual and the
gridded locations (average values) when correlating TOC and SSchla concentration, we assume
the most sampled regions do not introduce significant biases in our global compilation and thus,

it is representative of the global ocean.

Generally, the samples correspond to the upper 5 cm of the sediment core and TOC values are
obtained from previous studies. Hence, the different routine methods used by the diverse
laboratories to obtain TOC content in marine sediment samples might be a possible concern.
However, the interlaboratory reproducibility of total carbon in sediment samples was found to be
3% (King et al., 1998). Consequently, greater differences between TOC and SSchla concentration

can be evaluated in this study without concerns.
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Total organic carbon

Figure 18. Global core-top sediments distribution. Different colours indicate distinct biogeochemical regions
defined on the basis of temperature and nutrient concentration (Weber et al., 2016). The defined regions are
as follows: northern latitudes (cyan), low latitudes (dark blue), southern latitudes (grey), equatorial upwellings
(pink), coastal upwellings (green) and regions with significant higher river inputs (white).

SSchla concentration

SSchla concentration values for every location were extracted from merged global-scale matrixes
of the Globcolour Project (http://globcolour.info), which contain monthly data. To obtain SSchla
concentration for the last 21 years, we added the concentration from September 1997 to
September 2018 for every location. GlobColour data used in this study has been developed,
validated, and distributed by ACRI-ST, France. The sensors used for estimating SSchla
concentration are as follows: SeaWiFS (1997-2010), MERIS (2002-2012), MODIS (2002-2017) and
VIIRS (2012-2017). The spatial resolution is 1/24° (4.63 km at the equator), and the algorithms are
OCA4v5 for SeaWiFS, OC4Me for MERIS, and OC3v5 for MODIS and VIIRS (O'Reilly et al., 2000).

A number of factors might affect our comparison between remote sensing and sedimentary data,
including the limitation of detecting SSchla concentration in the deep water column (Cullen, 1982;
Huisman et al.,, 2006), lateral transport of organic matter and the different timescales between
remote sensing observations (21 years) and sediment (c.a. 333 years). The age range of sediment
samples have been calculated from the sedimentation rate average of all sediments (15 cm/ka)

by using the map published in (Dunne et al., 2012), and the maximum core depth (5 cm).

However, one of the principal sources of uncertainty on SSchla concentration data might be the
poor accuracy of SSchla remote sensing products in some specific oceanic regions, where optical,
physical and biological properties are complex (Blondeau-Patissier et al., 2014; Brown & Yoder,
1994; Gregg & Casey, 2004; Werdell et al., 2018). In those regions, global standard algorithms

might provide biased estimations. The main factors affecting surface waters properties are
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reported to be coloured dissolved organic matter, radiance-absorbing aerosols, phytoplankton
species diversity, suspended sediments, clouds, ice, sun glint, and navigation/time space
mismatches (Claustre & Maritonera, 2003; Dierssen & Smith, 2000; Sathyendranath et al., 2001;
Volpe et al., 2007). Besides, desert dust (Claustre et al., 2002) and bubbles (Stramski & Tegowski,

2001) make the water appear greener.

To assess the link between TOC and SSchla concentration, we appraised their global scale
correlation in Figure 19. We represented the data on logarithmic scale based on the natural
distribution of ocean chlorophyll, which is lognormal (Campbell, 1995). The coefficient of
determination (R% and root mean square (RMS) log error obtained for the linear correlation

between the logarithms of TOC and SSchla concentration were 0.17 and 22%, respectively.

In order to reduce the uncertainty derived from the use of SSchla global standard algorithms, we
only considered regions reported to present RMS log errors lower than 31% between remote
sensing and /n situ SSchla concentration, as this threshold has been used to define well-
performing regions in global and regional remote sensing SSchla evaluation studies (Gregg &
Casey, 2004). Consequently, polar regions (Barbini et al., 2001; Dierssen & Smith, 2000; Gregg &
Casey, 2004; Lewis et al., 2016; Matsuoka et al, 2007; Matsuoka et al., 2011; Mitchell, 1992;
Mustapha et al., 2012; Wang & Cota, 2003), the North Atlantic (Gregg & Casey, 2004; Mendonca
et al., 2010; Moulin et al., 2001; Stramska et al., 2003), the Gulf of Alaska ( Waite & Mueter, 2013)
and the California current for high SSchla concentration (>1mg-m?) (Kahru et al., 2012, 2014),
which present RMS log errors higher than 31%, are not included in Figure 19 b. Nor the western

South American margin, as the error of this region has not been thoroughly studied.

Despite no considering remote sensing SSchla non-validated regions, the correlation obtained
between TOC and SSchla concentration (Figure 19 b) shows that spatial variations in TOC content
can explain less than half spatial variations in SSchla concentration at a global scale (R*=0.25,
Table A1, Appendix 1). Hence, changes in SSchla concentration cannot be identified as the
principal factor altering TOC content in sediments. Our global comparison between TOC and
SSchla concentration, showed in non-logarithmic axis in Figure A6 (Appendix 1), is concordant
with the global comparison between TOC content and marine PP published in (Felix, 2014), which

was obtained from 121 locations.
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Figure 19. Global comparisons between sedimentary total organic carbon (TOC) content and the sum of
sea-surface chlorophyll-a (SSchla) concentration from 1997 to 2017. a. includes the whole compilation, b.
and c. include regions presenting RMS log errors lower than 31% between remote sensing and /n situ SSchla,
c. includes sediment samples below water columns deeper than 1,000 meters.

83



However, the obtained global correlation englobes different oceanic biogeochemical regions that
present different ranges of PP and organic export efficiencies from the sea-surface to the sediment
(Weber et al, 2016). In order to study the possible variations that the distinctive oceanic
biogeochemical regions might reflect in the correlation between TOC and SSchla concentration,
we divided the global ocean in different regions and obtained specific correlations for each region.
Our classification is based on the regions defined in (Weber et al., 2016), which consider nutrient
circulation, solar irradiance, temperature and phytoplankton community, but we differentiate
between coastal and equatorial upwellings. Hence, we defined the following 5 regions: equatorial
and coastal upwellings, and northern, southern and low latitudes (Figure 18). Since the use of TOC
as a marine proxy might be constrained in coastal marine sediments, where almost half of the
organic carbon that is buried becomes from river inputs (Schliinz & Schneider, 2000), we classified
apart coastal regions where the organic carbon burial rates have been found disproportionally

high relative to their surroundings (Bianchi et al., 2018).

Figure A7 (Appendix 1) shows TOC content variability is not the main factor related to SSchla
concentration for the majority of the regions evaluated, as it was the case for the global ocean.
The R? obtained in the linear correlation between TOC and SSchla concentration was lower than
0.25 for all regions with the exception of coastal upwellings, where we found a R? of 0.54 (Table
A1, Appendix 1). Therefore, changes in TOC content in coastal upwellings can be mainly related

to changes in SSchla concentration.

Our results from the correlations between TOC and SSchla concentration (Figure 19) suggest
besides PP, other factors have an important role in controlling TOC accumulation in sediments.
These results are concordant with other studies that propose water depth, sedimentation rate and
oxygen to have a key role in TOC export and burial processes (Mann & Zweigel, 2008; Miiller &
Suess, 1979; Schwarzkopf, 1993).

We studied the impact of a) water depth, b) oxygen concentration along the water column, )
oxygen concentration in bottom waters and d) sedimentation rate, in TOC at a global scale (Figure
A8, Appendix 1). Sedimentation rates were extracted from the global map published in (Dunne et
al, 2012) and oxygen concentration from NOAA database. The global comparisons obtained in
this study are concordant with those published in (Felix, 2014), which were obtained from 121

locations (Figure A6, Appendix 1).

We did not find any strong linear correlation between TOC and the evaluated factors, R* was lower

than 0.2 in all cases (Table A1, Appendix 1). Consequently, any of these factors seem to play a
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major role in controlling TOC at a global scale. However, Figure A8 (Appendix 1) shows some
general trends that can provide useful information about links between TOC and the assessed

factors.

TOC is commonly used as a paleoproductivity proxy. For instance, TOC has been used for tracking
past PP variability for the time interval 48,000 to 28,000 years before present and during the Late
Holocene in the Mediterranean (Moreno et al., 2004; Nieto-Moreno et al.,, 2011), during the last
glacial maximum and the Late Quaternary in the eastern equatorial Pacific and the Inner Sea,
respectively (Bunzel et al., 2017; Pedersen, 1983), and over the past 50,000 and 70,000 years in the
Arctic Ocean and the Benguela Current upwelling system (Schubert et al., 2001; Summerhayes et

al., 1995).

Despite of the wide use of TOC proxy for reconstructing marine changes in past PP, its applicability
remains unclear, as environmental and preservation factors have been suggested to play also a
role in controlling organic matter accumulation in sediment, and the predominant factor is still
controversial (Chen et al., 2016; Fu et al., 2014; Li et al., 2017; Yu et al., 2019). Our results from the
global comparison between TOC and SSchla concentration show a linear tendency between these
two variables (Figure 19 b). However, this is only a broad trend as there is a lot of scatter and TOC
content variability can only explain 25% of SSchla concentration variability (R*=0.25, Table A1,

Appendix 1).

These results suggest that indeed multiple factors are controlling TOC content. Organic matter
accumulation in sediments involves biological, chemical and physical processes that occur from
the sea-surface to the water-sediment interface. Hence, TOC content is the outcome of various
ecological, oceanographic and sedimentological factors. PP, sedimentation rate, water depth and
oxygen are the main factors discussed to play a role in controlling organic matter flux and TOC
content (Betts & Holland, 1991; Canfield, 1994; Felix, 2014; Miller & Suess, 1979; Pace et al., 1987,
Suess, 1980).

Shallow waters and low oxygen concentration through the water column reduce the degradation
time of organic matter by reducing oxygen time exposure. Hence, differences in water depth and
oxygen concentration through the water column might lead to differences in TOC (Hartnett et al.,
1998). However, our results do not show a clear tendency between these two factors and TOC,

and shallow waters and low oxygen concentration surprisingly present low TOC values (Figure A8,
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Chapter 4

Appendix 1). This might be because terrestrial inputs can alter the sedimentary composition, which
might result in a dilution of TOC. In fact, dilution effects particularly occur in coastal margins,

where shallow waters and low oxygen time exposure can be found.

As fluvial deposition is the greatest transport mechanism of terrestrial carbon to the marine
environment, we did not include in Figure A8 (Appendix 1) oceanic regions where the organic
carbon burial rates have been found disproportionally high relative to their surroundings because
of river inputs (Bianchi et al., 2018). However, other mechanisms, such as atmospheric deposition,
can also significantly alter TOC content by delivering terrestrial carbon into the coastal ocean
(Lohmann et al.,, 2009) and thus, affect our comparisons and correlations. In order to avoid that
dilution effects in coastal waters cover global oceanic tendencies that should be noticed in our
comparisons and alter our correlations, we only consider sediments below water columns deeper

than 1,000 meters in Figure 20.
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Figure 20. Global comparisons between sedimentary total organic carbon (TOC) content and a. water depth,
b. oxygen concentration through the water column, c. oxygen concentration in bottom waters and d.
sedimentation rate. These comparisons include sediment samples below water columns deeper than 1,000

meters.
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Consequently, in Figure 20, water columns with low oxygen concentration are related to high TOC
values, which can be explained by a better preservation in less oxic conditions. However, the big
scatter in the correlation and R®=0.13 indicate oxygen through the water column is not the
predominant factor in controlling TOC (Table 3). Similarly, water depth also presents high scatter
in its correlation with TOC and R*=0.11, which suggest this is neither the primary factor controlling
TOC, but might influence TOC variability (Table 3). Higher variability in TOC corresponds to shallow
waters, meanwhile deep waters are related to low TOC content with low variability (Figure 20).
Hence, lower TOC content in deeper waters can be explained by a major degradation due to a

higher time exposure to oxygen along the water column.

Factor Region a b R? RMS log error (%) n
>[SSchla] Global 0.54 -1.15  0.30 22 2859
>[SSchla] Nothern latitudes 0.59 -1.48 0.19 44 234
>[SSchla] Low latitudes 0.52 -1.11 0.21 29 958
>[SSchla] Southern latitudes 0.60 -1.45 0.23 30 334
>[SSchla] Equatorial upwellings 0.49 -1.00 0.20 26 1001
>[SSchla] Coastal upwellings 1.02 -2.16 0.54 23 351

WD Global -8x10° 0.07 0.11 111126 4208
[0,] Global -2x103 0.03 0.13 5292 2194
Bottom [O,] Global -0.08 0.07 0.07 122 2194

LogSR Global 0.25 -0.53  0.08 36 3453

Table 3. Coefficients and errors of total organic carbon (TOC) equations. LogTOC=a-log)[SSchla]+b. Data
used in these equations include sediment samples below water columns deeper than 1,000 meters. Data
used in these equations include regions presenting RMS log errors lower than 31% between remote sensing
and /n situ SSchla. Abbreviations: sea-surface chlorophyll-a (SSchia), water depth (WD), oxygen concentration
through the water column ([OZ]), oxygen concentration in bottom waters (Bottom [OZ2]), logarithm of
sedimentation rate (LogSR), coefficient of determination (R?), root-mean square logarithmic error (RMS log
error), number of samples (n).

Oxygen concentration in bottom waters has been also pointed out as an important factor affecting
organic matter degradation in the water-sediment interface. It is suggested organic matter is
degraded more efficiently in the presence of oxygen in the bottom waters than in anoxic
environments (Canfield, 1994; Dauwe et al., 2001; Kristensen & Holmer, 2001). Accordingly, our
results show that samples presenting high TOC values correspond to low oxygen concentration

in bottom waters, but likewise the other variables assessed in this study, a lot of scatter can be
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found in the correlation (Figure 20), which presents R*=0.07 (Table 3). These results indicate

oxygen concentration in bottom waters is not the dominant factor in regulating TOC.

Sedimentation rate is another environmental factor commonly inferred to have an effect on
organic matter preservation. This relationship is expected because rapid deposition rates move
organic matter more rapidly down through the diagenetically active zone (i.e. sediment-water
interface), reducing time exposure to oxygen and microorganisms. In 1979, it was found an
increasing linear tendency between organic matter accumulation and sedimentation rate from 6
sediments, mostly from upwelling regions, and the authors concluded TOC was mainly controlled
by sedimentation rate (Miller & Suess, 1979). However, our results show a more complicated
relationship and are in agreement with later studies that included a more extensive sediment
compilation (Felix, 2014; Hedges & Keil, 1995). Our correlation between TOC and sedimentation
rate, like the other correlations evaluated in this study, presents a big scatter (Figure 20), which
together with a R® of 0.08, suggest sedimentation rate is not the main factor influencing TOC

(Table 3).

One of the main challenges of understanding the relationship between sedimentation rate and
TOC, is that sedimentation rate influences both preservation and dilution. Low sedimentation rates
are related to low TOC, which can be explained by a high degradation of organic matter, as it
remains longer in the diagenetically active zone. In contrast, high sedimentation rates reduce the
degradation time of organic matter and results in a better preservation of organic matter and
thus, higher TOC. Nevertheless, low TOC can also be found in some sediments accumulated under
high sedimentation rate conditions, which might be caused by dilution. In fact, this dilution effect
can be seen more clearly in Figure A8 (Appendix 1) as it includes coastal waters, which are more

likely to be affected by dilution.

As the correlation we found between TOC and SSchla concentration might be also affected by
dilution, we also obtained the correlation between these two parameters only considering
sediments below water columns deeper than 1,000 meters (Figure 19 ¢, Table 3), as coastal waters
are prone to be affected by dilution. In contrast to Figure 19 b, Figure 19 c does not show low
TOC values for sediments accumulated below high PP waters (samples with high values of SSchla
concentration). Consequently, Figure 19 c presents a lower degree of scatter and a higher value

of R? (R?=0.30).

Therefore, our results suggest SSchla concentration is the most relevant factor controlling TOC
content in a global scale, among the factors evaluated in this study (SSchla concentration, oxygen
through the water column, water depth, oxygen in bottom waters and sedimentation rate).

However, SSchla concentration can only explain 30% of TOC variability, and all correlations
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present a high degree of scatter. Thus, these data highlight the constraints in the use of TOC as a
paleoproductivity proxy at a global scale, and present evidence of the high complexity of the

global mechanisms that control organic matter deposition in marine sediments.

One plausible reason that might explain the huge scatter in our correlations is that TOC involves
many different compounds that present different chemical composition and thus, different
degradation pathways. Moreover, other factors not included in this study might affect organic
matter accumulation. For instance, bioturbation and physical mixing also contribute to oxygen
exposure time and thus, the preservation of TOC in sediments. Terrestrial inputs affecting deeper

waters than 1,000 meters might be another source of uncertainty in our correlations.

We have shown TOC abundance can explain 30% of SSchla concentration variability in a global
scale. However, in this global correlation, different oceanic biogeochemical regions are included,
which present different ranges of PP and depositional conditions (Weber et al., 2016) that might
lead to different relationships between SSchla and TOC concentration. Our results from the
regional comparison between TOC and SSchla concentration suggest differences among regions
(Figure A7, Table A1, Appendix 1). Samples from coastal upwellings present the highest correlation
with a R? of 0.54 and RMS log error of 24%. Samples from northern latitudes and equatorial
upwellings present a R? around 0.2, the most similar R? to the global correlation; and southern
and low latitudes present the lowest R? (less than 0.06). In southern latitudes, we can appreciate
an overall linear tendency and some samples (those that present the highest SSchla concentration

values) that do not follow this general trend.

These samples that present low TOC values are located in the western part of the southern Atlantic
Ocean (red stars in Figure A9, Appendix 1). This site is not affected by coastal upwelling, but it is
characterized by high PP due to the confluence of the Malvinas Current, which transports cold
subantarctic water, and the warm Brazil Current. Moreover, it is influenced by the Rio de la Plata,
which discharges freshwater from the second largest hydrographic basin in South America
(Framifian & Brown, 1996). These complex frontal motions and mixing patterns of warm- and
cold-water masses lead to particular sedimentary settings, mainly characterized by an intense
lateral particle transport (Ewing et al., 1964; Hensen et al, 2003; Hensen et al,, 2000) and an
impressive array of erosive, depositional and mixed contouritic features (Herndndez-Molina et al.,

2016).

Consequently, previous studies on the area found anomalous low organic carbon content in

sediments (Hensen et al., 2000). The authors argued that organic matter is unlikely to be controlled
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by export from surface waters, but by a combination of lateral transport processes, and suggested
a strong dilution for explaining part of the observed discrepancy between sedimentary and flux
values. Accordingly, the R> and RMS log error of our correlation between TOC and SSchla
concentration in southern latitudes improve considerably when no considering the Brazil-

Malvinas Confluence Zone (Table A1, Appendix 1).

Since dilution can also affect other oceanic regions and it mainly occurs in coastal waters, we also
obtained the regional correlations between SSchla and TOC concentration only considering
sediments below water columns deeper than 1,000 meters (Figure 21,Table 3), similar as we
previously studied for the global correlation. Consequently, the R* obtained in the correlation of
samples from low latitudes increase to 0.21, which is similar to the other evaluated regions, with

the exception of coastal upwellings.

Therefore, it seems global organic matter accumulation in sediments is proportional to SSchla
concentration, but can only explain around 20% of SSchla variability, with the exception of coastal
upwellings, where changes in TOC abundance can explain 54% of SSchla concentration changes,
with a RMS log error of 23%. Hence, TOC content changes in coastal upwellings can be mainly
related to changes in SSchla concentration. Thus, our results suggest TOC can be used as a
quantitative paleoproductivity proxy in upwelling regions and underline the limitations of its
application in more general scenarios. This study also points out the importance of samples
location in defining global processes, as the relationship obtained from a specific region, such as
coastal upwellings, might not reflect the mechanisms occurring in the global ocean. Further
research is needed to study TOC as a good tracer for quantifying past PP in more specific regions,

rather than extensive areas, as it has been considered in our regional study.
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Figure 21. Regional comparisons between sedimentary total organic carbon (TOC) content and the sum of
sea-surface chlorophyll-a (SSchla) concentration from 1997 to 2017. Different graphics present data from
biogeochemical regions defined in Figure 18, a. northern latitudes, b. low latitudes, c. southern latitudes, d.
equatorial upwellings and e. coastal upwellings. These comparisons include sediment samples below water
columns deeper than 1,000 meters and regions presenting RMS log errors lower than 31% between remote
sensing and /n situ SSchla.

4. 5. Conclusions

This study shows global changes in TOC content can explain 30% of SSchla concentration
variability. However, the global correlation between TOC and SSchla concentration seems to
reflect two different scenarios; TOC abundance can only explain around 20% of SSchla variability
in the global ocean, meanwhile it can explain more than half the SSchla variability in coastal
upwellings. Thus, our data suggest TOC content can be used as a quantitative paleoproductivity
proxy in upwelling regions and underline the limitations of its application in a global scale. In this
way, this study also points out the importance of samples location in defining global processes,
as relationships obtained from specific regions might not reflect the mechanisms that influence

the global ocean.

Our results also suggest organic matter accumulated in sediments is proportional to SSchla
concentration, and exhibit the importance of SSchla in controlling global organic matter
accumulation, as it has shown to be the most relevant factor controlling TOC content in a global
scale, among the factors evaluated in this study (SSchla concentration, oxygen through the water

column, water depth, oxygen in bottom waters and sedimentation rate). However, none of the
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evaluated factors seems to be the dominant in regulating organic carbon accumulation in marine
sediments. Therefore, our data support organic matter accumulation in marine sediments is
controlled by the interaction of several environmental factors and presents more evidence about
the high complexity of the global mechanisms that control organic matter deposition in marine

sediments.
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5. Nitrogen isotopes: constraints of nutrient proxies

5.1. Introduction

Nutrients availability in the surface ocean is an important control on primary productivity (PP), as
it is a limiting factor for carrying out phytoplankton photosynthesis in the vast majority of the
global ocean. Phytoplankton requires several nutrients, such as nitrate, phosphate and iron.
However, nitrate is the limiting nutrient in most of the ocean (70%) (Bristow et al., 2017). Therefore,

nitrate availability can provide information on nutrient conditions and PP in the global ocean.

For studying nutrient conditions in past periods, paleoceanographers measure nitrogen isotopic
ratios in marine sediments, as the preferential assimilation of N relative to N occurs when
nutrients are abundant due to different uptake kinetics velocities (Wada & Hattori, 1978). Since
the main source of nitrate in the surface ocean comes from deeper waters, where their isotopic
composition is uniform (§"°N=5 %o) (Sigman et al., 2000), variations in sea-surface 6"°N of nitrate
and produced organic nitrogen, might mainly depend on phytoplankton nitrate depletion on

surface waters.

Accordingly, nitrate concentrations in the surface ocean were found to be inversely correlated to
8N contents in plankton (Wada & Hattori, 1976). Later, the nitrate surface signal was found to
be transferred and preserved in sediments (Altabet & Francois, 1994). Therefore, bulk sedimentary
nitrogen isotopic signal (6" Npsuik) has been considered a reliable proxy for tracking past changes

in sea-surface nutrient conditions and infer past PP.

However, 8" Npyi is limited by the inherent heterogeneity and different diagenetic pathways of
organic nitrogen accumulated in the sediment (Wada, 1980), which can overprint the nitrogen
signal and thus, complicate the interpretation of the proxy (Enders et al., 2008; Junium et al., 2015;
Sachs & Repeta, 1999; Tyler et al., 2010). Hence, in order to avoid the effect of multiple sources
and diagenetic pathways on the isotopic signal, chlorin-specific nitrogen isotopic signal (6" Nchiorin)
has been proposed and applied as an alternative proxy for tracking past nutrient conditions and
past PP (Enders et al., 2008; Fulton et al., 2018; Fulton et al., 2012; Kusch et al., 2010; Naeher et al,,
2016a; Naeher et al., 2016b; Sachs & Repeta, 1999; Tyler et al., 2010). Chlorins include chlorophyll-
a(Chl g), the main pigment used in photosynthesis, and its degradation products. Thus, in contrast

to 6" Nbuik, 8" Nehiorin provides exclusively information about nutrient conditions and past PP.

Nevertheless, the reliability in the use of 8" Nyukis not devoid of controversy. A global comparison
between sediment traps and surface sediment (Robinson et al., 2012), and comparisons between

8" Npuk and 8"™Neniorin have presented consistent agreement (Fulton et al,, 2012; Higgins et al,,
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2010; Kusch et al., 2010). Hence, the authors suggested 8" Npuk provides a good means for
evaluating past nutrient conditions and past PP in the surface ocean. However, comparisons
between 6" Npuk and &'°Nehiorin have shown significant differences (Junium et al,, 2015; Sachs &
Repeta, 1999; Tyler et al., 2010), which leads to the authors suggest that the interpretation of

8" Npuiis compromised by multiple sources and diagenetic alteration.

Besides, the interpretation of 6" Neniorin proxy relies on the assumption that 8"°Nehiorin reflects the
original Chl a nitrogen isotopic signal (§'°Nchia). This is based on the fact that the chemical bonds
that are involved in the reaction from Chl ato the other chlorins do not link nitrogen atoms, so
no nitrogen fractionation is expected during the transformation. In fact, Chl a derivatives were
found to maintain the nitrogen isotopic signature from Chl a in some locations (Junium et al.,
2015; Kusch et al, 2010; Tyler et al, 2010). However, nitrogen isotopic signal discrepancies
between Chl g and the rest of chlorins, as well as among the different chlorins, were found in other

sites (Kusch et al., 2010; Naeher et al., 2016b).

Therefore, the consistency between sedimentary bulk, chlorin and Chl a nitrogen isotopes is still
controversial and the general limitations of the global applicability of these proxies are not well
constrained. In this paper, we compare 8" Npuik With 8" Neniorin and 8" Nenia from a global suite of
core-top sediments, and study 8" Nehiorin Variability for evaluating general constraints in the use of

these proxies for tracking past nutrient conditions and past PP.

5.2. Methods

We have assembled 137 nitrogen isotope measurements from 58 different locations, including
marine and lacustrine sediments (Figure 22). Most of the data (70% of the compilation) are
obtained from previous published studies (Appendix 2), while we have analysed the rest in the
Japan Agency for Marine-Earth Science and Technology, following the methodology explained
hereafter. Monthly SSchla concentration for the last 20 years were obtained from the GlobColour
Project (http://globcolour.info), and oxygen concentration in bottom waters (bottom [O;]) from

NOAA database. Water depth covers the range from 16 to 5,200 meters.
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Figure 22. Global sediments distribution. The compilation includes 2,945 nitrogen isotopic measurements
in 47 locations.

5.2.1. Bulk nitrogen isotopic analysis

Sediment samples were prepared for elemental analysis-isotope ratio mass spectrometry (EA-
IRMS) by freeze-drying, powdering and sealed in tin capsules. EA-IRMS was performed using a
Thermo Flash 1112 Elemental Analyzer interfaced to a DELTA V Advantage IRMS system via a
Conflo III interface (Thermo-Fisher). Standard deviations were better than 0.1 based on repeated
analysis of the standard IAEA600. Data are reported using delta notation relative to atmospheric

No.

5.2.2. Chlorin-specific nitrogen isotopic analysis

Chlorin-specific nitrogen isotopes were analysed based on the method described in (Naeher, et
al, 2016b). We did some modifications in the methodology for increasing the efficiency (the
extraction time was reduced from 45 min to 15 min) and the amount of Chl a extracted (x1.7). In
brief, freeze-dried sediment (5-25g) was extracted using acetone (x3 with twice the sample
volume) and an ultrasonic probe (Test Branson Sonifier 450) during 5 min at 4 W, followed by
centrifugation at 2,500 rpm and 17 °C during 10 min. The 3 supernatants were reduced under a
cold stream of argon, sonicated and mixed before liquid-liquid extraction (x3) with MiliQ water
(equal to the acetone volume) and hexane (8 mL). Then, the mixture was shaken during 1 min and
centrifuged, and the hexane layer was recovered and dried under a cold stream of argon. All steps

were carried out under careful exclusion of light irradiation.

For chlorins isolation, the sample was dissolved in 100 pL (x2) of N,N-dimethylformamide (DMF),
and filtered. Then, 50 pL of the extracted sample was analysed (x4) by reversed-phase high

performance liquid chromatography (HPLC), using an Agilent Infinity 1260 series HPLC equipped
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with a photodiode array detector (PDA) and fraction collector. Chlorins separation was achieved
using an Agilent Eclipse XDB-C18 column (250 mm x 4.6 mm; 5 um) and an Agilent Eclipse XDB-
C18 guard column (12.5 mm x 4.6 mm; 5 um). The pigments were eluted isocratically with 75% A

1 where

and 25% B for 5 min and then with a linear gradient to 50% B for 50 min at 1 mL:-min~
A=acetonitrile/pyridine (100:0.5; viv) and B=ethyl acetate/pyridine (100:0.5; v:v). The oven
temperature was kept constant at 30 °C and the range of recorded wavelengths of the PDA was
set to 250-800 nm. Chlorins were identified by comparison with published UV-VIS spectra and
relative retention times. The 4 eluted fractions of each chlorin were mixed and dried under a cold

stream of argon.

For purification, the isolated chlorins were dissolved in 80 pyL of DMF. Then, 40 pL were analysed
(x2) using an Agilent Eclipse PAH column (250 mm x 4.6 mm;5 pum) with an Agilent Eclipse PAH
guard column (12.5 mm x 4.6 mm;5 um). Chlorins were eluted isocratically using 30% B for 7 min,
followed by a linear gradient to 55% B for 7 min and then to 100% B for 4 min. The flow rate was
constant at 1 mL'min~". The oven temperature was kept at 15°C for the isolation of Chl a4 and
pheophytin-a (Phe a), whereas 30°C was used for all other pigments. The 2 eluted fractions of

each chlorin were mixed and dried under a cold stream of argon.

For isotope analysis, samples were transferred to pre-cleaned tin cups by trichloromethane and
dried at 35°C. EA-IRMS was performed using a modified Flash EA 1112 Automatic Elemental
Analyser connected to a Thermo Finnigan Delta plus XP isotope ratio mass spectrometer via a
ConFlo III (Ogawa et al., 2010). Data are reported using delta notation relative to atmospheric N,.
The analytical errors were within 0.9%o based on repeated analysis of Nickel octaethylporphyrin

(6"°N=0.86+0.03%o).

5.3. Results and discussion

5.3.1. Bulk and chlorin-specific nitrogen isotopes

In Figure 23 we compare 8" Npuk with 8"°Nenia and 8" Neniorin at global scale. Overall, there is a
correlation between the nitrogen compound specific signature of pigments and the sedimentary

bulk value, with considerable scatter.

Pooling together data from different studies allowed us to compare &'°Npuxand 8"°Ncna values
(Figure 23 a). We obtained a linear correlation with a coefficient of determination (R?) of 0.53
between 8" Npuk and 8" Nenia, Which indicates that both measurements deliver a similar isotopic
fingerprint at a global scale. The intercept of the regression that we obtained is 5.49, which is

concordant with the discrepancy of 5.39+0.67%o found between 8" Npuk and 8" Nehia in previous
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studies, and probably reflect the nitrogen isotopic depletion of Chl a that occurs during its

biosynthesis (Sachs et al., 1999).

It must be born in mind that Chl ais not present in all sediments. Hence, we compared &"°Npuik
and 8" Neniorin in Figure 23 b and c. Chlorin nitrogen isotopic data is represented by individual
chlorins in Figure 23 b, and by the average of the different chlorins present in each sample, with
the standard deviation indicated by bars, in Figure 23 c. We obtained a linear correlation with a
R*> of 0.43 between 8" Npuk and the averaged &N, Which suggests both proxies are

concordant at global scales.

Therefore, our results indicate that both bulk and chlorin compound specific nitrogen isotopic
ratios provide similar information. Our results are in agreement with those that found essentially
equal values of 8" Nk in sinking flux and surface sediment (Altabet et al., 1999; Kienast et al,,
2002; Thunell et al., 2004), and those that found a consistent offset of 5%o0 between bulk and total

chlorins in sediment (Higgins et al., 2010).

Nevertheless, high scatter is apparent in our graphics in Figure 23. 8"Npuk might present
uncertainties related to diagenetic alteration of its complex chemical composition, since the
diverse organic nitrogen compounds present in the sediment might have different pathways of
degradation (Junium et al., 2015; Sachs & Repeta, 1999; Tyler et al., 2010; Wada, 1980). Besides,
8" Nehiorin Mmight present other uncertainties related to diagenetic and environmental factors.
However, factors that control 8"Nenorin variability in sediment have not been thoroughly

addressed in previous studies.
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Figure 23. Comparison between the bulk nitrogen isotopic signal (6"°Nbui) and a. the chlorophyll-anitrogen
isotopic signal (6"°Nchia), b. the individual chlorin nitrogen isotopic signal (6"°Nchiorin) and c. the average of
the different chlorins present in the samples (X 8">Nchiorin), with the standard deviation indicated by bars.
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5.3.2. Chlorin-compound specific nitrogen isotopic variability

8" Nehiorin variability can be gauged in Figure 24, which shows the spread of 8" Ncnorin for every
core-top location assembled in this study. Considerable differences on the nitrogen isotopic signal
between the different chlorins were found in some of our core-top samples, such as those from
the Barents sea, and Zurich, Rotsee and Green Fayetteville lakes. In contrast, other locations
present similar values, which is the case of the California current. Otherwise, Black sea and Peru
margin show both different and similar data depending on the sample. Therefore, no apparent
patterns could be found related to samples location, which might represent the interplay of

specific environmental conditions.
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Figure 24. Chlorin nitrogen isotopic signal (§'°Nchiorin) from core-top sediment samples. Chlorin classification
is based on their degradation pathway: senescence, zooplankton grazing and secondary degradation
products are represented by circles, diamonds and triangles, respectively.

8" Neniorin Variability might be also affected by the nitrogen isotopic fractionation that might occur
during the transformation from Chl a into its different degradation products. Compounds that
undergo more alterations in their chemical structure, such as secondary degradation products

and those that can be originated during zooplankton grazing, would be more likely to experience

108



Nitrogen isotopes

isotopic fractionation than primary degradation products formed by senescence, whose formation
pathways englobe less chemical reactions (Chikaraishi et al., 2007; Goericke et al., 1999; Louda et
al, 2008). However, Figure 24 shows that PPhe g a primary degradation product formed by
senescence, and SCEs, secondary degradation products formed by sterols esterification, present
similar nitrogen isotopic values than Chl a in the BUS, but different in the Arabian sea or Peru
margin. Thus, discrepancies on nitrogen isotopic data do not seem to be primarily related with

the specific pigment or its degradation pathway.

Nevertheless, §"*Neniorin variability in Figure 24 includes all conditions involved in altering 8" Nchiorin,
which makes it difficult to interpret and obtain detailed information about the role of the different
factors. To thoroughly evaluate the effect that Chl atransformations into its different degradation
products might have on 8" Nhiorin, we calculated the differences between 8"°Neniaand &' Nehiorin for
each degradation product in each sample. Figure 25 shows the average of the differences of all
samples corresponding to each degradation product. Since both Chl g and at least one derivative
could only be found in 20 samples, we also considered Phe g, the first Chl a derivative, as a
reference for calculating the differences with the rest of chlorins. Our results show no significant
differences between Chl a or Phe a and the rest of chlorins, with the exception of an epimer of
Phe a and CCEs, senescence and secondary products, respectively. Besides, the Phe a epimer and
CCEs show no significant differences with other chlorins, whose ranges cover similar values than
Chl a or Phe a. Thus, our data do not show evidence of significant differences in the 8"*Nchiorin
based on the specific compound or the degree of degradation. Hence, 8" Ncniorin variability
observed in Figure 24 is not likely to be explained by nitrogen isotopic fractionation during the

transformation of Chl ainto its degradation products.
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Figure 25. The averages and the standard deviations of the differences between chlorophyll-a or
pheophytin-a nitrogen isotopic signal (68"°Nchia or §"°Nphea) and the rest of chlorins. This graphic includes
core-top sediment samples.
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Phytoplankton blooms have also been discussed to potentially produce differences on the
isotopic signal of individual chlorins accumulated in the sediment (Kusch et al., 2010; Naeher, et
al, 2016b). It would be probably caused by the different isotopic signal of individual chlorins
produced during blooms occurring at different times of the year by different phytoplankton
communities (King, 1995). Hence, more episodic productivity regions might present higher
variability on 8"Nciorin than more constant productivity regions. To study the influence that
phytoplankton blooms might have on 8" Nchiorin Variability, we compared the differences between
8" Nchia and 8™ Nehiorin With the seasonal variation index (SVI) (Lutz et al., 2007), for every core-top
location (Figure 26 a). We determined the SVI for every location by calculating the average of
every month for the whole period of satellite data available, which is 20 years, and then the
average and the standard deviation of the calculated averages. It should be noted that this
comparison could only be undertaken in very few locations, where sufficient data were available.
Our results reveal that samples that present high SVI values, which represent more episodic
productivity regions, are related to lower differences on 6" Nchiorin between pigments than more
constant productivity regions. Thus, our data do not suggest phytoplankton blooms as the main

cause of 8" Nehiorin variability.

Bottom [O,] might also play a role in modifying 8"*Nchiorin, as the severity of the isotopic alteration
of organic matter decomposition is generally suggested to be controlled by bottom [O;], arguably
because aerobic and anaerobic bacteria use different metabolic pathways (Lehmann et al., 2002;
Mobius et al.,, 2010; Sachs & Repeta, 1999). To approach the role that bottom [O»] might have on
8" Nehiorin variability, we compared when available, bottom [O,] with the differences between
8"Nchiaand 8" Nehiorin for every core-top location (Figure 26 b). Our results show nitrogen isotopes
can be enriched and depleted in both, well-oxygenated and anoxic depositional environments,
and present a huge range of nitrogen isotopic alteration in both environments. Hence, our results

cannot confirm bottom [O,] as the principal factor in controlling 8" Nehiorin variability.
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Figure 26. Comparison of the differences between chlorophyll-aand chlorin nitrogen isotopic signal (8" Nchia
and 8"Nchiorin) With a. the seasonal variation index (SVI) and b. oxygen concentration in bottom waters
(Bottom [Oz]), for core-top sediment sample locations.

5.4. Conclusions

Bulk and chlorin nitrogen isotopic proxies provide equivalent information on past changes in
nutrient conditions and past PP at a global scale. However, compound specific §'*Nchiorin analysis
requires a) high amount of sediment sample (>20 g), which can be an important limitation in
paleoclimate studies; b) a modified EA-IRMS, which is not be available in most of laboratories; and
¢) a tedious and time-consuming methodology, which needs high volume of solvents. Therefore,
to obtain information on past surface ocean nutrient conditions, our study indicates that the use
of 8" Noux is far more straightforward and cheaper than compound specific 8" Ncpiorin analysis.
Nevertheless, chlorophyll compound-specific analysis still might be needed in some specific

regions where 8" Ny is biased by postdepositional diagenetic alteration.

Our study on 8"™Nciorin reflects high variability between individual chlorins, which suggests
chemical, biological and physical processes occurring from the surface to the sediments might
alter 8" Nchiorin. Hence, our results are at odds with the assumption that compound-specific
8"Nchiorin Vvariability in sediment can be used to track changes in sedimentary &'"°Nchia.
Nevertheless, our results indicate there is no nitrogen isotopic fractionation during the
transformation of Chl a into its degradation products. Besides, we cannot confirm that neither
phytoplankton blooms nor oxygen depositional conditions are the main cause of &"Nchiorin

variability. Therefore, further studies are needed to identify the principal factors controlling
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8" Nehiorin Variability to better constrain the applicability of compound-specific 8"*Nchiorin as a proxy

for reconstructing past nutrient conditions and past PP at global scales.
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6. Conclusions and further research

6.1. Main conclusions

The aim of this thesis is to evaluate the applicability and constraints of some of the most frequently
used organic proxies to study the marine carbon cycle through time. In order to achieve this goal,

the following specific objectives have been addressed:

Objective 1. To evaluate the use of available organic export proxies for reconstructing past PP at

global scale, and their potential as quantitative paleoproductivity proxies (Chapter 2, 3 and 4).

Objective 2. To evaluate global constraints of available nutrient proxies used for tracking past

nutrient conditions and past PP (Chapter 5).

In order to reach Objective 1, we compared remote sensing sea-surface chlorophyll-a (SSchla)
concentration estimates, as an indicator of primary productivity (PP), with global core-top
sediment compilations of organic export proxies concentration: chlorins (Chapter 2), alkenones
(Chapter 3) and total organic carbon (TOC) (Chapter 4). We used SSchla concentration rather than
PP in our study since there is no consensus on the best approach to estimate PP globally using

biogeochemical models (Palevsky et al., 2016).
To accomplish Objective 1, we tackled the following research questions:

Research question 1.1. Are organic export proxies concentration in sediment mainly related to

PP?

Our results show that the global spatial distribution of chlorins and alkenones in sediments is
primarily related to SSchla concentration, rather than to depositional conditions. Therefore, this
study indicates that chlorins and alkenones can be used to reconstruct past PP at global scale.
The obtained calibrations are independent of the biogeographic region, which implies that it is

applicable globally despite any changes in biogeochemical regimes in a given site through time.

The global TOC content variability in sediments can also be explained in a major proportion by
SSchla concentration rather than by the depositional conditions evaluated in this study (bottom
oxygen concentration, oxygen concentration through the water column, sedimentation rate and
water depth). However, we cannot confirm global TOC content distribution is mainly related to
SSchla, but to other chemical, physical and biological processes, or a combination of them.
Nevertheless, TOC content distribution seems to be mainly related to SSchla in coastal upwelling
regions. Thus, our data suggest that TOC content provides quantitative information on past PP in

coastal upwelling regions, and underline TOC limitations as a quantitative proxy in a global scale.
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Linear relationships between export proxies and PP are generally assumed on past PP
reconstructions. This work confirms that SSchla concentration is linearly related to alkenones and
TOC, but shows it is logarithmicly related to chlorins (Figure 27). Thus, the use of chlorins proxy in
previous studies might led to an overestimation on past PP, which would need to be revised using

the logarithmic correlation obtained in this study.

Research question 1.2. Which organic proxy provides more accurate values on past PP

quantitative reconstructions?

Current available paleoproductivity proxies do not provide quantitative information on past PP.
The global correlations obtained in this thesis (Table 4) will permit to obtain absolute estimates
of SSchla concentration in past periods, which would serve to quantitatively infer past PP.
Therefore, besides relative past PP changes through downcore, past PP changes will be able for

comparison between different locations at any site in the global ocean.

Our data show that concentration of specific biomarkers (chlorins and alkenones) presents lower
scatter than TOC content in their correlation with SSchla concentration (Figure 27). Consequently,
the errors on past PP estimation derived from our equations would be lower when using
biomarkers proxies, in comparison with TOC. One plausible reason that might contribute to
explain the greater scatter in TOC proxy is that TOC englobes all organic compounds preserved
in the sediment, meanwhile biomarkers consider specific molecules with similar chemical and
physical properties. Our data also suggest that estimates from chlorins records have a lower error
than for alkenones. This might be explained because chlorins take into account all phytoplankton
community, meanwhile alkenones only represent some species of coccolithophores. Hence, our
data suggest specific biomarkers would provide more accurate information than bulk organic

matter (TOC) on global past PP estimations.
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Figure 27. Global comparisons between the sum of sea-surface chlorophyll-a (SSchla) concentration from
1997 to 2017 and a) chlorins, b) C37 alkenones and c) total organic carbon (TOC) concentrations. This

graphic includes regions presenting RMS log errors lower than 31% between remote sensing and /i situ
SSchla, and TOC graphic includes sediment samples below water columns deeper than 1,000 meters.
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Proxy y X Region a b R? n
Chlorins [Chlorins] [SSchla] Global 475 -16.16 0.68 70
Alkenones Log[C37] Log>[SSchla] Global 1.26 -2.74 0.60 194
TOC LogTOC Log>[SSchlal Coastal upwellings  1.02 -2.16 0.54 351

Table 4. Coefficients and errors of export proxies equations, with a R higher than 0.5. These equations have
been extracted from Chapter 1, 2 and 3. Data used in these equations include regions presenting RMS log
errors lower than 31% between remote sensing and in situ SSchla. Data used in TOC equation include
sediment samples below water columns deeper than 1,000 meters. Abbreviations: sea-surface chlorophyll-a
(SSchla), coefficient of determination (R?) and number of samples (n).

In order to reach Objective 2, we compared bulk with chlorin and chlorophyll-a sedimentary
nitrogen isotopic signal (6" Nbuik, 8" Nehiorin and 6" Ncnia) from a global suite of core-top sediments,
and study 8"’ Nehiorin Variability. We tested a) the transformation from chlorophyll-a (Chl &) into its
degradation products, b) phytoplankton blooms and ¢) different oxygen content in bottom

waters, as the main factors explaining 8"*Nchiorin Variability.
Next, we answer the research questions set out to accomplish Objective 2:
Research question 2.1. Are nitrogen isotope proxies consistent on a global scale?

Our data indicate that bulk and chlorin nitrogen isotope proxies provide equivalent information

on past nutrient conditions and past PP at global scale. However, §"°Nchiorin analysis requires:

o high amount of sediment sample (>20 g), which can be an important limitation in
paleoclimate studies,

o a modified EA-IRMS with higher analytical sensitivity, which would not be available in
most laboratories, and

o a tedious analytical methodology, which would need high volume of solvents and time-

consuming analysis.

Therefore, our study indicates that the use of "Ny is far more straightforward and cheaper than
compound specific 8" Nchiorin analysis to obtain information on past surface ocean nutrient
conditions and past PP. Nevertheless, compound-specific analysis might be needed in some

specific regions where 8" Npyi is biased by postdepositional diagenetic alteration.

Hence, our results from the nutrient proxies study (Chapter 5) do not provide evidence for using
specific compounds (8" Nchiorin) rather than bulk sediment (6" Npui) for estimating global past
nutrient conditions and past PP. These results are in contrast to those obtained in the export

proxies studies (Chapter 2, 3 and 4), which point out the potential of specific compounds
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(biomarkers) to provide more accurate information than bulk organic matter (TOC) on global past

PP estimations.
Research question 2.2. Can 6" Nejorin be used to track 6" Neya in sediment?

Our study on 8"™Neiorin reflects high variability between individual chlorins, which suggests
chemical, biological and physical processes might alter 8" Ncniorin. Hence, our results are at odds
with the assumption that 6" Neorin variability in sediment can be used to track changes in
sedimentary 8'’Nchia, which can complicate the interpretation of 8" Nehiorin proxy for tracking past
nutrient conditions and past PP. However, our data indicate that there is no nitrogen isotopic
fractionation during the transformation of Chl ainto its degradation products. Besides, we cannot
confirm that neither phytoplankton blooms nor oxygen depositional conditions are the main

cause of 8" Nchiorin Variability.

We must note that the data used in this study are spatially limited and might not define the global
ocean dynamics, but provide some valuable information that should been taken into account in
future research studies. Therefore, further studies are needed to identify the principal factors
controlling 8" Nchiorin Variability to better constrain the applicability of 8"°Nehiorin as a proxy for

reconstructing past nutrient conditions and past PP at global scale.

6.2. Further implications

Ocean surface and export processes are commonly studied by oceanographers using ocean
biogeochemical models, meanwhile burial processes are studied by biogeochemists using
diagenetic models. Hence, global processes that interplay and contribute to govern our climate

are currently studied in the scientific community independently.

One of the big challenges of this thesis has been to provide an overall view of the chemical,
physical and biological processes occurring from the surface to the sediments, on a global scale.
Consequently, besides the main objectives, this thesis provides the following information about

the global biological carbon pump.

6.2.1. The soft-tissue pump

Given the scarcity of observational data, export and buried PP estimations relies on ocean
biogeochemical and early diagenetic models, respectively (Boudreau, 1996; Lutz et al, 2002;
Martin et al., 1987; Stolpovsky et al., 2018; Suess, 1980; Wijsman et al., 2002). Using our chlorin
and SSchla concentration data, we estimate that globally, the average fraction of the SSchla that
is finally buried in the sediments in the form of chlorins is 0.33%, which is consistent with the

fraction of global buried carbon estimated by modelling (Muller-Karger et al., 2005).
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Moreover, our global correlations between SSchla and organic proxies concentration indicate that
the spatial variability of surface organic matter is homogenised during export through the water
column, driving to a spatially constant carbon flux from the sea-surface to the sediment. These
results contribute to clarify the controversy on the spatial variability of the biological carbon
export efficiency discussed on several studies (Henson et al., 2012; Lam et al., 2011; Marsay et al,,

2015; Weber et al., 2016).

Furthermore, our data from the alkenones proxy study is concordant with previous studies that
show picoplankton is dominant in terms of carbon sequestration (Dall'Olmo&Mork, 2014; Giering
et al, 2016; Richardson et al, 2004; Richardson et al, 2006), and suggest photosynthetic
picoeukaryotes (PPE) are the dominant phytoplankton in global carbon sequestration and burial
in the sea-floor. Our results also indicate that PPE export contribution is proportional to total PP

at global scale.

This thesis also points out the importance of samples location to describe global equations, as
relationships obtained from specific regions might not reflect the global dynamics of the ocean.
For instance, TOC content in sediments has been found to be mainly related to SSchla
concentration in coastal upwellings, but the correlation found between them is much lower at
global scale. Consequently, errors derived from TOC proxy would be higher in

paleoreconstructions located out of coastal upwellings.

However, none of the preservation factors evaluated in this thesis (water depth, sedimentation
rate and oxygen concentration in bottom waters and through the water column) seems to be the

dominant in regulating TOC spatial distribution in sediments.

6.2.2. The carbonate pump

From our study of C37 alkenones abundance and remote sensing sea-surface particulate inorganic
carbon (SSPIC) concentration, it is deduced that SSPIC is not a good indicator of coccolithophore
productivity. It might be because, in contrast to Chl a that is produced by living cells during
photosynthesis, SSPIC is associated with detached coccoliths. Therefore, our data suggest SSPIC
concentration does not provide information about coccolithophore fluxes from the sea-surface

to the sediment and thus, neither about the global carbonate pump.

6.3. Future research
The results presented in this thesis also point out some questions that require further assessment

in order to better constrain the global mechanisms governing our climate and provide data for
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improving current tools used on oceanography and paleoclimate studies. Next, we suggest new

research lines that can complement the results obtained in this thesis.

6.3.1. Ocean remote sensing validation

Currently, ocean remote sensing validation is based on comparison of remote sensing products
with /n situ discrete shipboard measurements. Consequently, short spatial and time coverages are
used in the validations, which leads to a scarcity of validated data and limitations on describing

natural processes that present temporal variability.

Therefore, we propose to use sedimentary data and the equations obtained in this thesis as a
complementary tool for validating ocean remote sensing products. In this way, we can estimate
global SSchla from sedimentary biomarkers using the equations obtained in Chapters 2 and 3.
This new approach would enhance spatial coverage by incorporating new field data from global
sedimentary compilations and would permit to consider longer time-scales to better assess

natural processes by using the sedimentary record.

Thus, the equations derived from this thesis would enable the identification of oceanographic
areas with optical properties that diverge from the global and needs specific algorithms for
estimating SSchla concentration and PP. In this sense, the results of this thesis would provide a

new tool for improving ocean biogeochemical models and their estimates of PP.

6.3.2. Implications of logarithmic relationship between chlorins and PP

A linear relationship between chlorins abundance and PP is generally assumed on past PP
reconstructions. However, changes in past PP can be overestimated when using a linear, rather
than a logarithmic, relationship (see Chapter 2). Therefore, a reinterpretation of chlorins proxy in

paleorecords is needed applying the new logarithmic relationship obtained in this thesis.

The principal factor causing the logarithmic relationship, however, remains unknown after this
work. We tested some depositional factors that might influence chlorins concentration in
sediment. But, our data suggest neither bottom oxygen concentration nor sedimentation rates
nor water column are the main factors controlling chlorins concentration. One plausible process
that might contribute to the drastically drop of chlorins concentration is the opening of the
tetrapyrrolic ring. This change in chlorins chemical structure will hamper the detection of the
derived compound as the analytical techniques used for their detection are based on the
absorbance and fluorescence properties of the aromatic ring. In this sense, the logarithmic
relationship obtained in this thesis would serve as a start point to study past environmental

conditions that can be linked to the marked decrease of chlorins concentration in sediment.
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6.3.3. Constraining 8> Nchiorin Proxy

In this thesis we evaluated the global constraints of 8"°Nenorin as a proxy for tracking past nutrient
conditions and past PP. In this way, our results indicate changes in individual sedimentary
8" Nehiorin cannot be used to track changes in sedimentary §'°Ncia, which can complicate the
interpretation of 8" Nchiorin proxy for tracking past nutrient conditions and past PP. Nevertheless,
our results indicate there is no nitrogen isotopic fractionation during the transformation of Chl a
into its degradation products. Besides, we cannot confirm that neither phytoplankton blooms nor
oxygen depositional conditions are the main cause of §"*Ncniorin Variability. Hence, further studies
are needed to identify the principal factors controlling 8" Neniorin Variability to better constrain the

applicability of 8" Ncpiorin proxy.

Taking into consideration the mentioned results, which indicate 8" Nchiorin might not track §"°Nenia,
and the main factor controlling 8" Ncniorin variability remains unclear, our suggestion for estimating
past nutrient conditions and past PP by using nitrogen isotopes would be to use the original signal
of 8"°*Neia. However, since Chl @ might be relatively easily degraded in sedimentary records, an
alternative option could be to measure the nitrogen isotopic signal of the total chlorin fraction
(all chlorin compounds present in the sample), which has been used in the Mediterranean sea
(Higgins et al., 2010). The total chlorins approach would stand between 8" Nyux proxy, which
considers all accumulated nitrogen compounds, and 8" Nchiorin proxy, which avoids diagenetic

alterations from nitrogen compounds present in the sediment, such as aminoacids and proteins.
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Figure A1. Global comparison between sedimentary chlorins concentration and the sum of sea-surface
chlorophyll-a (SSchla) concentration from 1997 to 2017. This graphic includes regions presenting RMS log
errors lower than 31% between remote sensing and /n situ SSchla. Samples are classified according the
laboratory that carried out the chlorins analysis: our laboratory (green) and other laboratories (yellow).
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Figure A2. Global comparison between chlorins concentration and the year of sample collection. Samples
are classified by core type: box corer and multicorer (pink squares), and gravity and piston core (purple

diamonds).
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Figure A3. Global correlation between chlorin mass accumulation rate (MARchlorins) and chlorins
concentration. MARchlorins was calculated from sedimentation rates published in [Dunne et al, 2012]

(orange) and [Jahnke, 1996] (green).
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Figure A4. Global comparison between alkenones concentration and the sum of sea-surface chlorophyll-a
(SSchla) concentration from 1997 to 2017. This graphic includes regions presenting RMS log errors lower
than 31% between remote sensing and /n situ SSchla. Purple and yellow dots represent samples located in

oligotrophic and no oligotrophic areas, respectively.
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Figure A5. Combined map of our global core-top sediments location map (Figure 18) and a 1°x1° grid layer.
Each 1°x1° cell contains averages values of sea-surface chlorophyll-a (SSchla) concentration from 1997 to
2017 and total organic carbon (TOC) content, from all the samples located inside the cell.
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Figure A6. Global comparisons in non-logarithmic scale axis between sedimentary total organic carbon
(TOC) content and a. sea-surface chlorophyll-a (SSchla) concentration from 1997 to 2017, b. water depth, c.
oxygen concentration in bottom waters and d. the logarithm of sedimentation rate. These comparisons
includes regions presenting RMS log errors lower than 31% between remote sensing and /n s/tu SSchla
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Figure A7. Regional comparisons between sedimentary total organic carbon (TOC) content and the sum of
sea-surface chlorophyll-a (SSchla) concentration from 1997 to 2017. Different graphics present data from
biogeochemical regions defined in Figure 18: a. northern latitudes, b. low latitudes, c. southern latitudes, d.
equatorial upwellings, and e. coastal upwellings. These comparisons include regions presenting RMS log

errors lower than 31% between remote sensing and /n situ SSchla.
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Figure A8. Global comparisons between sedimentary total organic carbon (TOC) content and a. water depth,
b. oxygen concentration through the water column, c. oxygen concentration in bottom waters and d.
sedimentation rate. These comparisons include the whole compilation.

Figure A9. Global core-top sediments distribution. Coloured circles indicate distinct biogeochemical regions
defined on the basis of temperature and nutrient concentration (Weber et al,, 2016), and red stars indicate
samples from the Brazil/Malvinas Confluence Zone.
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Factor Region a b R? RMS log error (%) n
Y[Sschla] Global 0.43 -0.99 0.25 22 4701
>[SSchla] Nothern latitudes 0.62 -1.55 0.21 49 226
>[SSchla] Low latitudes 0.17 -0.65 0.03 83 1756
>[SSchla] Southern latitudes 0.22 -0.79 0.05 68 439

0.69* 1.61*  0.28* 38* 221*

>[SSchla] Equatorial upwellings 0.32 -0.71 0.17 39 1362
>[SSchla] Coastal upwellings 0.72 -1.52 0.54 24 689
WD Global -4x10>  -0.09 0.03 203681 6967
[0,] Global -1x10*  -0.10 0.06 11755 2589
Bottom [O5] Global -0.07 0.05 0.06 164 2589
LogSR Global 0.18 -0.48 0.04 51 4457

Table A1. Equations coefficients and errors of total organic carbon equations. LogTOC=a-logy[SSchla]+b.
Data used in these equations include regions presenting RMS log errors lower than 31% between remote
sensing and /n situ SSchla. Data identified with (*) have been calculated by not considering samples from the
Brazil-Malvinas Confluence Zone. Abbreviations: sea-surface chlorophyll-a (SSchla) concentration from 1997
to 2018 water depth (WD), oxygen concentration through the water column (JO2]), oxygen concentration in
bottomn waters (Bottom [O2]), logarithm of sedimentation rate (LogSR), coefficient of determination (R°),
root-mean square logarithmic error (RMS log error), number of samples (n).
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