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Summary

From the upstream lands to the open ocean, water acts as a driving force creating a land-to-
ocean aquatic continuum that connects the terrestrial and marine worlds. As water travels through
soils, aquifers, lakes, wetlands, and rivers, essential biogeochemical elements are transported, ex-
changed, transformed and eventually delivered to the ocean. This terrestrial input from rivers
constitutes an important supply of carbon and nutrients, in particular nitrogen, phosphorus and
silicon, to the ocean where they form the basis of all marine food webs. Meandering from estu-
aries to the open ocean, river plumes form a dynamic interface that leaves a complex imprint on
marine biogeochemistry and phytoplankton dynamics. Although riverine inputs have been hy-
pothesized to impact the marine biogeochemical cycles at the regional to global scale, the exact
quantification of such an impact remains unresolved. Field measurements struggle to capture the
average conditions of the highly variable plume environments, and coarse resolution models fail
to reproduce critical processes driving the physical dispersal of the plume and lack the ecological
complexity to account for the wide range of impacts on the marine food web.

In this thesis, I used a high-resolution regional model (ROMS) coupled to a biogeochemi-
cal/ecological model that explicitly considers four phytoplankton functional types (PFTs), i.e.,
small phytoplankton, free-living diatoms, Trichodesmium (free-living diazotroph) and a symbi-
otic assemblage of diatom-diazotrophs (DDAs). I applied this modeling framework to the At-
lantic Ocean to assess the impact of the Amazon River on the cycling of carbon and nutrients in
the Western Tropical Atlantic (WTA). To investigate the distinct and cumulative impact of the dif-
ferent riverine inputs, I first ran a set of nine factorial simulations where one or several elements
are excluded from the Amazon inflow. Over the whole study region, the Amazon River spawns a
substantial increase of the Net Primary Production (NPP), +115 Tg C yr−1, that actually surpasses
the potential increase based on riverine inorganic nitrogen or phosphorus. This amplification is
supported in a major way by the enhancement of N2 fixation i.e., the utilization of gaseous at-
mospheric dinitrogen (N2) by diazotrophs. This increase in N2 fixation is mostly driven by the
large blooms of DDAs that benefit from the supply of riverine Dissolved Organic Phosphorus
(DOP). The vertical export of carbon is also enhanced but proportionally, its increase exceeds
the increase of NPP, indicative of a stronger biological pump. This change in the strength of the
biological pump stems from a shift in the phytoplankton community towards the dominance of
diatoms whose growth is fueled by riverine Si(OH)4. The combined effect of the increase in NPP
and the strengthening of the biological pump contributes the most to the changes in the air-sea
CO2 balance, inducing an uptake of atmospheric CO2 in the shelf and plume waters and a reduc-
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tion of the outgassing in the rest of the WTA. The delivery of riverine dissolved inorganic carbon
and alkalinity reinforces this effect of the biological pump while the progressive remineralization
of terrestrial dissolved organic carbon acts as a counteracting force. This first part of my thesis
provides the first comprehensive quantification of the imprint of the world largest river on ma-
rine biogeochemistry and thereby demonstrates that these impacts are numerous, intertwined and
non-linear.

In the second part of my thesis, I investigate the factors controlling the intense N2 fixation
that has proven to be so crucial in the previously assessed balance of the system. In agreement
with observations, the model reproduces, the largest rates of N2 fixation in the offshore plume
waters that are mainly supported by DDAs. The analysis of the factorial simulations show that
the Amazon River amplifies N2 fixation by 74% (+ 3.8 Tg N yr−1) and that this increase is highly
reliant on the delivery of riverine phosphorus and Si(OH)4. This supply of nutrients modifies the
phytoplankton competition in favor of DDAs, with contrasting dynamics in different portions of
the plume pathway. In the upstream pathway (0-1300 km), the competitive growth advantage of
DDAs is associated with their capacity to fix N2 when the non-diazotrophs quickly exhaust the
inorganic nitrogen pool and are N-limited. In the rest of the plume pathway (1300-3500 km),
phosphorus becomes the most limiting nutrient for all PFTs, and DDAs benefit from their ability
to directly use DOP in PO4-starved conditions. However, my results demonstrate that bottom-up
controls, while important, are not sufficient to explain the spatial patterns of N2 fixation. Indeed,
DDAs do not bloom in the upstream plume pathway, as their growth advantage is almost entirely
suppressed by a strong grazing disadvantage, i.e., the grazing pressure experienced by DDAs
is significantly higher than the one experienced by other PFTs. The relative strength of this
top-down control weakens in the rest of the plume pathway, allowing DDAs to thrive in the
offshore plume waters. These results highlight the combined importance of bottom-up and top-
down controls in shaping the intensity and patterns of N2 fixation and demonstrate the necessity
to investigate both aspects in future observational and modeling research effort.

In response to anomalies in precipitation over the Amazon basin, driven in part by the El
Niño-Southern Oscillation (ENSO), the river discharge varies on interannual timescales. The
analysis of different hindcast simulations reproducing conditions from 1983 to 2019 in the third
part of my thesis reveals that the variability of the Amazon discharge can modify the N2 fixa-
tion rates by up to 15 % in the offshore plume waters. Additionally, N2 fixation rates are altered
by the variability of physical processes i.e., the deepening or shoaling of the mixed layer depth
(MLD) and the strength of the equatorial upwelling, induced by the fluctuations of the Atlantic
Meridional Mode and ENSO. While the discharge variability influences N2 fixation in the north-
western part of the WTA, these two climate modes have the strongest impact on the southeastern
region. Both the discharge and climate-related variability affect N2 fixation through the availabil-
ity of phosphorus. Anomalously high discharge provides more DOP and reinforces the excess
P to N in the plume waters, conditions that further enhance N2 fixation. In contrast, a deepen-
ing of the MLD and a strengthening of the upwelling brings waters with low DOP concentration
and a N:P ratio close to 16:1, which mostly favor non-diazotrophs at the expense of DDAs and
Trichodesmium. This study represents the first assessment of the factors controlling the variabil-
ity of N2 fixation in the WTA and demonstrates the crucial role of phosphorus and especially its



v

absolute concentration, its composition i.e, organic versus inorganic, and its relative abundance
to N.

Altogether, the three studies I present in this thesis offer a novel, integrative quantification
of the multiple and intricate impacts of the Amazon River on the marine ecology and associated
biogeochemical cycles, fostering the idea that the land to ocean continuum should be considered
in its full extent and that its complexity should be accounted for in earth system models.





Résumé

Depuis les terres en amont jusqu’à la haute mer, l’eau agit comme une force motrice qui crée
un continuum liquide liant les mondes terrestre et marin. Le passage de l’eau à travers les sols
mais aussi les aquifères, les lacs, les zones humides et les rivières, contrôle le transport, les
échanges et la transformation des éléments biogéochimiques jusqu’à leur arrivée dans l’océan.
Cet apport fluvial d’éléments représente pour l’océan une importante source de carbone et de
nutriments comme l’azote, le phosphore et la silice qui nourrissent la base de la chaine alimen-
taire marine: le phytoplancton. En serpentant des estuaires à l’océan ouvert, les panaches flu-
viaux forment une interface dynamique qui laisse une empreinte complexe sur la biogéochimie
marine et la dynamique du phytoplancton. En effet, la quantification exacte des apports fluvi-
aux sur les cycles biogéochimiques marins à l’échelle régionale et mondiale demeure irrésolue.
Les mesures in situ capturent difficilement les conditions environnementales moyennes liées aux
panaches fluviaux à cause de la très forte variabilité spatio-temporelle de ces derniers. Les
modèles numériques océaniques à faible résolution ne parviennent pas à reproduire tous les pro-
cessus clés régissant la dispersion physique du panache fluvial. De plus, ces modèles océaniques
sont couplés à des modèles biogéochimiques qui n’ont souvent pas la complexité écologique req-
uise pour représenter l’ensemble des impacts que les apports fluviaux peuvent avoir sur les cycles
biogéochimiques et les écosystèmes marins.

Dans cette thèse, j’ai utilisé un modèle océanique régional à haute résolution (ROMS) couplé
à un modèle biogéochimique/écologique qui représente explicitement quatre types fonctionnels
de phytoplancton (TFPs), c’est-à-dire, le phytoplancton de petite taille, les diatomées, les Tri-
chodesmium (diazotrophe vivant librement) et les assemblages symbiotiques de diatomées- di-
azotrophes (ASDD). J’ai utilisé ces modèles couplés pour évaluer l’impact du fleuve Amazone
sur le cycle du carbone et des nutriments dans l’océan Atlantique tropical occidental (ATO). Afin
d’étudier l’impact distinct et cumulatif des différents apports fluviaux sur la biogéochimie marine,
un ensemble de neuf simulations factorielles au sein desquelles un ou plusieurs éléments ont été
exclus de l’apport de l’Amazone ont été réalisées. Sur l’ensemble de la région étudiée, le fleuve
Amazone engendre une augmentation significative de la production primaire nette (PPN), +115
Tg C an−1, qui dépasse l’augmentation potentielle basée uniquement sur les apports fluviaux en
azote et phosphore inorganique. Cette amplification est en majorité soutenue par l’augmentation
de la fixation de l’N2, c’est-à-dire l’utilisation du diazote atmosphérique gazeux (N2) par les
diazotrophes. Cette augmentation de la fixation du N2 est principalement due aux larges efflores-
cences phytoplanctoniques de ASDD qui bénéficient de l’apport en phosphore organique dissous
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(POD) fluvial. L’export de carbone vers les profondeurs est également accru, et ce manière dis-
proportionnée par rapport à l’augmentation de la PPN, ce qui indique que la pompe biologique
est devenue plus efficace. Cette augmentation de l’efficacité de la pompe biologique est due à
un changement de composition au sein de la communauté phytoplanctonique : les diatomées, qui
exporte plus efficacement le carbone et dont la croissance est alimentée par le Si(OH)4 fluvial, ont
vu leur contribution à la production augmenter. L’effet combiné de l’augmentation de la PPN et
du renforcement de la pompe biologique contribue le plus aux variations des échanges de CO2 a
l’interface air-mer. En effet, ces facteurs induisent une absorption accrue du CO2 atmosphérique
dans les eaux localisées sur le plateau continental et/ou dans le panache de l’Amazone, tout en
réduisant le dégazage de CO2 dans le reste de l’ATO. L’apport fluvial en carbone inorganique dis-
sous et en alcalinité renforce cet effet de la pompe biologique, un effet qui est contrebalancé par
la reminéralisation progressive du carbone organique dissous d’origine terrestre. Cette première
partie de ma thèse fournit la première quantification complète de l’empreinte du plus grand fleuve
du monde sur la biogéochimie marine et démontre ainsi que ces impacts sont nombreux, inter-
connectés et non linéaires.

Dans la deuxième partie de ma thèse, j’ai étudié les facteurs contrôlant la fixation du N2 qui
s’est avérée intense et déterminante pour l’équilibre du système tel qu’évalué dans la première
partie. En accord avec les observations, le modèle biogéochimique reproduit les plus grands taux
de fixation de N2 mesurés dans les eaux du panache, fixation qui est principalement soutenue
par les ASDD. L’analyse des simulations montre que le fleuve Amazone amplifie la fixation du
N2 de 74% (+ 3,8 Tg N yr−1) et que cette augmentation dépend fortement de l’apport fluvial en
phosphore et en Si(OH)4. Cet apport en nutriments modifie la compétition phytoplanctonique
en faveur des ASDD, qui montrent des dynamiques contrastées dans les différentes portions du
panache. Dans la partie située en amont du panache (0-1300 km), l’avantage compétitif des
ASDD est associé à leur capacité à fixer le N2 alors que le phytoplanctone non-diazotrophe
épuise rapidement le pool d’azote inorganique et sont ainsi vite limités par la concentration en
azote. Dans le reste de la trajectoire du panache (1300-3500 km), le phosphore devient le nutri-
ment le plus limitant pour tous les TFPs, mais les ASDD bénéficient de leur capacité à utiliser
directement le POD dans des eaux pauvres en PO4. Cependant, mes résultats démontrent que
les contrôles bottom-up sont insuffisants pour expliquer les patrons spatiaux de fixation du N2.
En effet, les ASDD accumulent peu de biomasse en amont du panache, car leur avantage en ter-
mes de croissance est presque entièrement annulé par leur plus forte sensibilité au broutage par
le zooplancton. En d’autres termes, l’intensité du broutage du zooplancton sur les ASDD est
significativement plus élevée que celle modélisée pour les autres TFPs. L’intensité du broutage
s’affaiblit dans le reste de la trajectoire du panache, ce qui permet aux ASDD de se développer
plus au large. Ces résultats soulignent l’importance des contrôles bottom-up par les nutriments et
de mortalité due au zooplancton vis à vis de la fixation du N2 et sa distribution spatiale. Il est donc
nécessaire d’étudier ces deux mécanismes pour les recherches futures, qu’elles soient basées sur
des observations des modèles numériques.

Le débit des rivières varie de manière interannuelle en réponse aux anomalies des précipitations
sur le bassin de l’Amazone, qui sont déterminées en partie par El Niño-Southern Oscillation
(ENSO). Dans la troisième partie de ma thèse, j’ai analysé différentes simulations texthindcast
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reproduisant les conditions atmosphériques de 1983 à 2019. Celles-ci ont montré que la vari-
abilité du débit de l’Amazone modifie les taux de fixation de N2 jusqu’à 15 % dans les eaux du
panache au large. De plus, les taux de fixation de N2 sont modifiés par la variabilité spatiale
des processus physiques, c’est-à-dire l’approfondissement ou la réduction de la profondeur de
la couche de mélange et la force de l’upwelling équatorial, qui sont induits par les fluctuations
du mode méridional de l’Atlantique et de l’ENSO. Alors que la variabilité du débit influence la
fixation de N2 dans la partie nord-ouest de l’ATO, les deux modes climatiques cités ci-dessus ont
l’impact le plus fort sur la région sud-est. La variabilité du débit et la variabilité climatique af-
fectent la fixation de N2 par la disponibilité en phosphore dissous. Un débit anormalement élevé
fournit plus de DOP et renforce donc l’excès de phosphore par rapport aux nitrates dans les eaux
du panache, des conditions qui favorisent la fixation du N2. En revanche, un approfondissement
de la couche de mélange et un renforcement de l’upwelling apportent des eaux charactériées par
de faibles concentrations en DOP et un rapport N:P proche de 16:1. Ceci favorise principalement
les non-diazotrophes aux dépens des ASDD et des Trichodesmium. Cette étude représente la
première évaluation des facteurs contrôlant la variabilité de la fixation de N2 dans l’ATO. Elle
démontre le rôle crucial du phosphore, et particulièrement de sa concentration, de sa composition
(organique versus inorganique) et de son abondance relative par rapport à l’azote.

Dans l’ensemble, ma thèse offre une nouvelle quantification intégrative des impacts multi-
ples et complexes du fleuve Amazone sur les écosystème marins et les cycles biogéochimiques
associés. Mes travaux encouragent l’idée que le continuum terre-océan devrait être considéré
dans toute son étendue et que sa complexité devrait être prise en compte dans les modèles du
système Terre.
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Chapter 1

Introduction

1.1 The Land-Ocean Aquatic Continuum (LOAC) in the con-
text of the Anthropocene

1.1.1 LOAC: definition and relevance

Anthropogenic greenhouse gas emissions have lead to a steady increase in atmospheric carbon
dioxide (CO2) concentrations, resulting in a global rise of air temperature (Stocker et al., 2013).
In this context, research in global biogeochemistry has been focusing more and more on the
pressing question of the cycling and redistribution of carbon on Earth (Bianchi, 2021). Rivers
constitute an important flowpath, exporting carbon laterally from the different biotic and abiotic
terrestrial reservoirs to the ocean. While intimately interconnected, each component is generally
studied in isolation. This artificial partition can limit scientific exchanges and taper off our abil-
ity to build a comprehensive budget. In contrast, the Land-Ocean Aquatic Continuum (LOAC)
refers to research that aims to bridge land to ocean processes (Bouwman et al., 2013; Xenopou-
los et al., 2017). LOAC encompasses the study of many different systems (e.g, soils, lakes,
reservoirs, streams, floodplains, estuaries, coastal oceans) that transform and transport biogeo-
chemical elements from headwaters to the open ocean (Billen et al., 1991). On top of carbon (C),
biogeochemical constituents of particular importance for the ecosystems are the macronutrient
elements Nitrogen (N), Phosphorus (P) and Silicon (Si). Together they play a key role in control-
ling the growth of plants, both terrestrial and aquatic. In various forms i.e particulate or dissolved,
inorganic or organic, these elements are filtered and transferred from land to the aquatic network
through different pathways, mainly flows from soils, aquifers and surface runoff (figure 1.1).

The LOAC is currently facing an increasing anthropogenic stress owing to the growing de-
mand for land, energy, food and water (Best, 2019). The multiple human perturbations have
cascading effect on all the components of the LOAC, with consequences on the CO2 evasion and
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2 Introduction

uptake of both freshwater and marine surface waters. Yet, until now, these perturbations are ne-
glected in global carbon budgets (Regnier et al., 2013; Friedlingstein et al., 2020, 2021). In this
context, the C-CASCADES project, in which this thesis is embedded, aimed to better understand
the processes that shape the lateral flux of carbon and the human related disturbance of this flux
(https://c-cascades.ulb.ac.be/).

1.1.2 LOAC and the global carbon cycle

Large amounts of carbon are washed in from the surrounding landscape and processed across the
LOAC. Regnier et al. (2013) estimated the C flux to the aquatic inland network to approximate
2.9 Pg C yr−1 (Figure 1.2). From the moment raindrops start to precipitate in the atmosphere until
they reach the streams and rivers, the water content gets enriched with Dissolved Organic Carbon
(DOC) and Particulate Organic Carbon (POC) as the water flows through vegetation layers and
overland (Ward et al., 2017). Along this journey, part of this organic matter gets already degraded
and converted to dissolved inorganic carbon (DIC). Unless they are completely saturated, soils
also absorb part of the rainfall that subsequently participates in the leaching and below-ground
transport of organic matter (Figure 1.1). The scarcity of the data coverage and the heterogeneity
of soil environments render this flow path difficult to constrain at the global scale. Using a process
based modelling framework, Nakhavali et al. (2021) estimated that leaching only is responsible
for a flux of 0.28 ±0.07 Pg C yr−1 of DOC. According to this study, the largest fluxes of leached
DOC are located in the rain forest where they represent up to 22% of the Net Ecosystem Produc-
tivity (NEP defined as the difference between the net primary production and soil respiration).

Within the fluvial environment, this terrestrial C flux is further processed. During its down-

Figure 1.1 Schematic of a generic river basin: its main components (rectangles) and the main
processes delivering water, particulate matter and dissolved solutes to the river network (arrows).
Adapted from Bouwman et al. (2013).

https://c-cascades.ulb.ac.be/
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stream advection, the land-derived organic carbon is continuously decomposed, fueling the pro-
duction of greenhouse gases, primarily CO2 and methane (CH4) (Battin and Luyssaert, 2009).
Typically oversaturated compared to the atmosphere, the freshwater aquatic network tends to re-
lease CO2 and CH4. While rivers and streams were perceived for a long time as passive conduits,
these emissions of CO2 from inland waters are more and more accounted for in carbon budgets
(figure 1.2). Over the last decade or so, estimates for present-day CO2 evasion from inland waters
have been increasing: 0.8 Pg C yr−1 (Cole et al., 2007), 1.2 Pg C yr−1 (Battin and Luyssaert,
2009), 1.9 Pg C yr−1 (Global Carbon Budget, 2018 - see figure 1.2), 2.1 Pg C yr−1(Raymond
et al., 2013), 2.45 Pg C yr−1 (Sawakuchi et al., 2017). This increase reflects advances that were
made recently in the quantification of the remineralization of organic carbon in aquatic systems,
the estimation of gas transfer velocity in freshwaters and the measuring of its areal extent of in-
land waters (Allen and Pavelsky, 2018). However, the exact quantification is still disputed and
the heterogeneity and complexity of the inland water systems warrant the ongoing research effort.
For example, multiple lines of evidence demonstrated the importance of the priming effect i.e.,
the enhancement of the breakdown of terrestrial organic carbon when mixed with autochthonous
carbon (Guenet et al., 2014; Bianchi et al., 2015; Ward et al., 2016) and yet, the phenomenon
is still widely overlooked when assessing the CO2 evasion from streams and rivers. Although
terrestrially-derived organic carbon is rapidly degraded in the freshwater network, a significant
fraction can be stored in the sediments (Figure 1.2), especially in lakes and reservoirs where the

Figure 1.2 Global carbon budget for the LOAC combining both natural and human-induced emis-
sions and uptake. Source: Global Carbon Budget (http://www.globalcarbonproject.org/).

http://www.globalcarbonproject.org/
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burial rates are hypothesized to be 1 to 4 times higher than in the ocean (Tranvik et al., 2009).

Carbon fluxes across the LOAC are subject to change due to anthropogenic perturbation.
Overall, the C flux to inland waters is expected to increase in response to human activities such
as deforestation and intensive agricultural practices. Regnier et al. (2013) estimated this increase
to amount to 1.0 ±0.5 Pg C yr−1 compared to pre-industrial times. This additionnal carbon
undergoes the same processes as the ”natural” carbon and is partly buried, partly respired and
partly transported to the ocean.

Eventually, only a small fraction of the terrestrial C flux, both ”natural” and anthropogenic,
reaches the coastal ocean (Figure 1.2). Recent estimates of this global C load vary from 0.78 Pg
C yr−1 (Resplandy et al., 2018) to 0.95 Pg C yr−1 (Regnier et al., 2013). Behind these values
lies a large spatial variability, with some catchments contributing significantly more than others.
Using weathering and export organic matter models, Lacroix et al. (2020) estimated the riverine
carbon and nutrient load in pre-industrial conditions. They identified the tropical Atlantic as
the largest supplier of carbon to the ocean (20 % of the global riverine C flux), highlighting the
importance of large rivers, here the Amazon River and the Congo River, in the global carbon
budget. Implementing the riverine loads in a global coupled oceanic model resulted in an CO2

outgasing of 231 Tg C yr−1 but also created an additional sink of 80 Tg C yr−1, in response to
the stimulation of primary and export production (Lacroix et al., 2020). This study illustrates the
great value of models to run idealized scenarios and provide quantifications that would be almost
impossible to derive from observations only. It also underlines the importance for global models
to account for the riverine load and more specifically, to include both the carbon and nutrient
inputs. However, in models, the dispersal of river plumes is very sensitive to the representation of
the runoff point source, the grid resolution and the refinement of the shelf bathymetry, all aspects
that are ill-represented in coarse resolution global models (Feng et al., 2021). Overcoming these
limitations is key to adequately reproduce both the physical and biogeochemical dynamics of
these highly variable environments.

1.1.3 LOAC and the cycling of nutrients

The inland freshwater network receives N, P and Si in various chemical forms and loads from
groundwater flows and weathering. Many factors influence this input of nutrients including pre-
cipitation patterns, temperature, soil properties and geomorphology of the basin (Bouwman et al.,
2013). This flux of terrigenous nutrients is also perturbed by human activities such as land-use
change, utilization of fertilizer, discharge of agricultural and industrial waste, etc. Beusen et al.
(2016) estimated that these perturbations are responsible for an increase of the global delivery
of N and P to the inland aquatic system of more than +80% over the past century. In contrast,
the input of Si to the rivers is likely to be reduced by land-use change and intense agricultural Si
harvest (Struyf et al., 2010; Vandevenne et al., 2012).
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Biogeochemical constituents are further transformed within the river, mainly through micro-
bial decomposition and incorporation in the biological loop. These transformations are crucial
as they determine the ultimate content of the inflowing waters entering the ocean. Here again,
natural processes are suffering from anthropogenic alterations. The multiplication of reservoirs
and dams has been showed to be associated with an increased in-stream retention of nutrients
that changes both the absolute and relative concentration of nutrients in the downstream waters
(Beusen et al., 2016; Maavara et al., 2020). Damming might lead to a global increase the N:P
ratio in river outflows (Maavara et al., 2020). P is indeed more efficiently eliminated in reservoirs
than N, although the driving mechanisms have not been fully elucidated. Leading hypotheses
include the sorption of P to minerals and the wide-spread P-limitation of freshwater ecosystems
(Maranger et al., 2018). At low hydraulic residence time, Si has been shown to be also dispropor-
tionately lost compared to N and even P (Ran et al., 2013). The enhanced nutrient removal of P
and N within the streams does not offset the increased supply from land which leads to a global
increase of riverine N and P inputs in the ocean Beusen et al. (2016). Summing the particulate and
dissolved forms, Lacroix et al. (021b) estimated that the global flux of N and P increased from
27 to 46 Tg N yr-1 and from 3.7 to 5.3 Tg P yr-1 between 1905 and 2010. In contrast, the global
supply of Si by river is hypothesized to be decreasing in response to anthropogenic disturbance
(Laruelle et al., 2009; Bernard et al., 2011).

The amount and stoichiometry of riverine nutrients are key determinants to the function-
ing and composition of marine ecosystems in the coastal ocean. It is especially crucial as the
coastal ocean supports up to 30% of the primary production and provides critical ecosystems
services while facing a strong societal pressure (Barbier et al., 2011). Over the past century, the
human-induced changes in riverine nutrient inputs have disrupted the natural stability of coastal
environments, with regionally dramatic effects on ecosystems (Fennel and Testa, 2019). Glob-
ally, the increase of the riverine nutrient load is likely to induce an increase of NPP in the coastal
ocean (Lacroix et al., 021b). However, the primary production is also very sensitive to changes
in nutrient stoichiometry. Thus, the excess of nitrogen in certain river outflows is associated with
eutrophication and the expansion of hypoxic zones (Diaz and Rosenberg, 2008; Fennel and Testa,
2019). The relative decrease of Si to N and P leads to shift in phytoplankton communities to the
detriment of coastal diatoms (Gong et al., 2006).

The impact of rivers is not limited to the coastal ocean. Part of the terrigenous nutrients is
eventually transported offshore, influencing the biogeochemical cycles at a global scale. In es-
tuaries and shelf seas, the processes that retain, break down, and bury nutrients are complex and
differ widely, depending on the morphology of the shelf, the sediment dynamics and the local
physical and biogeochemical environment. Hence, studies that take on the challenge of estimat-
ing the eventual flux of riverine nutrients from the coastal to the open ocean are rare, especially
at the global scale. Global mass balance models have proved to be useful in providing global
estimates of nutrient fluxes in and out the coastal ocean but they rely on numerous simplifica-
tions and do not account for individual rivers (Laruelle et al., 2009). To resolve the geographic
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heterogeneity of rivers and shelf physical settings, Sharples et al. (2017) proposed a mechanistic
description of the plume dynamics and built empirical relations between the plume residence time
and the proportion of nutrients crossing the shelf break. With this approach, they estimated that
75% of the dissolved inorganic nitrogen (DIN) and 80% of the dissolved inorganic phosphorus
(DIP) supplied by the rivers reach the open ocean. Building on this work, Izett and Fennel (2018)
ran different simulations and developed additional empirical relationships to further constrain
the plume export. In a companion article (Izett and Fennel, 2018), they present estimates of the
riverine nutrient lateral export that are significantly lower than those of Sharples et al. (2017):
2.8–44.3% for DIN, 3.5–45.9% for DIP, 5.7–52.3% for Dissolved Silicate (DSi). The study iden-
tifies a band around the equator, between 15◦ S and 15◦ N, where nutrients are the most efficiently
exported from the shelf.

Global ocean models can be used to assess the impact of this flux of riverine nutrients on
the open ocean biogeochemistry. Coupling a general circulation model (MPI-OM) and a bio-
geochemical model (HAMOOC), Bernard et al. (2011) identified hot spots of oceanic silica such
as the Amazon River plume and demonstrated the necessity to account for riverine DSi inputs
to properly reproduce surface DSi in global models. To investigate the effect of the increasing
nutrient load from rivers from 1905 until 2010, Lacroix et al. (021b) used an updated version of
the HAMOOC model, that better reproduces shelf processes (Lacroix et al., 021a). In response
to the rising anthropogenic perturbations, Lacroix et al. (021b) estimated an increase of N and
P cross-shelf export of +12 Tg N yr−1 and +0.4 Tg P yr−1, respectively. These enhanced lateral
fluxes of nutrients result in an increase of NPP of 4% over the whole open ocean, with a few
regions such as the Tropical Atlantic Ocean and the Indian Ocean driving most of the increase
(Lacroix et al., 021b).

1.2 The Amazon River Plume

This present thesis takes a regional approach and focuses on the Amazon River, an aquatic system
of global importance.

1.2.1 The Amazon River: a giant river in the midst of rising anthropogenic
disturbance

Among the world rivers, the Amazon is the river of all superlatives: It has the vastest watershed,
the largest discharge, and the second largest delta after the Ganges (GRDC, 2020; Dai et al., 2009;
Syvitski and Saito, 2007). With an area of 6 millions of km2, the Amazon basin encompasses a
diverse landscape of Andean glaciers, dense rain forests, extensive flood plains, and savannas
(Sioli, 1984; McClain and Naiman, 2008; Hess et al., 2015). The basin is drained by a capil-
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lary network of meandering and biogeochemically diverse rivers and streams that drive seasonal
inundation pulses (figure 1.3).

Figure 1.3 Both pictures were retrieved from NASA Observatory and annoted by myself. a)
Picture taken from space on August 19, 2008. The region shown here is located around 1000 km
inland from the mouth of the river and is indicated by a red cross on figure 1.4. The yellowish color
is the result of the setting sun glinting off the water and the smoke particles from forest fires in the
air reflecting light. The sun’s reflection reveals features that are normally dark and hard to see from
space. Image provided by the ISS Crew Earth Observations experiment and the Image Science &
Analysis Laboratory, Johnson Space Center. The arrow indicates the flow direction. b) Image of
the Amazon from Lauren Dauphin, using the Moderate Resolution Imaging Spectroradiometer on
Nasa’s Terra satellite (July 29, 2020).

Its immensity and its location in the very productive wet tropical environments make the
Amazon River an aquatic system of global importance in the cycling of carbon. Due to the large
inputs of terrestrial organic carbon and the high rates of remineralization, the freshwater network
acts as a source of atmospheric CO2 (Richey et al., 2002). The quantification of the CO2 flux
comes with large uncertainties owing to the low coverage of observations and the difficulty to
estimate the areal extent of the waterways (Allen and Pavelsky, 2018), but estimates agree on the
prominence of this flux. Raymond et al. (2013) predicted this CO2 evasion to amount to ∼0.6 Pg
C yr−1, representing almost 30% of the global CO2 flux from inland water bodies. More recently,
Sawakuchi et al. (2017) demonstrated the importance of a better assessment of the lower part of
the Amazon River - from Òbidos to the mouth - and revised upwards the estimated flux to 0.95
Pg C yr−1.

Compared to other large Asian or European rivers cutting through highly populated and in-
dustrialized areas, the Amazon river experiences lower anthropogenic disturbance. Nevertheless,
the pressure of human activities in the Amazon basin has been steadily increasing and impacting
both the main stream and tributaries to varying degree depending on the type of activity (Mc-
Clain and Elsenbeer, 2001; Castello et al., 2013). The development of mining is responsible for
an increased load of sediments as well as a contamination of the streams by mercury and other
pollutants (McClain and Elsenbeer, 2001). The deforestation and slash-and-burn agriculture also
increases the fluxes of sediments and different solutes to the streams. These changes in land
cover might also affect the discharge of streams. At the local scale, they induce an increase in
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the freshwater input by reducing the evapotranspiration, while at the large scale, they reduce the
regional precipitation and thus decrease the discharge (Coe et al., 2009; Lee et al., 2018). The
balance between the two processes eventually determines the net effect. Another main cause of
perturbations is the development of cities. While the urban coverage is still limited in the tropical
wilderness areas, the Amazon region has undergone an intense process of both planned and in-
formal urbanization over the past decades, especially in the vicinity of waterways (Guedes et al.,
2009; Cabrera-Barona et al., 2020). This has resulted in a increasing load of particulate organic
matter and diverse contaminants to the freshwater system (Schmidt et al., 2019; Fabregat-Safont
et al., 2021; Gerolin et al., 2020).

The expansion of cities is also associated with a rising demand in energy, and hence a boom
in the construction of dams and hydroelectric facilities (Stickler et al., 2013; Winemiller et al.,
2016). According to the last counting in 2019, 158 hydropower dams are currently in operation in
the Amazon basin, while 351 more are planned to be constructed in the coming decades. This pro-
gressively turns most of the major free-flowing streams into a succession of reservoirs (Almeida
et al., 2019). While hydropower can be seen as a climate-friendly source of energy (Muller,
2019), large dams have a wide range of effects, involving multi-scale social costs, disrupting bio-
geochemical cycles and altering both land and freshwater ecosystems (Latrubesse et al., 2017).
Multiple lines of evidence have shown that dams in the Amazon basin result in an enhanced
outgasing of CO2 and CH4 (Fearnside, 2015), although strategic planning and optimal operating
could reduce this effect (Song et al., 2018; Almeida et al., 2019). Impeding the flow, increasing
the residence time, dams also affect the cycling of nutrients (Maavara et al., 2020). For instance,
using historical data and a mechanistic model, Forsberg et al. (2017) estimated that in response
to the construction of 6 large dams in the Andean region, the P and N load to the entire Amazon
basin will be reduced by 51% and 23% respectively.

The properties of the Amazon river are constantly evolving from the upstream source to the
outflow in the ocean. Physical and biogeochemical processes driving these changes are numerous,
variable and experiencing rising human disturbance. When the Amazon river eventually meets
the Atlantic, the inflow combines the integral signals of the different headwater streams. The
ongoing research effort to characterise and quantify the inland processes is critical to elucidate
the eventual impacts of the Amazon in the marine realm.

1.2.2 The impact and dispersal of the freshwater input

The Amazon river flows into the Western Tropical Atlantic at around 0.5◦ N - 50.5◦. The muddy
brown inflow contrasts sharply with the dark blue of the ocean as observed from space (figure
1.3-b). This freshwater discharge is unique by its magnitude, accounting for around 50% of the
surface river inflow to the Atlantic and 15 to 20% of the global river discharge (Dai et al., 2009;
Coe et al., 2008; Callède et al., 2010; Salisbury et al., 2011). The volume of water increases
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by a factor of 2 to 3 between its low regime in winter (December-February) and its peak in
spring (April-June). Precipitation within the basin drives its seasonality, although with a lag due
to terrestrial water storage and a loss of around half of the rainfall to evapotranspiration (Salati
and Vose, 1984; de Paiva et al., 2013). The Amazon discharge varies in response to precipitation
anomalies induced, e.g., by the El Niño-Southern Oscillation (ENSO) phenomenon (Richey et al.,
2002). El Niño years result in anomalously low discharge, while La Niña years are characterized
by anomalously high discharge (figure 1.4-b). Local evapotranspiration on the continent and
anomalies in the sea surface temperatures (SST) in the Tropical Atlantic also modulate the rainfall
regimes over the Amazon basin (Zeng et al., 2008; Espinoza et al., 2014; Lee et al., 2018). Over
the past two decades, extreme droughts and floods have been more frequent (Marengo et al., 2011;
Espinoza et al., 2011; Marengo et al., 2013; Marengo and Espinoza, 2016) and the hydrological
cycle has been intensifying, resulting notably in a wetter wet season and consequently a more
prevalent high discharge regime (Gloor et al., 2013; Friedman et al., 2021). As for now, climate
models disagree on the overall future trend of rainfall within the Amazon catchment, but the
majority of them predict contrasting patterns of wetting and drying over the region and agree on
an increase of the hydrological extremes (Duffy et al., 2015; Baker et al., 2021).

The Amazon inflow generates an extensive fresh lens atop the water column, which enhances
surface stratification and the trapping of solar radiations, with implications for the formation of
hurricanes (e.g. Grodsky et al. (2012)). Despite a strong seasonal signal, the magnitude of the
discharge is not the dominant factor determining the plume pathways and extent. Much more
important is surface circulation (Coles et al., 2013). After reaching the ocean, the river water
inflow is kept onshore by the North Brazilian Current (NBC), a strong northward current whose
flow varies seasonally between 10 and 30 Sv (Philander and Pacanowski, 1986) (figure 1.4-d).
From the equator to 5◦ N, the plume waters remain on the continental shelf, forming a 10-30m
deep cap of brackish water, above a landward flow of marine waters (Lentz and Limeburner,
1995). Further North, the plume is entrained by the Guyana Current that begins at the western
edge of the NBC. This northward pathway is open throughout the year, but how far north the
plume travels varies seasonally, following the variation of the strength of the surface current
(Coles et al., 2013). In winter and early spring, the plume is pressed against the coastline by the
strong trade winds (figure 1.4-d). In contrast, in summer, the influence of the Amazon plume
can be traced up to the Caribbean Sea, more than 3500 km away from the mouth of the river (Hu
et al., 2004). Additionally, around 5-8◦ N, the NBC retroflects eastward. The strength of the NBC
retroflection varies seasonally from remnant in April to a maximum peak in November (Lumpkin
and Garzoli, 2005). In late summer-fall, the retroflection extends its meandering pattern into the
North Equatorial Counter Current (NECC). The NECC is a seasonal current bounded by the South
Equatorial Current (SEC) and the North Equatorial Current (NEC) (figure 1.4). Non-existent or
even reversed in winter and spring, the NECC reaches its seasonal maximum strength in fall in
relation with the northward migration of the Intertropical Convergence Zone (ITCZ) (Bourlès
et al., 1999). The NECC establishes a seasonally-locked eastward pathway for the plume waters
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(figure 1.4-a). Its jet structures prevent any southward flow and advect waters all the way to Africa
in a time scale of<5 months (Coles et al., 2013). The Amazon plume reaches its maximum spread
in late summer, covering a total of 1.8 millions of km2 in my climatological simulation (figure
1.4-c), very similar to the 1.5 millions of km2 estimated from satellite data for the 2000-2004
period (Molleri et al., 2010).

Beyond the consequences on the physical properties of the surface waters, tracking the plume
pathways is critical to understand the impact of the Amazon on marine biogeochemistry and
ecology. The dispersal pathways determine which type of environments is affected (e.g., marginal
sea or open ocean) and how far-reaching the Amazon influence is. Surface salinity is often used
in biogeochemical studies to differentiate different states of the plume (e.g., Subramaniam et al.
(2008a)) or to determine a conservative mixing line from which deviations in carbon and nutrient
content can be investigated (e.g., Goes et al. (2014)).

1.2.3 The input of nutrients and its consequences

The Western Tropical Atlantic (WTA), like most tropical oceans, is a stratified, nutrient-starved
environment and the addition of exogenous nutrients by the Amazon sparks large phytoplankton
blooms (Gouveia et al., 2019). This extensive imprint on marine productivity is visible from
space, with levels of Chlorophyll a comparable to the levels of the productive boundary upwelling
regions (figure 1.5). A quantitative assessment linking the Amazon nutrients and the enhancement
of the primary production is arduous to determine owing to (i) the uncertainties associated with
the estimates of the nutrient input and its seasonality and (ii) the complexity of the fate of nutrients
once in the ocean.

Most estimates of the riverine input of nutrients are based on measurements made at the
Òbidos station, 800 km upstream of the mouth of the river (figure 1.4). This alone casts uncer-
tainty on the exact magnitude of the fluxes as nutrients are likely to be continuously transformed
and exchanged in the last stretch of the fluvial network. Furthermore, measurements are instan-
taneous snapshots of highly variable conditions and so far, no agreement has been reached with
regard to the seasonal variation of nutrient concentrations. The results from Moquet et al. (2016)
tend to suggest that the solutes respond chemostatically to the discharge, i.e., concentrations re-
main constant, making the seasonal variation of the flow the driving factor of the dissolved load
seasonality. In contrast, others studies indicate a mobilization effect, with an increased concentra-
tion of the dissolved elements during the high discharge regime and inversely a decrease during
the low discharge regime (Araujo et al., 2014; Almeida et al., 2015). A recent study by Drake
et al. (2021) offers a more complex picture, with dissolved organic carbon (DOC) and nitrogen
(DON) experiencing a mobilization effect, PO4 and SiO2 being in chemostasis and NO3 having
two seasonal peaks. Reducing the uncertainties around these assessments would require an un-
precedented effort of sampling at the mouth of the Amazon, with high resolution, both spatially
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and temporally (Ward et al., 2015).

Figure 1.5 Surface oceanic Chlorophyll a and land vegetation index as observed from space.
Screenshot of one day conditions in spring 2006. The data originates from Sea-viewing Wide Field-
of-view Sensor (SeaWiFS) Ocean Color Data and the visualization was made by NASA’s Goddard
Space Flight Center.

First receptacle of the river water, the Amazon shelf plays a pivotal role in modifying land-
derived nutrients, thus determining the biogeochemical characteristics of the offshore plume. The
Amazon shelf offers a very energetic and fluctuating setting, combining the effects of a large river
discharge, pervasive waves induced by the trade winds, complex marine hydrodynamics, and tidal
forces (Nittrouer and DeMaster, 1996). This dynamic environment entraines the large load of
riverine sediments - estimated at around 754 x 106 t yr−1 (Martinez et al., 2009) - which, together
with chromophoric-dissolved-organic-matter (CDOM), reduces the light availability and limits
phytoplankton growth (Del Vecchio and Subramaniam, 2004). Once the water clarity has im-
proved, phytoplankton begins to benefit from the riverine nutrients, resulting in sizeable blooms.
Over the shelf, the phytoplankton community structure is dominated by coastal diatoms species
such as Skeletonema costatum and Pseudonitzschia sp (Subramaniam et al., 2008a; Araujo et al.,
2017; Demaster et al., 1996). They notably benefit from the large inputs of Si(OH)4 that is de-
livered by the Amazon in excess compared to N, with an average N:Si ratio of 1:11 (Brzezinski
et al., 2003; Araujo et al., 2014). As a result, the Si(OH)4 inputs from the river combined with the
onshore advective fluxes are sufficient to sustain the primary production while N and P require
recycling (DeMaster and C., 2001).

The predominance of large siliceous diatoms promotes a strong flux of particulate organic
matter (POM) down to the seabed. The burial of POM represents the main sink for most riverine
nutrients, although marine organic matter has been shown not to be efficiently preserved in the
sediment on the Amazon shelf (DeMaster and C., 2001). Eventually, the fraction of externally
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supplied nutrients that is exported from the shelf varies depending on the nutrient. DeMaster and
C. (2001) estimated that virtually all of the phosphorus and the majority of the silicate (91-97%)
escape from the shelf as either dissolved or biogenic material, while only half of the nitrogen is
exported to the open ocean. Nitrogen is in relative terms more retained on the shelf than other
nutrients, as it is also affected by sediment denitrification, i.e., the reduction of fixed nitrogen
to dinitrogen (N2) (Hulth et al., 2005). Since N2 is a form of nitrogen unavailable for most
microorganisms, denitrified N is considered lost to the system (DeMaster and C., 2001). Due
to the scarcity of measurements, estimates of the total loss of N via sediment denitrification on
the Amazon shelf vary from 7.7 - 8.4 x 1010 mol N yr−1 (Nixon et al., 1996) to 8.4 x 1010

yr−1 (Seitzinger and Giblin, 1996). These values represents roughly half of the estimated input
of N from land, which agrees with the hypothesis that a large fraction of N supplied by the
Amazon never leaves the shelf. This singular loss of N on the shelf might be an important factor
driving the P and Si excess observed in the offshore plume waters (Zhao et al., prep), a distinct
N:P:Si stoichiometry that appears to be crucial for the phytoplankton dynamics (section 3.3).
Overall, processes on the shelf are determinant in shaping the biogeochemical properties of the
downstream plume waters. Yet the link between inshore and offshore is still poorly constrained.

In the offshore plume, the remaining nutrients that are laterally exported from the shelf have
been hypothesized to modify the phytoplankton community (Subramaniam et al., 2008a; Goes
et al., 2014; Weber et al., 2017). A common approach to study the shift in phytoplankton dy-
namics is to use salinity as a proxy of the progressive mixing of plume and marine waters. Over
the past decade or so, most studies have used a set of salinity ranges proposed initially by Sub-
ramaniam et al. (2008a), each range representing a different stage of the plume life: <30 as
”low-salinity” i.e., the early stage the plume dispersal, >30 and <35 as ”mesohaline” represent-
ing the core of the offshore plume waters and >35 as ”oceanic” representing the non-plume or
weakly influenced waters. The low-salinity sub-region encompasses roughly the shelf environ-
ment described above, although this type of waters sometimes extends offshore. In the mesoha-
line waters, diatoms still represent an important fraction of the total biomass, on average ∼30%
(Shipe et al., 2006). However, the most interesting emergent property is the development of large
blooms of diatom-diazotroph-assemblages (DDAs), a symbiotic association between a diatom
and a diazotroph (Subramaniam et al., 2008a; Goebel et al., 2010). DDAs never really dominate
the phytoplankton community (Subramaniam et al., 2008a; Stukel et al., 2014), but their presence
results in very high rates of N2 fixation, making the Western Tropical Atlantic a globally signifi-
cant hotspot of marine N2 fixation (Luo et al., 2012; Landolfi et al., 2018). Biological N2-fixation
corresponds to the enzymatic reduction of N2 to ammonia and is performed by a wide range of
diazotrophs. N2 fixation is such an important feature of the WTA that I dedicated a whole section
to its introduction (section 3). In the oceanic type of waters, the phytoplankton community is
more typical of oligotrophic tropical waters, characterized by a mixture of smaller phytoplank-
ton and the prevalence of Trichodesmium in the N2-fixing assemblage (Goes et al., 2014). This
shift of the phytoplankton community along the salinity gradient reflects the changes in environ-
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mental conditions. The mechanisms that underlay this shift and more specifically the prevalence
of DDAs in the mesohaline waters have been the focus of numerous studies and are exposed in
section 3.3.

1.2.4 The impact of the marine carbon cycling

Carbon is delivered by the Amazon in various forms, mainly DIC, DOC and POC. The estimated
POC load varies depending on the study, with estimates based on observations suggesting lower
values (5.8 Tg C yr1 (Moreira-Turcq et al., 2003) and 6.1 Tg C yr1 (Bird et al., 2008)) than
estimates computed from models (17.1 Tg C yr1 (Lacroix et al., 2020)). However, all studies
agree on the fact that POC represents the smallest fraction of the total carbon load. In the vicinity
of the Amazon mouth and shelf, terrestrial POC progressively settles down to the seabed, where it
can be further entrained within a layer of fluid sediments. Indeed the energetic physical setting of
the shelf creates an extensive mobile mudbelt that stretches up to the mouth of the Orinoco River
at 9.5◦ N (Gensac et al., 2016; Nittrouer et al., 2021). The composition of this muddy sediment
topset evolves along the way from mostly terrestrial (around 60-70%) in the proximal delta to
mostly marine (Aller and Blair, 2006). The constant reworking and reoxidation of the mudbelt
result in very high C remineralization rates, making it a ”gigantic sedimentary incinerator” (Aller
and Blair, 2006). Even though most of the terrestrial POC tends to get remineralized, DeMaster
and C. (2001) suggested that the preservation efficiency of terrestrial POC within the sediments
might be ten times greater than that of marine POC.

Figure 1.6 The climatological mean pCO2 is reported for (a) a merged climatology based on two
neural network-based pCO2 products (Landschützer et al., 2020), (b) all available SOCATv5 data
for the open ocean, covering the 1998-2015 period, and (c) all coastal SOCATv5 data. Adapted
from Landschützer et al. (2020)

According to the most recent estimate (Drake et al., 2021), the Amazon supplies around 25.5
Tg C yr−1 in the form of DOC. Previous estimates were quite similar, although slightly higher
e.g., 29 Tg C yr−1 (Araujo et al., 2014) or 28.2 Tg C yr−1 (Lacroix et al., 2020). This DOC load
represents around 10% of the global flux of DOC to the ocean (Hedges et al., 1997). The labile
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fraction of terrestrial DOC, whose pool is replenished up to the mouth to the river by important
lateral inputs (Seidel et al., 2016), is rapidly consumed upon its entry in the ocean, while a more
refractory fraction is laterally transported on the shelf and beyond (Ward et al., 2013b). Medeiros
et al. (2015) estimated that between 50 and 76 % of the terrestrial DOC flushed by the Amazon
remains stable throughout the plume and is exported offshore. The Amazon thereby contributes
significantly to the supply of long-lived terrestrial DOC to the open ocean.

DIC constitutes the largest fraction of the total carbon load delivered by the Amazon (32.7 Tg
C yr−1 estimated by Araujo et al. (2014); 33.2 Tg C yr−1 estimated by Lacroix et al. (2020)). More
important than the absolute value of DIC is its ratio to alkalinity. The Amazon River exhibits a
high DIC concentration and low total alkalinity (472 mmol m3), driving oversaturated conditions.
This chemical CO2 system balance is then modified in the ocean by the mixing with alkalinity-
rich marine waters and the drawdown of DIC by biological activity Cooley et al. (2007).

The eventual effect of the Amazon river on the air-sea CO2 balance is difficult to evaluate. In a
recent global pCO2 climatology that combines a coastal and an open ocean neural network-based
products, the Amazon plume waters exhibit lower pCO2 values over the shelf area in comparison
to the surrounding waters (Figure 1.6-a). Offshore, the imprint of the Amazon is less evident and
seems to dissipate rapidly. However, in the SOCAT observations, the low pCO2 values extend
further away from the river mouth, both on the shelf and in the open ocean (Figure 1.6-b-c).
Landschützer et al. (2020) note that the paucity of observations, especially in the nearshore, and
the large variance in observed pCO2 are important challenges for neural-network based techniques
to reconstruct the pCO2 in the region.

In regional studies, the Amazon outflow has been shown to actually drive an initial CO2

outgasing to the atmosphere, with measured CO2 fugacity (fCO2) ten times greater than oceanic
fCO2 (Sawakuchi et al., 2017; Lefèvre et al., 2017). The breakdown of reactive terrestrial DOC,
combined with the delivery of already oversaturated river waters, is hypothesized to maintain
high pCO2 concentration (Sawakuchi et al., 2017; Ward et al., 2013b). Additionally, the high
turbidity prevents any significant CO2 uptake by photosynthesis that could have dampened this
CO2 evasion (Salisbury et al., 2011). The net heterotrophy of the system could be also the result
of the high remineralization rates within the muddy fluid sediments as described above.

Further away from the mouth, the CO2-oversaturated waters become undersaturated (Lefèvre
et al., 2017). Numerous studies have provided estimates of the net air-sea CO2 flux of the plume
waters (table 1.1). These studies established first a relationship between oceanic pCO2 and salin-
ity based on field measurements and then extrapolated the measurements to the whole plume
using sea surface salinity (SSS) data provided by the World Ocean Atlas (Körtzinger, 2003) or
different remote sensing products (other studies). All studies predict that the Amazon plume is
a sink of atmospheric CO2, although estimates vary up to threefold. Strikingly, one recent study
suggests that the plume is actually a source of atmospheric CO2 (Valerio et al., 2021). In this
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study, the estimated outgasing in the inshore areas close to the river mouth offsets the CO2 up-
take of the rest of the plume. However, using the same observational dataset i.e., three sampling
expeditions made in May–June 2010, September–October 2011, and July 2012, Mu et al. (2021)
came to a different conclusion, indicating that a robust linear relationship between SSS and pCO2

could only be established for a salinity range between 15 and 35. This study also highlights that
SSS-pCO2 relationships can diverge for certain months, suggesting to temporally refine these cor-
relations. Eventually, Mu et al. (2021) do not provide an annual net air-sea CO2 flux estimate,
arguing that more observations are needed and that the effect of the biology and export should be
better assessed.

Table 1.1 Estimates of net air-sea CO2 flux within the plume waters

Study Salinity range Plume area [km−2] Tg of C yr−1

Körtzinger (2003) 15 - 34.9 2.4 x 106 -14
Cooley et al. (2007) 28 - 35 0.73 x 106 -15 ± 6
Lefévre et al. (2010) 15 - 34.9 1.10 x 106 -5 ± 0.48
Ibánhez et al. (2015) below 351 0.89 x 106 -7.85 ±1.02
Valerio et al. (2021) below 35 N/A +8.6 ±7.1

1 removing the influence of rainfall

The difficult of the research community to concur on the overall effect of the Amazon plume
on the air-sea CO2 balance stems from the high spatio-temporal variability of the physical and
biogeochemical processes driving the surface pCO2. Among these various processes, the increase
of primary production and the enhancement of the biological pump’s efficiency have been put
forth as the two main factors driving the CO2 undersaturation in the offshore plume waters (Yeung
et al., 2012). More specifically, extensive blooms of DDAs have been documented in the vicinity
of the plume (Carpenter et al., 1999; Foster et al., 2007; Subramaniam et al., 2008a; Weber et al.,
2017) and are hypothesized to drive an efficient carbon export out of the euphotic zone (Korte
et al., 2020). Subramaniam et al. (2008a) suggested that DDAs could be responsible for the
carbon sequestration of up to 20 ± 8 Tg of C yr−1. Thus, the stimulation of N2 fixation by the
Amazon appears to play a crucial role not only for nutrient cycling (section 2.2) but also for
export production and the air-sea CO2 balance of the WTA.

1.3 N2 fixation in the Western Tropical Atlantic

1.3.1 The importance of N2 fixation

N2-fixation is a key component of the nitrogen cycle and represents an important source of
bioavailable N, an essential macronutrient that limits the primary production in large portions of
the ocean (Moore et al., 2013b). N2 fixation rates are traditionally measured by acetylene C2H2

reduction or using the isotopic 15N tracer methodology, although a plethora of new methods have
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been developed in recent years, including functional gene analysis and stable isotope probing
(Zehr and Capone, 2021a). A current community-wide effort is ongoing to homogenize the mea-
surements as well as understand and reduce the discrepancies between different methods. As part
of the MARine Ecoystem DATa (MAREDAT) project, a first database gathered measurements of
N2 fixation rates, abundances and biomasses from the global ocean (Luo et al., 2012) and was
recently further updated (Tang et al., 2019b). Although this database constitutes an indispensable
benchmark, deriving from it a global estimate of total N2 fixation remains a challenge, mostly
due to the poor spatial and temporal coverage (figure 1.7-a). Different models were applied to
infer this global estimate, giving quite a large range of results (table 1.2). Each method has its
strengths and weaknesses and their lack agreement illustrates gaps in our understanding in the
controls, diversity, variability of marine diazotrophy and the need of further investigation. I will
present in more details the recent efforts in prognostic modeling as it is the method used in the
present thesis (see section 3.4).

Table 1.2 Recent global estimates of N2 fixation

Study Method Tg of N yr−1

Luo et al. (2014) equation derived from multiple linear regression 74 [51 - 110]
Paulsen et al. (2017) prognostic ocean modeling 135.6
Tang et al. (2019b) machine learning - Random Forest 68
Tang et al. (2019b) machine learning - Support Vector Regression 90
Wang et al. (2019) inverse biogeochemical & prognostic modeling 163.2 [125.6 - 222.9]

Modeling efforts and field measurements might not yet provide us with a definitive quantifica-
tion of global N2 fixation but they do agree on the global patterns, notably the higher abundances
and rates in the tropical and subtropical regions (Pierella Karlusich et al., 2021). The Western
Tropical Atlantic has been identified as a hot spot and as such, worthy of more scrutiny (Tang
and Cassar, 2019). This region exhibits among the highest areal rates of N2 fixation in the global
ocean, with up to 10 000 µmol N m−2 d−1 (Tang et al., 2019b). The WTA is also the most sam-
pled region in terms of N2 fixation rates and N2-fixer abundances (figure 1.7-a), which is an asset
for the design of robust modeling framework. Lastly, the WTA is also a hot spot of N2-fixers
biodiversity, harboring the most important diazotrophic groups (figure 1.7-b).

1.3.2 The biodiversity of diazotrophs

Diazotrophs encompass a very diverse group of microorganisms (Zehr and Capone, 2020). First
N2-fixer to be formally identified in the ocean, Trichodesmium is a colonial cyanobacterium that
does not form any heterocyst i.e, a specialized cell that fixes nitrogen (figure 1.8). Trichodesmium

primarily inhabits oligotrophic tropical oceans where they are hypothesized to fix nearly half of
the N2 that sustains the local biomes (Jiang et al., 2018). They form colonies at shallow depths
thanks to their gas vesicles providing natural buoyancy. Well suited for the high-irradiance regime
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of the surface tropical ocean, their photosynthetic apparatus reaches its maximum efficiency at
high light and is resistant to photoinduced alteration (Capone et al., 1997). Their location at the
surface and their phycoerythrin pigment make their large blooms detectable by remote sensing
(Westberry et al., 2005). Both field measurements and laboratory data suggest that Trichodesmium

are slow growing (Letelier and Karl, 1998; Mulholland and Capone, 2001; Holl and Montoya,
2008).

Other widespread diazotrophs are the heterocystous cynabacteria, Richelia and Calothrix,
that live in symbiosis with diatoms of various genera, notably Hemiaulus, Rhizolenia or Chaeto-

ceros. Their symbiosis is generically referred to as Diatom Diazotroph Assemblages (DDAs),
although it is important to note that DDAs are host specific (Foster and Zehr, 2006). In fact, a
recent phylogenetic study uncovered an ancient co-evolution of the symbiont/host pair (Caputo
et al., 2019). In the WTA, the most sampled DDAs are composed of a Richelia intracellularis

symbiont associated with a Hemiaulus hauckii or Rhizosolenia clevei diatom (Carpenter et al.,
1999; Stenegren et al., 2017). The symbiont forms a trichome that comprises a heterocyst that
fixes N2 and several vegetative cells (figure 1.8). Multiple lines of evidence suggest that the ma-
jority of the N fixed by the diazotroph is then transferred to the host (Foster et al., 2011, 2021).
It is assumed that the host provides shelter and essential nutrients to the symbiont although this
has not been explicitly proven yet. Similarly, while both the symbiont and the host possess the

Figure 1.7 a) Field observations of depth-integrated N2 fixation rates, map from Tang et al.
(2019a). b) Simulated distribution of diazotrophs using a random forest machine learning tech-
nique, map from Tang et al. (2019b)



1.3. N2 fixation in the Western Tropical Atlantic 19

machinery to perform photosynthesis, uncertainties remain on which partner actually fixes C and
how they might exchange C (Foster et al., 2021). Recent modeling efforts have demonstrated that
the exchange of resources could explain the fact that the observed growth and N2 fixation rates
of DDAs are significantly higher than the rates of any other marine diazotroph (Inomura et al.,
2020). A lot of open questions persist and the many intricacies of this singular partnership are
currently the subject of a compelling research effort (Harke et al., 2018; Pyle et al., 2020; Foster
et al., 2021).

More recently, the methodological advances and particularly the wide use of nitrogenase
gene sequencing have uncovered the importance of unicellular cyanobacteria: UCYN-A, UCYN-
B (Crocosphera) and UCYN-C. They represent a very diverse group of small size diazotrophs.
UCYN-A is found in symbiosis with an haptophyte, a photosynthetic picoeukaryote. UCYN-A
is highly dependant on its host as it does not fix C (Zehr et al., 2017). UCYN-B has been found
both free-living and in association with a diatom (Foster et al., 2011). The physiology of UCYN-C
remains unclear. Their ubiquity in the ocean and their N2 fixation rates that are equivalent to those
of Trichodesmium give them an unsuspected role in the global N2 fixation (Montoya et al., 2004;
Benavides and Voss, 2015; Landa et al., 2021). UCYN also challenge the current paradigm that
confines N2 fixation to the low-nutrient warm waters. For instance, UCYN-A appears to abound
in colder and deeper waters (Langlois et al., 2005), in nutrient-rich upwelling regions (Tang et al.,

Figure 1.8 Images of Trichodesmium (left pannel) and Hemiaulus inter Richelia (right panel)
retrieved during the Tara Ocean expedition using Environmental High-Content Fluorescent Mi-
croscopy (eHCFM). For both panels, each micrograph is displayed here and represents a) the cell
surface, b) the cellular membranes, c) the chlorophyll autofluorescence, d) the bright field and e) the
merged channels. Source: https://www.ebi.ac.uk/biostudies/S-BSST529 (last access: Oct21, 2021),
compiled by Pierella Karlusich et al. (2021).
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2019b) and has even been detected in the Arctic Ocean (Shiozaki et al., 2018; Harding et al.,
2018).

All three of these major diazotrophic groups have been detected in the WTA. UCYN-A, B
and C were present only at low abundance (Goebel et al., 2010), while DDAs and Trichodesmium

dominate the regional diazotrophic flora (e.g., Carpenter et al. (1999); Capone et al. (2005); Sub-
ramaniam et al. (2008a)).

1.3.3 Factors controlling N2 fixation

Similar to other phytoplankton, the growth of diazotrophs is primarily controlled by light, tem-
perature and nutrient availability. Temperature is associated to their physiological bounds and as
such could partly explain the global distribution of N2 fixation (Stal, 2009). However, UCYN
appear to tolerate a wider temperature range than expected for a diazotroph. Besides temperature
also correlates with many other factors such as nutrient concentrations. While important, temper-
ature has been shown to not directly control the N2 fixation biogeography (Monteiro et al., 2011;
Zehr and Capone, 2021b).

More important in driving the global patterns of N2 fixation is the availability of nutrients.
Due to their lower growth rate, diazotrophs are assumed to be poor competitors in N-replete
conditions. In contrast, the scarcity of N in the oligotrophic gyres gives them a competitive ad-
vantage against the non-diazotrophic phytoplankton. Nevertheless, their growth is limited by
other nutrients, namely phosphorus and iron. Because nitrogenase i.e., the enzyme that catalyzes
the reduction of N2, comprises two Fe-rich proteins, the growth of diazotrophs is often limited
by Fe (Sohm et al., 2011). However in regions that received large inputs of iron-rich atmospheric
deposition, e.g the whole tropical North Atlantic, P is believed to constitute the main limiting
nutrient (Dutkiewicz et al., 2014). Following the resource-ratio theory introduced by Tilman
(1982), Ward et al. (2013a) suggested that the ratio in which N, P and Fe are supplied with regard
to the physiological needs of each phytoplankton shapes the competition between diazotrophs
and non-diazotrophs, determining the ecological success of N2-fixers even more than the abso-
lute concentration of nutrients. Building on that conceptual framework, Landolfi et al. (2018)
demonstrated that DOP should also be considered as its direct utilization by N2-fixers ( e.g., Or-
chard et al. (2010); Watkins-Brandt et al. (2011); Meyer et al. (2016)) reinforces their competitive
advantage especially in PO4-depleted environment such as the North Atlantic.

In the WTA, early work focused on Trichodesmium (Carpenter et al., 2004; Capone et al.,
2005). One exception is the study by Carpenter et al. (1999) that documented, for the first time
in the WTA, large blooms of DDAs and speculated on the role of the Amazon in sustaining this
intense N2 fixation. Multiple lines of evidence have now established that several phytoplank-
ton communities are cascading along the salinity gradient (see section 2.3). The transition from
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coastal diatoms to DDAs has been attributed to the progressive decline of inorganic N, giving
room for DDAs to thrive on the remaining P and Si(OH)4 (Subramaniam et al., 2008a; Goes
et al., 2014; Weber et al., 2017). The eventual depletion of Si(OH)4 would then explain the de-
crease of DDAs and the expansion of Trichodesmium in the oceanic waters. Stukel et al. (2014)
tested these hypotheses using an ecological model ie., Diazotroph Interactions with Algae and
Zooplankton in the Ocean (DIAZO), coupled to a physical model i.e., Hybrid Coordinate Ocean
Model (HYCOM). In DIAZO, on top of Trichodesmium, two pairs of diazotroph-non-diazotroph
analogs are represented: Cyanobacteria and unicellular diazotrophs; diatoms and DDAs. The
analogs only differ in their N limitations and growth rates. With this modeling framework, Stukel
et al. (2014) confirmed the central role of nutrient supply, and especially the excess of Si(OH)4

to N, in the DDA bloom formation. However, their results also suggest that this explanation is
incomplete and that two other prerequisites might be equally important to sustain the prevalence
of DDAs in the mesohaline waters: the cessation of the grazing pressure and the duration of time
spent by DDAs in their ideal habitat. The grazing pressure is hypothesized to decrease in response
to physically driven dilution. Associated with DDA specific growth rates remaining elevated, the
decrease of the top-down pressure allows DDAs to accumulate biomass, provided they remain at
least 23 days in their environmental niches. In the oceanic waters, the DDA bloom termination
is related to a strong Si limitation. This study comes nevertheless with a few shortcomings, some
of which are underlined by Stukel et al. (2014) themselves. The bottom-up controls are some-
how simplified as the model does not consider Fe nor DOP and does not differentiate the half
saturation constants between the analogs. Furthermore, Stukel et al. (2014) did not explore the
relative importance of bottom-up and top-down controls in relation to the competition between di-
azotrophs and non-diazotrophs and among diazotrophs nor did they investigate the consequences
of the prevalence of DDAs on the carbon cycle.

Regardless of these limitations, this work by Stukel et al. (2014) is one the first studies to
speculate on the role of top-down controls on the biogeography of N2 fixation. This has prompted
new field measurements (Conroy et al., 2016, 2017) which found evidence of the transfer of N2

fixers biomass in the upper trophic levels through direct and/or indirect grazing. This putative im-
portance of top-down controls has also been emphasized in a recent modeling study investigating
the diazotrophic biogeography at the global scale Wang et al. (2019), suggesting that top-down
controls might play a key role in the puzzling spatial decoupling of N2 fixation and denitrification.

1.3.4 Modeling N2 fixation

Modeling experiments have proved extremely important in pushing boundaries in our compre-
hension of N2 fixation. The representation of N2-fixers, especially the level at which processes
are resolved, varies widely depending on the goal of the study and the computational capabili-
ties. Numerous earth system models in the context of the Intergovernmental Panel on Climate
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Change (IPCC) use an implicit representation of N2 fixation (Ilyina et al., 2013; Landolfi et al.,
2018). It consists in the restoring of the N:P ratio at the surface ocean. Some models using this
restoring technique additionally accounts for other factors, e.g P and Fe limitations in the case of
the PISCES model (Aumont et al., 2015). The explicit representation of N2 fixation can be as de-
tailed as coarse-grained models that resolves major cellular functions or, even more complex, as
metabolic models that include genome-scale reactions (figure 1.9). Computationally expensive,
these types of models are best suited for some scale experiments, as a complement to laboratory
work (Inomura et al., 2020).

Monod-type equations that are usually implemented in ecological models, including in this
present study, are intermediate in terms of complexity (figure 1.9). The growth rate of the consid-
ered N2-fixer is generally described as a function of light, temperature and nutrient availability.
The N2 fixation rates are derived from the N required to sustain the C fixation, based on the el-
emental stoichiometry of the cells. This type of modeling comes down to a reduced number of
equations and state-variables which is compatible with large-scale ocean simulations. However,
when an explicit representation of N2 fixation is implemented, only one type of N2 fixer i.e Tri-

chodesmium is generally accounted for (Moore et al., 2013c; Paulsen et al., 2017; Wang et al.,
2019). The single diazotroph approach limits our capabilities to capture the distribution of N2

fixation and to understand its controlling factors. Highlighting the ecophysiological diversity of
N2 fixers, Tang et al. (2019b) pleaded for a differentiation of the main diazotroph phylotypes in
ocean modeling, which for now has only been the case in a few regional studies (e.g., Stukel et al.
(2014); Follett et al. (2018)).

Figure 1.9 Schematics of 4 different types of N2-fixation modeling. In the equation, µmax is
maximum growth rate, K is the half saturation constant that drives the growth depending on the
nutrient concentration. The red square highlights the model used in this thesis. Adapted from:
Inomura et al. (2020)



1.4. Open questions 23

1.4 Open questions

Over the past decades, numerous field studies have started to reveal the extent of the Amazon’s
influence on the air-sea CO2 balance, nutrient cycling and marine ecology of the WTA. In partic-
ular, the Amazon has been shown to alter phytoplankton communities, enhance N2 fixation and
drive negative pCO2 anomalies. The running hypothesis is that the riverine nutrients favor the
formation of large blooms of N2-fixing DDAs, which enhances the biological pump. The mod-
ification of the biological pump would then result in low surface pCO2 concentrations, turning
the plume waters into a sink of atmospheric CO2. However, up until now, establishing quantita-
tive links between all these processes has been hindered by the sparsity of observations in regard
to the high variability of the system. Besides, a lot of questions persist on the distinct role the
riverine nutrients in shaping the phytoplankton community, on the relative role of grazing, on
the feedbacks of the modified community on the cycling of nutrients. It remains also unclear
what is the relative importance of the biological pump compared to other physical and chemical
processes affected by the Amazon, notably by the delivery of DOC, DIC and alkalinity. Lastly,
the system experiences interannual variability that cannot be really investigated in the absence
of regular measurements. High resolution modeling can contribute to overcome these challenges
and fill the gaps in our comprehension of the underlying processes responsible for these pCO2

anomalies.

1.5 Thesis structure

1.5.1 Objectives

The overarching goal of this thesis is to participate in a more comprehensive understanding of the
impact of a large river system, the Amazon River, on the marine nutrient and carbon cycling. In
more detail, I aim at (i) unfolding the cascading effects of the riverine inputs on the biological
pump and (ii) determining the role of the Amazon in sustaining the high rates N2 fixation of the
Western Tropical Atlantic Ocean. My thesis thus addresses the following research questions:

(Q.1) What are the individual and cumulative impacts of the riverine nitrogen, phosphorus and

silicic acid inputs on the marine primary production? How do shifts in the phytoplankton

community structure affect the export production? (Chapter 2)

(Q.2) How much does the Amazon River alter the air-sea CO2 fluxes in the WTA? What are the

different factors driving the changes in the air-sea CO2 balance? (Chapter 2)
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(Q.3) How much does the Amazon contribute to the high rates of N2 fixation in the WTA? In

what ways do the riverine inputs affect the bottom-up and top-down factors that control

the phytoplankton competition and eventually determine the ecological success of Diatom-

Diazotroph-Assemblages (DDAs)? (Chapter 3)

(Q.4) What is the response of N2 fixation in the WTA to the Amazon discharge variability and

the climate variability on interannual timescales? What are the mechanisms driving the

negative and positive anomalies of N2 fixation? (Chapter 4)

1.5.2 Approach

To investigate the above stated research questions, I used a coupled physical-biogeochemical-
ecological model, ROMS-BEC (Shchepetkin and McWilliams, 2005) that is configured for the
Atlantic Ocean. The model runs on a telescopic grid, allowing a high spatial resolution (down
to 4 km) in the Amazon plume region, especially the mouth of the river and the shelf area. I
extended the standard version of BEC to include an explicit representation of DDAs, amounting
the N2-fixers represented in the model to two - the second being Trichodesmium.

Two types of simulations were performed: one forced by climatological conditions and one
forced by realistic, variable conditions derived from reanalysis products and representing the
conditions from 1979 until 2019. For both types, several factorial simulations were performed.
The simulation in climatological conditions was ran 9 times, each time with a different riverine
inflow e.g with the whole suite of nutrients, without nitrogen, without DOC etc. The hindcast
simulation was ran 4 times, including or excluding the Amazon discharge variability and the
climate variability.

More details on the model parametrizations and the exact configuration of the simulations
can be found in the method section of chapters 2 and 4.

1.5.3 Chapter overview

Chapter 2 quantifies the alteration induced by the Amazon on the Net Primary Production (NPP),
Export Production (EP) and air-sea CO2 balance. For each process, we investigate the mecha-
nisms driving the changes, based on the results of 9 factorial simulations. More specifically, we
assess the role of the riverine nutrients and their stoichiometry in the differential enhancement of
NPP and EP. We determine how these changes in the biological pump eventually affect the air-sea



1.5. Thesis structure 25

CO2 balance and quantify their relative contribution in comparison to other driving factors. This
study intends to answer the research questions 1 and 2.

This study was published in Global Biogeochemical Cycles as:
Louchard, D., Gruber, N., & Münnich, M. (2021). The impact of the Amazon on the biological

pump and the air-sea CO2 balance of the Western Tropical Atlantic. Global Biogeochemical

Cycles, 35, e2020GB006818. https://doi.org/10.1029/2020GB006818

Chapter 3 quantifies how much N2 fixation is enhanced by the Amazon inputs and determine
the relative contribution of DDAs versus Trichodesmium in this increase. To understand why N2-
fixers and especially DDAs are favored, we investigate how the presence of the Amazon modifies
the factors controlling the phytoplankton competition, focusing on both the bottom-up and top-
down controls as well as the balance between the two.

This study is in preparation for Global Biogeochemical Cycles as:
Louchard, D., Gruber, N., & Münnich, M. Enhanced N2 fixation in the Western Tropical Atlantic

Ocean in response to the Amazon River and its modification of the phytoplankton competition

Chapter 4 investigates the variability of N2 fixation in response to the variability of the
Amazon discharge and different climate modes i.e the El Niño-Southern Oscillation (ENSO)
and the Atlantic Meridional Mode (AMM). Using different hindcast simulations that isolate the
discharge-related variability and the climate-related variability, we assess the driving mechanisms
responsible for the changes in N2 fixation.

This study is in preparation for Global Biogeochemical Cycles as:
Härri, J., Louchard, D., Gruber, N., & Münnich, M. The Interannual Variability in Marine N2

Fixation and its Drivers in the Western Tropical Atlantic

Chapter 5 offers a synthetic overview of the main findings, answering the key questions
detailed in section 4.1. This last chapter also discusses the limitations and shortcomings of the
performed simulations and analysis. Finally, it provides ideas on how to expand on the present
study and new research avenues to explore.

Appendix A, B, & C provide supporting information, such as model characteristics, addi-
tional results and additional figures for chapters 2, 3, and 4.
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Abstract

The Amazon River strongly modifies the biogeochemistry of the Western Tropical Atlantic (WTA).
To disentangle the different mechanisms driving these modifications, we conduct a series of mod-
elling experiments with a high resolution regional ocean model (ROMS) coupled to a biogeo-
chemical/ecological model (BEC) that we augmented to include Diatom-Diazotroph-Assemblages
(DDAs). In our model, the Amazon river increases net primary production (NPP) in the WTA
by almost 10%, exceeding the stimulation expected from the supplied inorganic nitrogen and
phosphorus by a factor of two. This amplification is fueled by new nitrogen stemming from
DDA-driven N2 fixation in the plume region, supported, in part, by the consumption of riverine
dissolved organic phosphorus. The vertical export of organic carbon is enhanced by a shift of the
phytoplankton community towards diatoms induced by the large amount of Si(OH)4 delivered by
the Amazon. These changes in NPP and export production induce a strong uptake of atmospheric
CO2. In contrast, the remineralization of the river-delivered terrestrial organic matter leads to a
release of CO2 over the WTA, which is partially offset by a net uptake induced by the riverine
dissolved inorganic carbon and alkalinity. Overall, the Amazon reduces the strong outgassing of
the WTA in our simulations by more than 50 %. Our study demonstrates how rivers modify the
marine biological pump and the air-sea CO2 fluxes in the downstream ocean through a myriad of
cascading effects, highlighting the need to fully consider the land-ocean aquatic continuum in the
modeling of the Earth System.

2.1 Introduction

From its upland basin to the open ocean, the Amazon River connects the world’s most productive
rainforest to the oligotrophic Western Tropical Atlantic (WTA), i.e., the region bounded by the
equator in the south, 24◦ N in the north, the Lesser Antilles in the west, and 30◦ W in the east.
Every second, the Amazon delivers about 190 000 m3 of turbid freshwater rich in nutrients and
organic matter, altering both the physical and biogeochemical properties of the ocean over up to
1.6 millions of km2, i.e more than 15% of the WTA (Coles et al., 2013; Araujo et al., 2017; Ward
et al., 2017; Gouveia et al., 2019).

Once most of the sediment load has settled and the water cleared up, the massive discharge of
riverine nutrients spawns a large and persistent phytoplankton bloom (Smith and DeMaster, 1996;
Dagg et al., 2004; Da Cunha and Buitenhuis, 2013). Many dedicated in situ sampling programs
have demonstrated that this high productivity is sustained by coastal diatoms and predominantly
located on the continental shelf and along the northward pathway of the plume (Smith and De-
Master, 1996; Demaster et al., 1996; Araujo et al., 2017; Gouveia et al., 2019). As the riverine
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nutrients are being drawn down by marine phytoplankton, the high ratio of Si(OH)4 to NO3 within
the Amazon waters causes Si(OH)4 in the plume waters further offshore to remain elevated when
NO3 becomes exhausted (Subramaniam et al., 2008a; Goes et al., 2014; Weber et al., 2017). This
effect is exacerbated by the dynamics at the sediment interface: the Amazon plume initially fol-
lows the coast northward on the North Brazilian shelf, where benthic denitrification creates an
additional sink for NO3 (Aller et al., 1996). The resulting deficiency of NO3 relative to PO4 and
Si(OH)4 is thought to provide the conditions that foster high rates of N2 fixation supported pri-
marily by Diatom-Diazotroph-Assemblages (DDAs) (Foster and O’Mullan, 2008; Subramaniam
et al., 2008a; Foster and Capone, 2012). DDAs are symbioses between diatoms of various genera
(mostly Hemiaulus and Rhizosolenia in the WTA) and a diazotrophic cyanobacterial (Richelia

intracellularis). The symbiont reduces nitrogen and provides ammonia to its host, while the host
provides shelter and improves access to the limiting nutrients (Foster et al., 2011). As this sym-
biosis involves a large siliceous diatom, DDAs may be much more efficient in exporting the fixed
organic carbon to depth compared to other more common diazotrophs such as Trichodesmium.
Thus DDAs have been hypothesized to be the main pathway of carbon export within the plume
waters (Subramaniam et al., 2008a; Yeung et al., 2012). Furthermore, the newly introduced fixed
nitrogen can fuel more biological production downstream in the very oligotrophic WTA, where
NO3 levels are almost always below detection (Hansell and Follows, 2008).

The enhancement of the marine biological pump by the Amazon River is recognized as a cru-
cial factor for the CO2 undersaturation typical of the plume waters driving an uptake of CO2 from
the atmosphere (Subramaniam et al., 2008a; Yeung et al., 2012; Araujo et al., 2017). Estimates
of this plume-related carbon sink range from 5 Tg C yr-1 (Lefévre et al., 2010) to 15 Tg C yr-1

(Cooley et al., 2007), reversing the expected paradigm of CO2 release of the tropical ocean. But
the impact of the Amazon on the air-sea CO2 fluxes is more complex than just an enhancement
of the biological pump. From the low-salinity waters, where terrestrial organic carbon is fueling
heterotrophy (Lefèvre et al., 2017) and thus CO2 out-gassing, to the open ocean, where the river-
ine input of Dissolved Inorganic Carbon (DIC) and Alkalinity (Alk) is diluted but still detectable
(Lefévre et al., 1998; Cooley et al., 2007), the Amazon has a wide range of impacts that vary in
space and time. Modeling experiments can help to disentangle the different contributions of the
Amazon River to the air-sea CO2 balance.

Only two studies have so far quantified the impact of the Amazon River on productivity and
the air-sea CO2 fluxes in the WTA. Da Cunha and Buitenhuis (2013) found a 5% increase in NPP
and export production across the WTA, but the Amazon induced in their model only a modest
reduction in the outgassing prevalent in the WTA. More recently, Lacroix et al. (2020) simulated
an even larger relative enhancement of NPP, but they found the opposite effect on the air-sea CO2

fluxes, i.e., that the Amazon makes the outgassing of the WTA even stronger. They argued that
this is primarily a consequence of the large input of terrestrial organic carbon, whose reminer-
alization within the WTA produces an excess of CO2 that drives outgassing. Both studies used
global models with resolutions of the order of 100 km or more, raising questions about the fidelity
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of their modeling the complex circulation of the WTA. In particular, their model resolutions were
too coarse to resolve mesoscale dynamics, which have been shown to play a crucial role in the
dispersal of the plume (Fontes et al., 2008; Coles et al., 2013; Gouveia et al., 2019). In addition,
neither study looked at the relative ratios of the different river-delivered organic and inorganic
nutrients and in what way their interaction can shift e.g., the phytoplankton community with po-
tential consequences for export production. Most importantly, these studies did not include DDAs
and thus potentially missed an important source of extra nitrogen that can fuel further ocean pro-
ductivity downstream. DDAs were so far only accounted in the modeling study by Stukel et al.
(2014). But they limited their focus on the factors controlling the blooms of DDAs, and thus did
not investigate the impacts of the Amazon on the DDAs’ export production or on the air-sea CO2

exchange.

In the present study, using a modeling approach, we aim to capture and quantify most of the
physical and biogeochemical/ecological complexities associated with the impact of the Amazon
on the biological pump and the air-sea CO2 fluxes in the WTA. To this end, we use an eddy-
resolving configuration of the Regional Oceanic Modeling System (ROMS) (Shchepetkin and
McWilliams, 2005) coupled to a biogeochemical/ecological module (BEC) (Moore et al., 2013c)
that has been modified to include DDAs. We first investigate the response of NPP and carbon
export based on different factorial simulations, where one or all the nutrients are removed from
the Amazon river inflow (section 3). We then quantify the overall effect of the Amazon River on
the air-sea CO2 balance from the mouth of the river to the open ocean and assess the contribution
of the different processes controlling this balance (section 4) paying special attention to the inter-
action of the different biogeochemical cycles and the cascading effects within these, i.e., the fact
that the outcome of one process induces changes in another process further downstream.

2.2 Methods

2.2.1 ROMS-BEC with explicit DDAs

We use the UCLA-ETH version of the Regional Ocean Modeling system (ROMS, (Shchep-
etkin and McWilliams, 2005)), in which we updated the advection scheme for all tracers to the
Weighted Essentially Non Oscillatory (WENO) scheme (Vandemeulebrouck, 2020), as this en-
sures higher accuracy while maintaining positivity. The model runs on a newly configured grid
(576×450 grid points) that spans the whole Atlantic basin around two poles: one centered on the
Amazon river mouth (0◦ N; 53◦ W) and the other one over Western Africa (18◦ N; 4◦ W) (Figure
2.1). This telescopic framework results in a high resolution in the tropical regions, from ∼4 km
to ∼14 km and a coarser resolution in the outskirts of the grid (from ∼ 50 to ∼ 120 km). In the
vertical, the model is discretized with 42 sigma layers, with an enhanced resolution in the top 100
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m. As a result, 18 layers are usually found within this depth range. The northern boundary to-
ward the Arctic and the eastern boundary within the Mediterranean are closed, while the southern
boundary toward the Southern Ocean is open.

Figure 2.1 Maps of the model domain and the analysis regions: (a) Model domain showing the
modeled annual average sea surface salinity, and the telescopic grid at by every 12th grid line.
The white quadrilateral indicates our region of study (0.5◦ S-24◦ N; 30◦-70◦ W) (b) Map of the
analysis region with the annual average offshore and non-plume areas colored in dark and light
blue, respectively. Black arrows indicate the North Brazilian current (NBC) and the seasonally
varying North Equatorial Counter Current (NECC). (c-f) Seasonal maps illustrating the evolution
of the offshore plume and non-plume waters. See text for how we delineated the different areas.

ROMS is coupled to an ecological/biogeochemical model (BEC, (Moore et al., 2013c)) that
resolves the cycling of carbon, oxygen and different macro and micro nutrients, namely nitro-
gen, phosphorus, silicon and iron. These elements, along with light and temperature, govern the
growth of four phytoplankton functional types (PFT). The standard version of BEC includes di-
atoms, a generic small phytoplankton class, diazotrophs (representing the most abundant marine
diazotroph, Trichodesmium spp.) and one zooplankton class. A fraction of the small phytoplank-
ton PFT is modeled to consist of coccolithophores, with their associated formation of calcite.

We added to this model an explicit representation of Diatom-Diazotroph-Assemblages (DDAs).
We allowed two states for the DDAs, i.e., symbiotic and non-symbiotic, depending on the sea-
water NO3 concentration. DDAs are assumed to be in a non-symbiotic state, i.e., without a
diazotrophic symbiont, when NO3 is above 0.5 mmol N m-3. In this case, we regard the DDAs
as regular diatoms with the same half saturation constant for NO3 and ammonium as the normal
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diatom class. This threshold was determined by analyzing in the database from Luo et al. (2012)
the environmental NO3 concentration present when the biomass of DDAs drops to near zero (Fig-
ure A.1). Below our threshold, DDAs are truly represented as a symbiosis and are modeled by
combining key traits of both diatoms and diazotrophs (Table A.1). As diazotrophs, DDAs can fix
N2 for their nitrogen needs, but require higher levels of iron to do so. In addition, DDAs, like
Trichodesmium, can uptake dissolved organic phosphorus (DOP) with the same efficiency as they
can take up PO4, in agreement with several experimental studies (Watkins-Brandt et al., 2011;
Girault et al., 2013) . As diatoms, the growth of the DDAs is limited by Si(OH)4. Upon death or
grazing, their contribution to the pool of particulate organic carbon (POC) is the same as that of
the regular diatoms (Table A.1).

The C:N:P ratios of phytoplankton are fixed in BEC, with a stoichiometry close to the Red-
field ratios: 117:16:1 for small phytoplankton, diatoms and DDAs (Anderson and Sarmiento,
1994), 117:45:1 for Trichodesmium (Letelier and Karl, 1998). The uptake and release of these
macronutrients by phytoplankton follows the same ratios. If zooplankton is grazing on Tri-

chodesmium, the phosphorus in excess compared to the standard Redfield ratio is assumed to
be excreted immediately and split between the PO4 pool (85%) and the DOP pool (15%). The ra-
tios of Si:C, Fe:C and Chl:C are not fixed and can vary depending on the ambient nutrient levels.
Thus, the Si:C ratio of diatoms and DDAs increases when iron is depleted leading to a stronger
silification. Conversely, it decreases when Si(OH)4 is scarce (less than 2 mmol m-3).

In BEC, POC is directly produced by phytoplankton through non-grazing mortality and ag-
gregation. The single zooplankton class grazing on all PFTs also produces POC as a result of
sloppy feeding, egestion and mortality. The vertical sinking flux of POC and its remineraliza-
tion is modeled following the ballast/protection model of Armstrong et al. (2001), which assumes
that sinking material is either free or associated with ballasting minerals. Ballasting minerals
in ROMS-BEC include calcite from coccolithophores, silica from diatoms and DDAs, and min-
eral dust from atmospheric deposition. The composition of the particulate matter determines its
remineralization/dissolution length scale, from which the organic matter remineralization rates
are determined given the implicit sinking scheme of BEC. A fraction of POC and other particu-
late organic matter arriving at the sediments is buried following Dunne et al. (2007) with a fixed
maximum of 80%. Sediment denitrification represents an additional loss term for nitrogen. The
remaining fraction of particulate organic matter is immediately remineralized based on the early
diagenesis model of Soetaert et al. (1996), feeding back the inorganic carbon and nutrient pools.

Around 15% of the produced organic matter in the euphotic zone is simulated to be channeled
to the dissolved organic matter (DOM) pool. Due to the decoupling between production and
remineralization of its C, N and P fractions, DOM in BEC has a variable C:N:P stoichiometry.
Upon production, a fraction of DOM is considered semi-labile, another refractory. Each DOM
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tracer has an assigned lifetime that varies depending on the light field in the considered grid cell.
More specifically, it is assumed that the lifetime of DOM is shorter when the photosynthetically
active radiation (PAR) is above 1% of surface irradiance and longer when PAR is below 1% (Table
A.2). Our parameterization and parameter values lead to a typical lifetime for semi-labile DOM
ranging from 5 months (PAR> 1%) to 10 years (PAR< 1%), and for the refractory pool of DOM
from 2.5 years to 670 years, respectively.

2.2.2 External sources of nutrients

In the model, the Amazon river is represented as a three-dimensional influx boundary condition,
supplying brackish water and dissolved constituents to the ocean (see Table A.3 in the supple-
mentary section). We placed the boundary within the Amazon estuary, so that the inflowing
waters reflect already some mixture of pure Amazon waters and marine conditions, resulting in
an annual mean salinity of 3.8. We prescribe monthly variations of discharge at this boundary,
including its temperature and salinity as well as the dissolved constituents: alkalinity, dissolved
inorganic/organic nutrients and dissolved organic/inorganic carbon (Table A.3). We split the DIN
estimate between NO3 and NH4 based on the NO3:NH4 ratio reported by DeMaster et al. (2001).
The input concentration of all other state variables is set to zero. We obtained most of these
input concentrations from a climatology that was derived from a comprehensive compilation of
observations and model-based estimates (Araujo et al., 2014). We obtain the riverine input of
dissolved organic nitrogen (DON) and dissolved organic phosphorus (DOP), by multiplying the
input of DOC with a fixed stoichiometric ratio derived from the canonical C:N:P ratio of 117:16:1.
Under this assumption, DON and DOP represent a significant component of the overall N and P
inputs. Such a high organic nutrient contribution is typical for natural tropical river systems such
as the Amazon (Seitzinger et al., 2005). We note that in light of the importance of DOP in our
system, this assumption is nevertheless critical, which we will discuss in more detail in the caveat
section. This contrasts with the stoichiometry of the inorganic nutrients (Table A.3): In the annual
mean, the N:P:Si ratios of the inputs amount to 14:1:155, i.e., the Amazon input is characterized
by a slight excess of P over N (relative to the canonical Redfield ratio), and a very large excess of
Si over both N and P (iron replete diatoms tend to draw down the nutrients with a N:P:Si ratio of
about 1:16:1 (Brzezinski et al., 2003). In the model, all dissolved constituents are added to their
corresponding marine semi-labile corresponding state variables, i.e., once in the ocean, we do not
differentiate between the terrestrial and marine sources of these constituents.

We do not consider the riverine input of any particulate matter in our model. The vast majority
of the river supplied particulate matter sinks rapidly to the seafloor once the flow speed slows
down upon arrival of the waters near the mouth of the river. At the seafloor, part of the material is
buried, and part is remineralized, impacting the biogeochemistry of the water column indirectly.
Although we do not explicitly model this process, we partly account for these remineralization
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fluxes through our parameterizations of the fluxes across the sediment-water interface.

In the estuary and near the mouth of the Amazon, where salinity is less than 31, we apply
an attenuation coefficient to the photosynthetically active radiation (PAR) to account for the ef-
fects of river supplied colored dissolved organic matter (C-DOM) and turbidity on the vertical
penetration of light. The attenuation coefficient is assumed to vary linearly with salinity, using
a regression determined from in-situ measurements by Del Vecchio and Subramaniam (2004),
i.e., PARc = PAR · (0.232 + S), where PARc is the PAR corrected for the additional attenuation,
and S the local salinity (in practical salinity units). This parameterization leads to a substantial
reduction of the vertical light penetration up to 700 km away from the mouth of the river during
the high discharge regime in June.

The other major rivers within our Atlantic model domain are represented as surface fresh-
water and nutrient fluxes, spread over several grid points neighboring the river location, in the
same manner as in previous ROMS-BEC simulations (Lovecchio et al., 2017; Frischknecht et al.,
2018). These freshwater fluxes are derived from the observational data base of Dai et al. (2009)
and the associated NO3 and PO4 fluxes are estimated from (Beusen, 2014).

Finally, we added forcing fields of atmospheric nitrogen, phosphorus and dust, based on the
work of Mahowald et al. (2009) and assume that 3.5% of the dust constitutes iron, of which 2%
is bioavailable. These inputs are added directly to the corresponding surface fields in ROMS. In
using these fields the atmospheric N deposition in the WTA is of the same order of magnitude as
the DIN delivered by the Amazon, i.e., 0.6 and 0.9 Tg N yr−1 respectively, while the deposition
of P is substantially lower (Tables S4 and Table 2.3). For iron, atmospheric deposition is a key
player in the WTA, providing almost twice the amount delivered by the Amazon: 0.07 Tg Fe yr−1

against 0.04 Tg Fe yr−1 for the river.

2.2.3 Simulations and analyses

The physical core of the model was first run for 30 years, starting from rest with initial conditions
for salinity and temperature derived from the World Ocean Atlas (WOA, 2013) (Garcia et al.,
2013; Levitus et al., 2015). The model was forced at the surface by monthly climatologies of wind
stress, net solar radiation, and of the fluxes of heat and freshwater. All atmospheric variables were
derived from ERA-Interim reanalysis covering the 1989-2009 time period (Dee et al., 2011).

The coupled model, i.e., including the ecology/biogeochemistry, was then run for another 20
years with the initial conditions for the physical variables taken from the first 30 years, and for the
biogeochemical/ecological variables taken from different observation and model-based data sets.
The main nutrients were derived from the climatology by WOA (2013) (Garcia et al., 2013; Lev-
itus et al., 2015). DIC and alkalinity fields were interpolated from the climatology (1972-2013)
of GLODAP gridded product (Global Ocean Data Analysis Project version 2, (Lauvset et al.,
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2016)). For the biogeochemical tracers that were not available in WOA or GLODAP such as iron
and DOM, we relied on results from a simulation of the ocean component of the NCAR Com-
munity Earth System Model that employs the same ocean biogeochemistry/ecosystem model,
i.e., CESM-BEC (Yang et al., 2017). The lateral boundary conditions at the open boundary in
the South were derived from the same sources as the initial conditions with the seasonal cycle
retained when available.

The atmospheric forcing included seasonally varying atmospheric pCO2 based on the cli-
matology created by Landschützer et al. (2014) over the period from 1998 through 2011. To
compute the atmospheric pCO2, they used the dry air mixing ratio for the marine boundary layer
from (GLOBALVIEW-CO2, 2011), the atmospheric pressure from NCEP (Kalnay et al., 1996),
and the water vapour correction from Dickson et al. (2007). The resulting climatology has an
annual mean atmospheric pCO2 over the domain of 365 µatm, corresponding roughly to the year
2006.

Of the 20 years of the coupled run, the first 14 years are considered as spin up. The last 6
years (years 15 to 20) were averaged and analyzed as a climatological mean state of our system.

To assess the effects of the Amazon River on the marine biogeochemistry, we performed a
series of factorial simulations (Table 2.1), in which we systematically removed certain types of
river fluxes in order to assess their relative contribution.

The NoAmazon simulation establishes the baseline, i.e., where the Amazon River is blocked
and thus supplies neither any freshwater nor any of the dissolved constituents. We compare this
simulation to the All simulation that represents the most realistic (standard) simulation with the
Amazon delivering all dissolved constituents, i.e., the inorganic and organic nutrients as well as
DIC, Alk and terrestrial DOC. The NoNutr simulation sits in between these two simulations: The
Amazon River delivers only DIC, Alk but no terrestrial DOC nor inorganic and organic nutrients.
The other sensitivity simulations allow us to explore the impact of each inorganic or organic nu-
trient individually as well as the role of the input of terrestrial DOC on the air-sea balance of CO2.

We focus our analyses to that fraction of the Western Tropical Atlantic that is most affected
by the Amazon river. We define this region as extending from 0.5◦ S –24◦ N and 70◦ –30◦ W
to capture the full extent of the plume waters based on our model results (Figure 2.1). Within
these boundaries, we delimit 4 sub-regions, each exhibiting similar physical and biogeochemical
characteristics. The estuary region corresponds to the extended mouth of the river (< 150 km
from the point of entry of the Amazon River). The shelf region is defined as that part of the
continental margin that is shallower than 100 meters, with the shelf-break marking the transition
to the adjacent offshore region. The offshore plume region corresponds to the areas where the
water column is deeper than 100 meters and the surface salinity is lower than 35.25. The offshore
waters exhibiting a salinity above 35.25 constitute then the non-plume region. We use a threshold
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Table 2.1 Summary of the ROMS-BEC simulations performed for this study. The concentrations
of the Amazon river input and the resulting loads are given in table A.3

Name of the simulation Description
NoAmazon Base-line simulation: Amazon river is blocked.
All Standard simulation: All nutrients and DIC & Alk are

delivered.
NoNutr Only DIC and Alk are delivered.
NoDIN Same as All but without DIN load.
NoPO4 Same as All but without PO4 load.
NoDOP Same as All but without DOP load.
NoP Same as All but without DOP and PO4 loads.
NoSi Same as All but without Si(OH)4 load.
NoDOC Same as All but without the input of terrestrial DOC.

of 35.25 instead of 35 as used in previous studies (e.g. (Subramaniam et al., 2008a; Coles et al.,
2013; Stukel et al., 2014)). This is based on our analyses showing a substantial Amazon influence
up to these salinities. Lowering it to a threshold of 35 would have removed from our plume
analysis an important share of the river influence. As the pathways of the plume vary seasonally,
the spatial limits of the offshore plume and non-plume regions change throughout the year (Figure
2.1c-f).

2.2.4 Model evaluation

2.2.4.1 Circulation

The general surface circulation of the Atlantic Ocean is well reproduced by ROMS-BEC, as
exemplified by the very high correlation coefficient of 0.91 between the observed and the modeled
annual mean sea surface height (Figure A.2). Especially encouraging is the model simulated Gulf
Stream, which follows the North American coast until its branching at 40◦ N (Figure A.3). Thus
our model does not suffer from a common bias in many ocean models in that they simulate a
far too north branching of the Gulf Stream from the North American continent. The strength of
the current is nonetheless underestimated by ROMS-BEC. The coarser resolution in our model in
these high latitudes might impair the representation of eddies and other mesoscale dynamics, and
thus temper the strength of the current. In the equatorial Atlantic, ROMS-BEC properly captures
the complex structure of large scale westward currents and eastward counter currents that directly
influence our region of study.

In the WTA, the model simulates the strong seasonal cycle of the currents in response to
the seasonal variation of the wind field and the migration of the Intertropical Convergence Zone
(ITCZ). The model captures the winter and spring dominance of the North Brazilian Current
(NBC), which brings the plume waters northward along the South American continent (Figure
2.2). The model also represents correctly the transition to late summer and fall conditions, when
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the zonal equatorial currents move to a more northerly position, leading to the North Equatorial
Counter Current (NECC) diverting part of the plume waters eastward (Stramma and Schott, 1999;
Lumpkin and Garzoli, 2005). There are also some shortcomings. The NBC is somewhat weaker
in ROMS-BEC compared to the drifter estimates (Lumpkin and Johnson, 2013). This might
explain that the average limit of the plume does not go as far enough north in spring as the
satellite estimates indicate.

2.2.4.2 Biogeochemistry and ecology

The basin-scale patterns of surface chlorophyll in the model match quite well the climatologies
derived from satellite estimates (Figure A.4), with a correlation coefficient of the annual mean
patterns of 0.6. Despite a slight underestimation of the productivity withing the eastern bound-
ary upwelling systems, ROMS-BEC simulates across the whole domain a net primary production
(NPP) of 16.7 Pg C yr-1 which is a bit higher than the 14.6 Pg C yr-1 estimated by SeaWiF’s
Vertically Generalized Production Model (VGPM) (Westberry et al., 2008). This difference is

Figure 2.2 Maps of the seasonal mean surface ocean circulation in the Western Tropical Atlantic.
(a-b) Average surface flow (m s-1) in spring and fall estimated from drifters (Lumpkin and Johnson,
2013) and (c-d) in ROMS-BEC (integrated in the first 15 meters to be comparable to drifter data).
Solid and dashed lines mark the boundaries of the plume waters (S<35.25) in ROMS-BEC and in
the satellite estimates (SMAP 2015-2017), respectively. The North Brazilian Current (NBC) and
the North Equatorial Counter Current (NECC) are indicated in (b).
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mostly driven by the productivity in high latitudes that is stronger in the model.

In the WTA, our simulated surface chlorophyll is in good agreement with the estimates from
remote sensing with an average negative bias of 0.2 mg Chl m−3 (Figure 2.3). The strongest
discrepancies (locally > 10 mg Chl m−3) are found very close to the mouth of the river (Figure
2.3). In these areas, the strength of our simulated blooms are very sensitive to the light atten-
uation coefficient that we apply (see section 2.2). This is also the type of turbid waters where
remote sensing algorithms generally struggle the most to differentiate the different constituents
and themselves might be highly biased (Tyler et al., 2016). In general, the model reproduces the
offshore gradient detected in satellite estimates, with highest surface chlorophyll concentrations
in the coastal areas and lowest concentrations in the oligotrophic open ocean, north of 15◦ N.
However, the lateral extent of the blooms, especially in summer, is somewhat cut short compared
to observations. This may be caused, in part, by our too weakly simulated NBC and NECC,
leading to an insufficient downstream transport of the chlorophyll-rich waters.

Although a quantitative evaluation of the major nutrients is hampered by the sparsity of the
in-situ measurements, the model succeeds in capturing the main seasonal and spatial variations
of NO3, PO4 and Si(OH)4 in the region (Figure 2.4). Following the plume pathways, riverine
nutrients are transported from the mouth of the river to the open ocean, leaving a clear imprint
on the spatial distribution of PO4 and Si(OH)4 . In contrast, the NO3 concentration simulated by

Figure 2.3 Maps of the seasonal mean surface chlorophyll concentration. (a-d) Average chloro-
phyll simulated by ROMS-BEC and (e-h) estimated from Sea-viewing Wide Field-of-view Sen-
sor (SeaWiFS) Ocean Color Data (https://oceandata.sci.gsfc.nasa.gov/SeaWiFS/, data accessed and
compiled in October 2012). (i-l) Difference between the two: SeaWiFs - ROMS-BEC. Winter is
the mean of the months December through February, spring is March through May, summer is June
through Augus and fall is September through November.
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the model remains low in the offshore plume area, in agreement with observations. In our model,
this is partly caused by a substantial amount of benthic denitrification simulated to occur on the
North Brazilian shelf, imprinting the waters above with a deficit of NO3, while keeping PO4 high.
As reported in several studies (Subramaniam et al., 2008a; Goes et al., 2014; Weber et al., 2017),
this distinct fate of the riverine nutrients result in an excess of Si(OH)4 and PO4 over NO3 in the
offshore plume waters, with an average N:P:Si stoichiometry of 6:1:95. The area considered for
this calculation exhibit a wide range of nutrient concentrations, but the concentrations are, on
average, quite low: 0.2 mmol N m−3, 0.04 mmol P m−3 and 3.8 mmol Si m−3.

ROMS-BEC simulates a total N2 fixation over the whole basin of 26 Tg N yr-1, which is
close to previous recent estimates: 34± 7 Tg N yr-1 (Luo et al., 2012), 46 Tg N yr-1 (Moore et al.,
2013c), and 34 [24 - 50] Tg N yr-1 (Wang et al., 2019). In agreement with field measurements
that were assembled in the MAREDAT database (Luo et al., 2012), N2 fixation in ROMS-BEC
is highest in the tropical North Atlantic and then decreases from there both northward and south-
ward (Figure A.5). Around the latitude 40◦ N and again around the latitude 40◦ S, some regions
exhibit a peak of total N2 fixation before it decreases sharply toward the polar regions, due to
temperature limitation in our model.

In the WTA, the measured rates of N2 fixation are extremely variable as a result of the very
dynamic hydrographic and environmental conditions. Nonetheless, Subramaniam et al. (2008a)
showed that some general pattern emerges and proposed to divide the area into 3 sub-regions
based on sea surface salinity (SSS): low-salinity (SSS > 30), mesohaline (30 > SSS > 35) and

Figure 2.4 Maps of the seasonal mean surface concentrations of (a-d) NO3, (e-h) PO4 and (i-l)
Si(OH)4 . The filled circles correspond to in-situ measurements collected during several different
cruises (Langlois et al., 2008; Subramaniam et al., 2008a; Doherty et al., 2017a). Only surface
measurements are plotted (depth < 15 m). The seasons are defined as in Fig. 3.
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oceanic (SSS > 35). The average rate of N2 fixation in the study by Subramaniam et al. (2008a)
is the lowest in the low-salinity waters ( 35 ± 5 µmol m-3 d-1) and the highest in the mesohaline
waters (986 ± 373 µmol m-3 d-1) while the oceanic waters exhibit an average rate of 157 ± 32
µmol m-3 d-1. This general pattern is reproduced by the model with an average of N2 fixation of
59 µmol m-3 d-1 (low-salinity), 503 µmol m-3 d-1 (mesohaline) and 152 µmol m-3 d-1 (oceanic).

2.2.4.3 Air-sea CO2 exchange

Figure 2.5 Evaluation of the surface ocean pCO2: Depicted in this violin plot are the observations
(yellow) and the results from ROMS-BEC (green) for every season (a) over the shelf area (b) in the
offshore plume waters and (c) in the non-plume waters. The shape of the plots corresponds to the
kernel density, the solid line to the mean and the dashed line to the median. The dotted line is the
mean atmospheric pCO2 within the domain. Observations are derived from the ungridded Surface
Ocean CO2 Atlas (SOCAT version 2020). All data (1970-2019) have been normalized to the year
2006 and concatenated by region and seasons. The model was sampled at the same locations as the
observations. The seasons are defined as in Fig. 3.

Overall, the WTA is considered a source of CO2 to the atmosphere (Goyet et al., 1998;
Lefévre et al., 1998; Schuster et al., 2013). Except in winter, the areas that are not under the
direct influence of the Amazon River (non-plume waters) are, on average, supersaturated in CO2

with respect to atmospheric CO2 (Figure 2.5-c). Nevertheless, surface pCO2 within the region
exhibit a clear north south gradient (Takahashi et al., 2009; Lefévre et al., 2010) which is well
captured by the model (Figure A.6). The south of the domain (south of 11◦ N) displays higher
surface pCO2 than further north due to the supply of CO2 rich waters from below by the equato-
rial upwelling (Lefèvre et al., 2014).

Under the influence of the Amazon River, the shelf and offshore plume waters are, on average,
undersaturated with regard to atmospheric CO2, in agreement with observations (Figure 2.5-a-b).
Except in the summer on the shelf, where data are too scarce to draw a conclusion, ROMS-BEC
successfully reproduces the mean conditions, with mean biases less than 16 µatm. Nevertheless,
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the simulated pCO2 has much less variance compared to the observations, especially in the off-
shore plume region. The model might underestimate the full spectrum of the pCO2 variations
owing to it being forced with monthly climatological conditions, thus lacking the influence of
storms and other perturbations.

2.3 Changes in the biological pump

The difference between the standard (All) and the NoAmazon simulations reveal the large impacts
of the Amazon River on the marine biological pump (Table 2.2). This strong stimulation is fore-
most a consequence of the delivery of nutrients. The impact of the Amazon induced modifications
of the circulation alone are relatively small (compare All with NoAmazon and NoNutr). Since our
focus is on the role of the nutrients, and since the role of the circulation changes is small, we
use the NoNutr as our new reference for exploring changes in NPP and export in response to the
addition of the different nutrients (subsections 3.1 through 3.3). We first focus our analyses on
the changes in NPP, and the associated export production (EP), diagnosed from the flux of partic-
ulate organic matter across 100 m depth. We then will use the factorial simulations to analyze the
results more deeply.

2.3.1 Overview

The nutrients delivered by the Amazon stimulate NPP in the analysis region by 115 Tg C yr-1

(Table 2.2), representing an enhancement of 9%. The largest increase occurs on the shelf, with
the influence of the Amazon River weakening as the waters travel from the mouth of the river to
the open ocean (Figure 2.6a). This additional NPP increases EP by 32 Tg C yr-1, representing an
overproportional increase of +17%. Similar to NPP, the magnitude of the increase diminishes as
the waters reach the offshore regions (Figure 2.6b). A noteworthy exception is the estuary zone,
where NPP and EP remain low. This is because the phytoplankton in these regions remain light
limited owing to the high levels of c-DOM and turbidity. This estuary zone will thus be excluded
in our subsequent analyses.

The model simulated changes in NPP and EP are substantially larger than the potential
changes one would expect from the nutrient input alone. To obtain these potential changes in
NPP and EP, we assume (i) Redfield stoichiometry, (ii) that the added nutrients are completely
biologically consumed in the WTA and then exported to depth, and (iii) that a constant fraction
of the additional NPP is exported to depth, i.e., that the export ratio (e-ratio) is fixed. With these
assumptions, the potential changes in NPP and EP expected for each nutrient i = NO3+NH4, PO4,
DON and DOP, i.e., ∆NPPi,pot and ∆EPi,pot, can be estimated as follows:
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Figure 2.6 Maps illustrating the changes in annual mean net primary production (NPP) and export
production (EP) in the western tropical Atlantic in response to the Amazon river input. (a) and (b)
Differences between All and NoNutr simulations showing the overall impact of the Amazon on
the ocean’s biological pump. (c) and (d) Differences between the NoSi and NoNutr simulations
showing the impact of all nutrients but Si(OH)4 . (e) and (f) Differences between NoPO4 and
NoNutr simulations showing the impact of all nutrients but PO4. Gray lines mark the boundaries of
the plume region (salinity < 35.25).

∆EPi,pot = J(Ni) · rC:Ni
(2.1)

∆NPPi,pot =
∆EPi,pot

e-ratio
(2.2)
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where J(Ni) represents the total amount of (inorganic or organic) nutrient Ni delivered by
the Amazon river. The symbol rC:Ni

is the carbon to nutrient phytoplankton uptake ratio of the
nutrient Ni. We use a constant e-ratio of 0.16, which reflects the average value over the whole
region of study in the NoNutr simulation; it implies a recycling of the nutrients in the upper ocean
of more than 6 times.

These potential changes of NPP and EP (crosses in figure 2.7a), differ little between the
addition of DIN (NO3 + NH4) or PO4 as their ratio in the Amazon input is close to Redfield
(Table A.3). But these potential changes are much lower than the actual realized increases in
NPP and EP. In the All simulation (Table 2.2), the increase of NPP exceeds the potential increase
based on DIN or PO4 at least twofold (Figure 2.7a) and for EP, the realized increase is a staggering
quintupling of the DIN or PO4-based potential.

This strong amplification can only be reconciled by invoking other nutrient sources. Addi-
tional inputs of 4.2 Tg N yr−1 and 0.6 Tg P yr−1 are needed. One option is that a fraction of
the river-supplied dissolved organic nutrients becomes bioavailable, since they have a very large
potential for increasing NPP and export (Figure 2.7a), larger than actually needed to close the
nutrient gap. But there are also other potentially important sources of new nutrients, primarily
N2 fixation. The stronger relative enhancement of the export production relative to NPP implies
an increased export ratio, i.e., that a larger fraction of NPP is exported to depth. This requires
changes in the phytoplankton community structure that alter the pathway of the fixed carbon
through the upper ocean ecosystem. These results thus pose two questions: Where are the ad-
ditional nutrients coming from, and what determines the changes in phytoplankton community
structure that causes the increase in the e-ratio?

The factorial simulations, where we remove one riverine nutrient at the time, raise further
questions. The omission of DIN in the Amazon river input in the NoDIN simulation has essen-
tially no impact on the biological pump within the WTA (Figure 2.7a). This suggests that the
removal of N from the Amazon input can be easily compensated for by other sources of N, giving
riverine N no limiting role for phytoplankton growth in the region. In contrast, the NoSi case stim-
ulates an even larger increase of NPP than seen in the All simulation, but a smaller increase in EP.
Furthermore, in this simulation the realized change in export falls below the average e-ratio line.
Finally, the most perplexing results emerge from the simulations in which DOP is missing in the
riverine input, i.e., the NoDOP and the NoP cases. While the absence of PO4 changes the results
only somewhat, the absence of DOP leads to a decrease of NPP compared to the NoNutcase, even
though the other nutrients are still delivered. Even more surprising is the fact that despite these
decreases in NPP, EP still increases in these two simulations. These responses of the WTA to
the factorial nutrient experiments highlight the fact that riverine phosphorus, and especially DOP,
plays a key role in the enhancement of NPP, but that the efficiency of export, i.e., the export ratio,
might be driven by the presence of other riverine nutrients, namely Si(OH)4.
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Figure 2.7 Relationship between the Amazon-river induced changes in NPP (integrated in the
first 100 meters)(∆NPP) and the changes in export production (at 100 m) (∆EP) for (a) the entire
WTA analysis region and (b) for the individual sub-regions. The regionally integrated changes in
production and export were computed relative to the NoNutr case. Shown as crosses in (a) are the
potential changes in NPP and export (∆NPPi,pot and ∆EPi,pot), estimated based on the nutrient
delivery by the Amazon (see text for further details). The line corresponds to the average e-ratio of
0.16 across the whole WTA region in the NoNutr simulation. In (b) the shapes represent different
zones in the region (see figure 2.1). The solid line and the dashed line indicate the e-ratio in the
plume and non-plume regions, respectively, taken from the All simulation. In both (a) and (b), the
colors correspond to the different simulations and will be used in subsequent figures.

These factorial simulations demonstrate a highly non-linear response of the WTA to the sup-
ply of nutrients by the Amazon River. More nutrients do not necessarily translate into higher
production, and there is no proportional link between river-induced changes in NPP and EP, un-
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dermining the idea that the amount of carbon exported is primarily driven by changes in NPP.
This suggests strong interactions between the cycling of the different nutrient elements, with im-
portant impacts on the phytoplankton community structure, ultimately affecting the strength and
efficiency of the biological pump. Thus, at least one further question emerges from these factorial
simulations: How does the input of the different nutrient elements lead to these very different
responses in the biological pump? In the following, we provide further results and analyses to
address this question as well as the two others raised before, i.e., the source of the additional
nutrients and how the riverine nutrients are changing the phytoplankton community structure.

2.3.2 The enhancement of primary production

To identify the sources of additional bio-available nitrogen and phosphorus supporting the am-
plification of the potential response of NPP to the addition of nutrients by the Amazon, we de-
termine all sources of extra inorganic nitrogen and phosphorus over the upper ocean (0-100 m)
of the WTA. We do this for both the NoNutr and All simulations, and then compute their differ-
ence. Since the input from the ocean and atmosphere remain essentially unchanged, we need to
consider only the extra inorganic nutrient sources from (i) the riverine input, (ii) the remineral-
ization of dissolved and particulate organic matter, (iii) N2 fixation and (iv) the uptake of DOP by
phytoplankton (see Table 2.3).

Table 2.3 Annual mean sources of inorganic nitrogen and phosphorus in the NoNutr and All sim-
ulations integrated over the top 100m and the WTA.

All NoNutr Difference in % Additional Nutr. in All
(Tg N yr−1) (Tg N yr−1) (Tg N yr−1)

N from river DIN input 0.9 0.0 100 0.9
N from N2 fixation 8.9 5.1 74 3.8

N from DON remin. 36 30.1 19 5.8
N from PON remin. 28.1 22 28 6.1

P from river PO4 input 0.13 0.0 100 0.13
P from DOP remin. 0.0067 0.0063 7 0.0004
P from DOP uptake 3.2 2.4 34 0.8
P from POP remin. 3.9 3 28 0.8

For nitrogen, N2 fixation exhibits the largest increase in relative terms between the All and
the NoNutr simulations (Table 2.3). Over the whole WTA analysis domain, the stimulation of N2

fixation by the Amazon river supplies an additional 3.8 Tg N yr−1 of new bio-available nitrogen,
representing an increase of 74%. However, in absolute terms, the intensification of the recycling
of organic nitrogen in the All simulation represents the most important source of nitrogen to the
WTA with an additional flux of 5.8 Tg N yr−1 (DON) and 6.1 Tg N yr−1 (PON). While this
recycling is important for NPP, it does not represent a new source. Note that we cannot a pri-
ori determine what fraction of the DON comes from terrestrial DON remineralization, since our
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model does not differentiate between riverine and marine-sourced DON. Nevertheless, by match-
ing the required N to support the enhanced NPP by N2-fixation and a fraction of the terrestrial
DON remineralization, we find a fraction of about 32%. The actual percentage could be a bit
higher, owing to our lack of consideration of an increase in the losses of fixed nitrogen through
enhanced benthic denitrification along the North Brazilian Shelf. Thus, only a relatively small
fraction of the organic N sourced inorganic N is truly new nitrogen and the N2 fixation represents
the dominant source of new nitrogen.

The recycling of phosphorus is also intensified in the All simulation. The remineralization of
POP is enhanced by 28%, providing an additional 0.8 Tg P yr−1. While the remineralization of
DOP exhibits only a small increase of 7 %, adding a small amount of PO4 (<0.001 Tg P yr−1),
the uptake of DOP by phytoplankton constitutes a very important source of extra phosphorus to
the phytoplankton community of the WTA, providing an additional 0.8 Tg P yr−1.

In summary, the large amplification of the potential response of NPP in the WTA region to
the nutrient input by the Amazon river is largely supported by the strong increase in N2-fixation
that more or less doubles the total amount of new nitrogen available to fuel growth of the phy-
toplankton. The large addition of new nitrogen is made possible by the diazotrophic organisms
having access to river supplied PO4 and particularly to the river supplied DOP. This explains also
the very different responses of NPP to the different nutrient inputs (Figure 2.6 & 2.7, Table 2.2).
In the NoDIN case, diazotrophic organisms are able to nearly completely compensate for the lack
of DIN input, making up for this lack by strongly enhancing their rates of N fixation. Conversely,
when the input of phosphorus is lacking especially in the NoDOP and NoP cases, the diazotrophic
community cannot stimulate growth and export. In fact, this community even tends to suffer in
these no phosphorus cases as a result of increased competition from the other groups, leading to
a reduction in NPP relative to the NoNutr case (Table 2.2).

This budget analysis resolves thus the first question about the source of the nutrients and
(part of the) third question on the role of the different nutrients. But it does not answer the second
question, i.e., what causes the enhanced export beyond that expected by the increase in NPP, i.e.,
what causes the increase in the e-ratio?

2.3.3 The enhancement of carbon export

2.3.3.1 Changes in e-ratios

The overall increase in the e-ratio across the WTA analysis region stems predominantly from the
plume waters, where it increases in the All simulation by nearly 17% (Figure 2.8a). In contrast,
the e-ratio increases by only about 6% in the non-plume waters (Figure 2.8b). The changes are
very similar across all factorial simulations, except for the NoSi case, where the e-ratio decreases.
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This latter finding corresponds to the NoSi case lying below the potential line in figure 2.7a.

Figure 2.8 Amazon-river induced relative changes in the e-ratio and in its multiplicative factors,
i.e., the p- and s-ratios. Shown are the changes simulated for the All case and the factorial experi-
ments relative to the NoNutr simulation. (a) Changes in the offshore plume waters. (b) Changes in
the non-plume waters. (c) Average p-ratio in the plume waters as a function of the percentage of
diatoms in the total phytoplankton biomass. See figure 2.1 for the region boundaries.

To analyze the processes leading to these changes further, we split the e-ratio into two com-
ponents: (i) the p-ratio, i.e., the fraction of NPP that is routed to detrital POC, and (ii) the s-ratio,
i.e., the sinking efficiency of POC reflecting the fraction of the total POC produced that sinks
below 100 meters (Laufkötter et al., 2016). This split reveals that the increase in the e-ratio is
driven by the enhancement of the p-ratio, with the exception of the NoSi case (Figure 2.8). This
conclusion applies to both plume and non-plume waters. In the former, this increase is slightly
modified by a decrease of the s-ratio. In the non-plume waters the s-ratio is almost unchanged.
For the NoSi case, the decrease in the e-ratio is driven by decreases in both the s- and p-ratios.

Thus, in order to understand the general increase in the e-ratio, we need to understand what
enhanced the p-ratio, i.e., why a larger fraction of the POC produced by phytoplankton is routed
to detrital POC? This routing is primarily governed by the phytoplankton community structure.
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2.3.3.2 Phytoplankton community structure and POC production

In the absence of nutrient input by the Amazon river (NoNutr simulation), the phytoplankton
community in the plume waters is dominated by diatoms, representing 46% of the total phyto-
plankton community there (Figure 2.9). This is a consequence of upwelling at the continental
shelf break supplying the Si(OH)4 needed to support the growth of coastal diatoms. Small phy-
toplankton, already abundant in the plume waters (37%), become dominant in non-plume waters
(47%), reflecting the overall the oligotrophic conditions of the open ocean WTA. The addition of
nutrients by the Amazon shifts the balance strongly toward the diatoms, as the latter tend to ben-
efit the most when nutrients are being added. In the All simulation, diatoms increase in the plume
waters their relative share to 67% of the total biomass, while the share of the small phytoplankton
drops to 18%. The same trend can be observed in the non-plume waters, although with smaller
changes. The rest of the community is split between DDAs and Trichodesmium. Their relative
importance remains more or less unaffected by the nutrient delivery by the Amazon river with
DDAs dominating the diazotroph community (Figure 2.9).

The productivity of the different PFTs change more substantially (Figure 2.10). Diatoms
increase their productivity very strongly, with the highest changes occurring in the plume waters.
The productivity of DDAs is also boosted in most of the domain although their absolute increase
is more moderate. In contrast, the small phytoplankton increase only far downstream in the non-

Figure 2.9 Phytoplankton community structure and pathways for the formation of detrital POC
in the NoNutr simulation (top panel) and the All simulation (bottom panel). Indicated within each
circle is the relative contribution in % of each PFT to the total phytoplankton biomass. Indicated by
the arrows is the relative contribution of the different POC formation pathways associated with each
PFT, given as % of total NPP in the top 100 m. The integrated POC fluxes are given separately for
the plume and non-plume waters for the NoNutr and All simulations.
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plume waters, while they experience a decrease of their productivity in the plume waters and
south of our region of study. The productivity by Trichodesmium does not change much. Thus,
the introduction of new nutrients to the WTA benefit only some PFTs, while the others might
even suffer owing to a fiercer competition between them.

The fact that diatoms, and to a lesser degree DDAs, are benefiting from the delivery of river-
ine nutrients is highly relevant for our analysis, since diatoms constitute the dominant pathway
for the formation of detrital POC in our model, i.e., they are the main PFT contributing to the
high simulated p-ratio. In the NoNutr simulation, diatoms prevail in terms of POC production,
even in the non-plume waters where the small phytoplankton represent the largest fraction of the
community. Overall, diatoms are routing 18% and 13% of NPP to detrital POC in the plume
and non-plume waters respectively (Figure 2.9). This flux combines the aggregate formation, the
grazing loss and the non-grazing loss, but on average, more than 90% of this flux is generated by
grazing. In the All simulation, the shift toward a diatom-dominated community translates into a
larger fraction of NPP being transferred to the particulate pool, up to 28% solely through diatoms
in the plume region (Figure 2.9).

Figure 2.10 Maps of the changes in NPP integrated over the top 100 m in response to the nu-
trient addition by the Amazon river for the different Phytoplankton Functional Types, i.e., (a) the
diatoms, (b) the diatom-diazotroph assemblage (DDA), (c) the small phytoplankton, and (d) the
Trichodesmium groups. Shown are the differences between the All and the NoNutr simulations.
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Thus, the prevalence of diatoms in the phytoplankton community is a key factor determining
the p-ratio in all our simulations (Figure 2.8c). Overall, we can differentiate between two clusters
of simulations: the simulations with a fraction of diatoms lower than 50% exhibit a p ratio lower
than 0.32 and those with a fraction of diatoms above 55 % have a p-ratio higher than 0.36. The
first cluster gathers the 2 simulations where riverine Si(OH)4 is absent.
These findings provide us now an answer to the second question we raised, i.e., what determines
the changes in phytoplankton community structure that causes the increase in the export ratio? It
is primarily the nutrient delivery induced shift in the phytoplankton community structure toward
diatoms that led to a higher fraction of NPP being exported. This shift is primarily induced
by the riverine delivery of Si(OH)4, which is clearly illustrated by the absence of this strong
enhancement of export production in the NoSi case (Figure 2.7). The importance of diatoms in
driving the p-ratio helps also to understand why the cases without phosphorus input, i.e., NoPO4

and especially the NoDOP case, have actually higher export than the NoNutr case, even though
their NPP is smaller (Figure 2.7). In these simulations, diatoms become more dominant, as they
end up profiting most of the extra nutrients.

2.3.3.3 Depth of production and the s-ratio

Figure 2.11 Annual mean rate of detrital POC production in the plume waters as a function of
depth (a) in the NoNutr and All simulations, and (b) in all other factorial simulations.

While changes in phytoplankton community structure induced by the input of riverine nutri-
ents explain the increase in the p-ratio, we have not yet addressed the possible reasons for why
the s-ratio decreases, i.e., the fraction of detrital POC that escapes remineralization within the top
100 m and thus is exported to depth (Figure 2.8). It turns out that this is primarily a consequence
of changes in the vertical distribution of organic matter production. Given that the remineraliza-
tion of detrital organic matter tends to be swift, the lesser time particles spent in the top 100 m,
the larger the fraction that gets exported vertically. If the particulate matter is mostly produced at
depth, the time it requires to sink out of the top 100 m is much smaller compared to a particle that
is produced near the surface. The s-ratio is thus directly impacted by the depth profile of POC
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production.

In the All simulation, a higher fraction of the POC is produced near the surface, reflecting the
fact that the lighter and nutrient-rich waters of the river plume remain near the surface (Figure
2.11). In contrast, the distribution of POC production in the NoNutr simulation is more uniform
throughout the depths, implying in relative terms that a smaller fraction of the total POC is pro-
duced atop the water column compared to the All simulation. The same is true for the factorial
simulations. The NoP simulation in which the depth profile of POC production resembles the
NoNutr case shows the smallest change in s-ratio. In contrast, the depth profile of POC produc-
tion NoPO4 simulation is close to the one in the All simulation and their changes in terms of
s-ratio are similar.

Overall, our results suggest that the fate of the additional carbon that is fixed in response to the
delivery of riverine nutrients depends for the most part on the phytoplankton community structure
that drives the production of particulate matter. To a lesser extent, the vertical distribution of the
POC production influences what fraction of the POC pool sinks below 100m and thus modulates
the efficiency of the export measured by the e-ratio.

2.4 Changes in the air-sea CO2 balance

The strong stimulation of the ocean’s biological pump pushes the air-sea CO2 balance of the WTA
toward a sink, aided also by the riverine input of Alk. But the supply of large amounts of DIC and
of terrestrial DOC by the Amazon tends to cause ocean outgassing, thus offsetting the biological
sink. Therefore, it is the balance between this set of processes that will determine the overall
balance. To account for these different processes, we use the NoAmazon simulation here as our
reference, as only the latter does not account for the riverine input of DIC and Alk.

2.4.1 Air-sea CO2 balance of the WTA

In the NoAmazon case, the WTA analysis region (A = 9.6 × 106 km−2) is a big source to the
atmosphere, releasing 45.8 Tg C yr−1 of CO2. Some of the coastal areas exhibit a modest uptake
(< 0.5 mol C m−2 yr−1), most likely related to the presence of the Orinoco River and small-scale
upwellings stimulating primary and export production. However, the majority of the WTA in this
simulation releases CO2, except for a latitudinal band around 12◦ N in the western part of the
region that is close to balance (Figure 2.12a).

The Amazon river in the All simulation reduces this CO2 outgassing over the whole region
by a factor of two to 19.3 Tg C yr−1. The air-sea CO2 fluxes also become spatially more variable,
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with strong source and sink regions (Figure 2.12b). The Amazon’s estuary becomes a strong
source of CO2 to the atmosphere. Despite its small size, this area alone is responsible for an
outgassing of 1.5 Tg C yr−1. In contrast, the shelf waters become a sink of 3.7 Tg C yr−1. The
intensity of this sink is highest close to the estuary zone and decreases as the waters travel north-
wards (Figure 2.12b). The transition between the outgassing estuary and the undersaturated shelf
is very sharp and corresponds to the area where the improvement of the light conditions allows
for high primary production to set in (Figure 2.6). The offshore plume waters also become a sink

Figure 2.12 Maps of the model simulated annual average air-sea CO2 flux density in the WTA
(mol C m−2 yr−1). Shown are the fluxes (positive outgassing) from (a) the NoAmazon case, (b) the
All case, (c) the NoNutr case and (d) the NoSi case, (e) the NoP case, (f) the NoDOC case. See table
2.1 for a description of the different cases. The solid lines in each panel correspond to the average
plume limits.
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for atmospheric CO2. Even though the intensity of the uptake is smaller than in the shelf waters,
this region is responsible for an uptake of 4.7 Tg C yr−1, representing the largest sink of our study
area (Table 2.4). The non-plume waters, in contrast, are a net source of 26.2 Tg C yr−1.

Table 2.4 Annually integrated CO2 fluxes. Negative values correspond to an uptake of CO2 by the
ocean and positive values correspond to outgassing. The boundaries for the sub-regions are taken
from the All simulation and shown in figure 2.1.

Sub-regions All NoDOC NoNutr NoAmazon Total Effect of Amazon
(Tg C yr−1) (Tg C yr−1) (Tg C yr−1) (Tg C yr−1) (Tg C yr−1)

Estuary 1.5 1.3 1.1 -0.2 1.7
Shelf -3.7 -4.2 -2.3 0.7 -4.5

Offshore Plume -4.7 -7.6 1.5 6.1 -10.8
Non-plume 26.2 18.9 34.8 39.2 -13
Total WTA 19.3 8.4 35.1 45.8 -26.5

2.4.2 Factors contributing to the air-sea CO2 balance

The factorial simulations permit us to disentangle the different mechanisms controlling the re-
sponse of the air-sea CO2 fluxes to the input of nutrients and carbon by the Amazon River. The
difference between the All and NoAmazon simulations reflects the net effect of the Amazon River
(Figure 2.13). In the estuary waters, the net effect is a change of 1.7 Tg C yr−1 from a slight
uptake in the NoAmazon simulation to an outgassing in the All simulation. In the shelf and plume
waters, the presence of the Amazon River turns the slight outgassing of CO2 in the NoAmazon

simulation to a strong uptake, resulting in a net change of -4.5 and -10.8 Tg C yr−1, respectively.
In the non-plume waters, the net effect of the Amazon River comes to -13 Tg C yr−1, reducing
the outgassing of this vast region.

To quantify the contribution to the different factors leading to this total effect, we computed
the differences between the simulations for each region as follows: (i) All -NoDOC to investigate
the changes in air-sea CO2 fluxes due to the delivery of terrestrial DOC, (ii) NoDOC - NoNutr to
explore the changes due to the alteration of biology, as a response of the riverine nutrient inputs,
(iii) NoNutr - NoAmazon to assess the remaining mechanisms affecting the air-sea CO2 fluxes
such as the impact of the riverine delivery of DIC and Alk, and the impact of freshwater on ocean
stratification and circulation (Figure A.7). Unfortunately, we cannot disentangle these two effects
in our factorial simulations. The consideration of another factorial case with only freshwater in-
put would not solve this issue, since the addition of freshwater without any DIC or Alk would
lead to an undesired strong dilution effect.

The addition of terrestrial DOC in the marine realm causes a substantial outgassing (Figure
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2.13), reflecting the relatively fast breakdown of this organic matter to produce DIC that then
drives a flux of CO2 out of the ocean. The relative importance of this outgassing increases when
moving from the estuary to the open ocean. In the non-plume waters, the terrestrial DOC pro-
motes a CO2 release of 7.3 Tg C yr−1.

The effect of the river input of DIC and Alk and the physical alteration due to the input of
freshwater is largest in the estuary and on the shelf. In the estuary, the river supply of waters
that have almost no excess of Alk over DIC (Sarmiento and Gruber, 2006) creates a very high
pCO2 (up to nearly 700 µatm in June) leading to a strong CO2 outgasssing (Figure 2.13). The
high pCO2 is only minimally offset by CO2 uptake by phytoplankton growth owing to the high
turbidity of the waters in this region impeding it. On the shelf, as the plume travels northward, the
river waters mix with marine waters that have a relatively high excess of Alk over DIC, reducing
pCO2. As the waters clear up (around a salinity of 25), primary production sets in, lowering pCO2

even further. In the non-plume waters, the changes are relatively small (around 4 Tg C yr−1), for
reasons we cannot firmly establish.

The biggest effect of the Amazon induced changes in the air-sea CO2 balance stems from

Figure 2.13 Quantification of the different factors contributing to the total effect of the Amazon
River on the air-sea CO2 fluxes in different regions. Pink corresponds to the effect of the river
input of freshwater, DIC, and Alk. Green reflects the contribution of the biological pump, and
brown represents the outgassing driven by the riverine input of terrestrial DOC The grey bar and
associated values highlight the total net effect of the Amazon.
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the biological carbon pump driving a very substantial uptake of CO2 from the atmosphere. A
key reason for this strong impact is that most of the increase of NPP and POC production occurs
rather shallow in the water column (Figure 2.11), thereby increasing the fraction of CO2 that is
taken up from the atmosphere as opposed to taken from the water column (see table A.6, and
e.g., Jin et al. (2008) for a discussion of this atmospheric uptake efficiency). Thus, in addition to
the nutrient supply, the enhancement of stratification by the Amazon River (Pailler et al., 1999)
associated with a nutrient-rich discharge makes the plume waters especially efficient in taking up
atmospheric CO2.

Overall, our results suggest that in the areas close to the mouth of the river, the riverine
carbonate chemistry has the largest impact on the air-sea CO2 balance, driving the outgasing in
the estuary zone and enhancing the uptake in the shelf region. Further off shore in the plume and
non-plume regions, the biological changes induced by the riverine nutrients play the leading role.

2.5 Caveat and limitations

Our modeling work comes with several limitations that are inherent to the model structure and
parameters choices. Our biggest limitations are associated, perhaps, with the handling of organic
matter in BEC, both particulate and dissolved. The routing of particulate organic matter through
the ecosystem has been shown to differ a lot between biogeochemical models and significantly
impact the magnitude of particle formation (Laufkötter et al., 2016). Particularly relevant is the
role of diatoms. While we account for this in our parameterizations, we treat DDAs and normal
diatoms the same way, even though DDAs have been hypothesized to be more efficient in this
export (Korte et al., 2020). This means that we may tend to underestimate the contribution of
DDAs to POM formation and EP. A further consideration is the treatment of grazing. With BEC
having only one grazer, this provides very limited capability to implement variations in grazing
pressure, with implications for the phytoplankton community structure.

Our results are also sensitive to our assumptions regarding DOM. We chose to apply a canoni-
cal Redfield stoichiometry to estimate the concentration of the terrestrial DON and DOP delivered
by the Amazon. While our results are insensitive to DON, they are sensitive to our assumptions
about terrestrial DOP. Using a limited number of DOP measurements, Richey et al. (1991) sug-
gested a riverine DOP concentration of about 0.5 mmol P m−3. Thus, our estimate of 4 P m−3

is on the high side. This would imply that we may have overestimated the DOP stimulated N2

fixation and consequently also primary production. On the other hand, our model misses other
P sources such as the desorption from particulates, which has been suggested to be significant
(Berner and Rao, 1994).

Other choices likely to affect our results are the non-differentiation between terrestrial and
marine DOM and the parameters driving the lifetimes of the different components of DOM. These
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aspects of DOM dynamics are critical in controlling where along the plume pathway regenerated
nutrients and inorganic carbon are supplied back to the system. However, given the paucity of
data to constrain the potential parameters, we did not implement terrestrial DOM pools in BEC
to avoid adding unconstrained complexity. In this regard, more in situ / experimental studies
unraveling the dynamics of the DOM delivered by the Amazon, especially DON and DOP would
be very valuable.

The simulated nutrient dynamics and associated response to the Amazon inputs might also be
affected by our decision to close the lateral boundaries in the Arctic and within the Mediterranean.
Indeed, the Arctic Ocean inflow into the North Atlantic is associated with a low N:P ratio (Torres-
Valdés et al., 2013) that we do not capture. But we expect this effect to be small owing to the short
time-integration of our model, resulting in a smaller influence of the lateral boundary conditions
in our simulations. Coles and Hood (2006) showed that the inflow of the high N:P waters from
the Mediterranean has a significant effect on the basin-wide N:P stoichiometry and might lead to
an overestimation of simulated N2 fixation if this inflow was not represented in the model. But
while the closed boundary within the Mediterranean implies that we do not restore the nutrients
there toward observations, our model includes the Mediterranean outflow and thus includes a
mechanism to carry the high N:P waters of this basin into the Atlantic. We therefore do not
expect our decision to close the Mediterranean boundary to impact our results substantially.

Despite the limitations described above, our estimates of EP and air-sea CO2 fluxes match
quite well previous estimates based on observations (see section 6), giving us confidence that
most of our conclusions are robust.

2.6 Comparison to previous work

Our estimate of the amount of extra NPP fueled by the input of nutrients by the Amazon is
comparable in magnitude to that reported by Da Cunha and Buitenhuis (2013), especially when
considering that their estimate included the enhancement from all the rivers of the region. They
simulated an increase of NPP of 34% (140 Tg C yr−1) in the coastal tropical Atlantic Ocean (20◦

S - 20◦ N, 70◦ W - 20◦ E), close to our value of 9% (115 Tg C yr-1). In contrast, Lacroix et al.
(2020) estimated a much larger increase of NPP, i.e., they found an enhancement of +166% in
the Amazon shelf area (<250m deep). But they also noted that in their simulations, the sink of
nutrients in coastal areas might be too large.

Our finding of the Amazon River strongly stimulating N2 fixation in the WTA is supported
by numerous observational studies (DeMaster et al., 1991; Subramaniam et al., 2008a). In fact,
the region downstream of the Amazon is globally one of the regions with the highest N2 fixation
rates (Luo et al., 2012). In comparison, in their modeling study, Da Cunha and Buitenhuis (2013)
found a much smaller increase of only +0.28 Tg N yr-1. They considered only a single canonical
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diazotrophs, while the additional consideration of DDAs in our study might explain this differ-
ence. DDAs, having a higher growth rate than regular diazotrophs (Table A.1), are more prone to
develop large blooms.

In line with Sohm and Capone (2010a) who highlighted an elevated turnover of PO4 in the
WTA characteristic of a P deficiency, phosphorus is the key limiting nutrient in our simulations.
This situation is only reinforced by the fact that the atmospheric deposition influx is dominated
by N compared to P (Chien et al., 2016). This makes the magnitude of the river supply of PO4 and
DOP the most important controls on how the Amazon impacts the WTA. Terrestrial DOP plays
a special role in our model, given its direct uptake by diazotrophs and their role in stimulating
further production.

Overall, the presence of the Amazon River is responsible for an increase of POC export at 100
meters of 32 Tg C yr-1, which is close to the estimate of 27.6 Tg C yr-1 estimated by Subramaniam
et al. (2008a). However, Subramaniam et al. (2008a) attributed 70% of this POC export increase
to DDAs, whereas our results indicate only a 15% contribution and a much larger contribution
by diatoms ( 70%). For their calculation, Subramaniam et al. (2008a) extrapolated their estimate
of C-fixation from DDAs, thus assuming the same level of production over all the mesohaline
waters (salinities of 30-35). This might have led to an overestimation of the importance of DDAs
that represent 28% of the total biomass in their sampled stations. In our simulations, even if
the productivity of DDAs substantially increases due to riverine inputs, their relative contribution
to the total biomass is only 11% in offshore plume waters. This is in line with the simulation
performed by Stukel et al. (2014), where DDAs contributed to 10% of the total biomass.

In our simulations, although DDAs play a key role in providing additional nitrogen to the
system and contribute significantly to the export of carbon depths, they do not represent the main
pathway for the transfer of carbon to depth. This role is taken by diatoms. This is consistent with
many observations, while Korte et al. (2020) recently provided sediment trap-based evidence
that suggested that DDAs might be more efficient at transferring carbon at depths than regular di-
atoms. If this was a general pattern, it would increase the importance of DDAs in our simulations.

Our study confirms the hypothesis put forward in several studies (Cooley et al., 2007; Sub-
ramaniam et al., 2008a; Yeung et al., 2012; Araujo et al., 2014) that the CO2 undersaturation in
the offshore plume waters is a result of an enhancement of the biological pump by the Amazon
River. In the All simulation, the offshore plume waters constitute a sink of atmospheric CO2 of
4.7 Tg C yr-1. Our estimate is in the range of previous assessments, with earlier studies having
estimated a larger sink (Körtzinger (2003): 14.5(±5) Tg C yr-1 , Cooley et al. (2007): 15 (±6)
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Tg C yr-1 ) than more recent ones (Lefévre et al. (2010): 5 Tg C yr-1, Ibánhez et al. (2017): 7.85
(±1.02) Tg C yr-1). The exact contribution of biology is rarely elucidated. Ternon et al. (2000)
determined that primary production could contribute to 30% of the CO2 undersaturation, while
Cooley et al. (2007) estimated that it could enhance the undersaturation by one hundred percent.
In our simulations, 60% of the net effect of the Amazon River can be attributed to changes in bi-
ology within the offshore plume waters. Our results also show that the impact goes well beyond
the plume waters, with the enhanced biological pump creating an anomalous sink in the offshore
non-plume waters that is less intense, but integrates to a similar net sink as that realized in the
plume waters.

In all regions, the remineralization of terrestrial DOC drives an outgassing of CO2. But
the magnitude of this effect in in our model is smaller than hypothesized in a previous study
(Lefèvre et al. (2017) and references herein). However, Medeiros et al. (2015) showed that a
large fraction (between 50 and 76%) of the Amazon River DOM was stable in the coastal ocean.
This corresponds roughly to our results, which are, of course, strongly dependent on the chosen
remineralization time-scale of DOC.

2.7 Summary and Synthesis

The Amazon River has a substantial and cascading impact on marine biogeochemistry, the bio-
logical pump, and the air-sea CO2 of the WTA, which we synthesize in figure 2.14. In the top
panel, we illustrate the overall effect of the Amazon on the air-sea CO2 fluxes and the differ-
ent controlling factors. The Amazon induces an additional outgassing of 1.7 Tg C yr-1 in the
nearshore areas, but creates an additional uptake of 28 Tg C yr-1 in the remaining of the WTA,
as illustrated by the differences between the large yellow arrows. Most importantly, the Amazon
leads to a reversal of the outgassing in the shelf regions and in the plume waters, making these
regions net sinks for atmospheric CO2. This is the combined result of the delivery of nutrients,
organic and inorganic carbon, alkalinity and low salinity waters, most of them acting in concert,
but not always.

Our factorial experiments permitted us to demonstrate that the Amazon-induced enhancement
of the ocean’s biological pump is the main driver for this enhanced uptake (green arrow in the
top panel). But our study underlines the non-linearity of this causal chain and the importance of
internal feedbacks. In the bottom panel of figure 2.14, we represent the distinct types and ranges
of impacts that the riverine nutrients have on the different nutrients and carbon cycles. Overall,
NPP increases in response to the nutrient inputs by the Amazon by 115 Tg C yr-1 and EP by 32
Tg C yr-1. Riverine phosphorus (light green cog) plays a key role in supporting the increase in
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primary productivity. The ambient marine waters are highly depleted in inorganic phosphorus
and any addition of riverine PO4 is bound to translate into more productivity, in an almost propor-
tional fashion. Even more crucial is the role of DOP whose direct use by diazotrophs is necessary
to sustain their blooms. In contrast, the delivery of inorganic nitrogen does not affect the entire
system very much. N2 fixation and additional regenerated nitrogen dominate the nitrogen sources
and allow NPP to increase way beyond what the total consumption of riverine DIN can support,
as illustrated by the rapidly decreasing fraction of riverine N in figure 2.14. Riverine Si(OH)4,
on the other hand, is not completely consumed within the WTA and part of it escapes our region
of study. Predominantly, Si(OH)4 modulates the NPP to export relationship. Its presence results
in a shift in the phytoplankton community from a small phytoplankton dominated community to
a diatom-dominated community, enhancing the efficiency of the biological pump. By sending
more carbon and nutrient to depths, the presence of riverine Si(OH)4 also reduces the recycling
of nutrients in the euphotic zone and ultimately tempers the enhancement of primary productivity.

Figure 2.14 Schematic summarizing the impacts of the Amazon on the biological pump, the cy-
cling of nutrients, and the air-sea CO2 balance. The top yellow arrows represent the air-sea CO2

fluxes. The solid one corresponds to the All simulation while the dashed one represents the NoAma-
zon case. The smaller arrows inside illustrate the effect of the different riverine inputs on the air-sea
CO2 exchange. The cogs represent the cycling of different nutrients with their riverine fraction in-
dicated in green and the marine fraction in a different color: orange for NO3, light green for PO4,
blue for POC and yellow for Si(OH)4. All values are the climatological annual mean fluxes in Tg C
yr-1.
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The DIC and Alk concentration of the river waters (pink arrows in figure 2.14) and the deliv-
ery of terrestrial DOC (brown arrows) are mostly affecting the regions close to the mouth of the
river (estuary and shelf waters). More than the absolute amounts of DIC and alkalinity, it is the
ratio between the two that affects the air-sea CO2 balance the most, pushing the system towards
oversaturated or undersaturated conditions. Regarding terrestrial DOC, our results are sensitive
to its lability that will determine where it will be remineralised, counteracting the effect of the
biological pump. In our simulations, the contribution of DIC, alkalinity and terrestrial DOC to
the changes in air-sea CO2 fluxes remains significant further offshore, with a clear downstream
effect (Figure 2.14). The effect of the Amazon beyond the physical structure of its plume is small
in relative terms but our results show that the impact can be substantial when integrated over such
a large area.
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Abstract

The high rates of N2 fixation observed in the Western Tropical Atlantic Ocean (WTA) are pow-
ered by the large influx of nutrients from the Amazon river. To disentangle the impact of the
Amazon on the different factors controlling N2 fixation in the region, we use a high resolution re-
gional model (ROMS-BEC) that includes 2 diazotrophic phytoplankton classes (Trichodesmium

and Diatom-Diazotroph-Assemblages, DDAs). In our simulations, the Amazon is responsible for
an enhancement of N2 fixation of 3.8 Tg N yr-1, being an increase of 74%. This large increase
is supported for the most part by DDAs that represent 90% of the diazotrophic community in the
plume waters. To determine how the Amazon creates the conditions in which DDAs thrive, we
analyzed the bottom up and top down controls on phytoplankton along the plume pathway and
how the phytoplankton competition is disrupted by the delivery of nutrients by the river. Through-
out the plume pathway, DDAs completely out-compete Trichodesmium as their higher maximum
growth makes them more efficient in building biomass. Nevertheless, DDAs never accounts for
more than 25% of the total phytoplankton biomass as they face the competition of other non-
diazotrophic phytoplankton types in the use of the riverine nutrients. Overall, DDAs thrive in
the offshore plume region where their nutrient uptake advantages (N-fixation, DOP uptake) is
concomitant with a relaxed grazing pressure.

3.1 Introduction

The Western Tropical Atlantic Ocean (WTA) is a hotspot of N2 fixation i.e. the reduction of
dinitrogen to ammonia performed by diazotrophic plankton. Despite a spatial heterogeneity as-
sociated with the complex hydrological and biogeochemical dynamics of the WTA, among the
highest reported rates of marine N2 fixation have been measured with constancy throughout the
years (Luo et al., 2012), with average N2 fixation rate as high as 3200 µmol N m−2 d−1 within
DDAs blooms (Carpenter et al., 1999). Louchard et al. (2021) predicted that around 8.9 Tg N
yr−1 was fixed by diazotrophs in the WTA, which represents 7 to 13 % of the N2 fixed in the
global ocean depending on the global estimate (Landolfi et al., 2015; Paulsen et al., 2017; Tang
et al., 2019a). By reducing N2 and releasing it as biologically available nitrogen through excre-
tion or upon death, diazotrophs significantly contribute to the nitrogen budget, participating in
the sustainment of the local phytoplankton production. Capone et al. (2005) calculated that the
nitrogen fixed by Trichodesmium in the tropical and subtropical North Atlantic Ocean represents
50 to 180% of the diapycnal fluxes of nitrate. N2 fixation also affects the carbon cycle, especially
in the WTA. Diatom-Diazotroph-Assemblages (DDAs), that correspond to the symbiotic associ-
ation of a diatom and a diazotroph Richelia intracellularis (Carpenter et al., 1999; Foster et al.,
2011), have been shown to drive a significant carbon export that results in negative anomalies in
the air-sea CO2 fluxes (Subramaniam et al., 2008a; Yeung et al., 2012; Louchard et al., 2021).
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Despite their generally lower maximum growth rate compared to non-diazotroph phytoplank-
ton species, N2 fixers have been traditionally seen as particularly competitive in warm P-rich N-
depleted environment (Benavides and Voss, 2015). Recent studies have nevertheless highlighted
a higher variety of environmental niches for diazotrophs along with a larger diversity of species
whose responses to nutrient concentration, light level and temperature differ (Pierella Karlusich
et al., 2021). In the WTA, the environmental conditions are highly variable, mostly due to the
large inflow of the Amazon River progressively mixing with oceanic waters. The Amazon de-
livers large amount of nutrients to the coastal region and adjacent offshore waters of the WTA
(Araujo et al., 2014; Lacroix et al., 2020), changing the absolute concentration of marine nutri-
ents but also their stoichiometry. Subramaniam et al. (2008a) and others after them (Goes et al.,
2014; Weber et al., 2017) defined 3 sub-regions in the WTA based on salinity. The low salinity
sub-region is where non-diazotroph species, especially diatoms, thrive thanks to the high nutrient
load from the Amazon, leaving little room for N2 fixers to develop. In the mesohaline sub-region
(salinity between 30 and 35), high rates of N2 fixation are supported by DDAs, taking advantage
of an excess of P and Si(OH)4 to N compared to the Redfieldien standard. In the oceanic type
of waters (salinity above 35), DDAs are progressively replaced by Trichodesmium as Si(OH)4

becomes limiting for them. While this explanation is persuasive, it solely focuses on the bottom
up factors, ignoring the grazing pressure that constrains the accumulation of biomass.

The role of top down factors in shaping the N2 fixation patterns has been long overlooked. The
main reason is that Trichodesmium, historically the most studied diazotroph, has been shown to be
unpalatable or even toxic for numerous zooplankton (Guo and Tester, 1994; Layton et al., 2008).
However, there is mounting evidence that diazotrophs are actively preyed upon by zooplankton
(Conroy et al., 2016, 2017), that grazing can be an important determinant to the fate of the N
fixed by diazotrophs (Hunt et al., 2016) and that it might be a key mechanism in governing the
biogeography of N2 fixers (Stukel et al., 2014; Wang et al., 2019).

In this study, we aim at providing a better comprehension of the balance between bottom up
and top down controls and how they determine the ecological success of N2 fixers in the WTA. We
use factorial simulations, i.e. simulations in which one or more riverine nutrients are suppressed
from the Amazon inflow, to evaluate in which way(s) these factors are impacted by the Amazon
River.

3.2 Methods

3.2.1 ROMS-BEC

This study relies on the coupling of the UCLA-ETH version of the Regional Oceanic Modeling
System (ROMS; Shchepetkin and McWilliams (2005)) and the Biogeochemical Elemental Cy-
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cling (BEC, Moore et al. (2013c)). The configuration is the same as the one described in Louchard
et al. (2021).

ROMS is a widely used ocean circulation model that solves the hydrostatic, incompressible,
primitive equations of flow. The model runs on a telescopic grid that provides a strong horizontal
refinement in our region of interest (down to <4 km) while covering the entire Atlantic basin.
In the vertical, 42 terrain-following σ-coordinates are applied, which results in a high vertical
resolution in shelf areas.

The biogeochemical component, BEC, is a plankton functional type model that includes 4
phytoplankton functional types (PFT). On top of carbon and oxygen, the model resolves the
cycling of 3 macronutrients (N, P and Si) and one micronutrient (Fe). The phytoplankton growth
depends on temperature, light availability and nutrient concentrations. The nutrient requirements
are governed by the half-saturation constant (Ki, i being the nutrient) that differs depending on
the phytoplankton type. 4 nutrients are considered limiting in BEC: P, N, Fe and Si(OH)4. All
PFTs are limited by P and Fe. For their P requirements, they can utilize both PO4 and DOP,
although with distinct efficiencies. Thus, diatoms generally do not take up DOP due to their very
high KDOP . In contrast, Trichodesmium and DDAs have the same low value for their KDOP and
KPO4, i.e they can use as easily both forms of P as suggested by recent studies (Orchard et al.,
2010; Watkins-Brandt et al., 2011; Meyer et al., 2016). The growth of small phytoplankton (SP)
and diatoms is additionally limited by N, and Si(OH)4 in the case of diatoms. Their higher growth
rate and Ki constants make diatoms especially competitive in nutrient-rich environment while SP
thrive under low-nutrient conditions.

DDAs are modeled to represent the symbiotic consortia of a diatom and its Richelia intracel-

lularis endosymbiont. In the WTA, the most common type of DDA partnership includes a diatom
of species Hemiaulus hauckii or Rhizosolenia clevei although we do not differentiate between the
2 species in our simulations. The host of the symbiosis being a diatom, DDAs are limited by
Si(OH)4. Furthermore, DDAs are modeled in 2 states: with or without a symbiont depending
on the ambient NO3 concentration. Based on in situ measurements and enrichment experiments,
Tuo et al. (2017) demonstrated that the fraction of free living Richelia intracellulis decreases
when levels of nitrate decrease. In BEC, only when local NO3 is below 0.5 mmol N m−3, DDAs
are considered in symbiosis and performing N2 fixation to meet their N requirements; above that
threshold, they are considered as free-living. When they are free-living, DDAs use inorganic N
like a regular diatom. When they are in symbiosis, N2 fixation is their only source of N, in agree-
ment with Pyle et al. (2020). This is in contrast with Trichodesmium that can use concurrently
NO3 and NH4. The maximum growth rate of DDAs is also different depending on their state: it
is lower when in symbiosis. This differentiation with maximum growth rates is also the approach
taken by Stukel et al. (2014) and accounts for the fact that even if the growth rate of Richelia is
enhanced when in symbiosis (Foster et al., 2011), the diatom host needs to have a lower growth
rate to accommodate its endosymbiont. A more detailed description of the DDAs formulation can
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be found in Louchard et al. (2021) and relevant parameters in table A.1.

BEC has one class of zooplankton grazes on all PFTs following a Holling type II ingestion
function (Holling, 1959). The specific grazing rate (γig) of the zooplankton class preying on the
PFT i is defined as:

γig = γimax × fZ(T )× Z × P i

zigrz + P i
(3.1)

where γimax represents the maximum growth rate of the zooplankton grazing on PFT i, fZ(T )

the temperature scaling function, zigrz the half-saturation constant for ingestion of PFT i and P i

the phytoplankton biomass. We assigned the lowest γmax to Trichodesmium, accounting for their
inedibility for most zooplankton (table S1). The γmax of DDAs is higher than the one of Tri-

chodesmium but lower than the one of diatoms i.e. if equally abundant, the grazing pressure
experienced by DDAs would be higher than that of Trichodesmium and lower than that of di-
atoms. In the absence of strong evidence, this choice remains unfortunately conjectural. Until
now, no grazing rate of zooplankton preying on DDAs have been estimated. Conroy et al. (2017)
presented the first evidence of DDAs and Trichodesmium in the guts of calanoid copepods, both
at mesohaline and oceanic stations. The methods used in this study did not permit to distinguish
between direct grazing and secondary pathway as feeding on aggregates, although they did con-
clude that direct grazing was likely. We assume in our modeling that DDAs are actively grazed
upon but to a lesser extent than our generic diatom PFT. This difference in γmax between DDAs
and diatoms is motivated by the fact that higher grazing rates in the region were always reported
in the presence of asymbiotic coastal diatoms (Conroy et al., 2016). Furthermore, Bergkvist et al.
(2012) suggested that the chain formation in diatoms such as Hemiaulus hauckii or Rhizosolenia

clevei might tamper the risk of being preyed on. This parameter choice has implications for our
results which we further discuss in section 3.4.5.

3.2.2 Simulations

For the purpose of this study, we used 4 of the factorial simulations described in Louchard et al.
(2021): the All, NoNutr, NoP and NoSi simulations. For clarity, the All simulation is hereafter
refered as the AllNutr simulation. The only difference between these simulations is the content
of the Amazon inflow. The AllNutr simulation corresponds to the most realistic simulation and
includes the delivery by the Amazon of the whole suite of nutrients. In the NoP simulation, the
Amazon delivers all the nutrients except PO4 and DOP. Similarly, in the NoSi simulation, the
Amazon delivers all the nutrients except Si(OH)4. In the NoNutr simulation, the Amazon delivers
solely alkalinity and DIC but no inorganic nutrient or dissolved organic matter. All simulations
were ran in climatological conditions following the procedure detailed in Louchard et al. (2021).
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3.2.3 Masks and pathways

Figure 3.1 (a) Northward pathway with the annual average streamline field and annual average
limit of the plume (salinity below 35.25). (b) Eastward pathway with the average streamline field
and average limit of the plume (salinity below 35.25) during the retroflection (July to November).
In both panels, the values in red display the distance in km from the starting point of the pathway as
used in the subsequent figures.

Similar to previous studies (Subramaniam et al., 2008a; Stukel et al., 2014; Weber et al.,
2017), we use salinity as a proxy of the degree of mixing between the river and oceanic waters.
We adopt the threshold to 35.25 PSU to differentiate between areas under the high influence of
the Amazon (plume waters) and areas with low influence from the Amazon (non-plume waters).
This distinction is employed for all the spatially integrated calculation.

The dispersion of the plume waters is mostly driven by ocean dynamics and follows different
pathways throughout the year (Masson and Delecluse, 2001; Coles et al., 2013). The circulation
in the region is dominated by the North Brazilian Current, a western boundary current transport-
ing the plume northward throughout the year (Hu et al., 2004). In summer, the annual migration
of the Intertropical Convergence Zone (ITCZ) leads to the diversion of parts of the plume waters
eastwards following the North Equatorial Counter Current (NECC). In the streamline and salinity
fields of our simulation outputs, we found evidence of these 2 main pathways of the plume and
used these fields to define 2 masks that permit us to analyze the gradient of environmental con-
ditions and phytoplankton dynamics as the plume meanders and mixes with ocean waters (figure
3.1). Both pathway masks start as a quite narrow channel as the plume waters stay very close to
the coast in the first 1000 km or so. In a second part, the masks get thicker, around 1100 km and
850 km for the northward and eastward pathway respectively. The distance from the beginning of
the pathway was computed and in the subsequent analysis, conditions were averaged following
the increasing distance regardless of the thickness of the pathway. For the northward pathway,
we compute the annual average while for the eastward pathway, we average the conditions from
July to November, taking only the months when the plume waters are diverted in this direction.
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3.2.4 Analysis framework: growth and grazing ratios

In sections 3.2 to 3.5, we explore the impact of bottom up and top down controls on the competi-
tiveness of DDAs over the 3 other PFTs. To do so, we computed the relative growth and grazing
ratios as defined and used by Hashioka et al. (2013) and Nissen et al. (2018). For clarity, we
reproduce here the main equations used for this calculation. Additional information can be found
in Nissen et al. (2018).

The relative growth ratio is based on the specific growth rate of 2 PFTs i.e. DDAs on one
hand and diatoms, SP or Trichodesmium on the other hand. In BEC, the specific growth rate µi

of a PFT i can be defined as followed:

µi = µimax × f i(T )× gi(N)× hi(I) (3.2)

where µimax the maximum growth rate, f i(T ) the temperature dependence, gi(N) the nutrient
limitation and hi(I) the light limitation of PFT i. The relative growth ratio µijrel is the log of
the ratio of the specific growth rates of PFT i and j and can thus be described as the sum of the
log-transformed differences of each growth rate component:

µijrel = log
µimax
µjmax

+ log
f i(T )

f j(T )
+ log

gi(N)

gj(N)
+ log

hi(I)

hj(I)
(3.3)

The relative growth ratio µijrel is nondimensionnal. When the ratio is positive, the realized
growth rate of PFT i is larger than that of PFT j, meaning that overall the bottom up factors give
a competitive growth advantage to PFT i over PFT j. A negative ratio is evidential of the inverse
situation. Although each component was calculated, we removed from our subsequent figures
and analysis the effect of temperature and light. Both have a negligible impact on the relative
growth ratio as it could be expected in a warm and high lit tropical ocean.

The biomass accumulation of phytoplankton is also controlled by the grazing pressure applied
by zooplankton. In analogy to the relative growth ratio, we define a relative grazing ratio to
compare the grazing rate of different PFTs. To do so, we first compute the biomass-normalized
specific grazing rate ci of PFT i:

ci =
γig
P i

(3.4)

with γig being the grazing rate of the zooplankton preying on PFT i and P i the biomass of the
respective phytoplankton. The relative grazing ratio is then defined as follows:

γjig,rel = log
cj

ci
(3.5)
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γjig,rel is positive when the grazing rate on PFT i is smaller than the one on PFT j and vice
versa. This ratio is driven by the differences in terms of maximum zooplankton growth rate and
in terms of local phytoplankton biomass.

Eventually, the balance between the relative growth ratio and the relative grazing ratio gives
us an indication of which PFT is more able to accumulate biomass.

3.2.5 Model evaluation

A thorough model validation has already been conducted and reported in Louchard et al. (2021).
The comparison to observations demonstrated the model’s capability to reproduce the main phys-
ical and biogeochemical features of the domain, including the primary production, the general
N2 fixation patterns and the nutrient dynamics. We will thus here focus more specifically on the
N2-fixers and their relative abundance.

The general characteristics of N2-fixation in the WTA appear to be properly captured by
the model. Overall, N2-fixation is the highest in the mesohaline waters i.e. where salinity is
between 30 and 35 (table 3.1). These large rates of N2-fixation are mainly supported by Tri-

chodesmium and DDAs, the latter being responsible for the highest rates in agreement with the
in situ measurements (figure 3.2). UCYN, that are not modeled in our setup, are also sampled in
the WTA although their contribution to the total N fixed remains minimal. Despite dominating
the diazotrophic community, DDAs never prevail in the overall phytoplankton community. With
a C-fixation in the mesohaline waters of 6.3 mmol C m−2 d−1, they represent on average 10% of
the primary production in our model. This is very close to the estimates made by Subramaniam
et al. (2008a) who calculated an average C-fixation of 6.5 ±2.5 mmol C m−2 d−1, representing
11% of the primary production.

Figure 3.2 (a) Annual mean of the depth-integrated N2 fixation in the AllNutr simulation and
contour lines of the percentage that is supported by DDAs. (b) Measurements of depth-integrated
N2 fixation compiled in the MAREDAT database (Luo et al., 2012). We selected only the data where
both DDAs and Trichodesmium were measured.
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If the overall patterns are well reproduced by ROMS-BEC, our simulations miss some of
the highest rates and the spatial patchiness of N2-fixation (figure 3.2). However, reproducing the
flickering spatial and temporal variability in N2-fixation remains a recurrent challenge for most
models (Stukel et al., 2014). In our simulations, it is especially true for Trichodesmium whose low
maximum growth rate prevents from reaching the high rates that are sometimes observed in the
region. Furthermore, Trichodesmium is on average not prevalent in the oceanic waters, in contrast
to the results from Subramaniam et al. (2008a) which estimated that Trichodesmium contribute
to 48% of the total N2-fixation in this type of waters. This bias emerges from the fact that DDAs
in our configuration might be a bit too competitive even in the non-plume waters compared to
Trichodesmium. We discuss in more details this aspect in section 4.4 and 4.5.

3.3 Results

3.3.1 N2 fixation and the importance of DDAs in the WTA

The comparison between our factorial simulations demonstrates that the delivery of riverine nu-
trients is directly responsible for a substantial increase of N2 fixation in the WTA. In the NoNutr

simulation, the annual average N2 fixation rate is 105 µmol N m-2 d-1, which results in the total
fixation of 5.1 Tg N yr-1, 0.8 of which is excreted and feeds instantaneously the NH4 pool. In
comparison, the N2 fixation in the AllNutr simulation is enhanced with an annual average N2 fixa-
tion rate of 183 µmol N m-2 d-1 and a total N2 fixation of 8.9 Tg N yr-1, being an increase of 3.8 Tg
N yr-1. The total N excreted remains the same in the AllNutr simulation. The average rate of N2

fixation hides a large spatial heterogeneity, with higher rates around 10◦N in the offshore plume

Table 3.1 Comparison between the model and observations in terms of Primary Production (PP)
and N2-fixation rates in different types of waters

Low salinity (<30) Mesohaline (>30,<35) Oceanic (>35)
This study Obs. This study Obs. This study Obs.

Avg PP (mmol C m−2 d−1) 1 31 35 ±5 63 57 ±7 30 59±3
% supported by DDAs1 6% 0.5% 10% 11% 9% 2%
Avg N2 fixation by DDAs2 0.54 0.8 5.0 7.5 1.18 1.1
(µmol N m−3 d−1)
Avg N2 fixation by 0.06 nr 0.47 0.026 0.34 0.074
Trichodesmium2

(µmol N m−3 d−1)
% of total N2-fixation 90 100 90 99 78 86-88
supported by DDAs 2

Depth-integrated N2 fixation1 59 35 ± 5 503 986 ± 373 152 157 ± 32
(µmol N m−2 d−1)

1Observations as reported by Subramaniam et al. (2008a)
2Observations as reported by Foster et al. (2007)
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waters (figure 3.3-b) and lower rates in the non-plume waters. The areas exhibiting high rates are
also the locations of the largest increase of N2 fixation in the AllNutr simulation compared to the
NoNutr simulation, even though significant increase also occurs in the non-plume waters (figure

Figure 3.3 Annual mean N2 fixation integrated in the first 100 meters (a) in the NoNutr simulation,
(b) in the AllNutr simulation, (d) in the NoP simulation and (f) in the NoSi simulation. (c),(e) and (g)
display the difference in annual mean N2 fixation between each factorial simulation and the NoNutr
simulation. The grey line in all the maps display the average limits of the plume (salinity below
35.25)
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3.3-c). In contrast, the NoP simulation exhibits a strong decrease in N2 fixation in the northern
half of the domain and some increase in the first half of the northward pathway and along the
eastward pathway (figure 3.4). In the NoSi simulation, the differences are smaller with a slight
decrease within the plume and a slight increase north of the plume (figure 3.3-g).

Figure 3.4 Annual average depth-integrated N2 fixation in the AllNutr simulation (thick solid line)
and monthly average (fine lines) along (a) the northward pathway and (d) the eastward pathway. The
shaded area corresponds to the temporal standard deviation. Annual average depth-integrated N2
fixation in the NoNutr, NoP and NoSi simulations (thick solid line) and corresponding temporal
standard deviation along (b) the northward pathway and (e) the eastward pathway. Average salinity
and mean, minimum and maximum limit of plume (salinity below 35.25) along (c) the northward
pathway and (f) the eastward pathway.

Table 3.2 Total N2 fixation integrated over the first 100 meters

Simulation(s) Plume region Non-Plume region All WTA
(Tg N yr−1) (Tg N yr−1) (Tg N yr−1)

NoNutr 1.36 3.77 5.13
AllNutr - NoNutr 2.06 (+152%) 1.72 (+46%) 3.78 (+74%)
NoP - NoNutr -0.23 (-17%) -0.46 (-12%) -0.69 (-13%)
NoSi - NoNutr -0.09 (-6%) -0.02 (-0.5%) -0.11 (-2%)

Along both the northward and eastward pathways, in the NoNutr simulation, N2 fixation is at
its lowest (less than 50 µmol N m-2 d-1) in the first 1000 km while the AllNutr simulation exhibits
a progressive increase of N2 fixation (figure 3.4). In the rest of the two pathways, N2 fixation sta-
bilizes around 150 µmol N m-2 d-1 in the NoNutr simulation and reaches an average rate of 500
µmol N m-2 in the AllNutr simulation before slowly decreasing. This decrease is sharper along
the eastward pathway as the end of this pathway is never reached by the plume waters in contrast
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to the northward pathway (figure 3.4-c-f). Overall, the N2 fixation rates in the AllNutr simulations
appear to be quite sensitive to the seasonal variation of the Amazon inputs. Thus the temporal
variability is much larger in the AllNutr compared to the NoNutr simulation as evidenced by the
standard deviation in figure 3.4. Along the eastward pathway, the N2 fixation rates in the month
when the plume waters are not diverted are close to those observed in the NoNutr simulation.
While we recognize that the seasonality of the Amazon discharge plays a role in driving the high
rates of N2 fixation, we will use the average conditions in the subsequent analysis as it is sufficient
to capture the main spatial patterns and the mechanisms behind them.

When spatially integrated, the plume sub-region exhibits the largest increase of N2 fixation,
both in absolute and relative terms (table 3.2). Nevertheless, the non-plume waters still contribute
to an increase of 1.7 Tg N yr-1. In contrast, the total N that is fixed by diazotrophs in the NoP

and NoSi simulations slightly decreases compared to the NoNutr simulation, highlighting the fact
that both nutrients are essential to support the high rates of N2 fixation present in the AllNutr

simulation. The increase in the AllNutr simulation is associated with a change in the structure of
the diazotrophic community. DDAs are benefiting the most of the riverine nutrients inputs. They
support 90 % of the total N2 fixation in the plume waters, against 73 % in the NoNutr simulation
and 75 % of the total N2 fixation in the non-plume waters, against 64 % in the NoNutr simulation.
In contrast, in the NoSi simulation, Trichodesmium are favored, increasing their share to 35% and
41 % in the plume and non-plume waters respectively.

In summary, more than 40% of the total N2 fixation that we simulate in the WTA can be
directly linked to the presence of the Amazon. DDAs support the majority of this river induced
enhancement of N2 fixation to the detriment of Trichodesmium. However, in the use of the new
riverine nutrients, DDAs are also facing the competition of non-diazotrophs. Thus, to investigate
the determinants of the ecological success of DDAs, we first examine their share in the whole
phytoplankton community and how the community structure is affected by the Amazon (section
3.2) and then we disentangled the different controlling factors driving the competition of DDAs
against both diazotrophic and non-diazotrophic PFTs (sections 3.3 to 3.5).

3.3.2 The impact of the Amazon on the phytoplankton community struc-
ture and the relative contribution of DDAs

Although in most of the WTA, the 4 PFTs co-exist, the areas where each PFT reaches its peak
biomass are spatially distinct (figure 3.5). Diatoms are most abundant along the shelf, in the
upstream part of the plume and in the equatorial upwelling band. SP exhibit their highest biomass
in a large portion of the oceanic waters, in particular in the eastern part of the WTA. The blooms
of DDAs are mostly located within the off shore plume waters, in the North-west part of the WTA.
Trichodesmium are quite ubiquitous at a low biomass level, although their abundance is higher in
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a latitudinal band around 15◦N.

Figure 3.5 Annual average biomass of each PFT in (a-d) the AllNutr simulation and (e-h) the
NoNutr simulation. (i-l) Differences between the 2 simulations in percentage. Note that the color
scales differ for each PFT to better visualize the areas of highest biomass. The stippled regions on
the maps of DDAs locates where DDAs are mostly fixing N2 (fixing DDAs representing more than
20 % of the biomass).

Figure 3.6 Phytoplankton community structure defined as the percentage of total biomass annu-
ally averaged along the northward pathway in (a) the NoNutr simulation, (b) in the AllNutr simula-
tion, (c) in the NoP simulation and (d) in the NoSi simulation. Below the fraction is displayed the
average total NPP for each simulation. All computations have been made for the surface conditions.

The presence/absence of the riverine nutrients does not change these overall patterns (figure
3.5). Nevertheless, diatoms and DDAs clearly benefit from the Amazon inputs, expanding their
presence in the plume region, with an average increase of biomass of 173% and 94% for diatoms
and DDAs respectively. In contrast, SP exhibit a decrease of biomass of 36% on average in the
plume waters. Overall, the biomass of Trichodesmium is not heavily affected by the Amazon
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inputs. Our results mostly reveal a displacement of Trichodesmium, with slightly lower biomass
in the plume waters and slightly higher biomass dowstream from the plume.

Along the plume pathways, in the AllNutr simulation, diatoms establish its dominance in the
first 1300 km. This is also the most productive part of the plume pathway. In the rest of the path-
way, the relative contribution of diatoms to total biomass decreases while DDAs progressively
increase their share compared to the NoNutr simulation. In contrast, in the NoSi simulation, both
diatoms and DDAs exhibit a reduction of their share in the phytoplankton community, while SP
prevail. In the NoP simulation, DDAs expand their share in the community, illustrating their
competitiveness in P-starved environment, although in absolute terms their biomass is reduced.

We will see in the subsequent analysis how DDAs, while facing the competition of 3 other
PFTs in the utilization of the new nutrients delivered by the Amazon, manage to maintain and
even expand their share in the phytoplankton community. To do so, we use the relative growth
and grazing ratios (see methods). These ratios are very sensitive to the environmental conditions
such as light or nutrient concentrations, conditions that change a lot with depth. We thus base our
analysis on surface conditions only, compared to the previous results that integrated the first 100
meters. Though the community structure at the surface is very similar to the community structure
we obtain when we integrate the biomass in the first 100 meters (figure S1). The main difference
is a larger contribution of diatoms in the eastward pathway when we integrate with depths. This
is due to a deep maximum of diatoms in this part of the region, a deep maximum that is mostly
not affected by the surface lens of the Amazon plume.

To investigate the impact of the Amazon on the phytoplankton competition and eventually
the structure of the phytoplankton community, we divide the northward plume pathway into an
upstream section (0-1300 km) and a downstream section (1300-3500 km). The upstream section
is characterized by the dominance of diatoms (figure 3.6) and the largest changes in terms of
bottom up and top down controls (figure 3.7). In the downstream section, changes are smaller
and less abrupt and the phytoplankton community is more mixed with a growing importance of
DDAS. The same patterns and underlying mechanisms can be found along the eastward pathway
although with a few nuances that we explore in section 3.5.
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3.3.3 Changing competition in the northward upstream plume pathway (0-
1300km)

3.3.3.1 Bottom up controls

The relative growth ratio used in this section is a metric that quantifies the competition between
2 PFTs to make use of the different resources and grow. On figure 3.7, the relative growth ratio
(black solid line) is further decomposed to disentangle its different controlling factors (shaded
areas). In the AllNutr simulation, the relative growth ratio is almost always positive, meaning
that DDAs benefit from a growth advantage over diatoms, SP and Trichodesmium. In the case of
the competition against diatoms and SP, this growth advantage is driven by the nutrients while
the difference in maximum growth rates has a counterbalancing (negative) effect. In the case of
Trichodesmium, the positive growth ratio is almost exclusively the result of the higher maximum
growth rate of DDAs.

In the absence of the riverine nutrients, in the NoNutr simulation, the nutrient advantage of
DDAs disappears in the competition with diatoms and even turns negative in the competition
against SP and Trichodesmium. In the nutrient-depleted waters of the NoNutr simulation, SP and
Trichodesmium have a strong advantage over DDAs in terms of nutrient uptake due to their lower
half-saturation constants and the fact that they do not require Si(OH)4. The relative growth ratio
is thus negative in the competition of DDAs versus SP and substantially less positive in the com-
petition of DDAs versus Trichodesmium than it is in the AllNutr simulation.

If we compare the realized growth rates of each PFT between the 2 simulations, we can see
that the delivery of riverine nutrients leads first to a strong increase of the growth rates of all
PFTs (figure 3.8). However, after a few hundreds of km, the growth rates of both diatoms and SP
decreases sharply while the decline of DDAs and Trichodesmium’s growth rates is less steep. The
difference comes from the strong N limitation experienced by SP and diatoms and not by DDAs
nor Trichodesmium (figure 3.9).

Overall, the Amazon inputs significantly reduces the Si limitation experienced by DDAs and
allow them to be the most competitive PFT in terms of growth. Yet, diatoms appear to dominate
the phytoplankton community, not DDAs (figure 3.6).
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3.3.3.2 Growth versus grazing

Despite their growth advantage, DDAs do not manage to accumulate more biomass than the
other PFT. In fact, they are completely out-competed by diatoms. This situation arises from the
different grazing pressure the 2 PFTs experience. The relative grazing ratio in the competition
of DDAs versus diatoms is negative in the AllNutr simulation. This large grazing disadvantage
for DDAs does not exist in the NoNutr simulation, even though the relative grazing ratio does
become slightly negative between 770 and 1100km (figure 3.7-a&b). Between the NoNutr and
AllNutr simulations, the grazing rate increases significantly on DDAs, +20% while it decreases
on diatoms -35% (figure 3.8). In response to the increased primary production in the AllNutr

simulation, the zooplankton is more abundant and increases its grazing pressure. But because
diatoms built up so much more biomass than the other PFT, the biomass normalized grazing rate
on diatoms is lower despite the lower µmax of zooplankton grazing on DDAs.

Figure 3.7 Relative growth and grazing ratios along the northward pathway between DDAs and
(a-b) diatoms, (c-d) small phytoplankton and (e-f) Trichodesmium. The left panels correspond to
the NoNutr simulation and the right panels to the AllNutr simulation
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In the competition with SP, the grazing ratio is positive all along the pathway, both in the
NoNutr and AllNutr simulations. Thus, DDAs benefit from a lower grazing pressure than SP al-
though this advantage is reduced in the AllNutr simulation compared to the NoNutr simulation.
In contrast, Trichodesmium experience a lower grazing pressure than DDAs and this advantage
for Trichodesmium is even slightly increased in the AllNutr simulation (figure 3.7-e&f).

The relative grazing ratio is in the same magnitude as the relative growth ratio which high-
lights its importance in the phytoplankton competition. Overall, the top down factors modulate
strongly the realized competition between PFTs and prevent DDAs from dominating the phyto-
plankton community in the part of the pathway.

3.3.4 Changing competition in the northward downstream plume pathway
(1300-3500km)

The changes between the NoNutr and AllNutr simulations on the bottom up and top down controls
are more subtle in the downstream plume pathway than in the upstream section. Nevertheless, it is
in the downstream plume pathway that DDAs increase the most their share in the phytoplankton
community (figure 3.6) and that the highest N2 fixation rates occur (figure 3.4). We investigate in
the following subsections the conditions favoring the DDAs.

Figure 3.8 Growth rates of each PFT and biomass-normalized grazing rates on each PFT in (a &
c) the NoNutr simulation and in (b & d) the AllNutr simulation
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3.3.4.1 Bottom up controls

DDAs remains more competitive in terms of nutrient uptake than diatoms. In this part of the
plume pathway, it is P rather than N that plays a central role. DDAs benefit from their ability to
efficiently use DOP as a source of phosphorus. In a large portion of the plume, the main limiting
nutrient for DDAs remains Si(OH)4 when diatoms are already strongly limited by P (figure 3.9).
But the lower µmax of DDAs counterbalances this advantage and their realized specific growth
rate is lower or only slightly higher than the one of diatoms (figure 3.8).

The realized growth rate of DDAs is also lower than the one of SP but the difference between
the two is reduced compared to the NoNutr simulation, resulting in a less negative relative growth
rate ratio the AllNutr simulation (figure 3.7). This diminished growth advantage of SP can be
explained by the decrease of their advantage in terms of nutrient uptake. The same mechanism
is at play in the competition of DDAs versus Trichodesmium. The advantage in terms of nutrient
uptake that Trichodesmium experience in the NoNutr simulation disappears almost completely in
the AllNutr simulation. This leads to an increase relative growth ratio, from an average of 0.25 to
0.4, meaning that the growth advantage of DDAs over Trichodesmium is reinforced in the AllNutr

simulation.

Figure 3.9 Map of the most limiting nutrient for each PFT in (a) NoNutr simulation and (b) in the
AllNutr simulation

3.3.4.2 Growth versus grazing

The downstream plume pathway is characterized by a lower total biomass and lower zooplankton
abundance, due to a dilution of the plume waters and a reduction of primary productivity. The
difference in zooplankton µmax grazing on each PFT becomes the driving factor and results in a
lower grazing pressure on DDAs compared to diatoms and SP (figure 3.8). This leads to a positive
relative grazing ratio, that is concomitant with an increasing relative growth ratio in the case of
the competition of DDAs versus diatoms. This explains, in part, why the contribution of diatoms
to the total biomass decreases throughout this section of the pathway while the share of DDAs
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increases (figure 3.6).

In the cases of DDAs versus SP and DDAs versus Trichodesmium, the grazing relative ratio
is mirroring the relative growth ratio in most of the pathway, making the balance between the 2
the determining factor of the competition.

3.4 Discussion

3.4.1 The Amazon, boosting N2 fixation in the WTA

The Amazon River has been hypothesized to drive the observed high rates of N2 fixation in the
WTA (Foster et al., 2007; Goes et al., 2014). Our simulations, and more specifically the difference
between the NoNutr and AllNutr simulations, demonstrate that while N2 fixation rates are not
negligible even in the absence of the Amazon inputs (around 200 µmol N m-2 d-1 in the offshore
plume waters), the delivery of riverine nutrients does result in a substantial increasing of the total
N2 fixation. The plume areas exhibit more than a doubling of N fixed (+ 2.1 Tg N yr-1 being an
increase of 152% compared to the NoNutr case) and still a substantial increase in the non-plume
waters (+ 1.7 Tg N yr-1 being an increase of 46%).

This large increase of N2 fixation is primarily led by DDAs. In line with observations (table
3.1), the largest rates of N2 fixation by DDAs in the AllNutr simulation are found in the outer
plume waters (salinity >30) where they represent on average 90% of the total N2 fixation. Tri-

chodesmium on the other hand suffer from the delivery of riverine nutrients and see its biomass
decrease in the plume areas. Only in the non-plume waters, downstream from the northward
plume pathway, do Trichodesmium exhibit a slight increase of their biomass (+2-7%).

The delivery of P and Si(OH)4 appears to be crucial to sustain the high N2 fixation rates of
DDAs. In their absence (simulations NoP and NoSi), the spatial patterns of N2 fixation change
but there is no increase in terms of total N fixed in the WTA, even overall a slight decrease,
especially in the absence of P. As predicted by several field studies (Subramaniam et al., 2008b;
Weber et al., 2017), the blooms of DDAs are highly dependant to the delivery of P and Si(OH)4

by the Amazon. However, to make use of these ”new” nutrients, DDAs are competing against
other non-diazotrophic and diazotrophic phytoplankton, a competition that we disentangled using
the relative growth and grazing ratios framework.
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3.4.2 DDAs versus Non-Diazotrophs: bottom up controls

Past modeling studies investigating the competition between diazotrophs and non-diazotrophs
have been focusing on the P:N and Fe:N supply ratio as a main control of the ecological success
of N2 fixers (Ward et al., 2013b; Dutkiewicz et al., 2014). Based on the resource-ratio theory
(Tilman, 1982), this conceptual framework predicts that diazotrophs coexist with non-diazotrophs
only when the N supply is lower than the supply of inorganic P and dissolved Fe with respect to
the cellular N:P and N:Fe needs of non-diazotrophs. Dutkiewicz et al. (2014) estimated that in the
North Atlantic, it is rather the P:N supply than the Fe:N controlling the success of diazotrophs, the
supply of Fe in the region exceeding the diazotroph demands. While this simplified framework
successfully reproduces and explains the main global patterns of N2 fixation, it fells short in the
comprehension of more complex regions such as the WTA.

First, the high rates of N2 fixation being supported primarily by DDAs, the role of Si(OH)4

has to be also evaluated in the context of the WTA. Subramaniam et al. (2008b) estimated that
the blooms of DDAs were partly driven by the excess of Si(OH)4 over NO3, giving DDAs an ad-
vantage over regular diatoms. Our simulations agree with that conclusion at least in the upstream
part of the plume (0-1300 km) where the input of exogenous N is quickly exhausted (within the
first 300 km) and strongly limits the growth of diatoms and SP, resulting in a substantial growth
advantage for DDAs (positive relative growth ratio). Our factorial simulations, i.e. the NoNutr

and NoSi simulations, demonstrate that this excess of Si(OH)4 over NO3 is a direct result of the
delivery of Si(OH)4 by the Amazon. Our results thus point out the crucial role of riverine Si(OH)4

in driving the high rates of N2 fixation although when Si(OH)4 is indeed delivered by the river, it
is P that exerts the strongest limitations in the rest of the plume pathways and in the non-plume
region, both for the diazotrophs and non-diazotrophs.

In the downstream plume pathway (1300-3500/4500 km), it is the ability of DDAs to compete
for non-N nutrients and especially P that determines its growth advantage over diatoms. There
DDAs benefit from the possibility to break down DOP and use it to fulfill its P needs. This ca-
pacity is supported by multiple lines of evidence (see methods section) and appears to be decisive
to sustain the large amount of N2 fixation in our simulations. Landolfi et al. (2015) demonstrated
that the DOP utilization by diazotrophs was the most likely mechanism to explain the high rates of
N2 fixation in the P-starved North Atlantic, giving a competitive advantage to N2 fixers to thrive
even in high N:P waters. However, DOP is composed of different phosphorus forms, mainly
phosphorus esters, polyphosphate and phosphonates whose utilization can vary widely depend-
ing on the species (Claudia Benitez-Nelson, 2015). Both the complexity of the DOP composition
and associate rates of consumption by micro-organisms are not represented in BEC. Furthermore,
our results suggest a linear decrease of PO4 along the plume pathways. Yet, in situ measurements
showed positive deviations from the conservative mixing line North of 9◦N that our model does
not really capture (Weber et al., 2017). Both the simplicity of DOP in BEC and this bias in PO4

might lead to an overestimate of the importance of DOP. Nevertheless, its is reasonable to assume
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that DOP utilization by DDAs affects the competition. A closer investigation of the P cycling in
the WTA would give us more insight on this mechanism.

3.4.3 DDAs versus Non-Diazotrophs: top down controls

The biomass accumulation of phytoplankton is always constrained by the loss terms, especially
the grazing by zooplankton. Our results reveal that the differences in grazing pressure experienced
by one PFT compared to another one strongly modulate the resulting phytoplankton competition,
with the relative grazing ratio being of the same magnitude as the relative growth ratio. In the
AllNutr simulation, the environmental conditions in the upstream plume pathway support close
to maximal growth rates for DDAs but top down controls prevent them from dominating the
phytoplankton community. The high zooplankton biomass consequential of the high primary
production in the upstream plume pathway results in a strong disadvantage for the slower growing
DDAs. Along the rest of the plume pathway, as the zooplankton biomass decreases, the grazing
disadvantage of DDAs tapers off and this explains the increase of DDAs relative contribution to
total biomass and the overall increase in N2 fixation.

While the top down controls on N2 fixers remain widely under-studied, our modeling work
is not the only one to emphasize its importance on the emergence of DDAs blooms. Stukel et al.
(2014) reached similar conclusions and showed that in their simulation, the blooms of DDAs
occur because the grazing on DDAs is linearly decreasing due to physically driven dilution of
zooplankton concentration while the decrease of DDAs growth rate is slower. But this is not
limited to the WTA. Wang et al. (2019) also promote grazing as a crucial mechanism that shapes
the global patterns of N2 fixation. However as underlined in the recent review on N2 fixation by
Zehr and Capone (2020), a lot is still unknown in the loss terms of N2 fixers and awaits a more
in-depth understanding. Identifying the grazers on the different N2 fixers, estimating grazing rates
along with uncovering other mortality such as viral lysis would be incredibly valuable to close
this knowledge gap and support the design of better models.

3.4.4 DDAs versus Trichodesmium

The North Atlantic is often seen as the realm of Trichodesmium, heightened by the large input of
iron from the Sahara dust (Sohm et al., 2011). However in the waters under the influence of the
Amazon River, Trichodesmium appear to be out-competed by DDAs. In our simulations, DDAs
benefit from a strong growth advantage resulting from their higher growth rate and the fact that
the delivery of riverine nutrients completely eliminates the advantage of Trichodesmium in terms
of nutrient uptake. The growth advantage of DDAs is counterbalanced by the large grazing advan-
tage of Trichodesmium experiencing a lower grazing pressure even when zooplankton biomass is
at its highest. But this grazing advantage is never large enough to allow Trichodesmium to dom-
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inate the diazotrophic community in most of our region of study. In our simulations, only in the
highly oligotrophic oceanic waters of the northern part of our region do Trichodesmium dominate.

DDAs in our simulations might be a bit too competitive compared to Trichodesmium as we
do not reproduce the rapid shift from DDAs dominance to Trichodesmium documented by Sub-
ramaniam et al. (2008b). This might be due to the parameters choice (see section 4.4) or to the
absence of more complex processes in BEC. For instance, Tuo et al. (2017) demonstrated that
the fraction of free living Richelia intracellulis increases when phosphate is depleted regardless
of the nitrate scarcity i.e they hypothesize that the P stress on DDAs might lead to a dissocia-
tion of the partnership. This response to P shortage is not included in our model because it was
only evidenced for the symbiosis between Richelia and Calothrix rhizosoleniae which are not the
species we model here. Nevertheless, if this dynamic was confirmed also for Hemiaulus hauckii

or Rhizosolenia clevei and included in BEC, this would give more room for Trichodesmium to
grow in low-P oceanic waters.

3.4.5 Limits and caveat

Our study presents plausible mechanisms that explain the ecological competitiveness of DDAs
within the Amazon plume. However, some of these results might be impacted by our param-
eter choices. Our relative growth ratio analysis highlighted the importance of the difference in
maximum growth rate in driving the growth advantage of a PFT over another one. Although the
hierarchy of growth rates we chose in BEC is based on decades of research, the exact ratio of
maximum growth rates between 2 PFTs remains conjectural. Nevertheless, slight changes in this
ratio would impact the exact resulting biomass of each PFT but would not change the overall
competition and certainly would not change our conclusions regarding the impact of the Amazon
that is affecting the nutrient uptake advantage.

Other limitations come from the reduced complexity of certain ecological processes in BEC.
Thus, Sailley et al. (2013) showed that in ecological models with a single adaptive zooplankton
PFT such as BEC, the top down controls are stronger than in models with multiple zooplank-
ton PFTs, with implications for the phytoplankton biogeography. They also demonstrated that
in BEC, the biomass of phytoplankton and zooplankton were highly coupled i.e an increase in
phytoplankton biomass will result in a subsequent increase in zooplankton biomass, preventing
the phytoplankton from escaping the grazing pressure. The progressive decrease of zooplankton
biomass along the plume pathway is a characteristic that has been documented (Conroy et al.,
2017; Araujo et al., 2017) and is well represented in our simulations but the importance of this
top-down control might be slightly overestimated. Although, it is important to note that Stukel
et al. (2014) reached the same conclusion regarding the importance of grazing using an ecological
model that includes 2 zooplankton PFTs.
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The model only represents 2 diazotrophic PFT i.e DDAs and Trichodesmium, which are ar-
guably the most important diazotroph in the region. However, multiple lines of evidence suggest
that unicellular cyanobacteria, especially UCYN-A (Candidatus Atelocyanobacterium thalassa)
and UCYN-B (Crocosphera), might be important contributors to N2 fixation globally and more
specifically in the tropical Atlantic (Martı́nez-Pérez et al., 2016; Caputo et al., 2018). Including
them in BEC would most likely not change our conclusions especially in the plume waters. Nev-
ertheless, in the oceanic type of waters where UCYN have been shown to thrive (Goebel et al.,
2010; Stukel et al., 2014), having an explicit representation of UCYN in BEC would result in a
more refined understanding of the diazotroph dynamic and the co-existence between the different
groups.

3.5 Conclusion

The large amounts of P and Si(OH)4 delivered by the river fuels the intense N2 fixation observed
in the WTA. Our simulations suggest an increase of 3.8 Tg N yr−1 (+74%) in N2 fixation, directly
attributable to the presence of the Amazon. By modifying both the absolute concentration and
the stoichiometry of nutrients, the Amazon River also reshapes the phytoplankton competition,
giving more space for N2-fixers, and notably DDAs, to develop. In the competition between phy-
toplankton, the Amazon River does not only alter the nutrient availability (bottom up controls)
but also modifies the grazing pressure (top down controls). Both factors appear equally impor-
tant. More specifically, our analysis reveals that while the excess of Si(OH)4 over NO3 favors
DDAs over non-diazotrophic PFTs in the upstream plume pathway (0-1300 km), the high grazing
pressure prevents them from accumulating biomass and becoming dominant in the phytoplank-
ton community. In contrast, in the rest of the plume pathway, DDAs thrive, benefiting from a
decreased grazing pressure and the slight growth advantage associated with their ability to use
directly DOP. Compared to DDAs, Trichodesmium experience a lower grazing pressure and is
more competitive in taking up nutrients at low concentration. But throughout the plume, their
slow growth prevents them from outcompeting DDAs. The main findings of this work highlight
the central role of P in driving the competition in a large fraction of the plume and the importance
of top down controls that are often ignored in the study of N2 fixation biogeography.
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Abstract

Marine N2 fixation, the biologically mediated reduction of atmospheric N2 to NH3, is prevalent in
the Western Tropical Atlantic ocean (WTA), fuelled by nutrient input of the Amazon River (Mar-
coni et al., 2017; Subramaniam et al., 2008a). Despite N2 fixation being an important component
of the N cycle, little is known about interannual N2 fixation rate variability. To quantify the mag-
nitude and identify drivers of interannual N2 fixation rate variability in the WTA, we use hindcast
simulations, which are based on the Regional Oceanic Modelling System (ROMS) coupled to the
Biogeochemical Elemental Cycling (BEC) model and range from 1983 to 2019. We show that
interannual N2 fixation rate variability is linked to variable Amazon River discharge, the Atlantic
Meridional Mode (AMM), and the El Niño-Southern Oscillation (ENSO). The discharge impacts
the N2 fixation rate via the nutrient input - anomalously high (low) discharge delives more (less)
nutrients to the WTA, which enhances (reduces) the N2 fixation rate. The discharge variability
can alter the N2 fixation rate by up to 15% in the offshore plume region of the Amazon River.
Positive AMM events and El Niño events (negative AMM events and La Niña events) are shown
to enhance (reduce) the N2 fixation rate by altering the nutrient availability through changes in
the Mixed Layer Depth (MLD) and upwelling strength. Particularly variability in the P concen-
tration is decisive for the N2 fixation rate, but competition dynamics result in a non-linear relation
between P concentration variability and N2 fixation rate variability. The interannual N2 fixation
rate variability has implications for the extrapolation of field measurements, the marine N cycle,
primary productivity and carbon export.

4.1 Introduction

N2 fixation is a crucial process that introduces “new” N in the ocean, fuelling phytoplankton
growth and controlling the export of organic matter into the deep ocean in many regions (Dugdale
and Goering, 1967). Except for atmospheric N deposition, N provided via N2 fixation is the only
N input that leads to a net sequestration of atmospheric CO2 in the deep ocean, because upwelling
and diffusion of dissolved inorganic nitrogen (DIN) are tied to an approximately stoichiometric
amount of CO2 (Sohm et al., 2011).

Past research on N2 fixation has been primarily focusing on understanding the environmental
conditions favouring N2-fixers and the global spatial patterns of N2 fixation (Sohm et al., 2011).
In contrast, the temporal evolution of N2 fixation, especially on interannual timescales, is largely
unstudied, mainly due to the paucity of regular measurements. The identification of regions
where the N2 fixation rate varies on interannual timescales as well as constraining the magnitude
of interannual variability in the N2 fixation rate are crucial building blocks towards a more com-
prehensive understanding of marine N2 fixation. It would participate in discerning factors that
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control N2 fixation (Deutsch et al., 2007), which would facilitate reliable predictions of changes
in N2 fixation in response to future environmental changes (Wang et al., 2019). Insights into the
temporal and spatial variability in the N2 fixation rate are also extremely valuable to extrapolate
field measurements more precisely (Wang et al., 2019).

The Western Tropical Atlantic ocean (WTA) exhibits amongst the highest rates of N2 fixation
in the world ocean and hosts a significant fraction of the global N2 fixation (Luo et al., 2012;
Marconi et al., 2017; Louchard et al., prep). It is also a region whose physical and biogeochemical
properties are bound to vary significantly on different interannual timescales (Foltz et al., 2019).
We identified two main factors that could impact the N2 fixation rate in the WTA on interannual
timescales: (1) variability in the Amazon River discharge and (2) climate variability, such as
the Atlantic Meridional Mode (AMM) and El Niño-Southern Oscillation (ENSO). The Amazon
River is highly enriched in nutrients and suspended material, hence seasonal and interannual
fluctuations strongly impact the nutrient availability in the WTA (Drake et al., 2021). The large
inputs of Si(OH)4 and P by the river have been shown to drive the high rates of N2 fixation, notably
favouring Diatom-Diazotroph Assemblages (DDAs) (Subramaniam et al., 2008a; Weber et al.,
2017; Louchard et al., prep). Via changes in the atmospheric circulation, AMM and ENSO have
an impact on the sea surface temperature (SST), stratification, and oceanic circulation (Enfield
and Mayer, 1997; Chiang and Vimont, 2004; Lohmann and Latif, 2007; Yoon and Zeng, 2010;
Foltz et al., 2012). Alterations of the stratification and oceanic circulation are expected to have an
impact on the nutrient availability in the WTA and subsequently the ecological competitiveness
of N2-fixers.

These two factors plausibly driving the interannual variability of N2 fixation in the region
are not easy to disentangle as the main drivers of interannual Amazon River discharge variability
are ENSO and AMM - both seasonally locked modes of climate variability that fully develop in
winter and spring, respectively (Richey et al., 1989; Chiang and Vimont, 2004; Marengo and Es-
pinoza, 2016). El Niño conditions result in below-average discharge due to the convection center
that is located over South America being shifted eastwards over the Pacific, whereas La Niña
conditions lead to above-average discharge due to an intensification of this convection center (Fo-
ley et al., 2002). Positive (negative) AMM events, which are characterized by an anomalously
warm (cold) tropical North Atlantic and anomalously cold (warm) tropical South Atlantic, are
associated with less (more) precipitation in the Amazon basin due to a northerly (southerly) dis-
placement of the Intertropical Convergence Zone (ITCZ) (Yoon and Zeng, 2010).

To disentangle the different factors of the interannual variability in N2 fixation, we use a
high resolution coupled model, the Regional Ocean Modeling System (ROMS) coupled to the
Biogeochemical Elemental Cycling (BEC) model, and perform four hindcast simulations that
span from 1979 to 2019, including or excluding some forms of variability in the forcing fields.
To isolate the impact of the interannual variability of the Amazon River runoff, we analyse and
compare the simulations with different discharge scenarios, one including and the other one ex-
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cluding interannual discharge variability. To disentangle the impact of AMM and ENSO, we
analyse the simulation forced with interannually varying atmospheric forcing, neglecting varia-
tion in the discharge. We thus identify regions where N2 fixation is impacted by the interannual
discharge variability, AMM and ENSO and determine the magnitude of these N2 fixation anoma-
lies. In addition, we determine the processes driving N2 fixation anomalies, taking into account
both bottom-up and top-down controls.

4.2 Methods

4.2.1 Model

The UCLA-ETH version of ROMS (Shchepetkin and McWilliams, 2005) coupled to BEC (Moore
et al., 2013d) is employed to investigate interannual N2 fixation rate variability and its drivers. The
model simulates the entire Atlantic Ocean (Figure 4.2). The model configuration is the same as
used in Louchard et al. (2021). We will thus here only highlight the main features of the model
that are relevant for the present study.

The model simulates four phytoplankton groups and one zooplankton class. Phytoplankton
growth is controlled by nutrient availability, irradiance, and temperature. In the model, no nutri-
ent co-limitation occurs, i.e., only the most limiting nutrient controls phytoplankton growth. The
two non-diazotrophic phytoplankton groups comprise diatoms and a generic small phytoplankton
group. Diazotrophic phytoplankton are represented by non-symbiotic diazotrophs whose traits are
based on those of Trichodesmium spp., and DDAs, which are symbioses between diatoms and dia-
zotrophs. DDAs have been implemented into the standard BEC by Louchard et al. (2021) and are
modelled to combine traits of diatoms and non-symbiotic diazotrophs. Similar to non-symbiotic
diazotrophs, DDAs assimilate dissolved organic phosphorus (DOP) with the same efficiency as
PO4 and require more Fe to synthesize the enzyme essential for N2 fixation. Additionally, DDAs
require Si(OH)4 to build their frustules. Both diazotrophic groups can satisfy their N requirement
by fixing N2 but are also able to assimilate NO3 and NH4. DDAs switch to a non-symbiotic state
if the NO3 concentration exceeds a threshold value of 0.5 mMol N m−3 and lose their ability to
fix N2 (see Louchard et al. (prep) for more details). Non-symbiotic DDAs resort to a DIN uptake
similar to that of diatoms. The uptake of DIN reduces the N2 fixation rate of non-symbiotic dia-
zotrophs proportionally. However, the DIN half-saturation constant of non-symbiotic diazotrophs
is set high relative to non-diazotrophic phytoplankton, hence non-symbiotic diazotrophs are not
strongly competing for DIN.

The C:N:P ratio of phytoplankton is fixed in BEC. The stoichiometry is close to the Red-
field ratio for diatoms, small phytoplankton and DDAs, amounting to 117:16:1 (Anderson and
Sarmiento, 1994). The C:N:P ratio of non-symbiotic diazotrophs is 117:45:1 (Letelier and Karl,
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1998). The Si:C and Fe:C ratios are not fixed and vary depending on the ambient nutrient concen-
tration. Si:C ratios range from 0.0457 to 0.685, whereas Fe:C ratios range from 12 · 10-6 to 60 ·
10-6 for diazotrophs and 3 · 10-6 to 20 · 10-6 for non-diazotrophic phytoplankton. In Fe-depleted
conditions, the silicification of diatoms and DDAs is increased compared to Fe-rich conditions.
Contrarily, silicification decreases below a threshold value of 2 mMol Si m−3.

4.2.2 Model Forcing

The physical core of the model was run and forced with mean conditions for 30 years as a spin up,
following the procedure described in Louchard et al. (2021). The coupled ROMS-BEC was then
run for ten years, producing eventually the initial conditions used for the hindcast. The hindcast
itself spans 41 years (1979 - 2019) of which the first four are again considered a spin up and will
not be analyzed here. At the surface, ROMS is forced with daily reanalysis data of wind stress,
solar shortwave radiation, and fluxes of heat and freshwater, which are derived from ERA5: Fifth
generation of ECMWF atmospheric reanalyses of the global climate, Copernicus Climate Change
Service (C3S), Climate Data Store (date of access: 29/08/2020) (Hersbach et al., 2020).

Figure 4.1 The measured discharge (black) and the discharge scenario excluding interannual vari-
ability (gray) (A). The discharge anomalies, computed as the difference between the measured dis-
charge and the discharge scenario excluding interannual variability, the Oceanic Niño Index (ONI)
(turquoise) and the Atlantic Meridional Mode (AMM) Index (brown) (B). Brown colorbars rep-
resent positive AMM events (dark) and negative AMM events (light), turquoise colorbars depict
El Niño phases (dark) and La Niña phases (light). Monthly mean concentration of PO4 and Dis-
solved Organic Phosphorus (DOP) (C), Si(OH)4 (D), Dissolved Inorganic Nitrogen (DIN) and Dis-
solved Organic Nitrogen (DON) (E), and Fe (F) characterizing the Amazon River discharge based
on (Araujo et al., 2014).
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The Amazon discharge is implemented into the model as a 3D influx boundary condition
placed within the Amazon estuary. The discharge volume was retrieved from SO-HYBAM and
was completed with data from the Global Data Runoff Center (GDRC) if no data was available for
an entire month. To estimate the total Amazon River discharge, the discharge measurements taken
at Óbidos, which is located 800 km away from the mouth of the Amazon River, and the discharge
measurements of the two main tributaries joining the Amazon River in between, measured at
Itaituba and Altamira (Figure 4.2), were added, resulting in the discharge record presented in
Figure 4.1A. No data was available for the measurement station at Altamira from 2017 onwards.
We completed the measurement record with monthly mean discharge volume, thereby forfeiting
the interannual variability of this tributary.

The Amazon River transports brackish water, alkalinity, carbon, and nutrients into the At-
lantic Ocean. Most of the monthly varying nutrient concentrations were obtained from a clima-
tology compiled from model estimates and observations (Figure 4.1C-F and Table A.3) (Araujo
et al., 2014). Concentrations of NO3, NH4, and organic nutrients are identical to those presented
in Louchard et al. (2021).

Large rivers entering the Atlantic Ocean and atmospheric forcing fields are implemented in
the model as described by Louchard et al. (2021). Neither rivers, except for the Amazon River,
nor atmospheric nutrient input experience year-to-year variability.

4.2.3 Simulations and Analyses

The study region comprises the fraction of the WTA that is most impacted by Amazon River
water, extending from 0.5◦ S to 25◦ N and from 30◦ W to 80◦ W (Figure 4.2). The nutrient-rich
Amazon freshwater is transported mostly along the Brazilian coast towards the Caribbean Sea by
the strong North Brazil Current (NBC), while some water is retroflected between 5◦ N and 10◦

N in autumn, feeding the eastwards flowing North Equatorial Countercurrent (NECC) (Stramma
and Schott, 1999; Schlosser et al., 2014). The equatorial region is characterized by upwelling
of nutrient-rich water, while the more northern parts of the study region receive large amount of
iron-rich atmospheric dust but suffer from P scarcity (Stramma and Schott, 1999; Moore et al.,
2013a). To account for differing biogeochemical conditions, we divided the study region into a
southern and northern part at 13◦ N, which roughly coincides with the northernmost position of
the ITCZ (Grodsky and Carton, 2003).

To evaluate the impact of discharge variability and climate variability on the N2 fixation rate,
we performed a series of four factorial simulations, in which we systematically included or ex-
cluded interannual variability in the forcing (Table 4.1). The Baseline simulation establishes the
mean conditions in terms of physical and biogeochemical properties of the Atlantic Ocean. The
atmospheric forcing and the discharge experience monthly variation but no year-to-year variabil-

https://hybam.obs-mip.fr/data/
https://portal.grdc.bafg.de/applications/public.html?publicuser=PublicUser#dataDownload/Home
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ity, with the exception of the pCO2 forcing. This constant atmospheric forcing and discharge
represent the average conditions as derived from ERA5 and the discharge record, considering
the years 1979 - 2016. The VarAmz simulation is forced with interannually varying discharge,
but interannually constant atmospheric forcing. The difference between the Baseline simulation
and VarAmz simulation reveals the impact of interannual discharge variability on N2 fixation and
its drivers. The atmospheric forcing of the VarAtm simulation includes interannual variability,
whereas interannual variability is excluded for the discharge. The VarAtm simulation is used to
isolate the effect of climate variability. The VarAll simulation, which includes interannual vari-
ability in the atmospheric forcing and the discharge, reveals the combined impact of discharge
variability and climate variability. An overview of the four simulations and their main aims is
given in Table 4.1.

Table 4.1 Overview of the ROMS-BEC simulations performed for this study.

Name Interannual Variability in Forcing Objective

Atmosphere Discharge
Baseline × × Control
VarAmz × VarAmz - Baseline→ Impact of discharge variability
VarAtm × Anomalies of VarAtm→ Impact of climate variability
VarAll Anomalies of VarAll→ Impact of discharge variability & climate variability

To quantify the magnitude of interannual variability in the N2 fixation rate, we use the Mean
Absolute Deviation (MAD), defined as:

Figure 4.2 Map of the model domain with the averaged N2 fixation rate in color, and with the
telescopic grid depicted by every 10th grid point. The white frame encloses the study region (0.5◦ S
- 25◦ N; 30◦ W - 80◦ W) with the dashed line dividing the study region in a southern and northern
part at 13◦ N. The red dot indicates the Amazon River outflow and the black dots indicate the
location of the discharge measurement stations.
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MAD =
1

n

n∑
i=1

|xi −m(X)|

where n equals to the number of observations, xi corresponds to the ith observation and m(X) is
the mean of all observations.

In our case, xi - m(X) corresponds to the N2 fixation rate difference between the VarAmz and
Baseline simulation or N2 fixation rate anomalies of the VarAtm or VarAll simulation, computed as
the N2 fixation rate deviations of the grid cell specific monthly climatological mean. To quantify
the magnitude of N2 fixation rate variability in the WTA, we average xi - m(X) over the study
region before computing the MAD. To identify regions where discharge variability and/or climate
variability have a strong impact on the N2 fixation rate, we computed the MAD without spatial
averaging. Regions characterized by a large MAD are strongly impacted by discharge variability
and/or climate variability. It is important to note that as a measure of the absolute deviation, this
metric will always be positive.

To establish how variable discharge impacts the N2 fixation rate, we fitted a linear regression
for each grid point between the yearly averaged N2 fixation rate anomalies associated with dis-
charge variability and the yearly averaged discharge anomalies. The N2 fixation rate anomalies
attributed to discharge variability are defined as the difference between the VarAmz and Baseline

simulation. The same analysis was conducted for the drivers of the N2 fixation rate to assess
which drivers of N2 fixation rate variability are impacted by the discharge variability.

To evaluate how climate variability impacts the N2 fixation rate, we analysed composites
of the N2 fixation rate anomaly fields of ENSO and AMM events. The composite analysis is
based on the VarAtm simulation, considering only the impact of climate variability. To qual-
ify as an AMM event, the mean of the AMM index during spring has to exceed a threshold
value of ±2◦ C. The AMM index is based on Atlantic SST anomalies and was provided by
https://www.aos.wisc.edu/ dvimont/MModes/Data.html (date of access: 25/05/2021). ENSO
events are identified based on SST anomalies in the Niño 3.4 region (Oceanic Niño Index (ONI),
date of access: 25/05/2021). To qualify as an ENSO event, SST anomalies have to exceed a
threshold value of ±0.5◦ C, lasting at least five consecutive months. Because AMM and ENSO
events are phenomena that are seasonally locked, we investigated their impact on the N2 fixation
rate on a seasonal resolution. The same analysis was applied to drivers of the N2 fixation rate. For
visualisation, we reversed the sign of anomalies of negative AMM events and La Niña events.
Thus, all responses are reported relative to positive AMM events and El Niño events. This is
possible due to the symmetry of anomalies.

Some nutrient concentrations, most notably Si(OH)4, and the biomass and productivity of
phytoplankton are affected by a model drift, therefore, data was detrended prior to analysis, using
a 5th degree polynomial spline. Physical parameters and phytoplankton growth limitations were

https://www.aos.wisc.edu/~dvimont/MModes/RealTime/AMM.RAW.txt
https://www.cpc.ncep.noaa.gov/data/indices/oni.ascii.txt
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not detrended. Additionally, the N2 fixation rate and phytoplankton productivity were integrated
over the top 100 m, whereas only the surface nutrient concentrations were analysed. While phy-
toplankton decrease with depth, nutrient concentrations increase with depth. Hence, the majority
of phytoplankton is affected by variability in the surface nutrient concentration.

4.2.4 Model Evaluation

4.2.4.1 Sea Surface Temperature

The model reproduces the SST (Figure 4.3A) and interannual variability in SST (Figure 4.3B) ac-
curately with a correlation coefficient of 0.98 and 0.84, respectively. With the forcing applied to
ROMS-BEC, the warming trend is underestimated by the model towards the end of the modelled
time period. Because the SST timeseries was not detrended prior to the SST anomaly compu-
tation, a negative and positive offset of model-derived SST anomalies in the beginning and end
of investigated time period are observed, respectively. Nonetheless, the magnitude of the SST
anomalies is comparable.

Figure 4.3 The spatially averaged SST in the study region of ROMS-BEC compared to satel-
lite observations (A). In panel B, interannual SST anomalies are compared, which were computed
by removing the modelled and observational climatology of the modelled and observational data,
respectively. The satellite data was provided by the National Oceanic and Atmospheric Admin-
istration (NOAA SST V2 High Resolution) and was bilinearly interpolated to the model grid for
comparison.

https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html#detail
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4.2.4.2 Sea Surface Salinity and Plume Size

Compared to the PIRATA measurement, our model generally succeeds in simulating interannual
variability in the sea surface salinity (SSS) (Figure 4.4). Unfortunately, there are no PIRATA
buoys that are continuously impacted by the Amazon River, which hinders a verification of the
model capturing the impact of discharge fluctuations correctly. However, some of the buoy sites
occasionally experience SSS values below 35.25, which is likely due to Amazon River discharge
reaching the buoy site, especially for the two northernmost buoys. These drops in SSS are mostly
reproduced by the model, but their magnitude is usually underestimated. However, the impact of
precipitation and discharge is difficult to separate, hence these drops could also be triggered by
strong rainfall.

Figure 4.4 The mean SSS between 1983 and 2019 in colour and the modelled (black) and mea-
sured (gray) SSS at four PIRATA buoy sites. The contour line depicts the plume extent based on a
SSS threshold of 35.25 psu.

In addition to the SSS evaluation, an evaluation of the plume size was conducted to indirectly
assess if the model captures the impact of variable discharge, circulation, and stratification in the
WTA. The model is mostly able to reproduce the combination of the seasonal and interannual
variability in the plume size, with a correlation coefficient of 0.83 (Figure 4.5A). However, the
model underestimates the plume size in general, which is due to the model overestimating the
SSS in the offshore plume (Figure C.1). Notable differences exist in the interannual variability of
the plume size between the model and the reanalysis (R-value = 0.40, Figure 4.5B). The inaccu-
rate reproduction of interannual SSS variability of the model certainly plays a role (Figure C.2).

https://www.pmel.noaa.gov/tao/drupal/disdel/
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Moreover, slight deviations in the currents or the stratification could lessen the ability of the model
to capture interannual variability in the plume size. Additionally, precipitation might also lead to
SSS below 35.25 psu, confounding our plume size estimate. Lastly, interannual variability in the
plume size based on satellite measurements and the reanalysis also varies considerably, hence the
reanalysis might also suffer from some biases.

Figure 4.5 The plume size determined based on a SSS threshold value of 35.25 psu is shown in
panel A. In panel B, the interannual plume size anomalies are compared, which were computed by
removing the the modelled and observational monthly mean plume size. The reanalysis data was
taken from the Simple Ocean Data Assimilation (SODA 3.4.2). The satellite data, available from
2010 onwards, was taken from ESA CCI V2.31. Both datasets were bilinearly interpolated to the
model grid to determine the plume size.

4.2.4.3 N2 Fixation

In the whole model domain, 41.1 Tg N y−1 are fixed in the upper 100 m by DDAs and non-
symbiotic diazotrophs of which 13.8 Tg N y−1 are fixed within the study region. This is compa-
rable to other estimates: Luo et al. (2012) have estimated that 32 Tg N and 1.8 Tg N are annually
fixed in the North and South Atlantic, respectively. Wang et al. (2019) have estimated that 24 to
49.5 Tg N y−1 are fixed in the Atlantic, whereas Landolfi et al. (2018) have computed that 46 Tg
N y−1 are fixed in the Atlantic based on the model output of Moore et al. (2013d).

In the WTA, the modelled average N2 fixation rate amounts to 232 µmol Nm−2 d−1 in the top
100 m. Subramaniam et al. (2008a) have divided the WTA into three sub-regions: low-salinity
(<30 psu), mesohaline (between 30 and 35 psu) and oceanic (>35 psu) and have observed highest
N2 fixation rates in mesohaline waters (986 ± 373 µmol N m−2 d−1), lowest rates in low-salinity
waters (25 ± 17 µmol N m−2 d−1), and average rates in oceanic condition (157 ± 32 µmol N

https://www2.atmos.umd.edu/%7Eocean/index_files/soda3.4.2_mn_download_b.htm
https://catalogue.ceda.ac.uk/uuid/7813eb75a131474a8d908f69c716b031
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m−2 d−1). A similar pattern is reproduced by the model with average N2 fixation rates of 348
µmol N m−2 d−1 in mesohaline water, 42 µmol N m−2 d−1 in low salinity water, and 229 µmol
N m−2 d−1 in oceanic conditions.

In agreement with the spatial pattern of the mean N2 fixation rate of the model depicted in
Figure 4.6, Moore et al. (2009) measured highest N2 fixation rates (∼200 µmol N m−2 d−1)
between 0◦ N and 20◦ N, but rates lower than 40 µmol N m−2 d−1 north of 20◦ N on a north-
south transect. Corresponding to our results, Stukel et al. (2014) observed a slight decrease of N2

fixation from west to east in their model, which is also supported by observations (Montoya et al.,
2007).

The in situ rates of N2 fixation compiled by Luo et al. (2012) exhibit greater spatial variability
than the seasonally averaged N2 fixation rates of the model. This suggests that the model is un-
derestimating the spatial variability in N2 fixation. However, the difference between the observa-
tional data and the averaged N2 fixation rates of the model may partly be explained by variability
being smoothed in the model output due to averaging. Moreover, the observational data has been
obtained by two different measuring methods, which might also lead to additional variability in
the observational data. Unfortunately, there exists no continuous measurement record of the N2

fixation rate in the WTA, which prevents a comparison of the measured and modelled interannual
variability in the N2 fixation rate.

On average, 85% of the N is fixed by DDAs and only 15% by non-symbiotic diazotrophs
in the WTA. There is large spatial variability in the relative contribution of DDAs and non-
symbiotic diazotrophs to N2 fixation. DDAs contribute predominantly to N2 fixation in the south-
ern part of the WTA, whereas in the northern part of the study region, the relative importance of
non-symbiotic diazotrophic N2 fixation increases, coinciding with lower N2 fixation rates. Thus,
DDAs thrive in waters that are generally nutrient-rich but DIN-depleted, whereas non-symbiotic
diazotrophs predominate in oligotrophic waters. Consistent with the model simulation, Carpenter
et al. (1999) found that most of the N2 fixation can be attributed to DDAs northeast of the South
American continent, at least during DDA blooms. However, compared to the results of Subrama-
niam et al. (2008a), the model may overestimate the contribution of DDA-fixed N in mesohaline
waters. In addition, the DDA-dominated N2 fixation is not limited to the Amazon plume area in
the model, but characterizes the whole southern part of the WTA, contradicting the observations
of Subramaniam et al. (2008a). However, Foster et al. (2007) found that DDAs contribute up to
88% to the total N2 fixation in the high salinity waters of the WTA, thus our model may attribute a
high fraction of N2 fixation to DDAs but is still comparable to observations. The N2-fixing biome
accounts for 17% (13% DDAs and 4% non-symbiotic diazotrophs) of the total phytoplankton
biomass, which is comparable to the results of Subramaniam et al. (2008a).
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Figure 4.6 The mean of the depth-integrated N2 fixation rate for the time period between 1983
and 2019 is shown in colors, the filled circles correspond to integrated in situ measurements (depth
> 80m) (Luo et al., 2012) and the contour lines depict the fraction of N fixed by DDAs, whereas
the remaining fraction is fixed by non-symbiotic diazotrophs.

4.3 Results and discussion

4.3.1 Variability in N2 Fixation

Our results demonstrate that N2 fixation rates in the WTA vary substantially on interannual
timescales. The magnitude of the N2 fixation rate variability in the WTA, computed as the MAD
of the spatially averaged N2 fixation rate, amounts to 16 µmol N m−2 s−1 (Table 4.2). Largest
variations in the N2 fixation rate occur in the southern part of the study region, where diazotrophs
are abundant. The N2 fixation rate deviates most strongly from the climatological mean in spring,
suggesting that a phenomenon that is seasonally locked to spring is an important driver of N2

fixation rate variability. Because the majority of the N2 fixation rate variability is attributed to
climate variability (16 µmol N m−2 s−1), it is likely that a climate mode causes most of the N2

fixation rate variability in spring. However, independent of the season, variability in the Amazon
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River discharge also results in considerable N2 fixation rate variability (9 µmol N m−2 s−1).

Table 4.2 The MAD of the spatially averaged N2 fixation rate variability. The MAD of the N2
fixation rate variability was computed for the whole study region and the southern and northern part
separately denoted in italics.

Total N2 fixation rate variability
(south; north)

N2 fixation rate variability
attributed to discharge variability

(south; north)

N2 fixation rate variability
attributed to climate variability

(south; north)
[µmol N m−2 d−1] [µmol N m−2 d−1] [µmol N m−2 d−1]

Simulation Anomalies of VarAll VarAmz - Baseline Anomalies of VarAtm

Winter (DJF) 16 (33; 16) 9 (15; 8) 17 (35; 15)
Spring (MAM) 21 (37; 15) 10 (15; 13) 21 (36; 16)
Summer (JJA) 11 (19; 13) 8 (14; 11) 12 (19; 13)
Autumn (SON) 15 (17; 22) 8 (13; 10) 14 (19; 21)

Total 16 (26; 16) 9 (14; 11) 16 (27; 16)

The spatially averaged variability in the N2 fixation rate experiences prominent peaks, most
of which are prompted by strong AMM and ENSO events (Figure 4.7). Generally, positive AMM
events and El Niño events augment the N2 fixation rates, whereas negative AMM events and
La Niña events reduce the N2 fixation rate. Furthermore, the N2 fixation rate is also affected
by discharge variability. The fraction of the N2 fixation rate variability attributed to discharge
variability is significantly correlated to the Amazon River discharge anomalies (R-value = 0.40
including a time lag of 5 months, p-value < 0.05), but also the total N2 fixation rate variability
is correlated to discharge anomalies because AMM and ENSO events are major drivers of the
discharge variability (Richey et al., 1989; Marengo and Espinoza, 2016). Elevated discharge
enhances the N2 fixation rate, whereas reduced discharge quenches the N2 fixation rate. During
periods when the N2 fixation rate is only moderately impacted by climate variability, the N2

fixation rate variability attributed to discharge variability does not strictly counteract or reinforce
N2 fixation rate variability attributed to climate variability. However, during strong AMM or
ENSO events, the N2 fixation rate variability attributed to discharge variability usually counteracts
the N2 fixation rate variability attributed to climate variability, resulting in the total N2 fixation
rate variability being slightly smaller than the N2 fixation rate variability attributed to climate
variability. Our simulations indicate that climate variability and discharge variability have a non-
linear impact on the N2 fixation rate, with the climate variability slightly suppressing the impact
of the discharge variability on the N2 fixation rate.
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Figure 4.7 The total (A), discharge variability induced (B), and climate variability induced (C)
spatially averaged N2 fixation rate variability. The gray line in panel B depicts discharge anomalies.
In panel C, brown bars depict positive (dark) and negative (light) AMM events, whereas turquoise
bars depict El Niño (dark) and La Niña (light) events.

Spatially, the N2 fixation rate variability generally scales with the N2 fixation rate (Figure 4.8).
The total and climate variability induced N2 fixation rate variability deviate from this general ob-
servation in the latitudinal band between 15◦ N and 20◦ N, where the N2 fixation rate variability
is large relative to the N2 fixation rate. N2 fixation rate variability attributed to discharge vari-
ability tends to be larger in the western part of the basin than in the eastern part relative to the
N2 fixation rate, coinciding with the offshore plume region of the Amazon River. Additionally,
the discharge variability derived N2 fixation rate variability is larger than the total and climate
variability induced N2 fixation rate variability, which has two causes. Firstly, the two disparate
discharge forcings lead to subtle differences in the physics of the model, which can lead to slight
differences in the N2 fixation rate. However, averaged over the study region, the resulting differ-
ences in the N2 fixation rate tend to cancel out. Nonetheless, slight differences in the physical
parameters triggered by disparate discharge forcing might lead to a slight overestimation of the
N2 fixation rate variability attributed to discharge variability in Table 4.2. Secondly, variability in
the Amazon River discharge results mainly in a displacement of the N2 fixation rate, which leads
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to large spatial variability that becomes significantly smaller if averaged over the study region.

To visualize how the discharge variability affects the N2 fixation rate, we fitted a linear re-
gression between the yearly averaged N2 fixation rate anomalies attributed to discharge variability
and the discharge anomalies. The slope of this linear regression indicates that the discharge vari-
ability impacts the N2 fixation rate strongest in the area between 10◦ N - 20◦ N and 45◦ W - 70◦

W (Figure 4.9), which coincides with the region of largest N2 fixation rate variability associated
with discharge variability identified in Figure 4.8. The positive slope indicates that anomalously
high discharge results in an elevated N2 fixation rate, whereas anomalously low discharge results
in a lowered N2 fixation rate. In the surrounding areas, a predominantly negative relationship is
observed, which is however rarely significant. Hence, the increase (decrease) in the N2 fixation
rate following anomalously high (low) discharge is focused and long-lived, whereas the partial
compensation of this increase (decrease) is either more short-lived or less focused. The discharge
variability can increase (decrease) the N2 fixation rate in the offshore plume region depicted in
Figure 4.9 by the contour line by up to 35 µmol N m−2 d−1 (24 µmol N m−2 d−1) throughout
a year. An important driver of the discharge variability induced N2 fixation rate variability is
variation in the riverine nutrient input, which will be discussed in more detail in Section 4.3.3.

The composites of N2 fixation rate anomalies based on AMM and ENSO reveal that these two
climate modes impact the N2 fixation rate in a similar way (Figure 4.10). In winter and spring,
positive AMM events and El Niño conditions mostly enhance the N2 fixation rate, whereas nega-
tive AMM events and La Niña conditions mostly decrease the N2 fixation rate, with the equatorial
upwelling region posing an exception. The N2 fixation rate anomalies are most pronounced in
spring, when the AMM is fully developed. Although ENSO reaches its full intensity already in
winter, the impact on the N2 fixation rate in the WTA is strongest in spring. This is in agree-
ment with the magnitude of the total N2 fixation rate variability being largest in spring, indicating
that the seasonally locked AMM and ENSO are important drivers of the N2 fixation rate vari-
ability. In summer, N2 fixation rate anomalies become more heterogeneous, expressing a zonal
pattern. In autumn, positive AMM events and El Niño phases mainly decrease the N2 fixation
rate, whereas negative AMM events and La Niña phases slightly increase the N2 fixation rate.

Figure 4.8 The mean absolute deviation of the total (A), discharge variability induced (B), and
climate variability induced (C) variability in theN2 fixation rate. Contour lines depict the average
N2 fixation rate.
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Figure 4.9 The slope between the yearly averaged N2 fixation rate anomalies attributed to the dis-
charge variability and the yearly averaged discharge anomalies. Stippled area represents the region
exceeding the 95% confidence level. The contour line depicts the area where the SSS is influenced
by discharge variability (compare to Figure 4.13D). It is defined as the area where the slope between
SSS variability associated with discharge variability and discharge anomalies is smaller than -1.5 ·
10-6 and significant on a 95% confidence level, including data south of 20◦ N and west of 45◦ W.

Drivers of these climate variability related N2 fixation rate anomalies are wind-induced changes
in the Mixed Layer Depth (MLD) and upwelling strength in the equatorial upwelling system,
which result in varying nutrient concentration. Drivers of N2 fixation rate variability attributed to
AMM and ENSO will be discussed in more detail in Section 4.3.4.

Despite the discharge variability being partly driven by climate variability, the areas where
N2 fixation is impacted by discharge variability and climate variability differ greatly. Discharge
variability derived N2 fixation rate anomalies occur at the fringes of the Amazon offshore plume.
A possible mechanism might be the improvement (destruction) of an ecological niche for dia-
zotrophs at the fringe of the offshore plume during anomalously high (low) discharge. In con-
trast, climate variability results in N2 fixation rate variability in the southeastern part of the study
region. Alterations of the wind pattern that result in differing oceanic conditions are a mecha-
nism to could explain N2 fixation rate anomalies attributed to climate variability. To identify the
mechanisms through which discharge variability and climate variability impact the N2 fixation
rate, we have to discern the drivers of N2 fixation rate variability, before assessing how discharge
variability and climate variability impact those drivers.

4.3.2 Bottom-up Controls Drive Variability in N2 Fixation

For nutrients to impact the N2 fixation rate, they need to either limit diazotrophic growth or affect
the competitive pressure. P variability is expected to be an important driver of N2 fixation rate
variability because P availability limits the growth of all phytoplankton groups in the northern
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Figure 4.10 The N2 fixation rate anomalies following AMM events (left column) and ENSO
events (right column). The pattern is shown for positive AMM events and El Niño phases, re-
spectively. The pattern for negative AMM events and La Niña phases corresponds to the inverse
of the displayed pattern. The impact of the discharge variability is excluded, i.e., anomalies of the
VarAtm were binned.

part of the study region (Figure 4.11). Additionally, P availability curbs non-diazotrophic growth
in the majority of the southern part of the study region, where competition dynamics play an
important role. Variable Fe and Si(OH)4 concentrations could impact the N2 fixation rate in the
southern part, but subsequent analysis reveals that Fe and Si(OH)4 variability have a small influ-
ence on the N2 fixation rate, due to competitive pressure mostly controlling the N2 fixation rate
in the southern part of the study region. However, it should be noted that the Si(OH)4 limitation
might be underestimated in our model, due to a drift in the Si(OH)4 concentration. Along the
coast, where non-diazotrophic growth is limited by N availability, the N2 fixation rate and vari-
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ability therein is low. Hence, N variability in this region is unlikely to trigger considerable N2

fixation rate variability.

Figure 4.11 The most limiting nutrient for DDAs (A), non-symbiotic diazotrophs (B), diatoms
(C), and small phytoplankton (D).

The spatial linear regression between N2 fixation rate variability and nutrient variability con-
firms our expectation that P variability has a strong impact on the N2 fixation rate (Figure 4.12).
The slope of the linear regression between N2 fixation rate variability and PO4 variability indi-
cates that the N2 fixation rate is very sensitive to PO4 variability between 15◦ N - 20◦ N and 45◦

N - 65◦ N. In this region, PO4 is scarce and an increase (decrease) leads to an increase (decrease)
in the N2 fixation rate. In the southern part of the study region, N2 fixation rate variability and
PO4 variability are negatively related. This is due to non-diazotrophic growth being controlled by
PO4 availability, whereas diazotrophs are only indirectly affected by PO4 variability via changes
in the competitive pressure. DOP variability has a similar impact on the N2 fixation rate as PO4

variability, but the slope is smaller. The area where diazotrophs profit from increases in the DOP
concentration extends slightly more to the south in comparison to PO4, which reflects the ad-
vantage of diazotrophs in assimilating DOP. Landolfi et al. (2015) highlight that this advantage
allows diazotrophs to thrive in regions that are characterized by a high N:P ratio. In our model,
the quantitative importance of DOP variability on the N2 fixation rate is likely underestimated,
because we did not account for the fact that only a fraction of the DOP is assimilated. Over-
all, our finding that variations in P availability trigger interannual N2 fixation rate variability is
supported by other studies that found P availability to limit the growth of N2-fixers in the WTA
(Sañudo-Wilhelmy et al., 2001; Webb et al., 2007; Sohm et al., 2008; Sohm and Capone, 2010b).
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The N2 fixation rate variability and the NO3 variability are mostly negatively related, which
has three causes. Firstly, non-symbiotic diazotrophs reduce their N2 fixation rate proportionally
if they assimilate DIN. Hence, a higher NO3 concentration reduces the N2 fixation rate, because
N2-fixers assimilate more DIN. Secondly, NO3 availability affects the competitive pressure that
diazotrophs are exposed to. N2-fixers profit when NO3 is scarce, because N scarcity limits non-
diazotrophic growth, whereas diazotrophs can overcome N limitation by fixing N2. Lastly, in the
region where NO3 variability has a strong impact on the N2 fixation rate, the NO3 concentration
in the mean state is close to 0.5 mMol N m−3. Because DDAs only contribute to N2 fixation if
the NO3 concentration is below 0.5 mMol N m−3, small variability in the NO3 concentration has
a large impact on the N2 fixation rate in this region.

To assess the impact of Si(OH)4 and Fe variability on the N2 fixation rate, we depict the

Figure 4.12 The slope of the linear regression fitted between N2 fixation rate anomalies and
surface nutrient anomalies (A-E) and the diazotrophic NPP anomalies and non-diazotrophic NPP
anomalies. Anomalies are derived from the VarAll simulation. The slopes of the linear regression
are scales according to an extended Si:N:P:Fe Redfield ratio amounting to 80:16:1:0.007. The con-
tour lines depict the surface nutrient concentration in the mean state (A-E) and the fraction of NPP
attributed to diazotrophs in the mean state (F). Stippled area represents the region exceeding the
95% confidence level.
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theoretical maximum impact of variability in these nutrients on the N2 fixation rate. The results
indicate that especially Si(OH)4 variability could potentially impact the N2 fixation rate greatly.
However, due to variable Si:C and Fe:C ratios, the realized impact is likely significantly smaller.
Indeed, subsequent analysis revealed Si(OH)4 and Fe variability to be insignificant drivers of N2

fixation rate variability, indicating that the Si:C and Fe:c ratio is generally smaller than the maxi-
mum ratio of 80:117 and 0.007:117, respectively. In agreement with our results, other studies have
found that Fe availability is only moderately coupled to the N2 fixation rate (Sañudo-Wilhelmy
et al., 2001; Webb et al., 2007). Nonetheless, diazotrophs are Fe-limited in the southern part of
the study region in our model. Thus, Fe variability would likely drive N2 fixation rate variability
if variability in the Fe supply were more pronounced, which might be the case if the model was
forced with interannually varying iron-containing dust deposition.

In addition to nutrient limitation, also variability in physical parameters, such as temperature
and light, could potentially induce variability in the N2 fixation rate. Our model indicates that
neither light variability nor temperature variability impacts the N2 fixation rate greatly. However,
both temperature and light availability are closely related to the MLD variability, which also
controls the vertical nutrient supply, which will be discussed in more detail in Section 4.3.4.
Therefore, the impact of variability in temperature, light availability and nutrient availability on
the N2 fixation rate cannot be disentangled completely.

Lastly, variability in top-down controls, such as variability in the grazing pressure, have a
minor impact on the N2 fixation rate. Variability in the biomass normalized grazing is generally
positively related to the variability in diazotrophic Net Primary Productivity (NPP), which sup-
presses N2 fixation rate variability (Figure C.5). One exception occurs along the coast, where
the relation between variability in the diazotrophic biomass normalized grazing pressure and di-
azotrophic NPP variability is weak. In this region, diatom blooms dictate when grazing pressure
peaks. Overall, grazing dynamics counteract N2 fixation rate anomalies but are unlikely to drive
the distinct pattern of N2 fixation rate anomalies triggered by discharge variability or climate vari-
ability. This finding contrasts the result of Louchard et al. (in prep.), who found that top-down
controls govern the distribution of diazotrophs in the mean state. This may be due to variability in
grazing being small compared to nutrient variability or grazing acting on longer timescales than
the impact of interannual phenomena lasts, which would explain why grazing shapes diazotrophic
distribution in the mean state but does not contribute to interannual variability in the N2 fixation
rate.

In conclusion, our results suggest that bottom-up controls, in particular variable P and NO3

availability coupled to competition, drive interannual N2 fixation rate variability. In contrast,
physical conditions, such as light availability and temperature, and top-down controls play a
minor role. However, the question remains how discharge variability and climate variability
impacts drivers of N2 fixation rate variability.
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4.3.3 The Amazon River as a Source of Variable Nutrient Input

In our model, the nutrient input of the Amazon River varies on interannual timescales and scales
linearly with the discharge. If variable input of either of the nutrients identified to drive N2

fixation rate variability impacts the nutrient concentration in the region where we observe large N2

fixation rate variability associated with discharge variability, input variability of this nutrient can
be considered a driver of N2 fixation rate variability associated with discharge variability. While
DOP, NO3 and Si(OH)4 concentrations are impacted by discharge variability in the region where
the N2 fixation rate is impacted by discharge variability (Figure 4.13), variable PO4 and Fe input
do not reach this region and are neglected in the following discussion. The region where the SSS
is impacted by discharge variability establishes the boundaries where nutrient input variability
can affect the nutrient concentration.

The DOP concentration is greatly impacted by discharge variability in a sizeable fraction
of the WTA and DOP input variability reaches the region where we observe large variability
in the N2 fixation rate associated with discharge variability. Therefore, variable DOP input by
the Amazon River is an important driver of N2 fixation rate variability that is associated with
discharge variability. DOP is transported further distances than PO4, because non-diazotrophs,

Figure 4.13 The slope of the linear regression fitted for the yearly averaged discharge anomalies as
the explanatory variable and averaged P anomalies (A), NO3 anomalies (B), Si(OH)4 (C) anomalies,
and SSS anomalies (D) as the dependent variable. The slope are scaled according to a Si:N:P ratio
of 80:10:1. Stippled area represents the region exceeding the 95% confidence level.
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especially diatoms, are less efficient in assimilating DOP relative to PO4.

In addition to variable DOP input, also variable NO3 input impacts the NO3 concentration in
the region where we observe large N2 fixation rate variability associated with discharge variabil-
ity. Thus, variable NO3 is a second important driver of N2 fixation rate variability associated to
discharge variability. Although the NO3 variability associated with discharge variability would
become insignificant if scaled according to the Redfield ratio, NO3 variability associated with
discharge variability is nonetheless considered a major driver of N2 fixation rate variability asso-
ciated with discharge variability due to subtle changes in the NO3 concentration determining if
DDAs contribute to the N2 fixation rate. The negative slope between the NO3 variability and the
discharge variability is observed due to the assimilation of NO3 of non-diazotrophs overcompen-
sating the variability in the NO3 input.

Although the Si(OH)4 concentration is significantly affect by variable Si(OH)4 input, if scaled
according to the maximum Si:C ratio, the Si(OH)4 variability does hardly reach the region where
we observe largest N2 fixation rate variability associated with discharge variability. Therefore,
variable Si(OH)4 input has a limited impact on N2 fixation rate variability associated with dis-
charge variability. Nonetheless, Si(OH)4 input by the Amazon River has been shown to be essen-
tial to sustain N2 fixation rate in the WTA (Louchard et al., 2021).

In the years to come, the relevance of the Amazon River as a source of nutrients and the
discharge variability as a driver of N2 fixation rate variability might decrease. There are already
more than hundred hydropower dams along the Amazon River and there are numerous proposals
for additional dams (Latrubesse et al., 2017). Damming of the Amazon River will firstly decrease
interannual variability in the discharge and secondly impact the nutrient load of the Amazon
River (Almeida et al., 2015; Maavara et al., 2020). In hdyropower reservoirs, nutrients are elim-
inated via sedimentation or gaseous release to the atmosphere, which also impacts the nutrient
ratio (Maavara et al., 2020). Damming of the Amazon River could thus not only decrease the
magnitude of N2 fixation rate variability, but has the potential to change the mean distribution of
N2-fixers in the WTA.

4.3.4 The Role of Climate Variability

AMM and ENSO events create distinct nutrient anomalies, having a particularly strong impact
on PO4 availability (Figure 4.14). In agreement with N2 fixation rate anomalies, PO4 anomalies
are strongest in spring. During positive AMM events and El Niño conditions (negative AMM
events and La Niña conditions), the southeastern part of the study region experiences negative
(positive) PO4 anomalies, whereas the equatorial upwelling region is characterized by PO4 con-
centrations above (below) average. The mainly decreased (increased) PO4 concentration during
positive AMM events and El Niño phases (negative AMM events and La Niña phases) suppresses
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(enhances) non-diazotrophic NPP in all the regions where non-diazotrophs are limited by P (Fig-
ure C.7). As a result, the competitive pressure decreases (increases) and diazotrophs, which are
not limited by P in the southern part of the study region, thrive (decline), thereby increasing (de-
creasing) the N2 fixation rate. In contrast, DOP anomalies are mostly restricted to the offshore
plume region, which is a result of the river water being transported along a different trajectory
during AMM and ENSO events (Figure C.8). The DOP concentration does not vary greatly in the
southeastern part of the study region. Climate variability impacts the vertical supply of nutrients,
but DOP is remineralized in the deep ocean and is not supplied via vertical transport. Thus, DOP
anomalies are unlikely to drive N2 fixation rate variability associated with climate variability.
While Si(OH)4 and Fe anomalies are insignificant following AMM and ENSO events if scaled
according to the maximum Si:C and Fe:C ratio (Figure C.9 and Figure C.10), a slight decrease
(increase) in the NO3 concentration following positive AMM events and El Niño phases (negative
AMM events and La Niña phases) in winter and spring could contribute to the increase (decrease)
in the N2 fixation rate that is observed in these seasons (Figure C.11). In conclusion, it is mainly a
change in the competitive pressure associated with variability in the PO4 concentration that drives
N2 fixation rate variability associated with climate variability.

The nutrient anomalies in the southeastern part of the study region are triggered by changes in
the MLD and upwelling strength. These changes are induced by modulations in the atmospheric
circulation and are linked to AMM and ENSO events. Variations in the MLD and upwelling
strength impact the vertical supply of inorganic nutrients from the deep ocean. A deepening of
the MLD leads to entrainment of nutrients from the underlying thermocline, increasing the nu-
trient availability (Williams and Follows, 2003), whereas an increase in the upwelling strength
transports more nutrient-rich deep water to the surface. Both positive AMM events and El Niño
conditions (negative AMM events and La Niña conditions) lead to a shallower (deeper) MLD
in winter and spring (Figure 4.15). An exception is the equatorial upwelling region, where a
deepening (shoaling) of the MLD is observed during positive AMM events and El Niño phases
(negative AMM events and La Niña phases). In summer and autumn, the MLD anomalies asso-
ciated with AMM and ENSO subside. The prominent MLD anomalies in winter and spring have
a clear imprint on the SST, with a shallower (deeper) MLD coinciding with positive (negative)
SST anomalies. Furthermore, a shallower (deeper) MLD is usually associated with higher (lower)
light availability (Sverdrup, 1953). However, given that neither diazotrophs nor non-diazotrophs
gain a significant competitive advantage through changes in SST and light availability, variations
in these parameters do not drive N2 fixation rate variability. While AMM and ENSO events cre-
ate distinct MLD anomalies, the impact of AMM and ENSO events on the upwelling strength is
less clear (Figure C.6). However, although patchy, the upwelling strength appears to be increased
(decreased) in summer in multiple areas following positive AMM events and El Niño phases
(negative AMM events and La Niña phases). An increase (decrease) in the upwelling strength
transports more (less) remineralized nutrients to the surface ocean. MLD anomalies and changes
in the upwelling strength are expected to reinforce nutrient anomalies in summer in the equatorial
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Figure 4.14 PO4 anomalies following AMM events (left column) and ENSO events (right col-
umn). The pattern is shown for positive AMM events and El Niño events, respectively. The pattern
for negative AMM events and La Niña events corresponds to the inverse of the displayed pattern.
The impact of the discharge variability is excluded, i.e., anomalies of the VarAtm simulation were
binned.

upwelling region.

Due to global warming, the surface ocean is likely to become more stratified in the future
(Bindoff et al., 2019). Hence, conditions similar to those triggered by positive AMM events and
El Niño conditions may become more common in the WTA. In a more stratified ocean, the impor-
tance of N2 fixation is speculated to increase even more, because the introduction of bioavailable
N via N2 fixation could partly compensate for the reduced transport of nutrient-rich water from
the deep ocean to the surface (Wrightson and Tagliabue, 2020). However, it remains questionable
if stratified conditions would increase the N2 fixation rate indefinitely because reduced vertical
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supply of inorganic nutrients might also limit diazotrophic growth.

4.4 Caveats

In our efforts to discern the N2 fixation rate variability attributed to discharge variability and
climate variability, we forced the model with daily reanalysis data and monthly averaged clima-
tological data. The difference in the temporal resolution of the forcing resulted in differences in

Figure 4.15 MLD anomalies following AMM events (left column) and ENSO events (right col-
umn). The pattern is shown for positive AMM events and El Niño events, respectively. The pattern
for negative AMM events and La Niña events corresponds to the inverse of the displayed pattern.
The impact of the discharge variability is excluded, i.e., anomalies of the VarAtm simulation were
binned.
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the model output that are not solely triggered by climate variability. It was therefore impossible
to identify the impact of climate variability or combined impact of discharge variability and cli-
mate variability in the form of differences between the VarAtm simulation or VarAll simulation
and the Baseline simulation. Instead, the impact of climate variability and combined impact of
discharge variability and climate variability was assumed to correspond to the deviations from
the climatological mean of the respective simulation. Although our hindcast simulation spans 37
years, which should provide a robust climatology, our assumption induces some uncertainty.

In the forcing of the model, the nutrient input of the Amazon River scales linearly with the
discharge volume. Due to the lack of interannual variability in the nutrient concentrations, the
nutrient ratios of the Amazon River discharge remain constant through time. The absence of
interannual variability in the nutrient ratios may obscure our results because variations in the
nutrient ratio may have implications for the diazotrophic niche formation. Although there is
some evidence that most nutrient concentrations are elevated during periods of high Amazon
River discharge and decreased during periods of low discharge (Almeida et al., 2015; Araujo
et al., 2014), a recently published study found that DIN concentrations are inversely related to
discharge (Drake et al., 2021). Overall, a lot of uncertainty is still associated with the nutrient
concentration variability in the Amazon River on interannual timescales, which prevented the
implementation of such variability in the model forcing.

The fact that nutrient concentrations are generally low in the surface due to assimilation and
elevated in the deep ocean due to remineralization has made an analysis between depth-integrated
N2 fixation rate and integrated nutrient concentrations futile, which is why we compared the sur-
face concentration of nutrients to the integrated N2 fixation rate. This leads to some uncertainties
in the importance of the different nutrient variability on the N2 fixation rate. Nonetheless, we are
confident that we have uncovered the key nutrients that drive N2 fixation rate, but their quantitative
impact should be regarded with caution.

Although we can show that P variability plays a key role in N2 fixation rate variability, we
cannot quantify the impact of dop variability on the N2 fixation rate precisely. To be able to
compare the importance of DOP variability to PO4 variability, we would need to quantify the
fraction of DOP that is assimilated, which could be achieved with a budget analysis. For the
scope of our study, this is not a major drawback, because we focused on the qualitative, rather
than on the quantitative impact of DOP variability.

Lastly, given the lack of long-term measurement records of nutrients and N2 fixation in the
WTA, we can neither evaluate if the simulated magnitude of N2 fixation rate variability corre-
sponds to reality nor if the discharge variability and climate variability have the simulated effect
on nutrient concentrations and N2 fixation.
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4.5 Conclusion

We simulate pronounced interannual variability in the N2 fixation rate in the WTA, which we
can link to discharge variability and climate variability, in particular AMM and ENSO. While
discharge variability impacts the N2 fixation rate in the western part of the study region, climate
variability impacts the N2 fixation rate in the southeastern part of the study region (Figure 4.16).
The discharge variability impacts the N2 fixation rate through different mechanisms, which ul-
timately result in elevated (reduced) N2 fixation rates during anomalously high (low) discharge
events. As depicted by the pie chart, the Amazon River transports a lot of DOP to the WTA.
During anomalously high discharge events, the P-limited N2-fixers profit from an elevated DOP
supply. Simultaneously, less NO3 reaches the region where the discharge variability most strongly
impacts the N2 fixation rate during anomalously high discharge events, improving an ecological
niche for diazotrophs and augmenting the participation of DDAs towards N2 fixation. And the
inverse is true during low discharge. Positive AMM events and El Niño conditions enhance the
N2 fixation rate via changes in the vertical supply of PO4. AMM and ENSO events impact the
vertical supply of PO4 via changes in the MLD and upwelling strength. As illustrated by the
lines, the MLD shoals during positive AMM events and El Niño phases, supplying less PO4 to
the surface. Because non-diazotrophic phytoplankton are limited by P in the southeastern part of
the study region, variability in the PO4 supply impacts the competitive pressure that diazotrophs
experience. During positive AMM events and El Niño conditions, non-diazotrophic competition
lessens, spurring the growth of N2-fixers, thereby enhancing the N2 fixation rate. In the equatorial
upwelling region, the MLD deepens during positive AMM events and El Niño phases in com-
bination with an increasein the upwelling strength. Thus, the PO4 availability increases, which
intensifies the competitive pressure experienced by diazotrophs and results in a lower N2 fixation
rate. The exact opposite is at play during negative AMM events and La Niña conditions.

The variability in the N2 fixation rate variability has implication for the N and C cycle. Vari-
ability in the introduction of “new” N results in variable primary productivity, carbon export, and
carbon sequestration (Sohm et al., 2011). Variability in the carbon sequestration has implications
for the global climate, because carbon export and sequestration allows the surface ocean to take
up additional atmospheric CO2. However, some of the variation in the bioavailable DIN budget
that is associated with a variable N2 fixation rate may be offset by denitrification. Denitrification,
which only occurs in the absence or near-absence of oxygen (Voss et al., 2013), is thought to be in
approximate balance with N2 fixation, ensuring the homeostasis of the marine N cycle (Gruber,
2016; Zehr and Capone, 2020). If enhanced N2 fixation rate results in more biological carbon
export, the oxygen concentration in the deep ocean is expected to drop due to more heterotrophic
respiration. If heterotrophic respiration leads to oxygen depletion, denitrification can lead to a
net loss of DIN. It should be noted that recent results indicate that N2 fixation and denitrification
occur spatially separated, and such a feedback, if present, is probably weak (Wang et al., 2019;
Gruber, 2019).
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Figure 4.16 Processes resulting in interannual N2 fixation rate variability in the WTA. In colour,
the N2 fixation rate anomalies computed as the MAD from the VarAll simulation are shown. The
pie charts depict the PO4:DOP ratio and the total P concentration in the Amazon River discharge, at
the surface and at 100m depth, averaged over the whole study region.





Chapter 5

Synthesis & Outlook

From the upstream lands to the open ocean, water flows through a myriad of physically and bio-
geochemically diverse aquatic environments, formalised as a Land-to-Ocean Aquatic Continuum
(LOAC) that bridges the terrestrial and the marine worlds (Billen et al., 1991; Bouwman et al.,
2013). The LOAC was for a long time studied in a non-integrative manner i.e., each component
investigated in isolation, and crudely represented, if at all, in earth system models. It has recently
received increasing attention with numerous studies highlighting its importance for the regional
to global carbon and nutrient cycling and pleading for a better assessment of its anthropogenic
perturbations (e.g., Regnier et al. (2013); Terhaar et al. (2021); Lacroix et al. (021b)). As an ever-
moving interface between land and ocean, river plumes constitute the low-end of the LOAC. The
world’s largest rivers such as the Amazon generate plumes that can spread in the ocean over thou-
sands to millions of km2, significantly altering the marine biogeochemistry and the phytoplankton
dynamics (e.g., Weber et al. (2017) and references therein). Critically, the exogenous carbon and
nutrients delivered by rivers have been shown to increase marine primary production (Gouveia
et al., 2019), alter phytoplankton community structure (Subramaniam et al., 2008a), induce an
uptake of CO2 (Yeung et al., 2012) or inversely a release of CO2 to the atmosphere (Lacroix et al.,
2020). Due to the diversity and variability of the physical and biogeochemical processes shaping
the plume properties, river plumes are highly variable environments whose average impact and
full complexity are hard to capture with instantaneous field measurements and remote sensing
approaches. Numerical modeling can help to unravel this complexity and provide quantitative
assessments of these impacts.

In this thesis, I performed high-resolution simulations using a coupled physical-biogeochemical-
ecological model to disentangle and, when possible, quantify the intertwined responses of marine
biogeochemistry and ecology to the terrestrial inputs delivered by the Amazon River. This re-
search notably sheds light on the links between the riverine nutrients, the changes in primary and
export production, the mediating role of phytoplankton community and the prevalence of N2 fix-
ation. In this synthesis section, I intend to summarize my key findings that answer the research
questions posed in the introduction (section 1.5) and highlight their implications in the context of
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the LOAC (section 1 & 2). I will then discuss the limitations of this work (section 3) and suggest
new avenues of research ensuing from this thesis (section 4).

5.1 Major scientific findings and conclusions

Q1. What are the individual and cumulative impacts of the riverine nitrogen, phosphorus
and silicic acid inputs on marine primary production? How do shifts in the phytoplankton
community structure affect export production?

In Chapter 2, I aimed first at offering a comprehensive understanding of how marine primary
production and the biological pump are affected by the large riverine inputs. To disentangle
the effects of the different dissolved elements provided by the Amazon, I ran a set of factorial
simulations where one or several nutrients are removed from the freshwater inflow. My results
indicate that over the whole Western Tropical Atlantic Ocean (WTA), the Amazon is responsible
for an increase of the Net Primary Production (NPP) of 115 Tg C yr−1 and an increase of the
export production (EP) of 32 Tg C yr−1. The NPP increase goes beyond a strict utilization of the
nutrients delivered by the Amazon and does not proportionally match the increase in EP, which
lead me to uncover internal feedbacks and non-linearities in the system.

My factorial simulations demonstrated that NPP in the WTA is impacted differently by each
riverine nutrient. Phosphorus (P), inorganic and organic, determines the magnitude of the NPP
increase as phytoplankton growth in the WTA is mostly limited by P. Furthermore, our results
highlight the key role of dissolved organic phosphorus (DOP) in sustaining the intense N2 fixa-
tion rates as DOP is primarily uptaken by diazotrophs. N2 fixation is especially important as it
constitutes a source of ”new” N and combined with regenerated N, it supports most of the in-
crease of NPP, giving a minor role to riverine nitrogen in that regard. In contrast, the delivery
Si(OH)4 by the Amazon actually curtails the increase of NPP. Indeed riverine Si(OH)4 induces
a shift in the phytoplankton community towards a community dominated by non-symbiotic and
symbiotic diatoms, larger phytoplankton types that are more prompt to sink out, reducing conse-
quently the recycling of nutrients in the euphotic zone. This enhancement of the downward flux
of organic matter means that a larger fraction of NPP is exported to depths, explaining the pro-
portionally larger increase of EP compared to NPP. This change in the phytoplankton community
composition thus drives the enhancement of the biological pump.

Q2. How much does the Amazon River alter the air-sea CO2 fluxes in the WTA? What
are the different factors driving the changes in the air-sea CO2 balance?

In order to give a quantitative assessment of the CO2 anomalies induced by the river and
disentangle the driving forces involved, I ran additional factorial simulations, i.e, one without
Dissolved Organic Carbon (DOC) and one where the Amazon simply does not flow, Generally,
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our baseline simulation agrees with the observations that indicate a moderate to strong CO2 out-
gasing by the non-plume waters and an uptake of CO2 by the regions under the Amazon plume’s
influence, except in the estuary zone (Lefèvre et al., 2017, 2020). In contrast, in the absence of the
Amazon River (no inflow), the estuary exhibits a slight uptake of atmospheric CO2 while the rest
of the domain releases CO2. Overall, our factorial simulations establish that the Amazon river is
responsible for an additional outgasing of 1.7 Tg C yr−1 in the estuary and an additionnal uptake
of 28 Tg C yr−1 in the rest of the domain.

The estuary and the shelf are primarily affected by the delivery of riverine DIC and alkalinity
whose changing ratio pushes the waters to be oversaturated with respect to the atmosphere in the
estuary and undersaturated in the shelf region. The terrestrial DOC delivered by the Amazon is
progressively remineralized along the plume pathway and is thus driving the system toward out-
gasing. Finally, the changes in the biological pump associated with the shift in the phytoplankton
community structure (Q1) constitute the most important factor, turning the offshore plume in to
a sink of CO2 and tempering the outgasing of the non-plume waters. Appraising the effect of the
Amazon beyond the physical bounds of its plume is hard to achieve with observations as the sig-
nal is tenuous. But my results indicate that integrated over the large areal extent of the non-plume
waters, the long range impact of the Amazon on the air-sea CO2 exchanges might be sizable.

Q3. How much does the Amazon contribute to the high rates of N2 fixation in the WTA?
In what ways do the riverine inputs affect the bottom-up and top-down factors that control
the phytoplankton competition and eventually determine the ecological success of Diatom-
Diazotroph-Assemblages (DDAs)?

Chapter 2 highlighted the importance of N2 fixation in providing ”new” N in the system and
additional pathways for carbon sequestration. Chapter 3 aimed at a better assessment of the role
of the Amazon in fueling this intense N2 fixation in the WTA. Over the whole study area, the
fixation of 3.8 Tg N yr−1 can be directly attributed to the delivery of riverine nutrients. This
represents an increase of 74% compared to the simulation without riverine inputs, with a larger
contribution of the plume waters than the non-plume waters, +152% and + 46% respectively. The
majority of this increase is supported by DDAs. The magnitude of the increase in N2 fixation
as well as its controlling factors vary substantially between the upstream (0-1300 km) and the
downstream (1300-3500km) sections of the plume.

To uncover why and where DDAs become successful along the plume pathways, I investi-
gated the changes in the phytoplankton competition induced by the Amazon using the growth and
grazing ratio framework introduced by Hashioka et al. (2013). Although the physical properties
of the ocean are altered by the river plume, changes in temperature and light availability have a
negligible impact on the phytoplankton competition. Much more important is the role of nutrients.
Our analysis shows that in the upstream section of the plume, the excess of Si(OH)4 over NO3

in the river waters gives DDAs a competitive advantage over non-diazotrophic phytoplankton.
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This advantage does not translate in a prevalence of DDAs in the phytoplankton community as
their competitiveness in growth is suppressed by a strong disadvantage in grazing. In this portion
of the plume, the zooplankton biomass peaks following the enhancement of primary production,
which results in a higher grazing pressure on slower-growing diazotrophs. The same situation
arises in the simulations by Wang et al. (2019) where the diazotrophs exhibit high growth rates in
nutrient-rich upwelling systems but do not bloom, constrained by the high grazing pressure.

In contrast, the N2 fixation rates of DDAs increase significantly in the downstream section of
the plume. Their success there is driven by a relaxed grazing pressure and the maintenance of a
growth advantage over diatoms thanks to their ability to directly use DOP. In their competition
against Trichodesmium, DDAs benefit from their higher maximum growth rate that is not coun-
terbalanced by the grazing advantage of Trichodesmium. Only in really oligotrophic waters do
Trichodesmium manage to dominate the diazotrophic community.

Overall, the analysis presented in chapter 3 confirms that the Amazon River is driving the
high rates of N2 fixation observed in the WTA. The Amazon primarily alters the concentration
and stoichiometry of nutrients in the ocean but doing so, it changes both bottom-up and top-down
controls that drive the phytoplankton competition. In agreement with Stukel et al. (2014), this
work highlights the fact that it is the changed balance between the two that allows DDAs to thrive
in the off-shore plume waters.

Q4. What is the response of N2 fixation in the WTA to the Amazon discharge variability
and the climate variability on interannual timescales? What are the mechanisms driving
the negative and positive anomalies of N2 fixation?

Chapter 4 presents evidence for a substantial amount of interannual variability of N2 fix-
ation in the WTA and investigates its controlling factors associated with the variability of the
Amazon discharge and two climate modes, the Atlantic Meridional Mode (AMM) and the El
Niño-Southern Oscillation (ENSO). This analysis is based on a set of 4 hindcast simulations that
cover the 1979-2019 period. One hindcast represents the most realistic simulation and includes
all modes of variability while the other hindcasts exclude at least one mode of variability i.e.,
using constant river discharge and/or climatological atmospheric forcing.

In my simulations, the variability of the Amazon has the largest impact in the plume wa-
ters in the northwestern part of the domain, where it can alter N2 fixation rates by up to 15%.
The anomalously high (low) discharge events are associated with positive (negative) N2 fixation
anomalies. These changes are mostly driven by the availability of nutrients: during high dis-
charge event, more DOP is delivered in the offshore plume waters and due to an intensification of
primary production in the upstream part of the plume, less NO3 is reaching the offshore plume.
Both mechanisms give a competitive advantage to N2-fixers over non-diazotrophic phytoplank-
ton, leading to the enhancement of N2 fixation.
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My results show that positive AMM events and El Niño conditions trigger positive anomalies
in N2 fixation and vice et versa. AMM and ENSO affect the nutrient availability through changes
in the equatorial upwelling strength and in the mixed layer depths (MLD), impacting primarily
the southern and eastern part of the WTA. During positive AMM events and El Niño conditions,
the MLD shoals in the eastern part of the study region, reducing the supply of nutrients to the
surface. In contrast, the equatorial upwelling strengthens, resulting in a larger upward flux of
nutrients. During negative AMM events and La Niña conditions, the MLD in the eastern region
deepens while the equatorial upwelling weakens with inverse effect on the supply of nutrients.
Our results indicate that PO4 availability is the key determinant in driving the anomalies in the
N2 fixation rates in these regions. But in contrast with the excess P observed in the Amazon
plume, PO4 supplied in response to physical changes is brought to the surface ocean in a N:P
ratio close to 16:1, that is the classical Redfield stoichiometry. Thus, the increase availability of
PO4 benefits first and foremost the non-diazotrophs, increasing the competition pressure on dia-
zotrophs and consequently reducing N2 fixation. In contrast, when the supply of PO4 is reduced,
diazotrophs have a competitive growth advantage associated with their ability to directly use DOP
as an alternative source of P.

Overall, the changes in bottom up controls play the largest role in the variability of N2 fix-
ation in response to the variability of both the Amazon discharge and the two climates modes
investigated here. Phosphorus is mostly driving the anomalies in N2 fixation, although with a
contrasting effect depending on the N:P ratio and the P:DOP ratio of the nutrient supply. In
comparison, top-down controls appear to play a minor role. My results in chapter 3 showed that
a strong increase in NPP results in higher levels of zooplankton biomass, indirectly influencing
the grazing pressure experienced by diazotrophs. The changes in primary production induced by
the interannual variability of the Amazon discharge and climate modes are not large enough to
significantly affect the grazing dynamics.

5.2 Implications

By assessing, I exposed the impacts of the Amazon River inputs on the marine biogeochemistry,
exposing the intricate links and feedbacks between primary production, phytoplankton commu-
nity structure, export production, N2 fixation and air-sea CO2 exchanges. In the context of rising
anthropogenic perturbations, this work has direct implications for present and future changes,
implications I will outline in this section.

Its immensity as well as its location in the very productive wet tropics make the Amazon River
a crucial component in the global carbon cycle. Past studies establishing a carbon budget for the
Amazon only took into account the inland portion of the LOAC, focusing primarily on the upland
and central basin, neglecting the lower reach of the river from Òbidos to the mouth (Ward et al.,
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2017). Generally oversaturated in comparison to atmospheric levels, the Amazon fluvial network
represents a source of CO2. For the fluvial network upstream of Òbidos, Richey et al. (2002)
estimated a basin-wide release of 0.5 Pg C yr−1, which almost matches the estimated carbon
sequestration by the Amazon terrestrial biosphere. The quantification of additional sources and/or
sinks along the Amazon LOAC challenges this putative balance. The main source of uncertainty
in the upscaling of individual measurements lies in the temporal and spatial variability of gas
exchange coefficients (Alin et al., 2011). Using a 5-year dataset of direct measurements to better
constrain the gas transfer velocity, de Fátima F. L. Rasera et al. (2013) revised upward the estimate
of the CO2 efflux to 0.8 Pg C yr−1, still accounting only for the aquatic network upstream of
Òbidos. To elucidate the missing portion of the river, Sawakuchi et al. (2017) made a series of
measurements in the lower stretch of the Amazon basin, downstream of Òbidos and estimated a
CO2 evasion of 20 Tg C yr-1 from Òbidos to Macapà and an additional 28 Tg C yr-1 from Macapà
to the mouth of the river. The last area they consider in this study overlaps the domain I simulated
in this thesis. My results in this zone do not indicate a strong outgasing - only 1.7 Tg C yr−1 for
the whole estuary - although it is important to note that the dynamics simulated in this sub-region
are highly dependant of the boundary inputs, notably the saturation level of the incoming waters
and the DOC both load and lability. Once in the ocean, the plume waters can cover an area of
up to 2 millions of km2 where terrestrial carbon continues to be transformed and where terrestrial
nutrients alter the marine carbon cycling. To establish a truly comprehensive budget of the carbon
sinks and sources along the Amazon LOAC, this further processing of carbon in the marine realm
should also be accounted for. In contrast to the Amazon freshwater network, the plume waters
generate a sink of atmospheric CO2. Compared to the estimated CO2 evasion from the inland
waters, the uptake of the plume waters in my simulations is not negligible but relatively small
(8.4 Tg C yr−1). But my results also suggest that in the absence of the Amazon River inflow,
the WTA would be overall a strong source of CO2. Hence the total effect of the Amazon inputs
on the air-sea CO2 balance amounts to more than 15 Tg C yr−1 for the plume waters and 28 Tg
C yr−1 integrated over the whole WTA. This assessment is in the same magnitude as the CO2

evasion estimated from the lower Amazon waterways (Sawakuchi et al., 2017) which highlights
the necessity to consider the Amazon LOAC to its full extent.

This thesis revealed that the CO2 uptake observed in the plume waters is the result of a com-
plex balance, reliant on the Amazon inputs. To some extent, the absolute concentration of riverine
nutrients, especially of P, dictates the increase of the primary production. But more important is
the singular stoichiometry of these nutrients that shapes the changes in the phytoplankton com-
munity structure, leading to an enhancement of the biological pump. The excess of Si(OH)4 and
P (PO4 and DOP) over NO3 favor DDAs and together with a relaxed grazing pressure, allow
them to thrive in the offshore plume waters. DDAs being able to fix N2, their presence increases
the primary production beyond the local DIN capabilities and combined with regular diatoms,
participates in a more efficient sequestration of carbon. Any disturbance of the riverine nutrient
absolute concentration and stoichiometry might alter this equilibrium. For instance, the multi-
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plication of dams and reservoirs in the Amazon basin might lead to an increase N:P and N:Si
ratios, as P and Si appear to be more efficiently eliminated in reservoirs (Maavara et al., 2020).
The factorial simulations used in chapter 2 and 3 can provide some insight on what could be
the consequences of such a scenario. The changes in stoichiometry would most likely reduce
the environmental niche of DDAs and the associated high rates of N2 fixation. For instance, an
excess of inorganic nitrogen has been hypothesized to suppress diazotrophy in the plume of the
Yangtze River (Gomes et al., 2018). Besides, a reduction of the P load would curtail the primary
production while a decrease of the Si load would shift the phytoplankton community towards the
dominance of smaller phytoplankton. Such a phytoplankton community would be less efficient at
exporting carbon to depths, leading to either a reduction of the atmospheric CO2 uptake or even
a release of CO2.

To make robust predictions on future changes, ocean models should adequately represent the
riverine load. My results demonstrate that riverine inputs in models should (i) include carbon but
also the whole suite of essential nutrients (N, P, Si and Fe) and (ii) be seasonally resolved. As
described in the paragraph above, each nutrient has a distinct effect on the system and ignoring
one would vastly change the results. I want to underline the fact that although riverine Fe does
not have a strong impact in my simulations due to the large inputs of dust-derived Fe in the
WTA, Fe should also be included in the riverine inputs as this micronutrient limits the growth of
phytoplankton in large portions of the world ocean (Moore et al., 2013b). In my simulations, Fe
was indeed included but was not limiting the phytoplankton growth.

In terms of ecological complexity, my work highlights the necessity to represent N2 fixation
in an explicit manner. Although N2 fixation rates are especially high in the WTA in response
to the Amazon inputs, N2 fixers have been found in the plumes of other large rivers such as the
Mekong River (Voss et al., 2006; Grosse et al., 2010; Weber et al., 2021), the Orinoco River
and the Congo River (Foster and O’Mullan, 2008) and should not be neglected in the context
of the LOAC. My results suggest that representing at least 2 N2-fixers i.e., Trichodesmium and
DDAs, is necessary to properly capture the effect of N2 fixation on biogeochemical cycles. Even
if Trichodesmium and DDAs co-exist, they have different environmental niches and thus different
spatial patterns. Furthermore, they have a distinct impact on the cycling of nutrients and carbon.
Owing to its buoyancy and its low palatability for grazers, Trichodesmium is more likely to retain
nutrients and carbon in the euphotic zone, favoring their recycling and their potential use for the
rest of the food web (Letelier and Karl, 1998; Capone et al., 2005). In contrast, DDAs have been
hypothesized to drive a stronger export to depths, resulting in a decrease of surface CO2 levels but
also causing a larger loss of nutrients (Korte et al., 2020; Follett et al., 2018). In line with Landolfi
et al. (2015), I find that the competitive advantage of diazotrophs over non-diazotrophs does not
rely solely on its N2 fixation capacity. In my simulations, the direct use of DOP by diazotrophs
plays a crucial role in sustaining high rates of N2 fixation the P-starved environment of the WTA.
DOP assimilation has been documented both for Trichodesmium (Benavides et al., 2017) and
DDAs (Meyer et al., 2016) and should be represented in the explicit modeling of N2-fixers which



124 Synthesis

is still not the case in numerous models (e.g., Stukel et al. (2014); Paulsen et al. (2017); Follett
et al. (2018)).

The importance of N2 fixation in the WTA is confirmed in my simulations. In my baseline
simulation, in climatological conditions, the total N fixed in the WTA (8.9 Tg N yr−1) represents
34% of the N2 fixation simulated for the whole Atlantic. In regard to global estimates, the WTA
could account for 7 to 13 % of the N2 fixed in the global ocean (Landolfi et al., 2015; Paulsen
et al., 2017; Tang et al., 2019a). Disentangling the underlying processes driving this intense N2

fixation appears all the more crucial. In this context, chapter 4 constitutes the first assessment of
interannual variability in N2 fixation in the WTA. My results highlight the importance to consider
both the effect of the discharge variability and the impact of atmospheric forcing variability.
My analysis of the impacts of the discharge interannual variability provides also hints on how
N2 fixation would react to future changes in runoff. Multiple studies have suggested that the
hydrological cycles over the Amazon are intensifying, resulting in an increased discharge during
the high discharge regime and a lower discharge during the low discharge regime (Gloor et al.,
2013; Friedman et al., 2021). My results suggest that the increased discharge, concurrent to the
seasonal widest spread of the plume, would result in an enhancement of N2 fixation in response
to a larger supply of DOP to the offshore plume waters. More work is needed to evaluate the
importance of this effect in the context of multiple anthropogenic perturbations.

5.3 Limits and shortcomings

Modeling frameworks are extremely useful to unravel complex systems, test hypotheses and offer
quantification of highly variable processes. Nevertheless, there are inherent limitations associated
with the simplified representation of natural dynamics. In this section, I will outline the main
limitations of my model setup and discuss their implications.

The representation of processes on the shelf

For the first few hundreds of kilometers, the plume waters travel inshore in the shallow band
of the continental shelf. A first bias in my results can stem from the simplistic representation of
particulate matter dynamics and processes at the sediment-water interface. In my model setup, the
sinking of particulate organic carbon (POC) follows the ballast model introduced by Armstrong
et al. (2001). In such a model, POC is assumed to comprise a free fraction that is rapidly decom-
posed and a fraction associated with ballast mineral that is remineralized on longer timescales.
These distinct dissolution length scales determine the depth at which the POC is remineralized.
With the implicit sinking scheme that I use, POC is instantaneously distributed across the wa-
ter column upon production. Such a parametrization provides reasonable results but neglects
the lateral advection of particulate matter. The Amazon shelf is a very dynamic environment
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where particulate matter does not settle directly. Instead, the trajectory of this organic material
is governed by the combined effect of strong trade winds, geostrophic flows, tidal forcing and
northwestward background circulation (Fontes et al., 2008; Nittrouer et al., 2021). Additionally,
once at the seabed, particulate matter can be resuspended and/or continue its northward migration
within the fluid mud belt that tops the shelf (Nittrouer and DeMaster, 1996; Gabioux et al., 2005).
Neglecting all these physical aspects has consequences for the spatial patterns of the flux to the
sediments, the remineralized flux back to the water column and eventually the cross shelf export
of particulate matter. To address these limitations, Zhao et al. (in prep.) recently used an explicit
sinking scheme that allows the lateral advection of particulate matter (Frischknecht, 2018) and
performed similar simulations as the one used in this thesis. The preliminary results indicate that
while spatial patterns of remineralization and burial slightly change on the shelf, the integrated
loss of nutrients and carbon to the sediments remains equivalent to the one in my simulations. It
is important to note though that these new simulations still exclude resuspension of particles and
mobile fluid sediments.

Beyond the physical transport of particles, bias can arise from the biogeochemical processes
simulated at the water-sediment interface. The sediment component in my model setup constitutes
a semi-reflective boundary. When the particulate matter reaches the sediments, part of it is buried
and part of it remineralized and instantaneously feeds back the bottom cell of the water column.
For instance, the loss of POC follows the algorithm developed by Soetaert et al. (1996) which
relates the POC burial to the flux of organic carbon reaching the sediments, with a maximum
efficiency of 80%. Such simplified formulations have been hypothesized to overestimate burial
fluxes (Hülse et al., 2017), which could be the case as the Amazon shelf exhibits relatively high
remineralization rates (Aller and Blair, 2006). Besides, this approach neglects the time delay
of carbon and nutrient recycling, affecting the temporal and spatial dynamics of fluxes escaping
from the sediments. Also simplified is the representation of sediment denitrification in the model,
which is based on a simple transfer function established by Bohlen et al. (2012). Overall the
recycling of nutrients and carbon might be somewhat underestimated in my simulations, which
might translate in an underestimation of the cross shelf export of nutrients and carbon. These
putative biases would enhance the primary production and expand the blooms further offshore.
However, they would not fundamentally change the main conclusions of this thesis.

Modeling N2-fixers

The standard version of BEC includes only one class of N2 fixers, reproducing the main
functional traits of Trichodesmium (Moore et al., 2001). I incorporated in BEC another type
of N2 fixer i.e., DDAs. Beyond the parameter choices that always come with some uncertain-
ties, I had to make decisions on how to represent this complex symbiosis, based on available
knowledge. Because their symbiotic association is fragile and easily compromised, both in field
measurements and in culture experiments, physiological measures such as uptake rates or inner



126 Synthesis

exchanges between the symbiont and the host are technically challenging to make and are thus
limited (Foster and O’Mullan, 2008). Hence there are still quite a few open questions on the func-
tioning of the symbiosis. One major yet unresolved question is how do DDAs exactly form their
symbiotic association? For now in the model, DDAs are considered in symbiosis when the local
NO3 concentration is below 0.5 mmol N m−3 (see section 2.2.1), which is also the approach taken
by Stukel et al. (2014). But this can lead to unrealistic oscillations between symbiotic and non-
symbiotic state when the local conditions vary around the threshold. Besides other factors can
also drive the formation or the parting of the symbiosis e.g., Tuo et al. (2017) suggested that the
scarcity of P could result in the dissociation of the symbiosis. Foster and O’Mullan (2008) also
hypothesized that free-living Richelia were supplied by rivers as heterocystous diazotroph thrive
in brackish waters. This fluvial input would give an additional importance to rivers in supporting
DDAs blooms.

Another open question is: do DDAs release excess N to the environment in the same manner
as Trichodesmium? In BEC, Trichodesmium fixes 30% of N more than necessary to sustain their
growth, based on their C-fixation. This surplus is directly released to the surroundings as NH4,
ready to be assimilated by any other phytoplankton. With a coarse-grained model representing
the Hemiaulus–Richelia symbiosis, Inomura et al. (2020) showed that the symbiont already needs
to fix N2 4.5 times faster than in a free-living situation in order to meet the needs of its host,
leaving maybe less room for excess N fixing and exudation. Nevertheless, using secondary ion
mass spectrometry measures and simple modeling, Foster et al. (2021) recently demonstrated that
DDAs comprising Hemiaulus hauckii and Hemiaulus membranaceus diatoms might be directly
releasing 7.5% and 11% of their fixed N, respectively. Considering the high N2 fixation rates in
my simulations, implementing such a release of excess N would lead to an enhanced retaining of
N in the surface waters.

The last major unknown in the modeling of DDAs is related to its export efficiency, influ-
encing also the retention/loss balance of nutrients and carbon in the euphotic zone. Based on the
analysis of the carbon and biogenic silica content of sediment traps, Korte et al. (2020) suggested
that DDAs blooms in the WTA might be more efficient at exporting carbon at depths than regular
coastal diatoms. However, the sinking velocity of DDAs is related to their radius, cell density
and form resistance, which are dependent on the species of the diatom host. Form resistance is
for example enhanced by chain formation which performed by the Hemiaulus hauckii, reducing
their sinking rates. Taking into account all these factors, Foster et al. (2021) calculated sinking
speeds of less than 10 m d−1 which is similar to that of other non-symbiotic diatoms (Miklasz
and Denny, 2010). Determining the contribution of DDAs to the downward flux of particles plays
an critical role in constraining the impact of DDAs blooms on biogeochemical cycles, but more
investigation is needed before a more refined parametrization can be implemented in my model.

Beyond the uncertainties associated with the modeling of DDAs, some bias in the N2 fixation
patterns might arise from the absence of UCYN in my model framework. UCYN have been
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detected throughout the tropical Atlantic Ocean and especially in the eastern tropical Atlantic
where their contribution to total N fixed can locally exceed 50% (Martı́nez-Pérez et al., 2016).
However, the observed concentrations of UCYN in the WTA are quite low (Goebel et al., 2010)
and based on the simulations by Stukel et al. (2014), it seems that UCYN are primarily found
in the open ocean, with marginal contribution to total N2 fixation in the fringes of the Amazon
plume. Their absence in BEC is likely to have little impact on my main results. Nevertheless, in
the factorial simulations, the presence of UCYN could have had interesting implications e.g., a
shift in the diazotrophic community and an enhanced contribution of UCYN to N2 fixation in the
absence of riverine Si(OH)4. This also means that in simulations exploring perturbation scenarios,
UCYN is important to consider to properly capture the response of the system. And beyond the
scope of this thesis, since UCYN are rarely included in models, there is a lot to investigate, in
terms of competition with other diazotrophs, quantified contribution to N2 fixation on large-scales
or impact on nutrient cycling.

Modeling zooplankton

In chapter 3, my results demonstrate that the presence of the Amazon River triggers an en-
hancement of the zooplankton biomass and affects the relative weight of top-down controls, which
has major implications for the phytoplankton competition. More specifically, the relative graz-
ing pressure on DDAs shifts along the plume pathway from being a disadvantage compared to
non-diazotrophic phytoplankton to being an advantage. And this progressive change is one of the
major factors driving their blooms in the offshore plume waters. Yet the simplicity of the grazing
parametrization in BEC might limit our ability to represent more complex aspects of the grazing
dynamics. In the model, the generic zooplankton class comprises the representation of both mi-
crozooplankton and mesozooplankton (Moore et al., 2001) and preys indiscriminately on the 4
phytoplankton functional types (PFTs) using a Holling type II ingestion function (Holling, 1959).
Emerging from this simple formulation is a tight coupling between phytoplankton biomass and
zooplankton biomass and a strong dependence of the grazing pressure on the prey biomass (Sail-
ley et al., 2013). Concretely, the zooplankton biomass increases almost linearly with the phyto-
plankton biomass, although Nissen (2019) demonstrated that the zooplankton biomass can reach
a saturation state above which it ceases to increase, an upper limit to grazing that I also found in
my simulations (figure B.3). But the initial coupling of zooplankton and phytoplankton biomass
means that during strong phytoplankton blooms, that are mostly driven by the fast-growing di-
atoms, the zooplankton accumulates rapidly biomass and in turn, imposes a stronger grazing
pressure on slower-growing PFTs such as DDAs and Trichodesmium. Based on simulations us-
ing BEC coupled to CESM, the same dynamic has been identified by Wang et al. (2019) in the
highly productive regions such as upwelling systems. Switching to Holling Type III for the inges-
tion function could help temper this effect as it would create a prey refuge for the slow-growing
PFT and thus reduce the strong grazing pressure on N2 fixers.
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However, introducing additional zooplankton classes in BEC could be even more critical
to improve the modeling of grazing in BEC (Nissen, 2019). Indeed, having one generic zoo-
plankton class hampers the representation of a more complex predator-prey interplay, neglecting
for example the multilevel trophic organization of the food web (Steinberg and Landry, 2017).
Additionally, assigning distinct particle formation efficiency to the different zooplankton groups
would also help better constrain the downward C flux resulting from grazing. In the WTA, the
zooplankton community structure has been shown to shift from a mesozooplankton dominated
community in the coastal and low-salinity regions to a microzooplankton dominated community
in the offshore plume and oceanic regions (Conroy et al., 2016). The direct consequence of this
change is a transition from a ”export” type of food web, driving a strong C transfer to depths, to
a ”retention” type of food web, characterized by an efficient nutrient recycling (Sarmiento and
Gruber, 2006). Thus the single zooplankton approach in BEC is also a source of uncertainty in
the representation of particle export and its spatio-temporal variability.

5.4 Outlook and suggestions for future research

This thesis provided a novel insight on the cascading effects of the Amazon River on the marine
biogeochemistry and phytoplankton dynamics (section 1) but it also opened the door to more
questions. In this section, I will briefly introduce potential research topics emerging from this
work.

Interannual variability of the Amazon discharge and the marine carbon cycling

The interannual variability affecting the LOAC, especially its marine component, is quite un-
derstudied. Focusing on land processes, Hastie et al. (2019) recently showed that the C balance
in the Amazon basin is strongly affected by the interannual variability of precipitation and tem-
perature. Their model-based analysis indicates that during wet years, while the CO2 evasion from
the aquatic network is increased, the net ecosystem productivity (NEP) and carbon sequestration
on land is also higher, resulting in a net reduction of the CO2 flux from the whole system. In my
hindcast simulations, the increase on the Amazon discharge, associated with wet years, induces
an enhancement of N2 fixation in the offshore plume. But I have not explored yet the response of
the carbon cycling. It would be very interesting to see if wet years can also be linked to positive
anomalies in the CO2 uptake by the ocean.

Ibánhez et al. (2015) analyze the data collected by a merchant ship equipped with an au-
tomated CO2 analyzer, making regular journeys between Le Havre (metropolitan France) and
Kourou (French Guyana). Ranging from 122.9 to 438 µatm, the recorded fugacity of sea water
CO2 exhibited a high spatial and temporal variability that Ibánhez et al. (2015) attribute to the
location of the Amazon River plume and the associated variable intensity of biologically-induced
C drawdown. Mu et al. (2021) base their analysis of the air-sea CO2 exchanges in the plume
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waters on three sampling expeditions that took place in May–June 2010, September–October
2011, and July 2012. While they aim at explaining the mean conditions, they speculate that
the data collected in June 2010 is nontypical and actually influenced by ENSO. One of the con-
clusion of this study is the need to investigate in more depth the interannual variability of the
system. My hindcast simulations could help quantify the contribution of the Amazon plume to
the observed CO2 anomalies, determine the main mechanisms involved and thus contribute to a
complete assessment of the C balance along the Amazon LOAC. Such an analysis could also put
these plume-driven anomalies in the context of the climate-driven anomalies. Indeed, the ENSO
modes that are partly driving the precipitation over the Amazon basin and thus the discharge are
also associated with changes in circulation and SST anomalies in the northern tropical Atlantic,
with consequences on the sea surface CO2 levels (Ibánhez et al., 2017). Similar to chapter 4, the
analysis of the hindcasts with a carbon perspective would also give some insight on the interplay
between these different modes of variability.

The fate of the nitrogen & carbon fixed by diazotrophs

Chapter 2 presented evidence that diazotrophs, especially DDAs, contribute significantly to
the replenishment of the nitrogen pool and to the vertical export of carbon in the WTA. But this
assessment was not refined. The fate of the N and C fixed by diazotrophs has multiple pathways
(e.g., exudation, formation of Particulate Organic Matter (POM) upon death, Diazotroph Derived
N (DDN) transfer to the planktonic food web etc.) and needs to be investigated in more details
and better quantified. Tacking where the ”new nitrogen” fixed by diazotrophs goes is technically
challenging, although advances in isotope tracing and Dissolved Organic Matter (DOM) char-
acterization provide a way forward (Benavides and Voss, 2015). Additionally, research on the
predators of N2 fixers and other loss terms, which is especially critical to determine the impact of
diazotrophs on the biological pump, is still at its infancy (Zehr and Capone, 2020). Nevertheless,
past in situ measurements and lab experiments have already demonstrated that (i) DDN transfer
to the dissolved pool and to the non-diazotrophs is significant but varies according to the type of
diazotroph (e.g., Berthelot et al. (2016); Martı́nez-Pérez et al. (2016); Caffin et al. (2018)), (ii)
diazotrophs are ingested by zooplankton either directly or via a secondary pathway (e.g., grazers
feeding on DDN POM) with again differences depending on the type of diazotroph (e.g., Hunt
et al. (2016); Conroy et al. (2016, 2017)) and (iii) larger N2-fixers can drive a significant N and C
export (e.g., Dore et al. (2002); Yeung et al. (2012); Karl et al. (2012)). In contrast, most mod-
eling studies quantify how much N is fixed by diazotrophs but do not track the ”new” N beyond
that point (e.g., Wang et al. (2019)). Only a handful of modeling experiments have recently in-
vestigated the effect of diazotrophs on primary production and export (e.g., Follett et al. (2018);
Dutheil et al. (2018)). And yet, models could play a key role in tracking the DDN in the food web
and quantifying the importance of its different pathways as well as investigating the impact on the
carbon cycle. The prerequisite for such a study is to explicitly represent in the model at least three
diazotrophic ecotypes i.e., Trichodesmium, DDAs and UCYN. Building on the main findings of
lab experiments, this modeling framework could provide a more comprehensive picture of the



130 Synthesis

distinct ecological consequences of the diazotrophs.

N2-fixers in a changing world, winners or losers?

The upper ocean conditions are currently changing in response to the increasing CO2 concen-
trations in the atmosphere and associated effects. Adapted to warm tropical waters and stratified
conditions, one could assume that diazotrophs will suffer less or even benefit from global warm-
ing. And indeed, Trichodesmium is hypothesized to expand its geographic to higher latitudes
in a future warmer ocean (Fu et al., 2014; Boatman et al., 2017). But the combined effect of
the multiple physical (e.g., temperature, irradiance) and chemical (e.g., nutrient availability and
stoichiometry) changes induced by climate change will surely result in a more complex response,
with factors acting in concert or counteracting each other. For instance, Jiang et al. (2018) demon-
strated that the optimum growth temperature of Trichodesmium is 5◦ C higher when the cells are
experiencing strong Fe limitation compared to replete conditions. Projecting this result under
a IPCC representative concentration pathway RCP8.5 scenario, Jiang et al. (2018) suggested a
global increase of N2 fixation of 22% by 2100. However, the acidification of the ocean could
reduce the growth rate of Trichodesmium due to a decreased nitrogenase efficiency (Luo et al.,
2019). Besides, the response to the different stressors varies according to the ecotype, the specie
or even strain. For example, different strains of the unicellular Crocosphaera exhibit distinct
temperature and CO2 optima (Hutchins et al., 2013; Fu et al., 2014). A reshuffling of the dia-
zotrophic flora can thus be expected at the global scale, which renders the tentative assessment of
future global N2 fixation all the more complicated.

Wrightson and Tagliabue (2020) investigated the response of N2 fixation to RCP8.5 condi-
tions in an ensemble of nine Earth System Models (ESM). They found overall a global decrease
of N2 fixation with some counteracting spatial responses. However, the representation of di-
azotrophs in these models is quite crude: two are using a restoring parametrization, four are
representing N2 fixers implicitly and three have an explicit representation of only one diazotroph
i.e., Trichodesmium. In my view, a more complex representation of N2-fixers is critically needed
in marine ecosystem models used for future projections. In a joint effort with the observational
community, a more accurate representation of the different diazotrophic ecotypes is crucial to
appropriately assess the potential large-scale shift in the diazotrophic biogeography, to better
quantify the changes in total N2 fixation and to identify possible synergistic or antagonistic re-
sponses.
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Appendix to Chapter 2

1. Figure A1 and Tables A1 to A4: additional information on the model configuration

2. Figures A2 to A7: additional figures to illustrate the evaluation section

3. Tables A5 and A6: additional quantitative results

Figure A.1 DDAs biomass as a function of reported nitrate concentration. Observations come
from the database established by Luo et al. (2012) (N=523)

131



132 Appendix2

Table A.1 List of relevant BEC parameters used for the phytoplankton uptake and losses

Parameter Description Unit SP Diatom Tricho DDA
µmax Maximum d-1 2 3.5 0.55 1.5/2.25**

Growth Rate
kNO3 Half Saturation mmol m-3 0.5 1.2 1.0 * 1.2*

Constant
kFe Half Saturation µmol m-3 0.08 0.12 0.5 0.5

Constant
kPO4 Half Saturation mmol m-3 0.01 0.06 0.04 0.06

Constant
kDOP Half Saturation mmol m-3 0.26 2.0 0.04 0.06

Constant
kSiO3 Half Saturation mmol m-3 0.0 1.8 0.0 1.8

Constant
agg rate max Maximum d-1 0.9 0.9 0.0 0.9

Aggregation
Rate

graze poc Routing of / 0.05 0.42 0.05 0.42
grazed matter
to POC

*constant used to calculate uptake rate but that does not limit the growth.
**left rate is used when DDAs fix N2, right rate is used when the diatom is assumed alone i.e. not fixing

Table A.2 List of relevant BEC parameters used for the cycling of DOM

Parameter Description PAR > 1% PAR < 1%
DONrefract fraction of N routed to the refractory pool 0.08 0.08
DOPrefract fraction of P routed to the refractory pool 0.03 0.03
DOC remin remin. rate for semi-labile DOC 1/250 d 1/10 yr
DON remin remin. rate for semi-labile DON 1/160 d 1/4 yr
DOP remin remin. rate for semi-labile DOP 1/160 d 1/9 yr
DONr remin remin. rate for refractory DON 1/2.5 yr 1/670 yr
DOPr remin remin. rate for refractory DOP 1/2.5 yr 1/460 yr
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Table A.4 Total annual atmospheric deposition of nutrients over the WTA

Nutrient total fallout
P (Tg P yr-1) 0.006
N (Tg N yr-1) 0.6

Bio-available Fe (Tg Fe yr-1) 0.07

Figure A.2 Annual average sea surface height in (a) Aviso (1993-2012) and in (b) ROMS-
BEC. Aviso products were processed by SSALTO/DUACS and distributed by AVISO+
(https://www.aviso.altimetry.fr) with support from CNES.

Figure A.3 Maps of the annual mean surface ocean circulation in the Atlantic Ocean. (a) Average
surface flow (m s-1) estimated from drifters (Lumpkin et al. 2010) and (b) in ROMS-BEC (integrated
in the first 15 meters to be comparable to drifter data).
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Figure A.4 annual average surface chlorophyll in (a) Globcolour 1998-2015 (Maritorena et al.
2010) and in (b) ROMS-BEC

Table A.5 NPP and EP in the offshore Plume and Non-plume sub-regions (see the Methods section
for the definition of these sub-regions)

Simulation
NPP EP

Off Shore Plume Non Plume Off Shore Plume Non Plume
NoNutr 201.5 966.9 34 158.1

All 244.1 1012.7 176.1 224.1
NoDIN 241.2 1015.7 47.2 176.8
NoPO4 239.9 997.9 46.7 174.1
NoDOP 202.7 935.9 34.9 138.1

NoP 191.6 920.9 39 164.1
NoSi 263.1 1074.9 39.6 68.9

NoAmazon 209.2 986.6 35.4 162.7

Table A.6 Anomalous fluxes and related uptake efficiencies as defined by Jin et al. (2008), ne-
glecting the DOC flux: euptake =

∫
A

∫
t ∆CO2air-sea∫
A

∫
t ∆EP

where ∆CO2air-sea is the change of atmosphere-
ocean CO2 exchange between the case under investigation and the NoAmazon case, ∆EP is the
corresponding change in export production at 100 meters, and where we integrated all fluxes over
the whole region of study. A positive anomaly means an anomalous uptake.

All NoDIN NoPO4 NoDOP NoP NoSi
∆CO2air-sea* 159 147 143 57 26 109

∆ EP 156 172 136 49 30 63
eupt 1.02 0.94 1.05 1.18 0.87 1.74

**all anomalies are in Tg C.
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Figure A.5 Average integrated total N2 fixation in ROMS-BEC, compared to integrated total N2
fixation reported in Luo et al. (2012) (dots)

Figure A.6 Annual average pCO2 in (a) observations and in (b) ROMS-BEC. Observations are
derived from the Surface Ocean CO2 Atlas (SOCAT version 2020). All data (1970-2019) have been
normalized to the year 2006.
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Appendix to Chapter 3

Figure B.1 Phytoplankton community structure defined as the percentage of total biomass annu-
ally averaged along the northward pathway in (a) the NoNutr simulation, (b) in the AllNutr simula-
tion, (c) in the NoP simulation and (d) in the NoSi simulation. Below the fraction is displayed the
average total NPP for each simulation. The total biomass was integrated over the first 100 meters.

Short analysis of figure B.2

The same mechanisms driving the balance between the bottom factors and top down factors
along the northward pathway are displayed along the eastward pathway (figure B.2). More im-
portantly, the changes triggered by the presence of riverine nutrients i.e the differences between
the NoNutr and AllNutr are also very similar between the two pathways. Nevertheless, there are
a few noteworthy differences between the pathways.

First, we observe little changes on smaller scale in the downstream plume pathway (1300-
4500 km) giving the graph a more wavy aspect. This is due to the mixing with waters coming
from the southern part of the domain, as evidential in the streamline fields (figure 3.1). This lat-
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eral advection brings nutrients, especially N and P, from the equatorial upwelling. The input of
N results in a higher maximum growth rate for DDAs as the N concentration in the equatorial
upwelling exceeds often 0.5 mmol N m−3 putting DDAs in a non-symbiotic state. Conversely,
the additionnal N reduces the competitiveness of DDAs in terms of nutrient uptake, especially in
the competition against diatoms and SP.

In the competition against Trichodesmium in the AllNutr simulation, DDAs appear to be a bit
less competitive in the eastward pathway than in the northward pathway, especially towards the
end, from 2500 km on (figure B.2). In this part of the pathway, the advantage of Trichodesmium

in terms of nutrient uptake progressively increases, resulting in the decrease of the relative growth
ratio. The influence of the Amazon is weaker in this very downstream part of the pathway and
the more oligotrophic conditions of the open ocean are more favorable to Trichodesmium. Nev-
ertheless, the higher maximum growth rate of DDAs allows them to keep a growth advantage.

Figure B.2 Relative growth and grazing ratios along the eastward pathway between DDAs and
(a-b) diatoms, (c-d) small phytoplankton and (e-f) Trichodesmium. The left panels correspond to
the NoNutr simulation and the right panels to the AllNutr simulation
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Figure B.3 Average phytoplankton biomass versus zooplankton biomass in the AllNutr simula-
tion, average over the northward pathway
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Appendix C

Appendix to Chapter 4

Figure C.1 The seasonal mean SSS simulated by ROMS-BEC (A-D) and the seasonal mean of
the ESA CCI V2.31 SSS product bilinearly interpolated to the model grid (E-H) between 2010 and
2019. The difference was computed by subtracting the seasonally averaged SSS of the satellite data
from the seasonally averaged SSS of the model output (I-L). Hence, positive (negative) differences
are an indication of higher (lower) SSS simulated by the model than measured by the satellite.

https://catalogue.ceda.ac.uk/uuid/7813eb75a131474a8d908f69c716b031
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In the mean state, the model successfully simulates the seasonal pattern of SSS in the WTA
(Figure C.1). The imprint of the low salinity water delivered by the Amazon River is most clearly
observed in summer when the runoff peaks. In winter, when the discharge is lowest, the plume
area is smallest. During summer and autumn, the low salinity water is transported as far as
the Caribbean Sea by the NBC, which is in accordance with the observations of Froelich et al.
(1978); Muller-Karger et al. (1988) and Hellweger and Gordon (2002). By late summer, the
NECC retroflects between 5◦ N and 10◦ N, transporting low salinity water eastwards. In the
difference plots (Figure C.1I-C.1L), the most prominent deviations in SSS are observed near the
Amazon River mouth, which arise most likely due to complications of satellite measurements in
low salinity areas (Fournier et al., 2015). While the model underestimates the SSS close to the
river outflow, it overestimates the SSS in the remaining part of the impact region of the Amazon
River. In autumn, the model underestimates the eastward transport of freshwater by the NECC,
which is depicted by positive SSS differences between 5◦ N and 10◦ N.

ROMS-BEC mostly captures the SSS (Figure C.2A) and the interannual variability in SSS
(Figure C.2B), with a correlation coefficient of 0.83 and 0.60, respectively. However, the model
underestimates the magnitude of the seasonal cycle in SSS and is generally characterized by
mean SSS lower than indicated by the reanalysis data and satellite observations. The latter is
a result of the model producing SSS lower than observed in the outflow region of the Amazon
River (Figure C.1). In contrast, the ROMS-BEC overestimates the SSS in the rest of the Amazon
plume pathway. Compared to the reanalysis data, the model underestimates the interannual SSS
anomalies, but the modelled SSS anomalies are congruent with the satellite observations.



144 Appendix4

Figure C.2 The spatially averaged SSS in the study region of ROMS-BEC compared to reanalysis
data and satellite observations (A). In panel B, interannual SSS anomalies are compared, which were
computed by removing the grid cell specific seasonal cycle. The reanalysis data was taken from the
Simple Ocean Data Assimilation (SODA 3.4.2). The satellite data available from 2010 onwards was
taken from ESA CCI V2.31. Both datasets were bilinearly interpolated to the model grid.

https://www2.atmos.umd.edu/%7Eocean/index_files/soda3.4.2_mn_download_b.htm
https://catalogue.ceda.ac.uk/uuid/7813eb75a131474a8d908f69c716b031
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Figure C.3 The seasonal mean SSH simulated by ROMS-BEC (A-D) and the seasonal mean SSH
of the monthly CMEMS product bilinearly interpolated to the ROMS-BEC grid (E-H) between 1993
and 2017, and the difference between the two (I-L). The SSH of both the model and the satellite
measurements are absolute deviations of the SSH from the mean height of the tropical Atlantic (25◦

S - 25◦ N and 80◦ W - 0◦ W). Positive (negative) differences are an indication of higher (lower)
SSH simulated by the model than measured by the satellites.

To validate whether the model reproduces the surface currents realistically, we compare the
seasonal mean SSH of the model to that of satellite measurements. The model replicates the mea-
sured SSH well in the tropical Atlantic (Figure C.3). The simulated east-west gradient in SSH
across the tropical Atlantic is concurring with observations. This implies that the model generally
simulates geostrophic currents in the tropical Atlantic correctly. However, the model reproduces
a too strong eastward flow between 5◦ N and 10◦ N, which is not coherent with satellite obser-
vations. Throughout all seasons, the largest differences in SSH arise in the Caribbean, where
the model overestimates the SSH in the northern part and underestimates it in the southern part,

https://resources.marine.copernicus.eu/?option=com_csw&view=details&product_id=SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047
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caused by a too strong current and some unrealistic recirculation. This inaccuracy might be a nu-
merical artefact, which is caused by the rapidly increasing model resolution in the Caribbean Sea
(Figure 4.2). Outside of the study region, the model captures large scale circulation patterns, with
the exception of the extension of the Gulf Stream. Since the Gulf Stream passes the Caribbean
Sea, the inaccurate simulation of the SSH in the Caribbean Sea by ROMS-BEC might result in
the extension of the Gulf Stream not being reproduced well. Moreover, there are deviations in
SSH in the Southern Ocean, which may partly be explained by the coarse model resolution in this
region.

The model succeeds in reproducing the mean surface fields of PO4, Si, Fe, and NO3, although
a quantitative comparison is impeded by the sparsity of the measurements (Figure C.4). Through-
out the whole year, surface PO4 concentrations are highest around the river mouth and along the
South American coast. Lowest PO4 concentrations are modelled north of 15◦ N. During summer,
elevated PO4 concentrations are confined to the surroundings of the river mouth and the Brazil-
ian shelf, whereas in winter, elevated PO4 concentrations prevail greater distances away from the
coast. The inflow of Amazon River water into the Atlantic Ocean results in a clear imprint on
the surface Si concentrations in the Amazon River plume area. Generally, a negative gradient
is modelled along the pathway of the Amazon River plume, with highest concentrations at the
river mouth. During autumn, Si is transported eastwards by the NECC, which is in accordance
with in situ measurements. NO3 concentrations are low in the offshore plume of the Amazon
River, which is coherent with observations (Araujo et al., 2017). Louchard et al. (2021) attributed
the low NO3 concentrations to benthic denitrification simulated to occur on the North Brazilian
shelf. This NO3 loss via denitrification leads to an excess of PO4 and Si over NO3, as reported by
several studies (Subramaniam et al., 2008a; Goes et al., 2014; Weber et al., 2017; Araujo et al.,
2017). These conditions favour N2 fixing organisms (Subramaniam et al., 2008b). Surface NO3

concentrations increase north of 15◦ N. Fe concentrations are highest around the mouth of the
Amazon River and along the coast, similar to the PO4 concentrations. During autumn, part of the
Fe is transported eastwards by the NECC. However, the lack of in situ measurements of Fe in
autumn impedes an observational verification.
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Figure C.4 The seasonal mean of surface concentrations of PO4 (A-D), Si(OH)4 (E-H), NO3 (I-
L) and Fe (M-P) between 1983 and 2019. The filled circles correspond to in situ measurements
collected during different cruises Langlois et al. (2008); Subramaniam et al. (2008a); Doherty et al.
(2017a)
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Figure C.5 The slope of the linear regressions fitted for NPP anomalies as a function of biomass-
normalized grazing pressure anomalies (A and D), biomass anomalies (B and E), and grazing
anomalies (C and F). Panel A to C show the aforementioned slope for DDAs, without differen-
tiating between symbiotic and non-symbiotic DDAs, panel D to F show the slope for non-symbiotic
diazotrophs. Stippled area represents the region exceeding the 95% confidence level.



149

Figure C.6 Vertical velocity anomalies integrated over the top 150m following AMM events (left
column) and ENSO events (right column). The pattern is shown for positive AMM events and El
Niño events, respectively. The pattern for negative AMM events and La Niña events corresponds
to the inverse of the displayed pattern. The impact of the discharge variability is excluded, i.e.,
anomalies of the VarAtm simulation were binned.
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Figure C.7 Depth-integrated non-diazotrophic NPP anomalies following AMM events (left col-
umn) and ENSO events (right column). The pattern is shown for positive AMM events and El Niño
events, respectively. The pattern for negative AMM events and La Niña events corresponds to the
inverse of the displayed pattern. The impact of the discharge variability is excluded, i.e., anomalies
of the VarAtm simulation were binned.
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Figure C.8 DOP anomalies following AMM events (left column) and ENSO events (right col-
umn). The pattern is shown for positive AMM events and El Niño events, respectively. The pattern
for negative AMM events and La Niña events corresponds to the inverse of the displayed pattern.
The impact of the discharge variability is excluded, i.e., anomalies of the VarAtm simulation were
binned.
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Figure C.9 SiO3 anomalies following AMM events (left column) and ENSO events (right col-
umn). The pattern is shown for positive AMM events and El Niño events, respectively. The pattern
for negative AMM events and La Niña events corresponds to the inverse of the displayed pattern.
The impact of the discharge variability is excluded, i.e., anomalies of the VarAtm simulation were
binned.
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Figure C.10 Fe anomalies following AMM events (left column) and ENSO events (right column).
The pattern is shown for positive AMM events and El Niño events, respectively. The pattern for
negative AMM events and La Niña events corresponds to the inverse of the displayed pattern. The
impact of the discharge variability is excluded, i.e., anomalies of the VarAtm simulation were binned.
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Figure C.11 NO3 anomalies following AMM events (left column) and ENSO events (right col-
umn). The pattern is shown for positive AMM events and El Niño events, respectively. The pattern
for negative AMM events and La Niña events corresponds to the inverse of the displayed pattern.
The impact of the discharge variability is excluded, i.e., anomalies of the VarAtm simulation were
binned.
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P., Lupu, C., Radnoti, G., Rosnay, P., Rozum, I., Vamborg, F., Villaume, S., and Thépaut, J.
(2020). The ERA5 global reanalysis. Quarterly Journal of the Royal Meteorological Society,
146(730):1999–2049. doi:10.1002/qj.3803.

Hess, L. L., Melack, J. M., Affonso, A. G., Barbosa, C., Gastil-Buhl, M., and Novo, E. M.
L. M. (2015). Wetlands of the lowland amazon basin: Extent, vegetative cover, and dual-
season inundated area as mapped with jers-1 synthetic aperture radar. Wetlands, 35(4):745–
756. doi:10.1007/s13157-015-0666-y.

Holl, C. M. and Montoya, J. P. (2008). Diazotrophic growth of the marine cyanobacterium
Trichodesmium IMS101 in continuous culture: effects of growth rate on N2 fixation rate,
biomass and C:N:P stoichiometry. Journal of Phycology, 44(4):929–937. doi:10.1111/j.1529-
8817.2008.00534.x.

Holling, C. S. (1959). Some characteristics of simple types of predation and parasitism. The
Canadian Entomologist, 91(7):385–398. doi:10.4039/Ent91385-7.

Hu, C., Montgomery, E. T., Schmitt, R. W., and Muller-Karger, F. E. (2004). The dispersal of
the amazon and orinoco river water in the tropical atlantic and caribbean sea: Observation
from space and s-palace floats. Deep Sea Research Part II: Topical Studies in Oceanography,
51:1151–1171. doi:10.1016/j.dsr2.2004.04.001.

http://dx.doi.org/10.1073/pnas.1813658115
http://dx.doi.org/10.1038/s41396-018-0262-2
http://dx.doi.org/10.5194/bg-10-6833-2013
http://dx.doi.org/10.1111/gcb.14620
http://dx.doi.org/https://doi.org/10.1016/S0146-6380(97)00066-1
http://dx.doi.org/https://doi.org/10.1016/S0146-6380(97)00066-1
http://dx.doi.org/10.1357/002224002762324202
http://dx.doi.org/10.1002/qj.3803
http://dx.doi.org/10.1007/s13157-015-0666-y
http://dx.doi.org/10.1111/j.1529-8817.2008.00534.x
http://dx.doi.org/10.1111/j.1529-8817.2008.00534.x
http://dx.doi.org/10.4039/Ent91385-7
http://dx.doi.org/10.1016/j.dsr2.2004.04.001


Bibliography 181

Hulth, S., Aller, R. C., Canfield, D. E., Dalsgaard, T., Engström, P., Gilbert, F.,
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Louchard, D., Gruber, N., and Münnich, M. (in prep.). The impact of the Amazon on the bottom-
up and top-down controls on N2 fixation in the Western Tropical Atlantic. Global Biogeochem-
ical Cycles.
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Louchard, D., Gruber, N., Münnich, M. The Amazon River
imprint on the phytoplankton community and carbon export.
IMBeR Future Oceans Conference, Brest, France

2018
Louchard, D., Gruber, N., Münnich, M. The Amazon River
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