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“[...] O mar é uma vastidao que desafia e encanta. Cada dia é
uma nova tela, uma nova cor, uma nova textura. A beleza do
oceano é uma arte ininterrupta que sé os que tém coragem de
navegar podem realmente apreciar.”

100 Dias Entre o Céu e o Mar, Amyr Klink
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Resumo

A plataforma continental e a quebra de plataforma da Patag6nia, no
sudoeste do oceano Atlantico, sdo reconhecidas por sua alta produtividade
biolégica e como uma regido crucial para a absorcado de dioxido de carbono
(CO2). No entanto, muitos dos mecanismos que controlam as trocas de CO:
entre 0 oceano e a atmosfera nessa regido, especialmente a relacao entre os
grupos de fitoplancton e a dinamica do CO2, permanecem amplamente
desconhecidos. Assim, considerando que o oxigénio (O2) e o CO: estéo sujeitos
a muitos dos mesmos fatores bioldgicos e fisicos, uma investigacdo integrada
desses gases fornece uma perspectiva abrangente para entender os
mecanismos que governam suas trocas entre o0 mar e o ar. Para investigar os
fatores que influenciam essas trocas entre O2 e CO2 no oceano e na atmosfera,
analisamos um conjunto de dados que inclui temperatura, salinidade, O:2
dissolvido e medi¢bes continuas de CO2 em cada estacdo oceanografica
coletadas durante a primavera de 2004, 2007 e 2008, e no verao de 2008 e 2009.
Além disso, utilizamos a técnica de regresséao linear multipla para desenvolver
trés algoritmos distintos para a fugacidade de CO:2 na superficie do mar. A
biomassa de fitoplancton foi categorizada em diferentes grupos com base nas
informacBes da composicdo de pigmentos obtidos por cromatografia liquida de
alta performance. Um padréo claro que divide as regides entre norte e sul foi
observado, bem como entre as estacfes de primavera e verao, em relacao aos
mecanismos que controlam esses gases ha area de estudo. Na regido mais ao
norte da plataforma da Patagbnia (36°-40°S), uma ampla variacdo de

temperatura e salinidade estd associada a uma maior diversidade da
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comunidade fitoplanctbnica, incluindo haptdfitas, diatomaceas e dinoflagelados.
Apesar da baixa biomassa de fitoplancton, dominada por células menores, como
haptofitas, a fotossintese desempenha um papel significativo na regulacdo das
trocas de Oz e COz entre o0 oceano e a atmosfera, resultando em uma emisséo
de O2 (14 + 9 mmol m=2 d!) e absorcédo de CO2 (-4 + 3 mmol m=2 d-1). Entre 40°
e 50°S, observamos um aumento na biomassa de fitoplancton ao longo da
quebra de plataforma durante a primavera, dominada principalmente por
diatomaceas, correlacionadas com um maior fluxo positivo de O2 (91 mmol m=2
d-!) e absorcédo de CO2 (—46 mmol m—2 d-!) em toda a regiédo da plataforma. No
verdo, 0s processos térmicos influenciaram significativamente a absorcéo de
CO2z e O2. Ao sul de 52°S, durante o verdo, a mudancga de um sumidouro de COz2
para uma fonte de CO: foi associada a uma menor biomassa de fitoplancton,
composta principalmente por diatomaceas, haptofitas e flagelados verdes,
juntamente com o0 aquecimento das aguas ricas em O2 e CO2. Portanto, os
principais resultados deste estudo podem ser usados para prever as potenciais
consequéncias das mudancas climaticas futuras na desgaseificacdo de Oz e
absorcdo de CO2 no oceano, especialmente considerando as condicdes
oceanicas de aquecimento associadas a uma mudanca para células de
fitoplancton menores e o papel da regido de estudo como uma importante zona

de absorcéo de CO2 com acidificacdo mais rapida do que em &reas circundantes.
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Abstract

Considering that oxygen (O2) and carbon dioxide (CO2) are subject to many of
the same biological and physical drivers, a combined investigation of these gases
provides a comprehensive framework to elucidate the mechanisms that govern
their sea-air gas exchanges. To investigate the drivers controlling both sea-air Oz
and CO:2 exchanges in the Patagonian continental shelf we analyzed a dataset
consisting of temperature, salinity, dissolved O2, and continuous COz2
measurements at each oceanographic station collected during spring 2004,
2007, and 2008, and summer 2008 and 2009. The multiple linear regression
technique was applied to develop three distinct algorithms for surface seawater
CO: fugacity. Phytoplankton biomass was discerned into different groups using
information from pigment composition obtained by high-performance liquid
chromatography. A clear pattern splits the northern and southern areas, as well
as between spring and summer concerning the mechanisms governing these
fluxes in the study area. In the northernmost Patagonian shelf region (36°-40°S),
despite relatively low phytoplankton biomass, dominated by smaller cells (i.e.,
haptophytes), photosynthesis plays a significant role in modulating sea-air O2 and
CO:2 exchanges, resulting in weak Oz outgassing (14 + 9 mmol m=2 d*) and CO:2
ingassing (-4 + 3 mmol m=2 d-1). Between 40° and 50°S, a latitudinal rise in
phytoplankton biomass (up to 22.5 mg m~2) along the shelf-break occurred during
the spring, mainly diatoms, which are correlated with the highest positive O2 flux
(91 mmol m=2 d-1) and CO:2 uptake (—46 mmol m=2 d-1) across the shelf-break
region. Conversely, in summer, thermal processes significantly influenced CO:
and Oz ingassing. South of 52°S, during summer, the shift in behavior from a COz2

sink to a CO2 source was associated with lower phytoplankton biomass, along
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with the warming of O2 and COz-rich waters. Hence, the main findings here can
be used to predict the potential consequences of future climate-driven changes
in the ocean dynamics of Oz and COz, especially considering the warming ocean
conditions associated with a shift towards smaller phytoplankton cells and the

role of the study region as a huge CO:2 uptake zone.
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Prefacio

s fluxos liquidos de dioxido de carbono (CO2) e de oxigénio (O2)

entre o oceano e a atmosfera sd@o processos chave para

compreender o ciclo do carbono (C), que é um componente
fundamental para o controle do clima da Terra. No periodo pré-industrial, a
concentracdo de CO2 na superficie dos oceanos e na atmosfera estiveram em
equilibrio, de modo que os fluxos liquidos de CO2 eram neutros em escalas
decenais. A camada superficial dos oceanos era rica em O2 e, por isso, se
comportava como fonte de Oz para a atmosfera. No entanto, diversas atividades
humanas com o intensivo consumo de combustiveis fésseis, o uso irregular de
terras e o desflorestamento tém aumentado a concentracdo de CO:2 na
atmosfera. Como resultado, 0os oceanos tém absorvido esse excesso de COz,

minimizando os impactos do aumento da temperatura superficial da Terra devido
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ao aumento de CO2 na atmosfera. Por sua vez, como consequéncia indireta, 0s
oceanos hoje parecem utilizar mais Oz do que liberar (i.e., € um sumidouro
liguido de O2, onde, no geral, entra mais O2 no oceano do que sai dele) [Gregorie
et al. 2021].

Devido aos complexos padrbes de circulacdo e aos ciclos
biogeoquimicos, que ainda ndo sdo completamente conhecidos, as
concentragdes de CO2ze Oz no oceano apresentam grande variabilidade espacial
e temporal [Takahashi et al. 2009; Gregorie et al. 2021]. O conhecimento dessas
variacfes € fundamental para entender o ciclo do C e do O2no oceano e, assim,
ser capaz de prever a resposta oceanica as mudancas climaticas no futuro. A
magnitude e direcdo dos fluxos liquidos de CO2 e Oz sdo governadas pela
diferenca entre a fugacidade de CO: da superficie do mar (fCO2™") e da
atmosfera (fCO22™), AfCO2 = fCO2™" - fCO23'™, pela diferenga entre a saturacao
de 02 (025) e 0 O2 observado (02°0%), AO2 = 0252 - 02°PS, e pela velocidade de
transferéncia dos gases. As variacdes tanto do fCO2" quanto do O2°°S podem
ser atribuidas a causas fisico-quimicas e bioldgicas. As causas fisico-quimicas
incluem a presenca de aguas profundas ricas em CO2 e Oz, bem como variacdes
na temperatura e salinidade que afetam a solubilidade dos gases. Ja as causas
biolégicas envolvem processos como a respiracdo, que aumenta o CO2 e diminui
0 Oz, e a fotossintese, que consome CO: e libera O2. O papel de cada um desses
processos na variabilidade dos fluxos entre o oceano e a atmosfera é complexo
de estimar, pois depende de diferentes escalas de variabilidade na circulacéo
oceanica e na produtividade primaria [Sarmiento & Gruber 2002].

Neste contexto, a plataforma e a quebra da plataforma continental da

PatagoOnia Argentina (sudoeste do oceano Atlantico Sul) se destaca por sua alta
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produtividade biolégica [Guinder et al. 2023] e como uma das regides que mais
absorvem CO2 no mundo [Laruelle et al. 2013; Bianchi et al. 2009]. Apesar disso,
muitos aspectos relacionados aos mecanismos que governam a dinamica do
CO2 nessa area permanecem em grande parte inexplorados, incluindo a
interacao entre os diferentes grupos de fitoplancton e as trocas de CO:2 entre 0
oceano e a atmosfera. Portanto, dado que tanto o Oz quanto o COz presentes na
agua do mar séo influenciados por uma série de processos bioldgicos e fisicos
similares, uma analise multidisciplinar envolvendo esses componentes pode
oferecer uma perspectiva integrada para compreender oS mecanismos que
governam suas trocas entre o oceano e a atmosfera. Todavia, até o momento,
nenhum estudo foi realizado a fim de investigar os fluxos liquidos e as
concentracdes de O2, bem como os processos que 0s controlam nesta regiéo.
Portanto, este trabalho visa contribuir na busca de um melhor entendimento
sobre o balanco liquido e os processos que governam os fluxos de CO2z e Oz na
interface oceano-atmosfera da plataforma e quebra da plataforma continental da
PatagOnia Argentina.

A estrutura desta dissertacdo segue o modelo de artigos cientificos
proposto pelo Programa de PdOs-Graduacdo em Oceanologia (PPGO). Nesse
sentido, no Capitulo |, apresentamos 0s conceitos gerais necessarios para
compreender a problemética do tema que serd abordado na dissertacédo e, em
seguida, temos a apresentacdo dos objetivos propostos para este estudo. No
Capitulo Il, temos a descricdo da area de estudo abordada. O Capitulo Ill, por
sua vez, apresenta os meétodos utilizados para atingir os resultados. Os
resultados e a discusséo deste estudo serdo apresentados em inglés, na forma

de um artigo cientifico, o qual esta inserido no Capitulo IV. Este artigo aborda
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0S principais processos associados a variabilidade latitudinal dos fluxos liquidos
de CO2 e de Oz, na plataforma e quebra da plataforma continental da Patag6nia
Argentina. Ja no Capitulo V, temos uma sintese dos principais resultados,
discussbes e conclusdes abordados no artigo. Por fim, as referéncias

bibliograficas utilizadas neste trabalho sdo apresentadas no Capitulo VI.
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Capitulo I: Introducéo

inicio da Era Industrial, no século XVIII, foi um marco para histéria

mundial tanto no desenvolvimento de novas tecnologias como

também pelos impactos ambientais gerados por essa inovacgéo. A
partir dessa época, a concentracdo de dioxido de carbono (CO2) na atmosfera
aumentou em mais de 100 ppm [IPCC 2021]. Esse aumento esté correlacionado
com o consumo de combustiveis fésseis para geracdo de energia e com
mudancas no uso da terra, sendo conhecido como CO:2 antropogénico o carbono
liberado por atividades antropicas [Sarmiento & Gruber 2002]. O aumento na
concentracdo de CO:2 atmosférico foi evidenciado no registro mais longo de
medicdes de CO2, correspondente ao observatorio de Mauna Loa, no Havai
(1958 - atualidade), conhecido como curva de Keeling (Figura 1a). Atualmente,

as concentracoes de CO2 na atmosfera continuam a aumentar, ultrapassando a
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marca de 420 ppm (Figura 1b). Localmente, desde 1994, a Argentina conta com

uma estacdo de monitoramento de COz atmosférico (juntamente com outros

parametros), localizada na cidade de Ushuaia, onde verifica-se também o

aumento na concentracdo de CO2 na atmosfera (Figura 2).
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Figura 1. (a) Registro histérico da concentracdo de CO:2 na atmosfera desde 1700. (b) As
medi¢des a partir de 1958 correspondem a Curva de Keeling (registrada na estacao fixa de
Mauna Loa, Havai), disponivel e atualizada em tempo real em: https://keelingcurve.ucsd.edu/.
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Figura 2. Registro de concentracdo atmosférica de CO:2 na estagdo Ushuaia, Argentina

(https://www.esrl.noaa.gov/gmd/dv/iadv/).
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Neste contexto, o oceano desempenha um papel importante no ciclo
global do carbono (Figura 3), sendo um dos maiores sumidouros de CO:2 e
reservatérios de carbono. Estima-se que, na Ultima década, a absorcéo liquida
de CO: pelo oceano foi de 2,4 PgC por ano [Le Quéré et al. 2018; Gruber et al.
2019; Roobaert et al. 2019], o que representa cerca de 25% do CO:2 liberado na
atmosfera. Por um lado, a absor¢cédo de CO:2 pelo oceano retarda o acumulo de
CO2 na atmosfera, atenuando o aquecimento global, mas, por outro lado, a
absorcdo de CO2 de origem antropogénica esta alterando a quimica do carbono
na agua do mar, resultando no processo da acidificacdo oceénica [Doney et al.
2009]. Esse processo pode causar mudancas significativas nos organismos em
geral, modificando seu metabolismo, especialmente os organismos calcificantes,
como corais, foraminiferos, cocolitoforideos e crustaceos, reduzindo a saturacao
de CaCOs na agua do mar [Gattuso & Hansson 2011; Feely et al. 2012]. Em
relacdo as comunidades fitoplanctbnicas, o efeito da acidificacdo dos oceanos
ainda esta em investigacdo, pois ao mesmo tempo que pode atuar prejudicando
a formacao de esqueletos e carapacas dos organismos calcificadores [Gattuso
& Hansson 2011], pode ser vantajoso para determinados organismos
fotossintéticos, pois em &guas relativamente mais acidas o consumo de CO:
pode ser intensificado [e.g. Riebesell et al. 2013; Schulz et al. 2017].

Além dos efeitos na comunidade, sdo observadas alteracdes nos ciclos
biogeoquimicos [Doney et al. 2020]. Ja foi observado que o aumento da
temperatura e a acidificacdo dos oceanos induzem mudancas diretas que
modulam componentes essenciais do sistema oceanico, incluindo a ciclagem
dos nutrientes [Bopp et al. 2013], a producéo priméaria [Bopp et al. 2013] e o nivel

de O2 [Keeling & Garcia 2002; Breitburg et al. 2018; Bindoff et al. 2019]. Num
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cenario atual de um oceano global mais quente e estratificado, foi observada
uma tendéncia positiva na magnitude dos fluxos de Oz do oceano para a
atmosfera (~1,49 Tmol ano™), impulsionada pelo aquecimento [Li et al. 2022].
Neste sentido, tem se observado uma reducédo nos niveis de O2 em todas as
camadas de agua, gerando efeitos adversos sobre organismos marinhos,
ecossistemas e os servicos que oferecem [e.g., Doney et al. 2009; Oschlies et
al. 2008; Hilborn et al. 2013; Deutsch et al. 2015; Poértner et al.2022]. A maior
perda de Oz & observada na termoclina permanente, entre 100 e 300 m de
profundidade nos oceanos Tropical, Pacifico Norte, Austral, Artico e Atlantico Sul
[Schmidtko et al. 2017]. Além disso, as taxas de declinio do oxigénio parecem
ser mais rapidas no oceano costeiro do que no oceano aberto [Gilbert et al.
2010]. Essa reducao esta associada (i) a diminuicdo da solubilidade do O2 nas
aguas superficiais [Hameau et al. 2020], (i) as mudancas relacionadas a
remineralizacdo da matéria organica e (iii) a reducdo da ventilacao [Bindoff et al.

2019].
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Figura 3. Balanco Global do Carbono, de 2011 a 2023. Destacam-se como principais fontes de
carbono para a atmosfera: a queima de combustiveis fésseis, a atividade industrial e as
mudancas nos usos da terra. Por outro lado, 0 oceano e 0s corpos aquaticos no continente atuam
absorvendo carbono atmosférico. Figura extraida e adaptada de Friedlingstein et al. [2023].
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Desta forma, na superficie do oceano, as concentragbes Oz e CO2 séo
controladas pelo (i) equilibrio entre as variacbes na temperatura e salinidade,
pois a solubilidade desses gases € inversamente proporcional a temperatura e a
salinidade [Weiss 1974]; (ii) pelos processos mecanicos associados a circulacao
oceanica, ventilacdo e adveccdo de massas de agua [Oschilies et al. 2018]; e
(iii) pela atividade bioldgica, que altera a concentracdo de CO2 e O2 na agua do
mar, dependendo do equilibrio entre a producdo priméria, associada a uma
absorcado de COz: e producédo de Oz por meio da fotossintese, e a respiracdo, que
libera CO2 e consome Oz da agua (Figura 4) [e.g., Cai et al. 2020]. Contudo,
fatores como a composicdo da comunidade de fitoplancton [e.g., células de maior
tamanho com maior eficiéncia na fixacdo de COg2; Schloss et al. 2007; Brown et
al. 2019; Carvalho et al. 2022], eventos de ressurgéncia [Keeling et al. 2010; Kahl
et al. 2017; Feely et al. 2008; Morgan et al. 2019], a presenca de frentes
oceanogréficas [Acha et al. 2004; Bianchi et al. 2009; Bushinsky et al. 2017; Kahl
et al. 2017; Sarkar et al. 2021] e entrada de agua doce de rios podem modular
0s niveis de Oz e fCO2 no oceano [Oschilies et al. 2018; Bindoff et al. 2019; Cai

et al. 2021).
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Figura 4. Figura esquemética da transferéncia de Oz e CO:z na interface oceano—atmosfera,
separado em processos fisicos e bioldgicos. Em dguas mais frias e menos salinas a absor¢do
de Oz e CO: é favorecida, enquanto em aguas mais quentes e salinas ocorre a situagdo oposta.
O processo de fotossintese nas camadas superficiais do oceano promove a captura de COz e a
liberagdo de Oz, enquanto a respiracdo bioldgica reverte esse processo, liberando CO:2 e
consumindo Oa.

A combinacdo destes processos resulta em areas oceanicas com
diferentes magnitudes de absorg&o ou emissao de Oz e CO2 (Figura 5 e 6). Li et
al. [2022] mostram que o oceano tropical e subtropical (30°S-30°N) libera para
atmosfera aproximadamente 250,8 + 38,4 Tmol de Oz por ano, o que é
parcialmente compensado pela absor¢cédo de O2 no oceano de altas latitudes,
com valores em torno de —105,2 + 24,8 e —87,2+41,4 Tmol ano~' no Hemisfério
Norte (>30°N) e no Hemisfério Sul (>30°S), respectivamente, eventualmente
resultando em uma saida liquida de O2 de ~58,5 + 9,6 Tmol ano™' para a
atmosfera. Esse padréo destaca bem o efeito de solubilidade impulsionado por
gradientes de temperatura meridionais, bem como combinacdes de efeitos
fisicos e bioldgicos, que levam a uma maior liberacdo de O2 em baixas latitudes
[Bopp et al. 2002]. Embora as aguas das zonas subpolares (entre 36°S-58°S)
nas bacias dos oceanos indico e Pacifico se comportem consistentemente como

sumidouro de Oz no balanco anual [Resplandy et al. 2015; Bushinsky et al. 2017;
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Li et al. 2020], no oceano Atlantico Sul ainda ndo ha um consenso,
especialmente na regido Subpolar (36°S-58°S e 70°W-20°E). Alguns estudos
observaram emissdes de Oz variando da ordem de 10 Tmol Oz ano! [Resplandy
et al. 2015] a 100 Tmol Oz ano™ [Gruber et al. 2001], enquanto ha estudos
reportando uma absor¢do de O2 da ordem de —20 + 8.2 Tmol ano~*[Bushinsky et
al. 2017]. Essa divergéncia é atribuida a escassez de dado, as diferentes
metodologias e conjunto de dados aplicados e, a complexidade dos processos
fisicos, quimicos e bioldgicos nas diferentes regides oceanicas [Bushinsky et al.
2017].
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Figura 5. Distribuices globais da diferenca entre o oxigénio medido e a saturacdo de oxigénio

(AO2-02- 0%, geradas a partir de uma climatologia de 48 anos (1972—-2020). Um valor positivo

de AO:2 representa uma fonte de Oz para a atmosfera, e vice-versa para AO2 negativo (dados

extraidos do Global Ocean Data Analysis Project — GLODAP).

Assim como o O2, o CO2 também segue um gradiente meridional,
impulsionado pela sua solubilidade. Nas aguas mais quentes das regides
tropicais e subtropicais, ha uma maior liberacdo de CO2, enquanto em latitudes
mais altas observamos os maiores sumidouros de COzq [e.g., Takahashi et al.
2009; Friedlingstein et al. 2022]. O oceano Atlantico Sul, em geral, tem se

comportado como uma fonte de CO2 ao norte de 30°S, estando o oceano aberto,
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em média, préximo ao equilibrio com a atmosfera [Lefévre & Moore 2000; Padin
et al. 2010], e com uma zona de absorcéo (entre 0,3 e 0,6 Pg C ano™") abaixo
dessa latitude [Takahashi et al. 2002]. O resultado disso € um sumidouro de CO:2
atmosférico, com absorcdo média estimada em -0.45 + 0.15 Pg C ano™
[Landschutzer et al. 2013]. Além das estimativas globais, estudos locais foram
conduzidos na regido para tentar compreender com mais detalhes a dinamica do
CO:z2 [e.g., Bianchi et al. 2005, 2009; Ito et al. 2005, 2016; Padin et al. 2009; Kerr
et al. 2016; Lencina-Avila et al. 2016; Kahl et al. 2017; Liutti et al. 2021; Carvalho
et al. 2022; Berghoff et al. 2023]. No entanto, esse intervalo de valores de
absorcdo e emissdo ndo € observado nas regifes costeiras e de plataforma,
onde as trocas de gases na interface oceano—atmosfera geralmente tém maior
variabilidade, complexidade e incertezas do que no oceano aberto [Bauer et al.

2013; Laruelle et al. 2014; Roobaert et al. 2019; Roobaert et al. 2023].

H4 00 04 08 12
FCO, (mol C m™ yr')

Figura 6. Distribuicdo global da média anual dos fluxos liquidos de CO:2 entre 0 oceano e a
atmosfera (FCOz, mol C m™2 ano™!) geradas a partir de uma climatologia de 18 anos (1998-
2015). Um valor positivo de FCO: representa uma fonte de CO: para a atmosfera, e vice-versa
para FCO:2 negativo [Extraido de Roobaert et al. 2019].
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1.1 O papel das plataformas continentais no ciclo do O2e do CO2

Ao contrario do oceano aberto, que geralmente apresenta estabilidade
nas fontes e sumidouros desses gases, as plataformas continentais exibem
variabilidade espacial e temporal pronunciada nos fluxos gasosos e processos
qgue governam a dindmica de Oz e COz2 [Bauer et al. 2013; Bushinsky et al. 2017;
Laruelle et al. 2018; Roobaert et al. 2024], raramente considerada em estimativas
globais. Isso se deve ao fato de que os mares marginais séo locais de ciclos
biogeoquimicos ativos, uma vez que os ciclos de carbono terrestre, atmosférico
e marinho interagem nesse ambiente [Chen e Borges 2009; Bauer et al. 2013].
Os processos importantes que afetam os fluxos do ciclo do carbono e do Oz no
oceano costeiro incluem ressurgéncia, descarga de rios, trocas de gases na
interface oceano-atmosfera, producdo de matéria organica, respiracdo, e

exportacdo de matéria organica e enterramento de sedimentos (Figura 7).
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Figura 7. Diagrama esquematico dos processos envolvidos na dinamica do carbono em regides
costeiras. Extraido de: https://www.pmel.noaa.gov/co2/story/Coastal+Carbon+Dynamics.

Embora n&o haja um consenso sobre o balanco liquido do Oz das aguas

presentes nas regides costeiras e de plataforma [Possenti et al. 2021; Li et al.
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2022; Morgan et al. 2019; Grégorie et al. 2023], o nUmero de areas costeiras sob
condicdo de hip6xial tem aumentado em resposta a eutrofizacdo global
[Breitburg et al. 2018] (Figura 8). No entanto, a precisdo dessa tendéncia
negativa de O2 ainda esta em debate, devido a falta de observagbes de O2 em
quantidade suficiente nos bancos de dados globais, para uma avaliacédo

gquantitativa abrangente da gravidade das condi¢cfes da baixa concentracédo de

O2 em escalas sazonais e interanuais [Grégorie et al. 2023].

) o Aumento da emissio de CO, - —
Mais calor é retido na atmosfera - > Aumento -

da T° atmosférica

Upwelling ‘a

Figura 8. Mecanismos de perda de oxigénio no oceano global. O aquecimento global e o aporte
antropogénico de nutrientes estdo causando a desoxigena¢&do no oceano.

Apesar da falta de um consenso em relacdo ao comportamento do Oz,
essas areas ja foram previamente identificadas como importantes sumidouros
de CO2 em escala global [Borges et al. 2005; Laruelle et al. 2010; Roobaert et al.
2024], contribuindo de forma desproporcional para o balanco global de carbono

em comparagao com o oceano aberto [Laruelle et al. 2014; Roobaert et al. 2019].

1 Hipéxia: Zonas hipdxicas sdo areas onde as concentraces de oxigénio sdo muito baixas para
0s organismos funcionarem normalmente. Embora ~62 pmol kg seja o limiar convencional para
a hipoxia, os limiares podem variar bastante entre diferentes grupos de organismos e com a
temperatura.
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As estimativas disponiveis variam no intervalo de —0,45 a —0,21 Pg C ano™
(Figura 9) [Borges 2005; Borges et al. 2005; Cai et al. 2006; Chen et al. 2013;
Chen & Borges 2009; Dai et al. 2013; Laruelle et al. 2010; Roobaert et al. 2019,
2024], embora esse comportamento apresente discrepancias entre as zonas

interna, média e externa da plataforma continental.
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Figura 9. Area superficial do oceano aberto, das plataformas continentais, dos estuarios, das
areas alagadas (e.g., banhados, mangues e marismas), dos lagos e rios e seus fluxos liquidos
estimados de CO:2 (FCOz; Pg C ano™) entre o oceano e a atmosfera. Adaptado de Bauer [2013].
Valores positivos indicam emissédo de CO2 dos ambientes para a atmosfera, enquanto valores
negativos indicam absorcdo de CO:2 por estes ambientes.

As aguas da plataforma continental interna, mais proximas a terra, tendem
a ser fontes de COg, principalmente devido as altas taxas de respiracdo do
carbono orgénico terrestre e estuarino e ao transporte lateral de aguas ricas em
CO:2 dos sistemas adjacentes proximos a costa. Por outro lado, as aguas da
plataforma média a externa sdo um sumidouro de COz. Esse padréo geral resulta
da diminuicdo do suprimento de carbono organico terrestre, aumento da

producgéo primaria a medida que a dispobinilidade de luz aumenta e ha maior
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acessibilidade aos nutrientes fornecidos pela ressurgéncia e mistura atraves da
quebra da plataforma. Também é importante lembrar que o processo de trocas
através da plataforma (i.e. cross-shelf) pode contribuir no balanco de CO:2
[Carvalho-Borges et al. 2018], nutrientes e distribuicdo da comunidade
fitoplactonica [Carreto et al. 2016]. Além disso, um contraste latitudinal marcante
nos fluxos de CO2 entre aguas de plataforma e atmosfera surge de uma sintese
global de sistemas de plataforma. As plataformas localizadas entre o equador e
30° tendem a ser fontes de CO2 (ou quase neutras) para a atmosfera, enquanto
as plataformas localizadas entre 30° e 90° de latitude sdo, em geral, sumidouros
de CO:2 atmosférico. Esse padréo latitudinal pode, em parte, ser explicado pelo
fato de que cerca de 60% do carbono organico dos rios € exportado para
plataformas localizadas em baixas latitudes, onde €é metabolizado sob
temperaturas mais elevadas. Além disso, observa-se que o efeito biolégico (i.e.,
fotossintese) parece exercer uma influéncia mais significativa na diminuicdo da
fCO2 em latitudes mais altas do que em latitudes mais baixas [Laruelle et al.
2017].

Nesse contexto, a plataforma continental da Patagbnia se destaca como
uma das areas com a maior absor¢cdo de CO:2 por area global [Laruelle et al.
2014; Bianchi et al. 2009], especialmente na quebra da plataforma continental,
onde ocorrem intensas e persistentes floracdes de fitoplancton [e.g., Schloss et
al. 2007; Garcia et al. 2011; Romero et al. 2006; Carreto et al. 2016; Marrari et
al. 2017]. Essa regiao apresenta variabilidade sazonal significativa nos fluxos de
CO: [Bianchi et al. 2009], atuando como sumidouro de CO2 desde a primavera
até o outono (i.e., atingindo —22,3 mmol m=2 d-!) na quebra da plataforma e, com

uma absorc¢éo reduzida durante o inverno (i.e., atingindo —4,8 mmol m=2 d1). A

43



reducgéo na capacidade de absorcdo de COz da regido é atribuida principalmente
a diminuicdo da atividade bioldgica, associada a conveccéo de inverno e aos
efeitos térmicos [Kahl et al. 2017]. Por outro lado, sua alta capacidade de atuar
como sumidouro de CO:2 esta intimamente ligada a intensa atividade biologica
(i.e., fotossintese), desempenhando um papel crucial na modulacdo da
distribuicdo de fCO2 [Carvalho et al. 2022; Kahl et al. 2017; Berghoff et al. 2023].
De fato, essa regido esta entre as mais produtivas globalmente [Longhurst 1995],
onde estudos sobre a variabilidade do fitoplancton documentam mudancas
sazonais significativas [e.g., Carreto et al. 1995; Rivas et al. 2006; Romero et al.
2006; Goncalves-Araujo et al. 2016]. Essas areas apresentam floracoes
predominantes de cocolitoforideos no verao [Signorini et al. 2006; Garcia et al.
2011; de Souza et al. 2012] e floracdes de diatomaceas na primavera [Garcia et
al. 2008; Goncalves-Araujo et al. 2016; Lutz et al. 2010; Sabatini et al. 2012;
Segura et al. 2013], contribuindo para modular as maiores magnitudes de
absorcdo de CO2 na regido [Schloss et al. 2007; Carvalho et al. 2022].

Estudos anteriores na regido revelaram que as condi¢cdes da agua nem
sempre favorecem uma absorgcéo de CO:z e emissdo de O2 [Bianchi et al. 2005,
2009; Kahl et al. 2017; Berghoff et al. 2023]. Essa dinamica pode ser revertida,
indicando a possibilidade de a agua tornar-se uma fonte de CO: e,
simultaneamente, um sumidouro de O2. Além de desempenhar um papel crucial
no balanco global de Oz [Li et al. 2022] e CO2 [e.g., Laruelle et al. 2014; Bianchi
et al. 2009], esta regido exporta aguas subantarticas relativamente frias e de
baixa salinidade para as camadas oceanicas subsuperficiais [Manta et al. 2022],
onde tem-se observado uma acidificacdo mais rapida dessas aguas em

comparacao com as aguas circundantes [Orselli et al. 2018]. Apesar disso, até o
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momento nao houve investigacdo com dados in situ sobre os fluxos liquidos de
O:2 e 0s processos a eles associados na plataforma da Patagbnia Argentina. Em
relacdo aos fluxos de CO2, estudos anteriores tém se concentrado
exclusivamente no efeito térmico e ndo-térmico nas trocas entre o oceano e a
atmosfera [e.g., Bianchi et al. 2005, 2009; Kahl et al. 2017], com interesse na
variabilidade espacial e sazonal. Embora Carvalho et al. [2022] tenham
contribuido com uma investigacdo da relacdo entre os fluxos de CO: e as
comunidades fitoplancténicas na regiao, isso foi limitado a primavera.

Portanto, aqui, realizamos uma investigacao integrada da plataforma e da
qguebra da plataforma da Patagbnia, abrangendo a primavera e verdo, com foco
no papel dos grupos dominantes de fitoplancton e da temperatura na modulacao
dos fluxos de Oz e CO2. Considerando um futuro cenario climéatico com periodos
favoraveis ao crescimento do fitoplancton estendidos [Moreau et al. 2015] e
consequente aumento da produtividade sazonal [Leung et al. 2015; Fu et al.
2016] porém, com uma reducao na eficiéncia de absorcédo de CO:2 pelos oceanos
(fator de Revelle °mais alto) [e.g., Hauck et al. 2015], provavelmente devido a
alteracdo dos grupos fitoplancténicos dominantes. Portanto, compreender os
processos bioldgicos e fisicos associados as trocas de CO2 e Oz entre 0 oceano
e a atmosfera pode ser crucial para prever as futuras mudancas, especialmente

considerando que eles ja estdo sofrendo alteracdes [Fisher et al. 2024].

1.2 O papel dos processos biolégicos na dinamica do Oz e do CO:2
A plataforma e quebra da plataforma continental da Patagbnia é

atualmente um importante sumidouro anual liquido para o CO2 atmosférico, uma

2 A capacidade de tamponamento do CO: na 4gua do mar é quantificada pelo fator de Revelle,
“fator de tamponamento”, que relaciona a mudanca fracionaria no pCO2 da agua do mar com a
mudanca fracionaria no carbono inorganico dissolvido apds o reequilibrio.
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vez que a captacdo biolégica (i.e., fotossintese) durante o verdo e primavera
superam a emissdo de CO:2 impulsionada pela convecgdo e mistura vertical,
predominantemente observadas na plataforma interna no inverno [Bianchi et al.
2009; Kahl et al. 2017]. Nas aguas superficiais iluminadas pelo sol (até cerca de
200m), os produtores primarios (principalmente o fitoplancton) realizam a
fotossintese, o que resulta na producéo de Oz e na diminuigdo da fCO2 na agua
do mar, facilitando a absor¢do de CO:2 pelo oceano. A maior parte do O2
produzido pela fotossintese na camada superficial iluminada pelo sol é
consumida pela respiracédo ao longo da coluna de agua. A taxa de respiracao é
determinada pela disponibilidade de matéria organica, a qual, em ultima
instancia, € influenciada pela producédo primaria na superficie oceanica. Em
regides costeiras, parte dessa matéria organica pode ser de origem terrestre,
transportada para o oceano por meio de rios e agua subterranea.

Abaixo da camada eufotica ndo ha producéo (captacdo) significativa de
02 (CO2) através da fotossintese, e as concentracfes de O2 e CO2 séo
moduladas através da respiracdo, adveccdo de massas de aguas e pelos
processos de ventilacdo. Assim, ao longo da coluna de agua os niveis de O:2
(CO2) diminuem (aumentam) quando as bactérias e outros organismos realizam
a respiracdo. O carbono fixado pelos produtores primarios €, em parte,
metabolizado por bactérias, zooplancton e seus consumidores em pelotas fecais,
agregados organicos (‘neve marinha’) e outras formas, que sao posteriormente
exportadas para o interior do oceano, afundando e migrando verticalmente por
zooplancton e peixes, que, por sua vez, consomem Oz e produzem CO2. Uma
pequena fracdo deste carbono pode chegar ao fundo e interagir com o sistema

biolégico e biogeoquimico bentdnico e, finalmente, ser sequestrado pelos
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sedimentos por periodos prolongados de anos ou até seculos. Portanto, atraves
dos mecanismos da bomba biolégica do carbono, uma parte do carbono perde
0 contato com a atmosfera por muitos anos e fica retida por mais tempo no
oceano, contribuindo para a regulacdo dos niveis atmosféricos de CO: (e de O2)
e, portanto, amortecendo os impactos do aumento desse gas na atmosfera
[Keeling et al. 2010; Hauck et al. 2015; Grégorie et al. 2023].

A composicdo da comunidade fitoplanctbnica também exerce um
importante controle sobre a bomba biolégica do carbono. As diatomaceas séo
reconhecidas por serem mais eficientes na exportacdo de carbono em
comparacdo com outros grupos funcionais de menor tamanho (e.g.,
cianobactérias, dinoflagelados, pequenos flagelados etc.), devido ao seu grande
tamanho e a sedimentacéo da silica biogénica [Buesseler 1998; Ducklow et al.
2001; Armstrong et al. 2009]. Portanto, as diatomaceas afundantes (do inglés
sinking diatoms) desempenham um papel crucial como transportadoras de
carbono organico para as profundezas do oceano [e.g., Cavan et al. 2015], sendo
gque o enterramento de diatomaceas inteiras nos sedimentos enfatiza essa
importancia [Armand et al. 2008], evidenciando que foram exportadas
diretamente em vez de serem consumidas. Em contraste, o grupo funcional dos
organismos calcificadores (e.g., haptoéfitas), difere significativamente exibindo o
efeito oposto na troca de CO2 entre o oceano e a atmosfera. Durante a formagéao
do seu esqueleto de calcita, ha uma liberacao liquida de CO:2 para a atmosfera
(i.e. bomba contraria do carbonato) [Holligan et al. 1993; Rost & Riebesell 2004].
Contudo, o seu afundamento subsequente até o oceano profundo além de
exportar carbono, afeta diretamente a alcalinidade e as troca de CO2 do oceano

superior [Rost & Riebesell 2004].
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1.3 Objetivos
O objetivo geral desse estudo é investigar os processos fisicos, quimicos

e biolégicos responsaveis pelas alteracdes dos fluxos de O2 e CO:2 entre o
oceano e a atmosfera, ao longo da plataforma e quebra da plataforma continental

argentina. Assim, os seguintes objetivos especificos foram definidos:

(i) Determinar os fluxos liquidos de O2 e COz2 na interface oceano-
atmosfera, de forma direta ou indireta, para identificar zonas de
emissao ou absorgao destes gases ao longo da area de estudo;

(i)  Ildentificar os processos fisico-quimicos dominantes na modulagao
dos fluxos liquidos de O2 e CO2 na interface oceano-atmosfera;

(iii)  Verificar o papel das comunidades fitoplancténicas, em periodos de
primavera e verao, na modulagao dos liquidos de Oz e CO2 na

interface oceano-atmosfera.
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Capitulo II: Area de Estudo

area de estudo desta dissertacdo corresponde as zonas de

plataforma e quebra da plataforma continental da Patagbnia

Argentina, entre ~35° e 55°S (Figura 13). Esta € uma das
plataformas continentais mais largas dos oceanos, com 170 km de largura em
38°S e mais de 800 km de largura préximo de 50°S [Bianchi et al. 2009], e uma
das regides biologicamente mais produtivas do planeta [Longhurst 1995; Song
et al. 2016]. Diversos estudos realizados na regido tém mostrado uma estreita
relacdo entre os ambientes altamente produtivos, que comportam-se como
importantes sumidouros de COz e as caracteristicas dinamicas desta regido, que
incluem estruturas frontais, descarga de rios, ressurgéncia etc. [e.g., Brandini et
al. 2000; Saraceno et al. 2005; Romero et al. 2006; Garcia et al. 2008; Bianchi et
al. 2009; Lutz et al. 2010; Marrari et al. 2013; Segura et al. 2013; Carreto et al.
2016; Goncalves-Aradjo et al. 2016; Guinder et al. 2023]. A seguir, seréo

descritas as principais caracteristicas oceanograficas da regido de estudo.
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2.1 Circulagao oceanica

A circulacdo oceéanica nesta regido é caracterizada, ao norte, pelo fluxo
para o sul da Corrente do Brasil (em inglés Brazil Current) relativamente mais
guente e salgada e, ao sul, pelo fluxo para o norte da Corrente das Malvinas (em
inglés Malvinas Current) relativamente mais fria (Figura 10) [Combes & Matano
2014; Strub et al. 2015]. Por volta de 38°S, ambas as correntes se encontram
formando uma zona altamente energética conhecida como Confluéncia Brasil-
Malvinas (em inglés Brazil-Malvinas Confluence) [Gordon 1981; Gordon &
Greengrove 1986; Bianchi et al. 1993]. Nessa regido, as aguas quentes e salinas
da Corrente do Brasil encontram-se com as aguas mais frias e menos salinas da
Corrente das Malvinas, gerando uma forte frente termohalina conhecida como
Frente da Confluéncia. Na regido da Confluéncia Brasil-Malvinas, sdo formados
vortices, meandros e filamentos [Matano 1993; Lumpkin & Garzoli 2011],
destacando-se pela sua forma, tamanho e abundancia em comparagdo com
outras regides do oceano [Saraceno et al. 2004]. Estudos indicam que h&d uma
variabilidade sazonal no local da confluéncia, encontrando-se mais ao norte
(~37°S) durante o inverno e a primavera austral e mais ao sul (~38,5°S) no veréao
e no outono [Peterson & Stramma 1991]. Os argumentos que justificam essa
migracao sazonal sdo baseados nas forcantes do vento e no fluxo para norte da
Corrente das Malvinas, além da conservacdo da vorticidade potencial [Matano
1993]. Na plataforma continental, a circulagdo é caracterizada por aguas que
fluem em direcdo ao norte/nordeste, conhecido como Corrente da Patagbnia
[Brandhorst & Castello 1971], que se estende desde o extremo sul do mar da

PatagOnia até a foz do rio da Prata.
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Figura 10. Diagrama esquematico da circulagio do sudoeste do oceano Atlantico. Em azul claro
sédo indicadas as aguas de baixa salinidade, SSS < 33,5 g kg™* [Extraido de Strub et al. 2015].

2.2. As frentes oceanograficas e floragoes fitoplanctonicas

A plataforma da Patagbnia abriga uma variedade de frentes oceéanicas: de
ressurgéncia, de marés, de quebra de plataforma e frentes estuarinas frias e
temperadas (Figura 11), todas as quais desempenham um papel ecolégico
significativo [Acha et al. 2004; Sabatini et al. 2004]. A mais proeminente
observada na quebra da plataforma, onde as aguas mais frias e salinas da
Corrente das Malvinas, derivadas da Corrente Circumpolar Antartica, encontram-
se com as aguas relativamente mais quentes e menos salinas, a Agua
Subantartica de Plataforma (SASW, sigla do inglés Subantarctic Shelf Water),

formando a Frente da Quebra da Plataforma Patagbnica (em inglés Patagonian
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Shelf-Break Front) [Carreto et al. 1995; Acha et al. 2004; Matano et al. 2010;
Piola et al. 2010]. Da primavera ao outono austral, a frente de quebra de
plataforma é facilmente detectada por observacdes de infravermelho via satélite,
devido as altas concentracdes de Chl-a (> 3 mg m~3; Figura 12) [e.g., Saraceno
et al. 2004; Franco et al. 2008; Rivas & Pisoni 2010; Garcia et al. 2011; Ferreira
et al. 2013]. Durante essas estacoes, a estrutura térmica da frente de quebra de
plataforma revela uma transicdo das aguas estratificadas da plataforma para as
aguas menos estratificadas mais distantes da costa [e.g., Romero et al. 2006]. A
extensao regional da assinatura térmica menos pronunciada da frente de quebra
de plataforma no inverno deve-se a fraca estratificacdo térmica sobre a

plataforma em comparacéo com a estratificacdo no verao [Piola et al. 2018].
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Figura 11. Esquema das frentes oceanograficas presentes no Atlantico Sul Ocidental [Extraido
de Acha et al. 2004].
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No centro desse sistema frontal, ocorrem florescimentos de fitoplancton
iniciando na primavera austral, dominados por diatomaceas [Carreto et al. 1995;
Ferreira et al. 2013; Segura et al. 2013; Goncalves-Araujo et al. 2016] ou
diatoméaceas e dinoflagelados [Garcia et al. 2008]. Devido a ampla faixa
latitudinal da regido frontal, ha uma diferenca marcante no momento de inicio do
florescimento da primavera e na sucessao do fitoplancton. O ciclo térmico
sazonal promove a estratificacdo da coluna de 4gua e marca o inicio da floracéo
da primavera [Rivas et al. 2006]: ao norte de aproximadamente 45°S, a floracéo
comeca no inicio da primavera (setembro e outubro), enquanto ao sul comeca
no final da primavera até o inicio do verdo (dezembro-janeiro) e continua até o
outono (marco) [Rivas et al. 2006; Romero et al. 2006]. Estudo anteriores [Garcia
et al. 2008; Lutz et al. 2010; Sabatini et al. 2012; Segura et al. 2013] observaram
que, durante a primavera, as maiores concentracées de Chl-a estdo associadas
as floracdes da nano-diatomacea Thalassiosira cf. oceanica, e de diatomaceas
céntricas. Durante o verao, ha uma reducéo nas concentracdes de Chl-a, quando
a radiacao solar atinge seu pico anual e a profundidade da camada de mistura é
minima. Isso é acompanhado por uma mudanca na comunidade fitoplanctdnica,
com predominancia de cocolitoforideos [Signorini et al. 2006; Garcia et al. 2011],
principalmente a espécie Emiliania huxleyi [Poulton et al. 2013; De Souza et al.
2012; Smith et al. 2017]. A alta produtividade desta regido sustenta populacdes
de varias espécies comerciais de peixes e lulas, que desovam e se alimentam
ao longo da Frente da Quebra da Plataforma Patagonica, incluindo a merluza
argentina Merluccius hubbsi [Podesta 1990], a anchova Engraulis anchoita

[Berlotti et al. 1996] e a lula lllex argentinus [Berlotti et al. 1996].
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Figura 12. Imagem da média semanal da concentracao de clorofila-a (mg m=3) do sensor MODIS
na regido de estudo para os periodos de: primavera (24 a 31 de outubro de 2006; e 16 a 23 de
outubro de 2007), e verdo (1 e a 8 de janeiro de 2008; e 1 a 8 de janeiro de 2009), com
sobreposicdo da localizacdo das estacdes oceanogréaficas amostradas durante estes periodos.

2.3 A dinamica do CO:2
Junto com o reconhecimento de sua alta produtividade biol6gica, estudos

anteriores indicam que as aguas da plataforma e da quebra da plataforma da
PatagOnia sdo uma area importante de absorcdo de CO2 atmosférico (—2,9 mol
m~2 ano?), com valores maximos durante a primavera austral, com uma média
de —18,6 mmol m—2 dia~’. Esses fluxos estdo entre os maiores de absorcédo de
CO:2 por area no oceano mundial [Laruelle et al. 2014; Roobaert et al. 2019],

dobrando, por exemplo, o sumidouro de CO2 no mar do Norte [Thomas et al.
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2004] e triplicando o sumidouro das plataformas continentais do Pacifico
Nordeste Subpolar, do Norte da Groelandia, da Noruega, da Nova Zelandia, do
Sul da Australia ou da Antartica [Laruelle et al. 2014]. Em especial, a Frente da
Quebra da Plataforma Patagbdnica exibe o mais intenso sumidouro de CO2, em
relacdo a regidao de estudo como um todo, com uma média anual de —15 mmol
m~2 d-1, além de exibir uma grande variabilidade sazonal de fluxo, atingindo —
22,3 mmol m~2 d~-* durante a primavera e —4,8 mmol m~2 d-! no inverno [Piola et
al. 2018]. Estudos anteriores [Kahl et al. 2017; de Oliveira Carvalho et al. 2022]
indicam que a fotossintese € em grande parte responsavel pela eficiéncia da
guebra da plataforma em absorver grandes quantidades de CO2, especialmente
devido a predominancia de diatomaceas. No entanto, o papel das comunidades
plancténicas na variabilidade do sistema de carbonato ainda é pouco
compreendido [Schloss et al. 2007; de Oliveira Carvalho et al. 2022; Berghoff et
al. 2023]. Por outro lado, a diminuicdo do sumidouro de CO2 durante o inverno
se deve principalmente a reducdo da fotossintese combinada com a conveccéo
de inverno [Piola et al. 2018].

A grande absorcdo de CO2 antropogénico nas aguas da plataforma da
PatagOnia, tem provocado a acidificacdo oceanica e uma diminuicao significativa
na quantidade de carbonato disponivel para os organismos calcificadores,
especialmente nas massas de agua centrais e intermediarias [Orselli et al. 2018;
Fontela et al. 2021; Pinango et al. 2023]. Nas ultimas cinco décadas, foi
observada uma rapida acidificacdo da Agua Intermediaria Antartica (AAIW, da
sigla em inglés Antarctic Intermediate Water), com taxas de diminuicdo de pH
maiores que 0,002 unidades de pH por ano [Fontela et al. 2021]. E desde a

Revolucao Industrial, as estimativas sugerem uma diminui¢ao de até 0,0010 por
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ano [Orselli et al. 2018]. Como essa regido esta associada a uma zona de
subduccéao (i.e., formacdo de massas de agua) [Manta et al. 2022], onde a
influéncia antropogénica € rapidamente transportada abaixo das &aguas
subtropicais, a absor¢éo de CO:2 afeta todos os niveis de profundidade, incluindo
as mais profundas (e.g., Agua de Fundo Antartica—AABW, Antarctic Bottom

Water) [Fontela et al. 2021].
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Capitulo Ill: Material e

Métodos

qui, estabelecemos uma subdiviséo regional da area de estudo em trés
regimes distintos (Figura 13): (i) Zona Norte, influenciada pela
Confluéncia Brasil-Malvinas e pela descarga do Rio da Prata,
abrangendo de 36° a 39,5°S; (ii) Zona Central, afetada por processos associados
a Frente de Quebra de Plataforma (proxima a isébata de 200 m), estendendo-se
de 39,5° a 51°S; e (iii) Zona Sul, representando estacdes ao sul de 51°S, onde

estéo localizadas as estacdes influenciadas pelo banco Burdwood, portanto fora
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do dominio da plataforma continental, onde a dominancia muda para aguas mais
frias, salgadas e ricas em nutrientes trazidas pela Corrente das Malvinas.
Portanto, discutimos aqui os diferentes regimes de fluxos de CO2 e O2, bem
como 0S processos que os modulam, caracterizando cada sub-regido da
plataforma patagobnica.

Este estudo foi realizado por meio do projeto PATagonian EXperiment
(PATEX) no ambito do Grupo de Oceanografia de Altas Latitudes do Brasil
(GOAL) ao longo da plataforma e quebra de plataforma da Patagbnia. O PATEX
consiste em um projeto multidisciplinar de coleta e analise de dados
oceanograficos (fisicos e biogeoquimicos) associados a ocorréncias das
floracdes de fitoplancton na plataforma e quebra da plataforma da Patagonia.
Essa pesquisa foi conduzida através de sete cruzeiros oceanograficos a bordo
do R/V Ary Rongel da Marinha do Brasil, realizados entre 2004 e 2009 (Tabela
1).

Nosso estudo concentrou-se na analise integrada de dados coletados
durante as estacdes da primavera de 2004 [Garcia et al. 2008], 2006 [Ferreira et
al. 2009], 2007 [Goncalves-Araujo et al. 2016; Orselli et al. 2018; Carvalho et al.
2022] e 2008 [Goncalves-Araujo et al. 2012; Orselli et al. 2018; Carvalho et al.
2022], bem como nas esta¢Oes do verao de 2008 [de Souza et al. 2011; Garcia
et al. 2011; Goncalves-Araujo et al. 2016] e 2009 (dados inéditos e explorados

pela primeira vez nesse estudo).
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Figura 13. Plataforma da Patagbnia no sudoeste do oceano Atlantico Sul. Os pontos coloridos
marcam as posi¢des das estagdes hidrograficas, correspondendo aos anos 2004 (marrom), 2006
(laranja), 2007 (amarelo), 2008 (verde) e 2009 (ciano). As estacdes realizadas no ver&o séo
marcadas com uma cruz, enquanto aquelas na primavera séo representadas por um circulo. A
batimetria é representada por duas linhas isobatimétricas em marrom, uma linha sélida (200 m)
e uma linha tracejada (1000 m), e por tonalidades de cores. As linhas pretas tracejadas indicam
as zonas: Norte (36°-39,5°S), Central (39,5°-51°S) el Sul (>51° S).

Dentro deste contexto, um total de 189 estagcbes hidrogréficas foram
realizadas para medir a temperatura da superficie do mar (SST, da sigla em
inglés sea surface temperature), salinidade da superficie do mar (SSS, da sigla
em inglés sea surface salinity), Oz dissolvido e fluorescéncia da clorofila-a,
usando sensores duplicados de um sistema combinado Sea-Bird Conductivity,
Temperature, and Depth (CTD)/Carrousel 911+ equipado com doze garrafas

Niskin de cinco litros cada. A diferenca entre os sensores CTD duplicados foi de
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0,0003 °C para SST, 0,002 para SSS e 1,30 ymol kg™ para O2. O2 dissolvido e
contagem de fitoplancton foram analisados usando amostras discretas de agua
do mar. Os dados do sensor de Oz foram pos-calibrados com base em titulagéo
de Winkler realizada a bordo. Devido a problemas analiticos, os dados de Oz néo
foram incluidos nas campanhas realizadas durante a primavera de 2006 e o

verao de 2007.

Tabela 1: Informac&es gerais sobre os cruzeiros hidrograficos utilizados neste estudo, incluindo
0 ano do cruzeiro, a sub-regido coberta, o més da estacdo de amostragem e as seguintes
medicOes: temperatura da superficie do mar — SST, salinidade da superficie do mar — SSS,
concentracdo superficial de clorofila-a — Chl-a, oxigénio dissolvido na agua do mar — O,
fugacidade de CO2 na agua do mar — fCO2, pigmentos fitoplanctdnicos — Pigmentos e anélise
microscopica — Micro. As referéncias de estudos anteriores também sdo mostradas. Os
parametos medidos estdo marcados com ‘X’ e, 0os parametros ndo medidos estdo marcados com

Parametros medidos

Ano Ess}?ao— Regido Referéncias
s SST SSS Chl-a 0z xCO: Pigmentos  Micro
Primavera— X Garcia et al.
2004 novembro Central X X X X - - (2008)
Primavera— X Ferreira et al.
2006 outubro Central X X X - - - (2009)
Verdo—  congal X X X - X - X Este estudo
margo
Goncalves-
Araujo et al.
2007 . ;
Primavera— (2016); Orselli et
outubro Central X X X X X X - al. (2018);
Carvalho et al.
(2022)
de Souza et al.
(2011); Garcia et
Verio— al. (2011);
ianeiro Central X X X X X X - Gongalves-
J Araujo et al.
(2016)
2008
Goncalves-
Aradjo et al.
Primavera— (2012); Orselli et
outubro Norte X X X X X X - al. (2018);
Carvalho et al.
(2022)
2009 YerAO- gy x X X X X X - Este estudo
janeiro

Por questdes logisticas, a caracterizacdo da comunidade fitoplanctdnica
foi realizada utilizando dois métodos: analise microscopica e HPLC/CHEMTAX.

Para as campanhas realizadas em 2004, 2006 e no verdo de 2007, foi
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empregada a analise microscopica. A partir da primavera de 2007, a
caracterizacdo passou a ser baseada na composicao pigmentar. Além disso, nas
campanhas de 2004 e 2006, o fCO2 foi modelada por meio de regressao linear
multipla. A partir da campanha de veréao de 2007, a fracdo molar de CO2 na agua
do mar e no ar (xCO2%" e xCO22", respectivamente) foi medida continuamente
durante o percurso do cruzeiro, assim como a SST e a SSS. Para as medicdes
de xCO22", o ar foi captado a aproximadamente 10 metros da superficie, onde
estava livre de possiveis contaminacdes do proprio navio. A xCO22" foi medida
em intervalos horarios. A xCO2®" foi determinada pelo equilibrio continuo da
agua do mar com um circuito fechado do ar e deteccéao integrada de CO: por
infravermelho nédo dispersivo (NDIR da sigla em inglés non-dispersive infra-red;
LI-7000, LI-COR). O equilibrador era feito de vidro e submerso em um banho
contendo a agua do mar transbordante da qual a fase gasosa era amostrada a
intervalos de 60 segundos, de acordo com Ito et al. [2005]. A SST no equilibrador
foi registrada continuamente usando um termopar artesanal com uma precisao
de + 0,01 °C. O aparelho LI-7000 foi montado no formato de fluxo aberto continuo
(LI-7000 CO2 H20 analyzer instruction manual), portanto tinha injegdo continua
de nitrogénio de alta pureza livre de CO2 na célula de referéncia e a leitura era
feita na célula de amostra, que era calibrada diariamente e checada a cada trés
horas [Ito et al. 2005]. A calibragéo e a checagem da xCO2 do equipamento LI-
7000 na célula de leitura foi feita com a injecao de trés padrdes obtidos da White
Martins em ar comprimido. Na calibracdo se indicava a curva de concentracao
de referéncia para a leitura do equipamento (sempre iniciada em zero) e a

checagem foi conduzida para fazer a analise da variacado temporal dessa leitura
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(desvio da calibracdo). As fracbes molares desses padroes podem ser

encontradas na Tabela 2.

Tabela 2: Fracdo molar dos gases usados como padrdes na calibracao do equipamento LI-7000,
de acordo com o ano, estacdo do ano, més e a regidao em que foram utilizados.

Ano Estacéo-Més Regido Frag&o molar (ppm)
2007 Verao — marco Central 0,0, 376,0 € 439,4

Primavera — outubro  Central 0,0, 298,9 e 388,4
2008 Veréo —janeiro Central 0,0, 298,9 e 388,4

Primavera — outubro  Northern 0,0, 249,8 e 378,0
2009 Verao —janeiro Southern 0,0, 378,0 e 450,6

As diferencas entre a SST medida usando o equilibrador e a SST in situ
nao excederam 1,0 °C, e essas diferencas foram corrigidas seguindo Takahashi

et al. [1993], onde:

pCO2 = pCO2(eq) x exp[0.0423(SST-SSTeq) — 4.35x10°5 [(SSTZ-SSTed)]] ()

onde SST é a temperatura da superficie do mar in situ, SSTeq € a temperatura
da adgua do mar no equilibrador e pCO2(eq) é a pressado parcial do CO2 no
equilibrador.

Seguindo Takahashi et al. [2009], calculamos a pressao parcial do CO:2

no ar (pCO22") de acordo com a Eq. II:

pCO23" = xCO2" [par — (1.5/101.325) — pH20] (I

onde xCO22" (ppm) é a fracdo molar de CO2 atmosférico; pa" é a pressao
barométrica obtida do ERA5, um conjunto de dados de reanalise atmosférica
global de alta resolucao produzido pelo Centro Europeu de Previsdo do Tempo

a Médio Prazo (ECMWEF); pH20 (atm) é a pressao do vapor d'agua calculada
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usando a SST e a SSS [Weiss & Price 1980]. A fugacidade do CO:2 (a presséo
parcial do COz2 corrigida para nao idealidade) na agua do mar superficial (fCO2)

e no ar (fCO22") foram calculadas de acordo com a equacéo de Weiss [1974].

3.1 Caracterizagao da comunidade fitoplancténica

Por questdes logisticas, a caracterizacdo da comunidade fitoplancténica
foi realizada utilizando dois métodos distintos: analise microscépica e
HPLC/CHEMTAX. Para as campanhas realizadas em 2004, 2006 e no verao de
2007, foi empregada a analise microscépica. A partir da primavera de 2007, a
caracterizacdo passou a ser baseada na composi¢do pigmentar. Dessa forma,
para as figuras e tabelas que indicam grupos fitoplancténicos dominantes, o
grupo fitoplancténico dominante em cada estacdo foi definido quando a
concentracdo de Chl-a desse grupo era igual ou superior a 50% da Chl-a total
da estacdo, ou quando o biovolume de um determinado grupo representava 50%

ou mais do biovolume total daquela estacéao.

3.1.1 Analise microscoépica do fitoplancton

O fitoplancton foi contado e identificado a partir de amostras de agua
superficial e preservado em frascos de vidro ambar (250 mL) com solucdo de
iodo alcalino Lugol a 2%. Camaras de sedimentacdo de volume de 10 a 50 mL
foram utilizadas sob o microscopio invertido [Utermodhl 1958; Sournia 1978]. A
composicdo do fitoplancton foi determinada usando um microscopio Zeiss®
Axiovert, com ampliagbes de 200X, 400X e 1000X, de acordo com literatura
especifica [Dodge 1982; Hasle & Syvertsen 1996]. As células foram contadas
enumerando pelo menos 300 individuos das espécies mais frequentes [Lund et

al. 1958]. Para a identificacdo de cocolitoforideos, as amostras foram
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gentilmente filtradas através de filtros Isopore montados sobre filtros Whatman
GF/C. A andlise das células foi realizada em um microscopio eletrénico de
varredura (SEM) LEO 1450VP no National Oceanography Centre, Southampton.

A abundancia de cada espécie (expressa em 108 células L) foi
convertida em biovolume (mm?3 L™ nas figuras) usando duas ou trés dimensdes
lineares de imagens capturadas por uma camera (Spot Insight QE) acoplada ao
microscopio. Pelo menos 30 espécies foram escolhidas aleatoriamente para
métricas de cada espécie ou principais taxons e, em seguida, o biovolume foi

estimado usando a forma geométrica mais similar [Hillebrand et al. 1999].

3.1.2 Andlise de pigmentos fitoplanctonicos

A composi¢cdo da comunidade fitoplanctonica foi obtida por meio da
andlise de pigmentos fitoplanctdnicos determinados por cromatografia liquida de
alta eficiencia (HPLC; Shimadzu Prominence LC-20 A Modular HPLC System).
Para cada cruzeiro, amostras de agua do mar da superficie, com volumes
variando de 0,5 a 2,5 L, foram filtradas sob baixo vacuo através de filtros
Whatman GF/F (tamanho nominal de poro de 0,7 ym; didmetro de 25 mm) e
imediatamente armazenadas congeladas em nitrogénio liquido para posterior
andlise de pigmentos por HPLC. No laboratorio, os filtros foram colocados em
tubos de centrifuga com tampa rosqueavel contendo 3 mL de metanol gelado
(95% tamponado com acetato de amdnio a 2%) contendo 0,05 mg L™ de trans-
B-apo-8'-carotenal (Fluka) como padrdo. As amostras foram submetidas a
sonicagao por 5 minutos em um banho de gelo e 4gua, mantidas a —20 °C por 1
hora e, em seguida, centrifugadas a 1100 g por 5 minutos a 3 °C em uma
centrifuga refrigerada Modelo 280-R (Excelsa 4). Os sobrenadantes foram

filtrados através de filtros de membrana de PTFE Fluoropore (poro de 0,2 pm)
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para remover residuos do extrato do filtro e detritos celulares. Em seguida, 1000
puL da amostra foram misturados com 400 pL de agua Milli-Q® em frascos de
amostra de vidro de 2 mL e colocados na refrigeracéo a 4 °C, do sistema HPLC
Shimadzu®. A anélise por HPLC utilizou uma coluna monomérica C8 com uma
fase moével contendo piridina, conforme descrito em Zapata et al. [2000]. Todos
0s pigmentos estudados foram identificados a partir dos espectros de absorcao
e tempos de retencao, e as concentracdes foram calculadas a partir dos sinais
no arranjo de fotodiodos do detector em comparacdo com padrées comerciais
obtidos da Sigma (clorofila-a, clorofila-b e b-caroteno) e DHI (para outros
pigmentos; Institute for Water and Environment, Dinamarca). Os picos foram
integrados usando o software LC—Solution e todas as integracdes de pico foram
verificadas manualmente e corrigidas quando necessario. Um procedimento de
limite de quantificacéo (LOQ) e limite de deteccéo (LOD) foi aplicado aos dados
de pigmentos, conforme descrito por Hooker et al. [2005], para reduzir a
incerteza de pigmentos encontrados em baixas concentracfes. Os
procedimentos de LOQ e LOD foram realizados de acordo com Mendes et al.
[2007]. As concentracdes de pigmento foram normalizadas para o padréo interno

para corrigir perdas e mudancas de volume.

3.1.3. Analise quimiotaxon6nica

Utilizando a concentracdo dos pigmentos presentes em cada amostra, a
contribuicéo relativa dos principais grupos de microalgas para a Chl-a total foi
calculada usando o programa quimio-taxonédmico CHEMTAX v1.95, que utiliza
0S pigmentos acessorios classe-especificos em relacdo ao total de clorofila a
[Mackey et al. 1996]. O CHEMTAX efetua uma analise fatorial e de algoritmos

para melhor ajustar os dados em uma matriz inicial de proporc¢des de pigmentos
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(raz&o entre um pigmento acessorio marcador e a Chl-a total). Os procedimentos
e calculos de CHEMTAX estdo descritos em Mackey et al. [1996]. As razdes
iniciais de pigmento das principais classes de algas usadas aqui foram derivadas
de Higgins et al. [2011], com 0s grupos quimio-taxonémicos
identificados/definidos de acordo com Jeffrey et al. [2011]. Com base nos
pigmentos diagnodsticos identificados, os grupos de algas sédo carregados no
programa CHEMTAX (e.g., cianobactérias, criptéfitas, diatomaceas,
dinoflagelados e haptofitas).

Para a otimizacao das matrizes de entrada, uma série de 60 matrizes com
a proporcdo do pigmento foi gerada multiplicando cada proporcdo da matriz
inicial por uma funcao aleatoria. Dez por cento (n=6) das proporcdes geradas
com o menor residual médio quadratico foram calculadas, resultando nas
matrizes de saida para cada cruzeiro avaliado [Wright et al. 2009].

ApoOs avaliacdo dos dados de cada cruzeiro separadamente, 0S grupos
guimiotaxondmicos foram reorganizados para promover um meio eficaz de
comparacao entre os diferentes cruzeiros. Seis grupos de fitoplancton foram
avaliados: diatomaceas (soma das diatomaceas A e B), dinoflagelados,
haptofitas (incluindo cocolitoférideos e Phaeocystis), cianobactérias, flagelados
verdes (incluindo prasinoficeas) e criptéfitas. Para cada estacédo oceanografica,
consideramos o grupo funcional dominante aquele que representava 50% ou

mais da Chl-a total.

3.4 Modelagem da fugacidade do CO2
Para modelar a fCO2™ e a fCO2™ normalizada pela temperatura
(NfCO2m2") foi empregada a técnica da regressao linear multipla [e.g., Ito et al.

2016; Lencina-Avila et al. 2016; Orselli et al. 2019; Liutti et al. 2021; Zhang et al.
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2021]. Esses algoritmos foram derivados da seguinte forma: (1) para os meses
de primavera e verdo (de outubro a marco; referidos como fCQoPrimavera-verao)
usando dados de SST, SSS e Chl-a; (2) para todos os meses analisados
(fCO29¢?) usando dados de SST, SSS e Chl-a; e (3) utilizando exclusivamente
parametros abioticos (SST e SSS) para todo o periodo analisado (fCO220itico),
Todos os algoritmos utilizaram dados de 2000 a 2007 do SOCATVv2023 [Bakker
et al. 2016] na regido de estudo (50°- 70°W e 31°- 57° S). A inclusdo de
parametros abidticos e bidticos, e construcdo de algoritmos sazonais em vez de
um anico algoritmo anual foi feita porque esta regido € influenciada por
caracteristicas oceanograficas e bioldgicas distintas na primavera e no verao
(ver Capitulos 1 e 2). Os dados de Chl-a foram obtidos a partir de imagens
semanais do satélite MODIS-AQUA com resolucédo de 4 km e processados no

nivel 4. Todos os algoritmos podem ser expressos como (Eq.lll):

fCO2™r ou NFCO2™" = Bo + B1(SST) + B2(SSS) + Ba(Chl-a) ()

onde fCO2M" e NfCO2M" sdo, respectivamente, a fugacidade de CO2 na
superficie do mar e a fugacidade de CO2 normalizada pela temperatura, em
patm, SST é a temperatura da superficie do mar em graus Celsius, SSS é a
salinidade da superficie do mar, e Chl-a € a concentracéo superficial de clorofila-
a em mg m~3. Os coeficientes (Bo, B1, B2, B3) determinam a relacéo entre a fCO2
ou NfCO:2 (variavel de saida) e SST, SSS e Chl-a (variaveis de entrada). O
método dos minimos quadrados foi empregado para determinar os valores de j3,
minimizando a soma dos quadrados dos residuos. Note que B3 ndo existe para

os algoritmos abioticos de fCO2™ e NfCO2™¥. Para remover o efeito da
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temperatura de fCO2™" (i.e., NfCO2"®), seguimos Takahashi et al. (2009) e
consideramos a temperatura média de 5,77°C para os algoritmos gerais e
abidticos, e 6,83°C para os algoritmos de primavera-verao.

Para avaliar o desempenho de todos os algoritmos, aplicamos eles a um
conjunto de dados independente derivado das secdes disponiveis do
SOCATVv2023 [Bakker et al. 2016] abrangendo os anos de 2008 a 2021, que néo
foram incluidos no conjunto de dados usado para treinar o algoritmo. As
previsbes do modelo para a fCO2m" e NfCO2"@" foram comparadas com 0s
respectivos valores in situ de fCO2ma" e NfCO2m&". Avaliamos o desempenho de
todos os modelos determinando o coeficiente de determinagdo (r?) e o erro
quadratico médio (RMSE). Com base nos algoritmos derivados, fCO2"" e

NfCO2™Ma" foram calculados para os cruzeiros PATEX realizados em 2004 e 2006.

3.5 Fluxos liquidos de CO2 entre o oceano e atmosfera
Os fluxos liquidos de CO2 entre o oceano e a atmosfera (FCOz) foram

calculados seguindo a Eq. IV:

FCO2 = K x Ks x (fCOzm" - fCO22n (V)

onde K: é a velocidade de transferéncia gasosa, dependendo da velocidade do
vento [Ho et al. 2006], e considerando o numero de Schmidt referente ao COz:
ScCO2 = A-Bt+Ct>-Dt3+Et*, onde t é a temperatura em graus Celsius (°C); A =
2116,8; B =136,25; C=4,7353; D =0,092307 e E = 0,000755 [Wanninkhof 2014].
Utilizamos a velocidade do vento diaria (m s™) a 10 m da reandlise atmosférica
ERA5 com uma resolucao espacial de 0,25° de latitude e 0,25° de longitude

[Hersbach et al. 2020]. Combinamos as coordenadas e a data dos dados de
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fCO2ma" com os dados de reanalise ERAS para garantir que a velocidade do vento
cobrisse tanto a mesma regido quanto o mesmo periodo. Ks é o coeficiente de
solubilidade do CO2, como funcéo tanto da SST quanto da SSS [Weiss 1974],
fCO2ma é a fugacidade do CO2 na superficie do mar e fCO22" é a fugacidade do
CO2 no ar. Os valores de fCO2"e a fCO22" foram determinadas a partir da média
da fCOz2 calculada para o periodo em que a estacdo oceanografica foi realizada.
O CO:2 é absorvido pelo oceano quando o valor de FCO: € negativo, enquanto é

liberado para a atmosfera quando o valor de FCO: é positivo.

3.6 Fluxos liquidos de O2 entre o oceano e atmosfera
Os fluxos liquidos de O2 entre o oceano e a atmosfera (FO2) foram

calculados usando a Eq. V:

FO2 = K¢ x (O2 - 025 (V)

onde Kt é o coeficiente de transferéncia de gas, 02%% e Oz sdo a concentracao
de O:2 dissolvido no nivel de saturagdo e na superficie do oceano,
respectivamente. O O2%3foi calculado a partir da SST e SSS na pressao ao nivel
do mar (pAr) usando os coeficientes de solubilidade de Benson & Krause Jr.
[1984], ajustados por Garcia & Gordon [1992]. O Oz é absorvido pelo oceano
guando o valor de FO:2 € negativo, enquanto é liberado para a atmosfera quando
o valor de FO: € positivo.

Muitas parametrizacbes comumente utilizadas para a trocas de gases
entre 0 oceano e a atmosfera [e.g., Ho et al. 2006; Wanninkhof 1992, 2014]
assumem que o fluxo total de um gas pode ser descrito pela Eq. (4). No entanto,

especialmente para gases menos sollveis como o Oz e em altas velocidades do
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vento (> 10 m s™1), ha uma contribuicéo significativa da injecdo de ar por bolhas
[Liang et al. 2013; Emerson & Bushinsky 2016]. Diversas relacdes diferentes
entre a velocidade do vento e a velocidade de transferéncia de gas de gases
nobres foram propostas com base em estudos laboratoriais e de campo [e.g.,
Woolf & Thorpe 1991; Woolf 1997; Stanley et al. 2009; Liang et al. 2013], embora
nao exista um consenso sobre a de maior acuracia [Emerson & Bushinsky 2016;
Koeling et al. 2017; Ulses et al. 2020]. Nesse contexto, conduzimos analises de
sensibilidade empregando cinco parametrizacGes diferentes da velocidade de
transferéncia de gas para estimar incertezas nas trocas de Oz entre o mar e o
ar. Para esses testes de sensibilidade, usamos parametrizacbes que
consideravam os fluxos de O2 entre o mar e o ar devido a formacéo de bolhas
[Woolf & Thorpe 1991; Woolf 1997; Liang et al. 2013] e aquelas que nao incluiam

esse termo [Ho et al. 2006; Wanninkhof 1992] (Tabela 3).

Tabela 3. Parametriza¢es aplicadas para o célculo dos fluxos liquidos de oxigénio (FO2) entre
0 oceano e a atmosfera que podem incluir o termo de bolhas pequenas (Fc) e o de bolhas
grandes (Fp). Kt representa a velocidade de transferéncia gasosa, Ae representa a
supersaturacéo causada pelo efeito de bolhas no modelo de Woolf & Thorpe [1991] e de Woolf
[1997], [O2] é a concentracdo de oxigénio dissolvido medido in situ, e [O2]5* é saturagcdo do
oxigénio na agua do mar, dependente da SST e SSS.

Fluxo mediado por bolhas

Referéncia Equacbes
Bolhas Bolhas
pequenas grandes
Ho et al. [2006] - - FO2 = Kt x {[O2] — [O2]%2}
Wanninkhof et al [1992] - - FO. = Kt x {[O2] — [O2]52%}
Woolf & Thorpe [1991] Sim - FO2 = Kt x {[O2] — [O2]52 x (1 +Ae ) }
Woolf [1997] Sim - FO2 = Kt x {[O2] — [O2]5& x (1 + Ae) }
Liang et al. [2013] Sim Sim FO2= Kt x {[O2]- [O2]5® + Fc+ Fp }
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Nesse contexto, para estimar as velocidades de transferéncia de gases
conforme descrito por Ho et al. [2006] e Wanninkhof [1992], foram derivadas as

seguintes relagdes (Eq. VI e VII):

t=20, x U10° X (S5C0O2 - g
Kt = 0,254 x U10? x (ScO2/660)0° (Eq VI)

Kt = 0,31x U102 x (SCO2/660)05 (Eq VII)

onde, U1o é a velocidade do vento (m s™%) a 10 metros da superficie do mar, e
ScO:2 é o nimero de Schmidt referente ao O2: ScO2 = A—Bt+Ct>~Dt3+Et*, onde t
€ a temperatura em graus Celsius (°C); A =1920,4; B =135,6°C ; C=5,2122 °C
; D =0,10939 °C; e E = 0,00093777°C [Wanninkhof 2014].

Por sua vez, Woolf et al. [1997] prop6s que essa relacdo de forma que
(Eq. VII):

Kt = 1,57 x 10~* x Ua x (SCO2/660)705 + 3,264 x 10-3 x U104 (VI

onde Ua é a velocidade de friccdo do ar na interface ar-agua, e pode ser obtido

da seguinte forma (Eq. IX):

Ua= Cd—95x U1o (IX)

onde Cd é o coeficiente de arrasto na interface ar-agua e igual a 0,0012
quando Uio < 11 m s~ [Sullivan et al. 2012].

Finalmente, Liang et al. [2013] propés um modelo que distingue em trés
termos a transferéncia gasosa na interface oceano-atmosfera: (Kt) o termo
difusivo, o (Fc) termo que representa o efeito das bolhas pequenas e o (Fp) termo

que representa o efeito das bolhas grandes (Egs. X, Xl e XlI).

Kt=1,3 x 10~ x Ua x (ScO2/660)05 (X)
Fc =-5,56 x Uw38x xO2 (X1)
Fp= 5,5 x (Uw)276 x (ScO2/660)23 x [02 — (1 — AP) x Oz5%] (X1
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onde Ua é a velocidade de friccdo do ar na interface ar-agua, Uw € a velocidade
de friccdo da 4gua na interface ar-agua, xO2 é a fragdo molar de oxigénio na
atmosfera, e AP é o aumento da saturagdo com o efeito de bolhas grande a
medida que sdo levadas mais profundamente no oceano em velocidades do
vento mais altas (Egs. XllI, XIV e XV) [Liang et al. 2013]:

Ua= 0,064 x (Cd x U10)™2> (XII)
Uw=pa/pw (XIV)
AP=1,5244 x (Uy)1.06 (XV)

onde pa é densidade do ar (kg m~3) e pw é densidade da agua do mar (kg m=3).

3.7 Moduladores do FO2 e da fCOz2: efeitos térmicos e ndo térmicos

O efeito da SST nos fluxos de Oz e CO2 entre 0 oceano e a atmosfera &
principalmente devido a solubilidade desses gases na agua. Conforme a
temperatura da agua aumenta, sua capacidade de reter gases diminui, causando
uma reducgdo na solubilidade tanto do Oz quanto do COz2. Isso significa que a
medida que as aguas ricas em CO2 e O2, devido a sua alta solubilidade
encontrada em latitudes elevadas, sdo transportadas em direcdo ao equador e
perdem calor para a atmosfera, elas também liberam CO2 e O2. Além disso, a
SST influencia processos bioldgicos que impactam nos fluxos de CO2 e Oz no
oceano. SST mais altas podem aumentar as taxas de fotossintese, levando a um
aumento na absorcdo de CO2 da atmosfera [Hutchins et al. 2016]. Por outro lado,
SST mais altas podem acelerar a decomposi¢cdo da matéria organica, causando
maior liberacdo de CO2 e consumo de Oz no oceano [Lopez-Urrutia et al. 2006].

Esses efeitos combinados da temperatura podem ter um impacto significativo
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nos fluxos globais de CO2 e Oz [Bindoff et al. 2019; Li et al. 2020; Canadell et al.
2021].

Enquanto a troca de Oz entre 0 mar e 0 ar € um Unico processo
impulsionado pela diferenca de O2 no nivel de saturacdo e no Oz medido na
superficie do mar, a troca liquida de calor através da interface oceano-atmosfera
€ uma interacdo complexa de varios processos individuais (i.e., calor sensivel,
calor latente, radiacdo de ondas curtas e radiacdo de ondas longas). Essa
caracteristica Unica nos permite separar os fluxos gerais de O2 em componentes
térmicos e ndo térmicos, que incluem tanto processos bioldgicos quanto a

adveccao de massas de agua (Eq. XVI e XVII):

FO»total = FO,térmico 4 F(,néo-térmico (XV|)
FO,éo-térmico — FO,total 4 F O, térmico (XVII)

Com base na relacdo entre a solubilidade do Oz e a temperatura e
assumindo equilibrio instantaneo, o fluxo térmico de O2 pode ser calculado como

uma funcéo do fluxo de calor superficial (Eg. XVIII) [Keeling et al. 1993]:

FOgtémico = (40252 /dT) x Q/Cp % pw (XVII)

onde dO2%2 /dT (mol kg~ K1) é a derivada da temperatura da solubilidade do Oz,
que foi derivada de Garcia & Gordon [1992], Q (J m2 s™1) é o fluxo de calor total
calculado a partir da reanalise ERAS5 de calor latente superficial, sensivel,
radiacdo solar (ondas curtas) e radiacdo terrestre (ondas longas), e Cp (J m=3

K-1) é a capacidade térmica da dgua do mar calculada usando o pacote

SEAWATER-3.3 (para Python), e pw é a densidade da agua do mar. A
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constatacao de que o Oz na superficie do oceano se reequilibra rapidamente em
questdo de dias apdés uma alteracdo no fluxo de calor liquido, que afeta a
temperatura e, consequentemente, a solubilidade, viabiliza essa separacéo. Vale
ressaltar que tal separacdo nao € possivel para o CO2 devido ao seu tempo de
equilibrio significativamente mais longo [Broecker e Peng 1974].

Neste contexto, para avaliar o efeito distinto dos efeitos térmicos e nao
térmicos nas mudangas de fCO2 na agua do mar, seguimos a abordagem
proposta por Takahashi et al. [2002]. Portanto, os dados de fCO: foram
calculados para uma temperatura média para remover o efeito da temperatura,
conforme mostrado pela Eq. XIX, e a temperatura in situ (SST) para obter o sinal

de temperatura, conforme mostrado pela Eq. XX:

fCONdo-témico = fCO,0bs x exp [0,0423(SST™éd2 - SST)] (XIX)

fCOptérmico = fCO,Media x exp [0,0433(SST - SSTMedia)] (XX)

onde SSTmM¢dia ¢ a temperatura média da superficie do mar para o periodo
avaliado e SST é a temperatura da superficie do mar medida in situ, fCOzMédio &
a fCO2 média da superficie do mar, considerando o intervalo latitudinal de 3°. O
efeito da temperatura sobre a fCO2 (din fCO2/0SST = 0,0413 °C) foi
determinado com base na andlise das aguas superficiais de alguns cruzeiros
realizados nas principais bacias oceanicas [Wanninkhof et al. 2022]. Com o efeito
da temperatura removido, as variacdes restantes na fCO2 sdo devidas aos
processos nao térmicos. Esses processos incluem os efeitos do consumo

biolégico de CO:2 e da remineralizacdo, além dos processos dinamicos
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associados ao transporte vertical e lateral de massas de agua e das trocas
diretas entre o oceano e a atmosfera [Takahashi et al. 2002; Kortzinger et al.
2008].

Para cada intervalo latitudinal médio de 3°, tanto o efeito térmico
(AfCO2tMico) quanto as mudancas ndo térmicas (AfCOzéotérmico)  forgm
calculados usando a diferenca entre os valores maximos (max) e minimos (min)
para fCO2°s na SST para o efeito térmico e fCO2 na SST™éia para o efeito ndo

térmico (Egs. XXI, XXII).

Afcoztérmico — (fcoztérmico)méx - (fCOZtérmico)min (XX|)

NAfCO,héo-térmico — (fcoznéo-térmico)méx - (fcoznéo-térmico)min (XX”)

O efeito relativo tanto dos efeitos térmicos (T) quanto dos ndo-térmicos

(NT) foi verificado por meio da avaliacdo da razdo entre as duas condicdes

(T:NT) (Eq. XXIII):

T:NT = AfCOztmico /| AfCO,nd0-termico (XX1)

Assim, T:NT < 1 indica que o efeito ndo térmico tem maior magnitude e

variabilidade, enquanto T:NT > 1 indica que os efeitos ndo térmicos sdo mais

fracos ou relativamente constantes, para cada intervalo latitudinal.
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3.6 Andlises estatisticas e identificacdo de massas de agua

Andlises de correlacdo de Spearman foram utilizadas como medida de
associacdo entre variaveis. A Andlise de Componentes Principais (PCA)
[Oksanen et al. 2018] foi realizada para avaliar a associacdo entre variaveis
bidticas (comunidades fitoplanctonicas) e as variaveis ambientais (SST, SSS,
Chl-a, FO2, AfCO2, FCO2) em cada estacdo oceanografica. Essa analise de
ordenacéo oferece uma compreensdo sobre como a estrutura do fitoplancton &
influenciada pelo ambiente em cada regido, contribuindo para o entendimento da
distribuicdo espacial de cada grupo. Assim, a integracdo das respostas das
interacOes entre fatores bidticos e abidticos proporciona uma compreensao mais
profunda da relacdo entre o comportamento do CO:2 e a distribuicdo do
fitoplancton. As variaveis abidticas foram normalizadas para a PCA, e ambas as
analises foram realizadas utilizando o software Python®.

Além disso, a distribuicao tanto de AfCO:2 quanto do percentual de
saturacdo de O: foi utilizado para explicar os potenciais mecanismos
responsaveis pela distribuicdo das trocas de Oz e CO2 entre 0 mar e o ar,
seguindo a proposta de Moreau et al. [2012]. Dividimos um grafico de disperséo
de AfCO2 em funcdo do percentual de saturacdo de Oz em 4 guadrantes:
quadrante | (AfCO2 positivo simultaneamente com O:2 subsaturado) implica a
respiracdo como o processo que controla a fCO2 da agua do mar e a sub-
saturacdo de O2. O quadrante |l (AfCO2 positivo simultaneamente com O:2
supersaturado) sugere 0 aquecimento como 0 processo que controla a fCO2 da
agua do mar e a super-saturagdo de O2. O quadrante lll (AfCO2 negativo
simultaneamente com Oz supersaturado) implica a fotossintese como o principal

processo que controla a fCO2 da 4gua do mar e a super-saturacdo de Oz. O
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quadrante IV (AfCO:2 negativo simultaneamente com O2 subsaturado) sugere 0

resfriamento como o processo que controla a fCO2 da agua do mar e a sub-

saturacao de Oo2.

Os indices termohalinos utilizados para caracterizar cada massa de agua

na area de estudo foram definidos de acordo com as descricbes em Mdller et al.

[2008] e Emery [2003] (Tabela 4) e identificados por meio de um diagrama

temperatura-salinidade (T-S; Figura 14).

Tabela 4: indices termohalinos usados para caracterizar cada massa de agua sobre a plataforma
e quebra da plataforma continental da Patagonia, identificados em todos os cruzeiros.

Massas de agua Temperatura (°C) Salinidade

STSW T>14°C 33,6<S<36
Agua Subtropical de Plataforma

LSCW - S<335
Agua de Baixa Salinidade Costeira

SASW T<14°C 335<S5<34,2
Agua Subantartica de Plataforma

SACW T<18,5 S<34.3

Agua Central do Atlantico Sul
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Figura 14: Diagrama de temperatura-salinidade da regido de estudo. O tamanho do simbolo em
indica a concentracdo de clorofila-a (Chl-a), enquanto as linhas cinzas marcam as isopicnais (kg
m-3). Os dados amostrados durante as campanhas de primavera (outubro-dezembro) e verdo
(janeiro-margo) séo representados por simbolos de ponto e cruz, respectivamente. Cores
diferentes indicam as massas de 4gua encontradas na regido: Agua de Baixa Salinidade Costeira
(LSCW; magenta); Agua Subantéartica de Plataforma (SASW; azul claro); Agua Subtropical de
Plataforma (STSW; laranja); e Agua Central do Atlantico Sul (SACW; vermelho).
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Capitulo IV: Dinamica do Oz e do
CO:2 na plataforma e quebra da
plataforma continental da
Patag6nia Argentina

este estudo foram investigados 0s principais processos que

controlam a variabilidade latitudinal e sazonal, considerando a

primavera e o verao, dos fluxos liquidos de Oz e CO2 na plataforma
e na quebra da plataforma da Patag6nia Argentina. Apesar de ser reconhecida
como uma das regides com maior capacidade de absor¢do de CO2 no mundo e
possuir uma complexidade ecoldgica e dinamica significativa, ainda ha lacunas
no entendimento integrado da dindmica desses gases. Pouco se sabe acerca da
variabilidade dos fluxos liquidos de O:2 nessa regido. E menos ainda é
compreendido em relagéo a interagéo do fitoplancton nos processos de liberagcéo
e captacdo de Oz e CO2 entre 0 oceano e a atmosfera nessas regides de
transicdo dos oceanos. Portanto, aqui, combinamos conjuntos de dados
biogeoquimicos e hidrograficos para realizar uma investigacdo integrada da

plataforma e da quebra da plataforma da Patagbnia, com foco no papel dos
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grupos fitoplanctdénicos dominantes e da temperatura na modulacédo dos fluxos
liguidos de O2 e CO2. Assim, este estudo tem como objetivo fornecer novas
perspectivas sobre a influéncia dos processos biologicos e térmicos que
controlam as trocas de gases entre 0 oceano e a atmosfera em uma area
especialmente dinamica, ecoldgica e climaticamente importante do sudoeste do
oceano Atlantico Sul. Este manuscrito, de autoria de Luisa de Moraes Garcia,
lole Beatriz M. Orselli, Virginia Maria Tavano, Carlos Rafael B. Mendes, Carlos
Alberto E. Garcia, Rosane G. Ito, Catherine Goyet e Rodrigo Kerr, foi intitulado
“Physical-biological drivers modulating sea-air O2 and CO:2 exchanges
along the Patagonian continental shelf and shelf-break”, foi submetido e esta

sendo avaliado no perioddico Progress in Oceanography.
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Highlights:
e Photosynthesis is the primary driver of O2and CO2dynamics during spring,
while temperature takes a role during summer.
e The highest diatom blooms along the Patagonian Shelf-Break Front
favored an O2 outgassing and COz ingassing during spring.
e Warming conditions plus haptophyte dominance in the waters rich in Oz
and COz2 allow O2 and CO:2 outgassing during summer.
4.1Introduction
The ocean play a crucial role in climate regulation, serving as a vast sink
zone for heat and carbon dioxide (COz2), thereby assisting in mitigating the effects
of increased CO:2 emissions into the atmosphere since pre-industrial times
[Friedlingstein et al. 2020]. Notably, the rise in temperature and ocean
acidification [Rhein et al. 2013; Pifiango et al. 2023] induce direct changes that
modulate essential components of the oceanic system, such as biogeochemical
cycles, primary production, and dissolved oxygen [O2z; Keeling & Garcia, 2002;
Bopp et al. 2013; Santos et al. 2016; Breitburg et al. 2018; Bindoff et al. 2019]. In
the current context of a warmer and more stratified global ocean, a reduction in
O:2 across all water layers has been observed [Bindoff et al. 2019]. This decline
in surface Oz is largely due to decreased O: solubility because of warmer surface
waters [Hameau et al. 2020; Santos et al. 2016], and by changes related to
organic matter remineralization and reduced ventilation [Bindoff et al. 2019].
These changes have adverse effects on marine organisms, ecosystems, and the
services they provide [e.g., Doney et al. 2009; Hilborn et al. 2013; Oschlies et al.

2008].
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At the ocean surface, concentrations of Oz and the fugacity of CO2 (fCOz)
are controlled by (i) the balance between variations in temperature and salinity,
as the solubility of these gases is inversely proportional to temperature and
salinity [Weiss 1974]; (ii) mechanical processes associated with ocean dynamics
and sea-air interactions [e.g., winds and currents; Oschlies et al. 2018]; and (iii)
biological activity that depends on the balance between primary production,
which  consumes CO2 and produces Oz (via photosynthesis), or
respiration/organic matter remineralization, releasing CO2 and consuming O:2
from the water [Carvalho et al. 2021, 2022). For instance, fCO2 undersaturation
together with O2 supersaturation relative to atmospheric concentrations of both
gases has been shown to be related to active photosynthesis [Carrillo et al. 2004].
The opposite could indicate high net respiration by the plankton community.
Therefore, factors such as the composition of the phytoplankton community [e.g.,
larger cells with higher CO: fixation efficiency; Schloss et al. 2007; Brown et al.
2019; Carvalho et al. 2022], upwelling events [Keeling et al. 2010; Kahl et al.
2017; Feely et al. 2018; Morgan et al. 2019], the presence of oceanographic
fronts [Bianchi et al. 2009; Bushinsky et al. 2018; Kahl et al. 2017; Sarkar et al.
2021], and freshwater input from rivers can modulate Oz and fCO: levels in the
oceans [Oschlies et al. 2018; Bindoff et al. 2019; Cai et al. 2020].

In contrast to the open oceans, which generally exhibit stability in the
sources and sinks of these gases, continental shelves display pronounced spatial
and temporal variability in the fluxes and processes that govern the dynamics of
CO:2 and O:2 [Bushinsky et al. 2017; Laruelle et al. 2018; Pitcher et al. 2021;
Carvalho et al. 2021; Roobaert et al. 2024] but rarely considered in global

estimates. These regions have been recognized as significant CO2 sinks on a
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global scale [Borges et al. 2005; Laruelle et al. 2010; Roobaert et al. 2023]
contributing disproportionately to the global carbon system compared to the open
ocean [Laruelle et al. 2014; Roobaert et al. 2019], despite suffering significantly
from ocean acidification processes [e.g., Carvalho-Borges et al. 2018, Orselli et
al. 2018; Cai et al. 2020].

In this context, the Patagonian shelf emerges as one of the areas with the
highest CO2 uptake per unit area globally [Laruelle et al. 2013; Bianchi et al.
2009], particularly at the continental shelf-break and mid-shelf, where intense and
persistent phytoplankton blooms occur during Austral spring and summer [e.g.,
Schloss et al. 2007; Garcia et al. 2011; Romero et al. 2006; Marrari et al. 2017],
sustaining a rich ecosystem and abundant fishing activity [Brunetti et al. 1998;
Martinetto et al. 2020]. This region displays significant seasonal variability in CO2
fluxes [Bianchi et al. 2009], with the highest COz2 sink values occurring from spring
to autumn (i.e., reaching —22.3 mmol m=2 d-1) at the shelf-break and lower values
during winter (i.e., reaching —4.8 mmol m=2 d-1). The reduction in the region's CO2
uptake rates is primarily attributed to decreased biological activity in winter,
coupled with convection and thermal effects [Kahl et al. 2017]. Therefore, its high
capacity to act as a COz2 sink is closely tied to intense biological activity (i.e.,
photosynthesis), playing a crucial role in shaping the distribution of fCO:2
[Carvalho et al. 2022; Kahl et al. 2017; Berghoff et al. 2023]. Indeed, this region
ranks among the most productive marine areas [Longhurst, 1995], where studies
on phytoplankton variability document significant seasonal changes [e.g., Carreto
et al. 1995; Rivas et al. 2006; Romero et al. 2006; Gongalves-Araujo et al. 2016].
These areas present predominant coccolithophore blooms in summer [Signorini

et al. 2006; Garcia et al. 2011; de Souza et al. 2012] and diatom blooms in spring
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[Garcia et al, 2008; Goncalves-Araujo et al. 2016; Lutz et al. 2010; Sabatini et al.
2012; Segura et al. 2013], which contribute to modulate the highest CO2 uptake
in the region [Schloss et al. 2007; Carvalho et al. 2022].

Previous studies in the region have revealed that surface waters
conditions do not always indicate CO2 undersaturation or Oz supersaturation
[Bianchi et al. 2005, 2009; Kahl et al. 2017; Berghoff et al. 2023], although this
dynamic can be reversed, indicating the possibility of water becoming a source
of CO2 and a sink for Oz as well. To our knowledge, there has been no report on
in situ Oz fluxes data and the associated processes in the Argentine Patagonian
shelf. Regarding CO: fluxes, previous studies have focused exclusively on the
impact of temperature on sea-air exchanges [e.g., Bianchi et al. 2005, 2009; Kahl
et al. 2017], with an interest in spatial and seasonal variability. Although Carvalho
et al. [2022] have conducted an investigation of the relationship between CO:
fluxes and phytoplankton communities, their study has been limited to springtime
and over the continental shelf-break region. It's important to emphasize that the
Argentine Patagonian shelf and shelf-break play a crucial role in the sea-air
exchange of Oz and COz in adjacent regions, exporting relatively cold and low-
salinity subantarctic waters to subsurface ocean layers [Manta et al. 2022], where
a faster rate of acidification has been observed for these waters than the
surrounding ones [Orselli et al. 2018].

Given the physical and biogeochemical relevance of the region, here we
combine biogeochemical and hydrographic datasets to conduct an integrated
investigation of the Patagonian shelf and shelf-break zone, focusing on the role
of dominant phytoplankton groups and temperature in modulating O2 and CO:

fluxes. Thus, this study aims to provide new insights on the influence of biological

84



and thermal processes controlling the sea-air gas exchanges in a particularly
dynamic, ecologically important and climate vulnerable area of the southwestern

South Atlantic Ocean.

4.2 Patagonian shelf features

The Patagonian shelf exhibits complex ocean dynamic processes
influenced by tides, the confluence of two western boundary currents (Brazil and
Malvinas Currents), and freshwater discharge from the Rio de la Plata and other
rivers (Figure IV-1). Several oceanographic fronts can be identified in the shelf
region associated with high chlorophyll-a (Chl-a) concentrations [Acha et al.
2004; Bianchi et al. 2005; Carreto et al. 1995; Piola et al. 2018]. The most
prominent one is observed at the shelf-break, where the cooler and more saline
waters of the Malvinas Current, derived from the Antarctic Circumpolar Current,
meet the Subantarctic Shelf Water (SASW), forming the Patagonian Shelf-Break
Front [Carreto et al. 1995; Acha et al. 2004; Matano et al. 2010; Piola et al. 2010].
The transverse temperature gradient at the shelf-break is strongest in austral
summer and autumn [Saraceno et al. 2004] and is associated with an increased
Chl-a concentration [e.g., Acha et al. 2004; Rivas et al. 2006; Romero et al. 2006;

Garcia et al. 2011].
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Figure IV- 1. Patagonian shelf in the southwestern South Atlantic Ocean. The main schematic
flows (a) of the Brazil Current (BC, solid yellow line), Malvinas Current (MC, solid purple line), and
Antarctic Circumpolar Current (ACC, dashed blue line) are shown by arrows (see Strub et al.
2015, and Combes et al. 2018, for details on regional ocean circulation in the area). BMC, MIS,
and BB stand for Brazil/Malvinas Confluence, Malvinas Islands, and Burdwood Bank,
respectively. The bottom bathymetry is represented by two brown isobath lines, one solid (200
meters) and one dashed (1000 meters), and by color shading. Colored marks (b) indicate the
positions of oceanographic stations, corresponding to the years 2004 (brown), 2006 (orange),
2007 (yellow), 2008 (green), and 2009 (cyan). To distinguish between seasons, stations
conducted in summer are marked with a cross, while those in spring are represented by a circle.
Overlapping oceanographic stations are highlighted with an enlarged view (c), showcasing the
spring of 2007 and the subsequent summer of 2008. The dashed black lines indicate the zones:
Northern (36°-39.5°S), Central (39.5°-51°S), and Southern (>51°S).

At the core of this frontal system, phytoplankton blooms initiate in the
northern region during early austral spring, dominated by diatoms [Carreto et al.
1995; Ferreira et al. 2013; Segura et al. 2013; Goncalves-Araujo et al. 2016] or
by mix of diatoms and dinoflagellates [Garcia et al. 2008]. Due to the wide
latitudinal range of the frontal region, there is a marked difference in the timing of
spring bloom initiation and phytoplankton succession, progressing southward
following a typical pattern associated with increasing solar radiation and
temperature [Rivas et al. 2006; Carreto et al. 2007]. A decrease in Chl-a values
is observed during summer when solar irradiance reaches its annual maximum,
the mixed layer depth is at a minimum and nutrients can be exhausted. This is

accompanied by a shift in the phytoplankton community, from mainly diatoms in
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spring to a predominance of coccolithophorids [Signorini et al. 2006; Garcia et al.
2011], mainly by the low-calcite-containing Emiliania huxleyi [Poulton et al. 2013;
de Souza et al. 2012; Smith et al. 2017]. The high productivity of this region
supports populations of several commercial species of fish and squid, which
spawn, and feed along the Patagonian Shelf-Break Front, such as the Argentine
hake Merlucius hubbsi [Podesta, 1990], the anchovy Engraulis anchoita [Berlotti

et al. 1996] and squid lllex argentinus [Berlotti et al. 1996].

4.3Data and Methods

4.3.1 Oceanographic environment and sampling

We established a regional subdivision of the study area (see Figure IV-1) into
three distinct regimes: the (i) Northern Zone, influenced by the Brazil-Malvinas
Confluence and the discharge of the La Plata River, spanning from 36° to 39.5°S;
the (ii) Central Zone, affected by processes associated with the shelf-break front
(near the 200 m isobath), extending from 39.5° to 51°S; and the (iii) Southern
Zone, representing stations south of 51°S, influenced by the Burdwood Bank,
located outside the continental shelf domain. This area is influenced by colder,
saltier, and nutrient-rich subantarctic waters brought by the Malvinas Current.
Therefore, we discuss here the different regimes of Oz and CO: fluxes, as well
as the processes that modulate them, characterizing each subregion of the
Patagonian shelf.

This study was conducted through the PATagonian EXperiment (PATEX)
project under the framework of the Brazilian High Latitude Oceanography Group
(GOAL) along the Patagonian shelf and shelf-break (see Figure IV-1). Data
collection was carried out aboard the Brazilian Navy R/V Ary Rongel from 2004
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to 2009. Our study focused on analyzing data collected during the spring seasons
of 2004 [Garcia et al. 2008], 2006 [Ferreira et al. 2009], 2007 [Gonc¢alves-Araujo
et al. 2016; Orselli et al. 2018; Carvalho et al. 2022], and 2008 [Goncalves-Araujo
et al. 2012; Orselli et al. 2018; Carvalho et al. 2022], as well as the summer
seasons of 2008 [de Souza et al. 2011; Garcia et al. 2011; Goncalves-Araujo et
al. 2016) and 2009 (unpublished data).

A total of 189 hydrographic stations were conducted to measure sea
surface temperature (SST), sea surface salinity (SSS), dissolved Oz, and Chl-a
fluorescence using duplicate sensors of a combined Sea-Bird Conductivity,
Temperature, and Depth (CTD)/Carrousel 911 + system® equipped with 12 five-
liter Niskin bottles. Dissolved Oz and phytoplankton data (HPLC-CHEMTAX
analysis and/or microscopic examination) were also analyzed using discrete
seawater samples. The microscopic examination spanned from the spring 2004
to summer 2007. From the summer 2007 campaign onwards, the HPLC-
CHEMTAX analysis was employed. Oz sensor data were post-calibrated based
on Winkler titration carried out on board. Due to logistical issues, the Oz data were
not included in the campaigns conducted during the spring of 2006 and summer
of 2007 (Table IV-1).

Starting from the campaign of summer 2007, the molar fraction of CO2 in
seawater and air (xCO2%" and xCO22", respectively) was continuously measured
during the cruise track, as well as the SST and SSS. For the measurements of
xCO22" the air was pumped from the top of the vessel where it was free of
possible contamination. The xCO23" was measured at hourly intervals. The
xCO2%" was determined by continuous equilibration of seawater with a closed

loop of air and integrated non-dispersive infrared CO2 detection (LI-7000, LI-
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COR). The equilibrator was made of glass and submerged in a bath containing
the overflowing seawater from which the gas phase was sampled at 60-second
intervals, according to lto et al. [2005]. The SST in the equilibrator was
continuously recorded using a handmade thermo pair with a precision of + 0.01
°C. There was a continuous injection of high-purity CO2-free nitrogen into the
reference cell, and the reading was taken from the sample cell. The sample cell
was calibrated daily and checked every three hours [Ito et al. 2005], with three
master CO2 standards obtained from White Martins® in compressed air as
primary standards. The CO2 nominal molar fractions of these standards were 0.0,
376.0 and 439.4 ppm in summer 2007; 0.0, 298.9 and 388.4 ppm in spring 2007
and summer 2008; 0.0, 249.8 and 378.0 ppm in spring 2008 and 0.0, 378.0 and
450.6 ppm in summer 2009 (Table S1).

The differences between the temperatures measured using the equilibrator and
the in situ SST did not exceed 1.0 °C, and these differences were adjusted

following Takahashi et al. [2009], where (Eq. IV - 1):

pCO2 = pCO2(eq) x exp[0.0423(SST-SSTeq) — 4.35x1075 [(SST2-SSTe?)]

where SST is the sea surface temperature in situ, SSTeq is the temperature of the
seawater in the equilibrator and pCOz(eq) is the CO2 partial pressure in the
equilibrator.

Following Takahashi et al. [2009], we calculated the air CO:2 partial

pressure (pCO22") following Eq. IV-2:

pCO2:" = xCOA" [pAir — (1.5/101.325) — pH20] (IV- 2)
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where xCO22" (ppm) is the mole fraction of atmospheric COz2; pAir is the
barometric obtained from the ERAS5, a high-resolution global atmospheric
reanalysis dataset produced by the European Centre for Medium-Range Weather
Forecasts (ECMWF); pH20 (atm) is the water vapor pressure calculated using
SST and SSS (Weiss and Price 1980). The CO2 fugacity (the CO:2 partial pressure
corrected for nonideality) in surface seawater (fCO2) and air (fCO22") were

calculated according to equation proposed by Weiss [1974].

Table IV - 1: General information about the hydrographic cruises used in this study, including the
year of the cruise, the covered subregion, the sampling season-month, the measurements (sea
surface temperature—SST; sea surface salinity—SSS; surface chlorophyll-a—Chl-a, dissolved
oxygen in seawater—O2; CO: fugacity in seawater—fCO2 and phytoplankton pigments). In X'
indicates that the parameter was measured, and in '-' indicates that it was not. The references
from previous studies are also shown.

Sampling Sampling Sampling Measurements
season— : Chl- Phytoplankton  References
year month subregion SST SSS a 02 fCO:2 pigments
Spring — Garcia et al.
2004 November Central X X X X - - [2008]
Spring — Ferreira et al.
2006 October Central X X X - - - [2009]
Summer — .
March Central X X X - X - This study
Goncalves-
Aradjo et al.
2007 . ;
Spring — [2016]; Orselli
October ~ CeMral X X X XX X et al. [2018]:
Carvalho et al.
[2022]
de Souza et al.
[2011]; Garcia
Summer — Central X X X X X X et al. [2011];
January Goncalves-
Aragjo et al.
2008 [2016]
Gongalves-
Aradjo et al.
Spring — [2012]; Orselli
October Northern X X X X X X et al. [2018];
Carvalho et al.
[2022]
2000 SUMMET- goithern X X X X X X This study
January
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4.3.2 Phytoplankton community composition

4.3.2.1 Microscopic analysis
Phytoplankton were counted and identified from surface water samples

and preserved in amber glass flasks (250 mL) with 2% alkaline Lugol’s iodine
solution. Settling chambers from 10 to 50 mL volume was used under the inverted
microscope [Utermohl, 1958; Sournia 1978]. Phytoplankton composition was
determined using an Zeisss® Axiovert microscope, at 200 X, 400 X, and 1000 X
magnification, according to specific literature [mainly, Dodge 1982; Hasle &
Syvertsen 1996]. Cells were counted by enumerating at least 300 individuals of
the most frequent species [Lund et al. 1958]. For coccolithophorid identification,
samples were gently filtered through Isopore filters mounted on top of Whatman
GF/C filters. Cell examination was made on a LEO 1450VP scanning electron
microscope (SEM) at the National Oceanography Centre, Southampton.

Each of all species’ abundance (expressed in 10° cells L) was converted
to biovolume (mm3 Lt in the figures) using two or three linear dimensions from
captured images by a camera (Spot Insight QE) attached to the microscope or
during observation. At least 30 specimens were randomly chosen for metrics of
each species or major taxa and then, biovolume was estimated using the most
similar geometric shape [Hillebrand et al. 1999]. More information can be found
in de Souza et al. [2012].

After evaluating data from each cruise separately, it was organized to
promote an effective means of comparison among the different cruises: diatoms,
dinoflagellates, haptophytes (including coccolithophores and Phaeocystis), green
flagellates and cryptophytes. To identify the dominant group in each

oceanographic station, we calculated the relative proportion of total biovolume for
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each group. When this proportion exceeded 50%, we considered the group as

dominant.

4.3.2.2 Analysis of phytoplankton pigments

Phytoplankton community composition was obtained by analysis of
phytoplanktonic  pigments  determined by  high-performance liquid
chromatography (Shimadzu® Prominence LC-20 A Modular HPLC System). For
each cruise, surface seawater samples varying in volume from 0.5 to 2.5 L were
filtered under low vacuum through Whatman® GF/F filters (nominal pore size of
0.7 ym; 25 mm in diameter) and were promptly stored frozen in liquid nitrogen for
subsequent HPLC pigment analysis. In the laboratory, filters were placed in
screw-cap centrifuge tubes with 3 mL of 95% cold-buffered methanol (2%
ammonium acetate) containing 0.05 mg L™ trans-B-apo-8'-carotenal (Fluka®) as
an internal standard. Samples underwent sonication for 5 minutes in an ice-water
bath, were kept at —20 °C for 1 hour, and then centrifuged at 1100 g for 5 minutes
at 3 °C in a Model 280-R refrigerated centrifuge (Excelsa 4). Supernatants were
filtered through Fluoropore PTFE membrane filters (0.2 um pore size) to remove
extract remnants from the filter and cell debris. Just before injection, 1000 pL of
the sample was mixed with 400 pL of Milli-Q® water in 2.0 mL glass sample vials
and placed in the HPLC cooling rack (4 °C) of the Shimadzu® HPLC system.
HPLC analysis utilized a monomeric C8 column with a pyridine-containing mobile
phase as fully described in Zapata et al. [2000]. All the studied pigments were
identified from both absorbance spectra and retention times, and concentrations
were calculated from the signals in the photodiode array of the detector in

comparison with commercial standards obtained from DHI (Institute for Water and
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Environment, Denmark). Peaks were integrated using LC—Solution software and
all peak integrations were checked manually and corrected when necessary. A
quality assurance threshold procedure, through the application of limits of
quantification and detection according to Mendes et al. [2007], was applied to the
pigment data as described by Hooker et al. [2005] to reduce the uncertainty of
pigments found in low concentrations. Pigment concentrations were normalized
to the internal standard to correct for losses and volume changes. Furthermore,
the relative contribution of phytoplankton groups to the overall biomass (total Chl-
a — a proxy of the phytoplankton biomass) was calculated from pigment data
using CHEMTAX v1.95 chemical taxonomy software, utilizing class-specific
accessory pigments and total Chl-a [Mackey et al. 1996]. Based on microscopic
observations and detected diagnostic/accessory pigments, the corresponding
algal groups were loaded into CHEMTAX. Initial pigment ratios of major algal
classes were derived from Higgins et al. [2011], and chemotaxonomic groups
were identified according to Jeffrey et al. [2011]. Data from each cruise were
analyzed separately to minimize potential variations in the CHEMTAX
optimization procedures. For the optimization of input matrices, a series of 60
pigment ratio matrices was generated by multiplying each ratio of the initial matrix
by a random function. Ten percent (n = 6) of the generated ratios with the lowest
root-mean-square error (RMSE) were averaged, resulting in the output matrices
for each cruise evaluated [Wright et al. 2009]. All the methods regarding
pigment/CHEMTAX analysis during the campaigns of 2007 and 2008 are detailed
in Goncalves-Araujo et al. [2012, 2016] and de Souza et al. [2012], respectively.

After evaluating the data for each cruise separately, the chemotaxonomic

groups were rearranged to promote an effective means of comparison among the
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different cruises. Six phytoplankton groups were evaluated: diatoms (sum of
diatoms A and B), dinoflagellates, haptophytes (including coccolithophores and
Phaeocystis), cyanobacteria, green flagellates (including prasinophytes), and
cryptophytes. To each oceanographic station, we considered a dominant group

to be one that represented more than 50% of Chl-a.

4.3.3 CO2 fugacity modeling
To model fCO2 and temperature-normalized fCO2 (NfCOz2), we employed

the multiple linear regression technique to construct three different algorithms
[e.g., Ito etal. 2016; Lencina-Avila et al. 2016; Orselli et al. 2019; Liutti et al. 2021;
Zhang et al. 2021]. These algorithms were derived as follows: (1) for the spring
and summer months (from October to March; referred to as fCO2spring-summer)
using SST, SSS, and Chl-a data; (2) for all months analyzed (fCOzgeneral) using
SST, SSS, and Chl-a data; and (3) using exclusively abiotic parameters (SST
and SSS) for the entire analyzed period (fCOzabiotic). All the algorithms utilized
data from 2000 to 2007 from SOCATVv2023 [Bakker et al. 2016] in the study
region (50°-70°W and 31°-57°S). The derivation of both abiotic and biotic
parameters, and seasonal algorithms instead of a single annual algorithm was
done because this region is influenced by distinct oceanographic and biological
features in spring and summer (see Sections 1 and 2). Chl-a data was obtained
from weekly images of the MODIS-AQUA satellite at a resolution of 4 km and

processed at level 4. All algorithms can be expressed as:

fCO2 or NfCO2 = Bo + B1(SST) + B2(SSS) + Bs(Chl-a) (IV- 3)

where fCO2 and NfCO: are the sea surface CO2 and temperature-normalized

CO:2 fugacity, respectively, in patm, SST is the sea surface temperature in
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degrees Celsius, SSS is the sea surface salinity, and Chl-a is the surface
chlorophyll-a concentration in mg m~3. The coefficients (Bo, Bz, B2, B3) determine
the relationship between sea surface fCO2 or NfCO:2 (output variable) and SST,
SSS, and Chl-a (input variables). The least squares method was employed to
determine the 3 values, minimizing the sum of the squared residuals. Note that
B3 is non-existent for the fCO2 and NfCO: abiotic algorithms. To remove the
temperature effect of fCO2 (NfCO2), we followed Takahashi et al. [2009] and
considered the mean temperature of 5.77°C for the general and abiotic
algorithms, and 6.83°C for the spring-summer algorithms.

To evaluate the performance of all algorithms, we applied them to an
independent dataset derived from the available sections of SOCATv2023
spanning from years 2008 to 2021, which were not included in the dataset used
to train the algorithm. The sea surface fCO2 and NfCO2 model predictions were
compared to the respective in situ sea surface values. We assessed the
performance of all models by determining the coefficient of determination (r?) and
RMSE. Based on the derived algorithms, fCO2 and NfCO2 were calculated for the

PATEX cruises conducted in 2004 and 2006.

4.3.4 Sea-air CO2 net fluxes
The sea-air COz2 net fluxes (FCO2) were calculated by following Eq. VI-4:

FCO2 = Kt x Ks x (fCO2 - fCO%") (IV- 4)

where Kt is the CO2 gas transfer velocity, depending on wind speed [Ho et al.
2006], and considering the Schmidt number [Wanninkhof 2014]; Ks is the COz2
solubility coefficient, as a function of both SST and SSS [Weiss, 1974]; fCOz2 is

sea surface CO2 fugacity and fCO22" is atmospheric CO: fugacity. The
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differences between seawater fCO2 and fCO22" were calculated by subtracting
the average fCO:2 from the average fCO2?2", calculated during the period of each
oceanographic station. COz2 is absorbed by the ocean when the FCO:2 value is
negative (COz ingassing), while it is released to the atmosphere when the FCO:
value is positive (CO2 outgassing).

We used daily wind speed (m s™%) at 10 m from the atmospheric ERA5
reanalysis with a spatial resolution of 0.25° latitude and 0.25° longitude [Hersbach
et al. 2020]. We combined the coordinates and time of the sea surface fCO2 data
with the ERAS reanalysis data to ensure that the wind speed and pAir covered

both the same region and period.

4.3.5 Sea-air Oz net fluxes
The sea-air Oz net fluxes (FO2) were calculated using Eq.VI-5:

FO2 = Kt x (O2 — O2%%) (IV-5)

where Kt is the gas transfer coefficient, O2%3 and O2 are the concentration of
dissolved O:2 at saturation level and at the surface of the ocean, respectively. 025
was calculated from SST and SSS at the sea level pressure (pAir) using the
solubility coefficients of Benson & Krause Jr. [1984], as fitted by Garcia & Gordon
[1992]. Oz is taken up by the ocean when the FO:2 value is negative (O:2
ingassing), while it is released to the atmosphere when the FO2 value is positive
(O2 outgassing).

Commonly used gas exchange parameterizations [e.g., Ho et al. 2006;
Wanninkhof, 1992, 2014] assume that the total flux of a gas can be described by
Eq. (5). However, particularly for less soluble gases like O2 and at high wind

speeds (> 10 m s1), there is a notable contribution from air injection via bubbles
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[e.g., Emerson & Bushinsky 2016]. Various predictive relationships between wind
speed and the transfer velocity of noble gases have been proposed based on
both laboratory and field studies [e.g., Woolf & Thorpe 1991; Woolf 1997; Stanley
et al. 2009; Liang et al. 2013]. Nevertheless, there is still no consensus in the
literature on a single relationship for the O2 transfer velocity, and there is an
ongoing debate about the most accurate models [Emerson & Bushinsky 2016;
Koeling et al. 2017; Ulses et al. 2020]. Thus, we conducted sensitivity analyses
employing five different gas exchange parameterizations to evaluate
uncertainties in sea-air Oz exchanges. For these sensitivity tests, we utilized
parameterizations that accounted for sea-air exchanges due to bubble formation
[Woolf & Thorpe 1991, W91; Woolf 1997, W97; Liang et al. 2013; L13] and those
that did not include this term [Ho et al. 2006, HO6; Wanninkhof 1992, W92). Here,
the method described in Liang et al. [2013] was used to investigate the processes
associated with Oz dynamics and to compare with previous investigations in the

region and around the world.

4.3.6 Controls on FOz2 and fCO2: thermal and nonthermal effects

The effect of temperature on O2 and CO: fluxes in the ocean is primarily
due to the solubility of these gases in water. As water temperature rises, its ability
to retain gases decreases, causing a reduction in the solubility of both O2 and
COs2. This means that as CO2 and O2-rich waters, due to their high solubility found
at high latitudes, are transported towards the equator, and lose heat to the
atmosphere, they also release CO2 and O2. Additionally, temperature influences
biological processes that impact CO2 and O:2 fluxes in the ocean. Higher

temperatures can enhance photosynthesis rates, leading to increased CO:
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absorption from the atmosphere [Hutchins et al. 2016]. Conversely, rising
temperatures can accelerate the decomposition of organic matter, causing higher
CO: release and O2 consumption in the ocean [Lopez-Urrutia et al. 2006]. These
combined temperature effects can have a significant impact on global CO2 and
O: fluxes [Bindoff et al. 2019; Li et al. 2020; Canadell et al. 2021].

While sea-air Oz exchange is a single process driven by the difference in
O: at saturation level and O2measured at the sea surface, the net heat exchange
across the sea-air interface is a complex interaction of several individual
processes (i.e., sensitive heat, latent heat, shortwave radiation, and longwave
radiation). This unique feature allows us to separate the overall Oz fluxes into
thermal and nonthermal components, which includes both biological processes

and the advection of water masses (Eq. IV-6):
FOtotal= FO,thermal 4 F(,nonthermal (|V-6)

Based on the relationship between O: solubility and temperature and
assuming instantaneous equilibration, the thermal oxygen flux can be calculated

as a function of the surface heat flux [Keeling et al. 1993; Eq. IV-7):

thermal _ @0zsat Q -
FO;3 =—0 X e X pW (IV-7)

where dOzsat/dT (mol kgt K1) is the temperature derivative of Oz solubility,
which was derived from Garcia & Gordon [1992], Q (J m? s7) is the total heat flux
calculated from the ERAS reanalysis surface latent, sensible, net solar radiation,
and net thermal radiation heat flux estimates, and Cp (J m3 K1) is the heat
capacity of seawater computed using the SEAWATER-3.3 (for Python) package,

and rw is the density of seawater. The observation that surface ocean Oz quickly
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re-equilibrates within days of a net heat flux altering temperature and hence
solubility enables this separation. It is worth noting that such separation is not
possible for COz2 due to its significantly longer equilibrium timescale [Broecker &
Peng 1974].

Thus, to assess the distinct effect of thermal and nonthermal effects on the
changes of fCOz2 in seawater, we follow the approach proposed by Takahashi et
al. [2002]. Hence, fCO2 data were calculated to an average temperature to
remove the temperature effect, as shown by Eq. (IV-8), and at a given in situ

temperature (SST) to obtain the temperature signal, as shown by Eq (IV-9):

fCOnonthermal fC O, x exp [0.0413(SST™e" — SST)] (IV-8)

fCOzthemal = fCO, mean x exp [0.0413(SST — SSTmean)] (IV-9)

where SST™ea" js the mean sea surface temperature for the period evaluated and
SST is the sea surface temperature measured in situ, fCO2™¢2" s the average
sea surface fCO2, calculated by averaging over every 3° (4°) latitude bin
corresponding to the North and Central (Southern) zones. The temperature effect
on fCO2 (dln fCO2/0SST = 0.0413 °C~1) was determined based on the analysis of
surface waters from several cruises spanning the major ocean basins
[Wanninkhof et al. 2022]. With the temperature effect removed, the remaining
variations in fCO2 are due to nonthermal processes. These processes
encompass the effects of the net biological utilization of CO2 and other processes,
such as the vertical and lateral transport and sea-air exchange of COz [Takahashi
et al. 2002; Kortzinger et al. 2008].

For each averaged latitudinal bin, both the thermal effect (AfCOzte™al) and

nonthermal (AfCOzmonthermal)  changes were calculated using the difference
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between the maximum (max) and minimum (min) values for fCO2°° at SST for

the thermal effect and fCO2's at SST™e2" for the nonthermal effect (Egs. IV-10, IV-

11).
Afcozthermal - (fcozthermal)max - ( fcozthermal)min (|V-10)
Afcoznonthermal - (fCOznonthermaI)max _ (fcoznonthermal)min (|V-11)

The relative effect of both thermal (T) and nonthermal effects (NT) was verified

through the evaluation of the ratio between the two conditions (T:NT; Eq. IV-12):

T:NT = AfCOzthermal/AfCOpnonthermal (IV-12)

Thus, T:NT < 1 indicates that the nonthermal effect has greater magnitude
and variability, while T:NT > 1 indicates that the nonthermal effects are weaker

or rather constant, for each latitudinal bin.

4.3.7 Statistical analysis and dispersal properties diagrams for data
analysis

Correlations of Spearman were used as a measure of association between
variables. Principal Component Analysis [PCA; Oksanen et al. 2018] was
conducted to assess the association between biotic variables (phytoplankton
groups) and environmental variables (SST, SSS, Chl-a, FO2, AfCO2, FCO2) at
each station. This ordination analysis provides insights into how the
phytoplankton structure is constrained by the environment in each region, aiding
in the understanding of the spatial distribution of each group. Integrating the
response of combined interactions of biotic and abiotic factors offers insights into

the relationship between CO:2 behavior and phytoplankton distribution. Abiotic
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variables were normalized for PCA, and both analyses were conducted using
Python® software.

The thermohaline indices used to characterize each water mass in the
study area were defined according to the descriptions in Mdéller et al. [2008] and
Emery [2003] and identified through a temperature-salinity (T-S) diagram:
Subtropical Shelf Water (STSW; T > 14 °C; 33.5 < S > 36); Low Salinity Coastal
Water (LSCW, S<33.5); Subantarctic Shelf Water (SASW; T < 14°C; 33.5<S <
34.2), and South Atlantic Central Water (SACW; T< 18.5 °C; S < 34.3).

The distribution of both AfCO2 and %02 saturation was used to explain the
potential mechanisms responsible for the distribution of sea-air O2 and CO:2
exchanges. We divide a scatter plot of AfCO2 as a function of %02 saturation into
4 quadrants: Quadrant | (simultaneous positive AfCO2 and Oz undersaturation)
implies respiration as the process controling seawater fCO2 and O:2
undersaturation. Quadrant Il (simultaneous positive AfCO2 and O:2
supersaturation) suggests warming as the process controlling seawater fCO2 and
%02 supersaturation. Quadrant Il (simultaneous negative AfCO2 and O:2
supersaturation) implies photosynthesis as the main process controlling seawater
fCO2 and %02 supersaturation. Quadrant IV (simultaneous negative AfCO2 and
O2 undersaturation) suggests cooling as the process controlling seawater fCO2

and O2 undersaturation.

4.4 Results

4.4.1 Sea-air O2 exchange parameterizations
All estimates indicate an average of O2 outgassing from the ocean to the

atmosphere in the study area (Table V- 2). The mean values ranged from 5 * 28
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to 37 + 101 mmol m~2 d1, calculated following the methodologies proposed by
Woolf et al. [1997] and Whanninkhof et al. [1992], respectively. The two lowest
mean O:2 release values for the entire region are associated with the
parameterizations of Liang et al. [2013] and Woolf et al. [1997], which consider
the effect of bubbles on gas exchange (Figure IV-2). These estimates may
represent up to 18% of the values found by Ho et al. [2006], Woolf & Thorpe
[1991], and Wanninkhof et al. [1992]. Within this context, estimates calculated
following Woolf [1997] and Liang et al. [2013] agree in magnitude and behavior
across all zones, as do those calculated following the parameterizations of Woolf
& Thorpe [1991], Ho et al. [2006], and Wanninkhof et al. [1992] (Figure S1). Of
these three, only the parameterization of Woolf & Thorpe [1991] considers the
effect of bubbles in its formulation. Across the entire study area, only in the
latitude range between 48°-51°S the average of O: fluxes indicate an uptake
behavior, although those estimated following Ho et al. [2006] showed a large
variation, from =358 to 490 mmol m=2 d™1, which also explained the high standard
deviation. Indeed, this case exhibited the highest standard deviation in all
estimates, as it was sampled in two completely distinct and opposing situations
(spring 2007 and summer 2008) regarding the behavior of Oz exchanges

between the ocean and the atmosphere.
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Figure IV- 2. Latitudinal distribution between 36° and 55°S of net sea-air oxygen fluxes (mmol m-
2 d-1) calculated applying four different parameterizations of gas transfer velocity, that include the
effect of bubbles proposed by Woolf and Thorpe, 1991(blue points), Woolf, 1997(purple points),
Liang et al. 2013 (pink points), and not including the effect of bubbles, proposed by Ho et al. 2006
(blue ‘x’), and Wanninkhof 1992 (blue triangles). Unfilled markers indicate all values, while filled
markers represent the mean of the fluxes for each 3° (4°) latitude bin respective to the North and
Central (Southern) zones. Dashed black lines delineate the North (36°-39.5°S), Central (39.5°-
51°S), and South (>51°S) zones.
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Table IV - 2. Average values and standard deviation () of the oxygen flux (mmol m~2 d-") every
3° (4°) latitude bin respective to the North and Central (Southern) zones, and for the total area
using five different parameterizations of gas transfer velocity.

Northern Central Southern Total
zone zone zone Area
Latitude bin 36°- 39°- 42°- 45°- 48°- 51°- 36°-
39°S 42°S 45°S 48°S 51°S 55°S 55°S
Ho et al. 2006 41.86 * 110.78 + 67.37+ 69.84+ —-53.34+ 17.69 3131+
(HO6) 34.46 64.05 19.64 51.17 201.76 8.52 84.31
Wanninkhof 50.41 + 133.29+ 81.07+ 84.03f —64.27 + 21.28 £ 37.68
1992 (W92) 41.50 77.05 23.64 61.58 242.88 10.25 101.49
Woolf & Thorpe  39.23 100.99+ 6392+ 66.27+ —-58.52+ 12.04 £ 27.004 +
1991 (W91) 33.04 59.90 19.19 49.18 199.02 7.02 83.11
Woolf 1997 6.84 £ 3204+ 1183+ 1367+ -—-18.77+ 3.61 + 5.09 +
(W97) 7.37 25.72 4.59 11.10 72.41 2.29 28.09
Liang et al. 2013 14.26 £ 27.3+ 2360+ 2298+ -—-1047 432 £ 10.53 +
(L13) 9.48 12.27 8.51 15.82 46.44 1.79 20.43

4.4.2 Assessment of the sea surface fCO2 and NfCO: algorithms

The determination coefficients for the training NfCO2 models ranged from
0.78 to 0.85 (Table 1V-3), with standard errors fluctuating between 11.5 and 22.9
patm (for the general and abiotic models, respectively). On the other hand, the
training coefficients for the fCO2 models exhibited larger standard errors, ranging
from 16.06 to 30.39 patm (for the general and abiotic models, respectively), and
lower determination coefficients, from 0.07 to 0.32 (for the abiotic and spring-
summer models, respectively). Whether using fCO2 or NfCO:2 input data, the
model with the smallest standard error was the general one. In this sense, this
model comes closest to the error associated with the measurement of fCO: input
data, of 5 patm [Bakker et al. 2023]. On the other hand, the spring-summer and
abiotic models showed error values up to 3x and 4x higher, for models with
NfCOz2, and reaching values up to 6x higher, in the case of the abiotic model with
fCOo..

Among these algorithms, the general model using NfCO2 as an input

parameter showed the closest agreement with the observed data (See Figure 1V-
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3 and Figure S2), with an RMSE of 22.4 patm (i.e., validation: r2 = 0.69, n = 112
224, p < 0.001), which corresponds to 2.9% of the total range of fCO2. Despite
the abiotic model displaying the highest determination coefficient for validation
(0.73, p < 0.001), it also exhibits the highest standard error (35.63 patm). Within
this context, an important criterion used to determine the choice of model to
predict fCOz in our campaigns was the quality required by the GOA-ON
community [GOA-ON Requirements and Governance Plan; Newton et al. 2015]:
climate and weather errors. These errors correspond to the precision in
calculating the concentration of carbonate ions to be used for each type of study.
Thus, the errors associated with the general model with NfCO2 were the ones
that came closest to weather error, i.e., 10 patm. Climate quality (1 patm)
corresponds to a 1% uncertainty in the estimate of dissolved carbonate ions and
is defined as measures of quality sufficient to assess long-term trends. The
weather quality (10 yatm) corresponds to an uncertainty of 10% in the estimation
of the dissolved carbonate ion and are defined as measurements of quality
sufficient to assess long-term trends. Regarding variations in fCOz2, climatic data
can be used to identify changes driven by human activities in hydrographic
conditions and carbonate chemistry over multidecadal timescales, while weather
data can be used to identify ecosystem responses to local and immediate
carbonate system dynamics. Therefore, whenever there is any reference to
modeled fCOg2, including those presented in Figure 1V-3 and in the results
discussed in more detail in Section 5, we will be referring to the models that best
fit the observed data, i.e., employing the NfCOo..

Most of the outliers from all models occurred north of 40° S, nearly all

within the Northern Zone (Figure 1V-3). Under these circumstances, the abiotic
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model appeared to align more closely with the observed fCO2 value than the other
algorithms. Areas where modeled properties were less realistic encompass a
region with a wide range of temperature and salinity (ranging from 8.1 to 18.8°C
for temperature and from 33.04 to 35.9 for salinity). In addition to the convergence
of two currents transporting waters with such distinct properties in this portion of

the shelf, there is also freshwater input that may have influenced fCOs-.
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Figure IV- 3. Latitudinal distribution between 36° and 55°S of sea surface CO: fugacity (fCOz; in
patm) observed (black triangles) and calculated with the general (gray dots), spring-summer
(orange dots), and abiotic algorithms (blue dots), all associated to models with NfCO2. Unfilled
markers represent all data, while filled markers represent the mean values for each 2° latitude
interval. (b) Mean values calculated every 2° of latitude from observed and modeled with general
algorithm sea surface fCO:2 are shown. Gray bars indicate the standard deviation. Dashed black
lines delineate the North (36°-39.5°S), Central (39.5°-51°S), and South (>51°S) zones.
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Table IV - 3. Considering Equation (IV-3), this table presents the coefficients determined for each
multiple linear regression model according to the temporal division, including (or not) surface
concentration of chlorophyll-a: general (for all months, including chlorophyll-a), spring-summer
(from October to March, including chlorophyll-a), and abiotic (for all months, excluding chlorophyll-
a). Each of these models was calculated using seawater CO: fugacity (fCO2) normalized by
temperature (NfCOz, in yatm, 5.77°C for the general and abiotic models, and 6.83°C for spring-
summer). The coefficients of determination, root-mean-squared error (RMSE), and number of
measurements are referred to as r?, RMSE, and n, respectively, for both the training and validation
of each model. The units of each determined parameter are: a (in patm), 1 (in yatm per °C1), B2
(in patm per salinity unit), Bz (in yatm per mg m= chlorophyll-a), and RMSE (in patm). ™ indicate
a non-significant correlation (p > 0.05) at a 95% confidence interval.

NfCO2

Training Validation

Algorithm Bo B1 B2 B3 > RMSE n . RMSE n
General 182.978 -16.63 8.41 -1.21 0.83 11.54 54895 0.69 224 112224
Spring-Summer 112.470 -17.04 10.54 -0.94 0.85 15.98 48230 0.68 23.66 88494

Abiotic 483.95 -15.67 -0.09 - 0.78 22.9 149025 0.73 35.63 154127
fCO2

General 1885 -3.51 564 0.19 0.22 16.06 54895 0.19 23.87 112224

Spring-Summer 106.149 -4.07 8.13 -0.37 0.32 19.14 48230 -0.15 22.17 88494

Abiotic 39055 -243 044 - 0.07 30.39 149025 0.08" 29.32 154127

4.4.3 Variability of thermohaline properties, phytoplankton biomass, and
oxygen and carbon sea-air fluxes

The spatial distribution of SST, SSS, phytoplankton biomass (Chl-a), FO2,
and FCO: indicated contrasting latitudinal biogeochemical patterns in the
Patagonian shelf and shelf-break (Figure IV-4; Table IV-4). Four water masses
were identified in the surface layer (up to 5 m; Figure IV-5a), based on the
thermohaline indices described for the region and period of this study (see
Section 3.8 in Methods section): LSCW, SASW, STSW, and the SACW.
Reflecting the different water masses found, the surface distribution of
temperature and salinity showed noticeable spatial variation over the sampling
area, ranging from 5.71 °C to 18.8 °C (Figure IV-4a) and from 33.04 to 35.9

(Figure 1V-4b), respectively.

107



The presence of the four water masses in the Northern zone results in
significant variability in both SST and SSS, explaining the temperature range of
10.7 °C and a salinity range of 3.04 (Figure IV-4). The SASW and LSCW were
detected on the inner shelf (Figure 1V-5b) and the shelf-break, associated with
higher phytoplankton biomass (Figure IV-5a). On the shelf-break, cold (~ 8.44 +
1.4 °C) and less saline (~ 33.74 + 0.18) SASW was observed at almost all
stations, except for three sites where the presence of STSW was observed above
of 39°S (Figure 1V-5c). The STSW and SACW were detected at the most offshore
stations (Figure 1V-5c), associated with lower phytoplankton biomass, and the
highest temperature and salinity values along the Patagonian shelf. Between
39.5°and 50°S two patterns of SST variation along latitudes were observed. One
pattern remained close to 12°C, associated with the campaign conducted during
the summer, while the other exhibited slightly cooler waters, around 8°C,
associated with the spring season. In the southwest region of the Malvinas
Islands, no other water mass was observed besides the SASW, this time with
even lower temperatures (~7.43 = 0.3 °C).

On average, Chl-a was approximately 5 times higher in Central zone (5.7
+ 5.74 mg m~3) compared to the Northern and Southern zones (Figure 1V-4c).
This high productivity was mainly associated with the presence of SASW (86.8%
of all stations) and secondly with LSCW (5.6% of all stations) (Figure 1V-5b).
Despite recording the highest values, the Central zone showed greater variability
in Chl-a with values increasing towards the south (Figure IV-4c) and ranging
between 0.21 mg m~2 at around 40° S and 22.5 mg m=2 at around 50° S (not

shown in the graphic).
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Figure IV- 4. Latitudinal distribution between 36° and 55°S of spring (dots) and summer (crosses)
sea surface (a) temperature, (b) salinity, (c) total chlorophyll-a (Chl-a), (d) net flux of carbon
dioxide between the ocean and the atmosphere (FCOz), and (e) net flux of oxygen between the
ocean and the atmosphere (FO2). FCO: in (d) was calculated with the general algorithm (pink
symbols) and observed (red symbols) fCO.. Dashed black lines delineate the boundaries between
the Northern (36°-39.5°S), Central (39.5°-51°S), and Southern (>51°S) zones. Negative values in
(d) and (e) denote an ingassing, while positive values an outgassing behavior.

A significant change in the behavior of sea-air CO2 exchanges is observed
across the entire study region (Figure IV-4d). The study region shifts from a CO:2
sink area in the Northern and Central zones to becoming a source south of 53°S,
with an outgassing reaching 5 mmol m=2 d-' (Figure IV-4). Despite the northern
zone consistently displaying as a weak CO:2 sink, we observed significant
variability, with absorption rates ranging from —11.87 mmol m=2d-*to —0.24 mmol
m=2 d-1. Moving southward to the Central zone around 39°S, the absorption
intensified, peaking at -39 mmol m=2 d-2. This peak coincided with maximum Chl-
a values and O:2 fluxes to the atmosphere, influenced by the shelf-break front,
particularly between 48° and 50°S. Regarding CO: fluxes calculated from
fCOzmedeled the Central zone exhibit a behavior with negative average values

(Figure 1V-4d; —2.41 mmol m~2 d-"), indicating a relatively weak CO: sink zone.
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Figure IV- 5. (a) Temperature-Salinity diagram of the study region and (b) distribution of surface
water masses present along the Patagonian continental shelf. Symbol size in (a) indicates the
concentration of chlorophyll-a (Chl-a), while gray lines mark the isopycnals (kg m=3). Data
sampled during spring (October-December) and summer (January-March) campaigns are
represented by dot and cross symbols, respectively. Different colors indicate the water masses
found in the region: Low Salinity Coastal Water (LSCW; magenta); Subantarctic Shelf Water
(SASW; light blue); Subtropical Shelf Water (STSW; orange); and South Atlantic Central Water
(SACW; red). The brown isobath lines represent 200 m (solid) and 1000 m (dashed). The inset
panels in (b) zoomed on the (c) northern zone and (d) southern limit of the central zone.
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The sea-air O2 exchanges remained mostly positive throughout the area,
contributing to an average outgassing of 10 + 20 mmol m~2 d~! on the entire study
region. A surge in release (91 mmol m=2 d-1) was observed during the spring 2007
in the Central zone, between 48° and 51°S, followed by a uptake during the
summer 2008 (—41 + 7 mmol m=2 d%), partly explaining the high standard
deviation values associated with averages between 48° and 51°S (Table IV - 4).
The Southern zone exhibits a release condition (4 + 1 mmol m=2d=1), indicating a

situation close to sea-air equilibrium.
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Table IV - 4. Average values and standard deviation of sea surface temperature (SST, °C), sea
surface salinity (SSS), wind speed (m s™1), sea-air O2 flux (FO2, mmol m-? d-1), sea-air COz2 flux
(FCO2, mmol m=2 d), total chlorophyll a (Chl-a, mg m=3), and relative contribution of
phytoplankton groups (diatoms, dinoflagellates, haptophytes, cyanobacteria, green flagellates,
and cryptophytes) to total Chl-a (%) for each 3° (4°) averaged latitude bin respective to the North
and Central (Southern) zones. Bold values indicate the dominant group for each bin, and absent
groups are represented with a (-). The calculated nonthermal effects (AfCO2znonthermal gnd
FOgnonthermal) gnd thermal effects (AfCOzthermal gnd FOothermal) on seawater CO2 fugacity and O2
fluxes for each latitudinal bin, and the relative importance of these effects calculated by the ratio
(T:NT), are also shown. The bold values indicate the highest and lowest values of sea-air CO2
and O: fluxes and the predominant phytoplankton groups in each latitude bin as well.

Northern Central Southern
zone zone zone
Latitude bin 36°- 39°S 39°-42°S  42°-45°S  45°-48°S  48°-51°S 51°- 55°S
12.59 + 10.31 +
SST e ous.  934:158 869:122 968:185  7.46+038
3376+ 3378+ 3384+ 33.99 +
SSS 34.0 + 0.69 013 019 ooo  3353%0.09 0,04
Wind speed 511+1.43 7.19+234 539+103 6.96+139 7.41+1.29 727+11
14.26 + 273+ 2360+ 2298+  —10.47+
FO2 9.48 12.27 8.51 15.82 46.44 4.82£1.79
11.94 + 14.78 + 10.81 +
th |
FO,therma 8.44+2.18 s 11s Teo. 1331%310 8284233
5.86 + 15.64 + 12.17+ 2378 + -3.06+
-t |
FOzmerems 10.12 10.22 882+8 16.17 50.44 2.83
438+ ~1252+ 611+  -690+  -11.91+
FCO2 3.25 9.19 426 456 7.38 3:39+1.43
TNT 1.09 0.98 1.65 0.84 0.41 0.28
AFCOgnon-termal 132.87 98.16 64.19 78.36 122.36 94.56
AfCOtermal 14552 96.99 106.45 66.07 50.65 26.84
Chl-a(mgm?)  0.67+528 475+516 588+4.46 6.66+510 5.43+7.19 0.62 + 0.4
Diatoms 26.85 + 67.18+  79.68+ 8859+ 81.98 + 46.8 +
(%) 27.61 74.68 77.08 96.84 130.9 75.32
Cyanobacteria 721+
oA oo ; ; ; 0.30 + 0.35 -
(Co/rg)’pmphytes 470+43 - - ; 1.08+163  3.11+43
Green flagellates 10.32 + 18.53 +
o) ey 4.90+3.05 1.60+1.61 1.64+1.26 3.03+4.15 20 21
Dinoflagellates 5.67 = 541+
) 1 o6 048+595 7.83+3.44 584+258 5.00+3.31 Ay
Haptophytes 4552 + 18.85 + 11.28 + 25.7 +
(%) 64.55 143 1039 409+368 868x3.72 31.15

4.4.4 Dominant phytoplankton groups versus sea-air Oz and CO2 fluxes

A notable fluctuation in the phytoplankton distribution pattern was
observed across the study region (Figure 1V-6). The composition of
phytoplankton was characterized by greater diversity observed in the Northern
zone than the other zones (Figure 1V-6b), with haptophytes as the predominant
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group (representing over 50% of the Chl-a or over 50% of the total biovolume).
The Central zone showed an increase in the abundance of diatoms, especially
as latitude increased up to the southern limit (~51°S) (Figure 1V-6a), associated
with moderate levels of Oz outgassing and CO:z ingassing. The region influenced
by the variability of the shelf-break front position presented a massive dominance
of the diatom group (Figure IV-6¢; 82.6%), resulting in a smaller contribution from
the other groups, of which the haptophytes were the second major relative
biomass (8.23%). Along stations northwest of the Malvinas Islands, between 47°
and 50°S, it was observed that during spring, when diatoms dominated (Figure
IV-6d), there was an increase in Oz outgassing (value), accompanied by CO2
ingassing (exceeding —39 mmol m™2 d'"). Under these conditions, the Chl-a
concentration exceeded 4 mg m=3. However, during the subsequent summer
(January, 2008), the Chl-a concentration significantly decreased (approximately
12 times lower), the haptophyte group became dominant, coinciding with an
intensification in O2 influx to the ocean (reaching =56 mmol m=2 d-"). Below 51°S,
both positive CO2 and O: fluxes were associated with diatoms, the predominant
group in this region (47%), although the haptophytes and green flagellates’
groups were also relevant, contributing with ¥ and % of the phytoplankton

biomass, respectively.
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Figure IV- 6. Latitudinal distribution from 36° to 55°S of (a) carbon dioxide (FCOz2; red symbols)
and oxygen (FOz; blue symbols) fluxes, and the main phytoplankton groups at the (b) Northern,
(c) Central, and (d) Southern zones. The symbol size in (a) indicates the Chl-a. Black dashed
lines in (a) delineate the Northern (36°-39.5°S), Central (39.5°-51°S), and Southern (>51°S)
zones. (b-d) The pie charts comprise, as complementary information, the main phytoplankton
groups (more than 50% of total chlorophyll-a, via HPLC/CHEMTAX analysis) in % according to
the legend.

4.4.5 The thermal and nonthermal FOz2and fCO:

The thermally driven Oz fluxes (FO2"¢™a!: Figure IV-7) demonstrated a
consistent positive net Oz flux across the entire study area. The highest values
were found in the Central zone, between 42° and 45°S, reaching approximately
15 mmol O2 m=2 day~. Notably, periods with higher FO2"¢™mal yalues coincide with
moments when the nonthermal O2 flux is reduced or even negative. As we
approach the southern limit of the continental shelf-break front, starting from

45°S, nonthermal processes become more significant, with the T:NT ratio
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remaining less than 1, down to the southern limit of the study region where it
exhibits the lowest value (0.28), emphasizing the biological effect on both O:2
fluxes and sea surface fCO2 modulation. While biological activity (i.e.,
photosynthesis and respiration) exhibits a significant influence on sea-air O2
exchanges, between 48° and 51°S during spring, in summer, when productivity
is lower, the pattern reverses, shifting from outgassing to ingassing (Figure V-
6a) of O2. This results in an average value for this region of =10 + 46 mmol m—2

day (see Table 1V-4).

T:NT index
0.0 0.5 1.0 1.5 2.0
36°-39°S B FO: total
FO2 nonthermal
| FO. thermal |/
—&— T:NT index

39°-42°5 1
42°-45°S -
45°-48°S -
48°-51°S -

51°-54° 1

-30-25-20-15-10-5 0 5 10 15 20 25 30
FOz(mmol m—2 d-1)
Figure IV- 7. Latitudinal distribution of (bottom x-axis) mean values of total (black), thermal
(orange), and nonthermal (green) oxygen fluxes (FO2) and (top x-axis) the T:B ratio (black dots),
indicating the thermal (T) and nonthermal (NT) effect index per 3° (4°) latitude bin respective to
the North and Central (Southern) zones. Latitudinal averages of oxygen total flux and thermal flux
are calculated from individual stations and subsequently averaged. Nonthermal fluxes are
calculated as the difference between total and thermal oxygen fluxes. Black dashed lines
delineate the Northern (36°-39.5°S), Central (39.5°-51°S), and Southern (>51°S) zones.
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4.6. Relationship between phytoplankton distribution and environmental
variables

Two principal components (PCs) were selected, accounting for a
cumulative explained variance of 59% (Figure IV-8). Both Oz fluxes and Chl-a, as
well as the phytoplankton groups of diatoms, dinoflagellates, and green
flagellates, had a significant contribution to PC1, a component that may be
associated with biological activity. This pattern is more pronounced in the Central
zone, a region typically characterized by the presence of relatively fresh waters
(i.e., SASW, LSCW), and by exhibiting the most intense CO:2 uptake associated
with biological processes (Figures 2 and 4), which may explain the negative
relationship of these parameters with CO: fluxes, AfCO2 and salinity. The stations
situated in the Southern and Northern zones also exhibited a positive correlation
between CO: fluxes and salinity. This can be attributed to the presence of
relatively saltier waters in these regions (See Table IV-5 and Figure IV-5),
transported by the Brazil Current in the Northern zone and the Malvinas Current
in the Southern zone, which are also rich in CO2 and therefore acts as a source

of CO2 to the atmosphere.
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Figure IV- 8. Biplot of the principal component analysis of temperature (°C; SST), salinity (SSS),
net flux of oxygen between the ocean and the atmosphere (FO2, mmol m=2 d-"), difference
between ocean fCO:2 and air fCO2 (AfCOz2; patm), net flux of carbon dioxide between the ocean
and the atmosphere (FCO2 mmol m=2 d-1), chlorophyll-a (Chl-a, mg m=3), as well as the absolute
contribution of phytoplankton groups: diatoms, cryptophytes, cyanobacteria, dinoflagellates,
green flagellates, and haptophytes, representing the first two principal components (PC1-PC2).
The biplot includes both the loadings of the variables (vectors) and the PC scores (dots) of each
station at Northern (dots), Central (triangle) and Southern (square) zones. Different colors indicate
the water masses found in the region: Low Salinity Coastal Water (LSCW; magenta); Subantarctic
Shelf Water (SASW; light blue); Subtropical Shelf Water (STSW; orange); and South Atlantic
Central Water (SACW; red).

4.5 Discussion
Continental shelves exhibit a complexity in the behavior and distribution of Oz

and CO:2 that arises from a highly variable interaction of factors over time and
space [e.g., Bauer et al. 2013; Bushinsky et al. 2017; Laruelle et al. 2014, 2017,
Oschlies et al. 2018; Cai et al. 2020; Pitcher et al. 2021; Roobaert et al. 2024].
Seasonally stratified shelf seas have been identified as significant sinks for
atmospheric COz2 [Laruelle et al. 2014; Roobaert et al. 2019]. Additionally, there
is no consensus on the behavior of Oz flux in surface waters present in coastal
regions [Possenti et al. 2021; Li et al. 2022; Yamaguchi et al. 2023; Morgan et al.
2019], especially in temperate and highly productive regions, which is the case
of the Patagonian Sea. Therefore, a better understanding of the role of
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continental shelves in the global carbon and Oz budgets [Carvalho et al. 2022],
in association with acidification and deoxygenation, becomes increasingly
relevant in the context of global climate change [Keeling et al. 2010; Bauer et al.
2013; Breitburg et al. 2018].

As one of the coastal regions with the highest CO2 uptake globally [Laruelle
et al. 2014], the Patagonian continental shelf has been the focus of humerous
studies investigating its significant role in sea-air CO2 flux behavior [Bianchi et al.
2005, 2009; Kahl et al. 2017; Carvalho et al. 2022]. However, by integrating
biological and physical effects, we reveal the connection between CO:2 sink
regions predominantly governed by biological processes (i.e., photosynthesis)
and COz source regions associated mainly with physical processes (i.e., heating).
Additionally, potential environmental drivers interact with phytoplankton and are
consequently linked to ocean O2 outgassing and CO:2 uptake. Therefore, to
comprehend these interactions, it is crucial to consider the physical and
ecological processes driving phytoplankton distribution variability and,
consequently, its effect on CO2 and Oz fluxes within each of the three main zones
evaluated. Hence, we emphasize the significance of the combined results

presented and discussed here.

4.5.1 How much O: is the Patagonian continental shelf releasing into the
atmosphere?

Understanding the role of physical processes in modifying the fluxes of O2
at the ocean surface is crucial, particularly in determining net biological O2
production. Previous studies on the sea-air gas exchange of insoluble inert gases
in the ocean suggest that bubble processes are necessary to interpret

observations in locations with strong winds [e.g., Emerson & Bushinsky, 2016].
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The difference in wind speed dependency on sea-air gas exchange of highly
insoluble gases indicates that bubble processes play a significant role in surface
waters of oceanic regions where wind speeds exceed 8 m s~ (Figure S3).
Although the significance of bubbles in gas exchange between the sea
and the air has been underscored for some time [Thorpe 1982; Woolf & Thorpe
1991; Keeling 1993], parameterizations that do not account for their effect are still
widely utilized. Many of these parameterizations were developed based on COz,
which is more soluble than Oz and therefore less affected by bubble processes
[Woolf & Thorpe 1991; Woolf 1997; Liang et al. 2013] but are assumed to be valid
for other gases when scaled by the Schmidt number. Within this context,
parameterizations that do not consider the bubble effect [i.e., Ho et al. 2006;
Wanninkhof 1992] present values of magnitude up to 5 times higher than those
observed by estimates based on models that include bubbles [i.e., Liang et al.
2013; Woolf 1997] (Figure IV-2). Furthermore, according to estimates calculated
using the parameterization of Wanninkhof et al. [1992], the region exhibits a
behavior, considering only the spring and summer periods, as a source of Oz to
the atmosphere with an average value of 37 + 101 mmol m™ d™l. This
corresponds to approximately 376.8% of the average estimate found using the
parameterization proposed by Liang et al. [2013]. Many of the models included in
the Coupled Model Intercomparison Project [CMIP5 and CMIP6; Taylor et al.
2012] also employ the Wanninkhof [1992] parameterization, or a variation
thereof, to calculate sea-air gas exchange of Oz, CO2, and other gases [Dufresne
et al. 2013; Dunne et al. 2013; Resplandy et al. 2014; Kwiatkowski et al. 2020; Li
et al. 2022]. Given the significant discrepancy between the fluxes calculated

according to Liang et al. [2013] and the fluxes predicted by the Wanninkhof [1992]
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parameterization, it is expected that these global models overestimate (or
underestimate) the intensity of Oz outgassing (ingassing) at mid and high
latitudes, where winds are particularly stronger and bubble injection is more
prevalent [e.g., Koelling et al. 2017].

Our estimates of the O2 fluxes between sea and air for the Patagonian
continental shelf fall within the same range found for other coastal and productive
regions, typical of temperate latitudes. In the Kuroshio extension in the western
Pacific, Emerson & Bushinsky [2018] found an average annual sea-air emission
of up to 6.8 + 0.1 mol m™2 year™ during February and March 2013. They
estimated the fluxes from Argo float observations and used the parameterization
of Liang et al. [2013], observing a wide range of values ranging from ~ — 100 to
~ 90 mmol m™2 day™. Deploying an Oz optode on a SeaGlider, a pilot study
conducted in the Norwegian Sea [Possenti et al. 2021] estimated a variation in
O2 fluxes from —80 to 120 mmol m~2 day™, using the model implementation of
Woolf & Thoper [1991]. In turn, using CMIP5 numerical outputs and the
parameterization of Wanninkhof et al. [1992], Li et al. [2022] found that the
Patagonian continental shelf exhibited an annual outgassing of up to 7 mol m?,
which represents half of the estimate calculated here for the annual net Oz flux
balance (13.12 + 37.04 mol m?). The relatively lower values in Li et al. [2022] are
likely because their study covers a considerably longer period, from 1985 to 2014,
including winter and autumn seasons, which typically have reduced biological
activity [Bianchi et al. 2009; Kahl et al. 2017]. This assigns greater importance to
thermal processes, due to the presence of colder waters, which tends to decrease
O2 saturation at the surface and, consequently, favoring greater Oz ingassing

during these seasons that were not considered in this study.
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An assessment of ocean-atmosphere exchange parameterizations
[Emerson & Bushinsky, 2016], comparing them with in situ noble gas ratios and
buoy measurements, identified the formulations of Woolf [1997] and Liang et al.
[2013] as most capable of reproducing observations. The Liang et al. [2013]
model is derived from a highly detailed bubble model, that can be applied to all
soluble and insoluble gases, and includes mechanisms for both types of bubbles,
those that fully collapse and those that are large enough to submerge and emerge
to the atmosphere. Both mechanisms are crucial for interpreting observations of
relatively insoluble gases such as O2. Atamanchuk et al. [2020] compared
estimates of Oz fluxes based on various parameterizations and found estimates
varying by an order of magnitude, thus indicating caution against the possibility
of a significant underestimation of Oz influx in biogeochemical models that do not
include bubble-mediated terms. On the other hand, a study conducted in the
Mediterranean Sea [Ulses et al. 2020] observed that the range of estimates
obtained with both types of parameterizations, those that are purely diffusive and
those that include bubble-mediated terms, is similar. Thus, there is still no
consensus in the scientific community on the most realistic parameterization that
best explains the fluxes between the ocean and the atmosphere of relatively less
soluble gases.

Thus, itis crucial to conduct an integrated assessment not only of Oz fluxes
at the ocean surface but also of the processes associated with its distribution.
This is essential for parameterizations to accurately capture both the physical and
biological aspects of gas fluxes. By enhancing existing models to predict

observed supersaturations of non-reactive gases more accurately, we can better
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interpret in situ measurements of Oz supersaturation in terms of biological O2

production by the phytoplankton community.

4.5.2 The performances of the sea surface fCO2 algorithm
Regarding the algorithms using NfCOz2, one can observe that the overall

trend of fCO2 showed an increase towards the south, while the modeled fCO2
values became closer to the observed fCO2 value. The lower and less realistic
fCOz2 values in the three models observed in the Northern zone can be explained
by the combination of physical and biological effects caused by the mixing of river
waters with tropical and subantarctic waters. The combination of physical effects,
such as for example, the mixing of waters of different temperatures, generates
deviations in fCO2 due to the nonlinearity between temperature and CO:2
solubility. On the other hand, this mixing also produces changes in biological
processes, whether it favors or not primary production by phytoplankton. These
processes cause the modeled fCO2 values from the three distinct algorithms to
deviate from the observed fCO: values (Figure 1V-3).

The variation and origin of seawater fCOz2 in coastal zones may be related
to various other components beyond SSS, SST, and Chl-a [Cali et al. 2020], as
considered in algorithms. Besides the respiration/production carried out by
organisms, river input not only limits irradiance for photosynthesis but also adds
inorganic and organic carbon to the Patagonian coastal ecosystem [Depetris,
1996]. Additionally, both benthic respiration [Middelburg et al. 2005] and
remineralization of dissolved organic matter [Cai et al. 2011] contribute to
seawater fCOz2 in coastal oceans. This suggests that algorithms relying solely on
variables like SSS, SST, and Chl-a may not serve to fully capture fCO2 behavior

in coastal regions, which are typically more dynamic and complex than oceanic
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regions. To enhance the accuracy of algorithms and their ability to explain
variations in fCOz in these areas, it may be necessary to consider a broader range
of environmental variables, such as latitude, ocean currents, dissolved organic
and inorganic carbon, dissolved nutrients, and biological activity. Incorporating
these additional factors can provide a more comprehensive and accurate
understanding of fCO2 dynamics in coastal environments, allowing models to
better capture the complexities of these systems. However, it is important to note
that the use of modeled fCO2 remains a valuable tool in the Patagonian
continental shelf region for investigating modulating processes when associated

with variations in % O2 saturation (Figure S4).

4.5.3 Physical versus Biological Processes: what is driving the CO2 and Oz

fluxes in the Patagonian continental shelf?

A clear demarcation has emerged between the northern and southern
Patagonian continental shelf, as well as between spring and summer (Figure 1V-
9a and 9b) concerning the mechanisms governing sea-air Oz and CO:2
exchanges. In the Northern zone, situated in a transition between previously
defined biogeochemical provinces [Carvalho et al. 2022], we observed high
variability in environmental variables and phytoplankton communities during
spring (Figure IV-4 and 6), and consequently, in the mechanisms governing sea-
air Oz and CO:2 exchanges. This resulted in a combination of thermal (i.e., heating
and cooling) and nonthermal (i.e., photosynthesis and respiration) processes
along this zone influenced by both coastal and open ocean water masses (Figure
IV-9c).

Despite the relatively low phytoplankton biomass values (Chl-a < 2.46 mg

m~3) previously found at the Brazil-Malvinas Confluence [Carreto et al. 2008;
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Guinder et al. 2023], the photosynthesis process played a crucial role in
modulating the % O2 saturation and AfCO2 at most stations in the Northern zone
in our study. Indeed, we observed that in 95% of the stations, Oz saturation was
above 100%. Additionally, a significant negative correlation was observed
between Chl-a, which serves as an indicator of primary producers’ biomass, and
CO2 fluxes (—0.65, p < 0.05), as well as a positive relation with the % Oz saturation
(0.78, p < 0.05; Figure S5). This reinforces the influence of primary producers on
the dynamics of these two gases in the waters between 36° and 39.5°S.

In the Patagonian region, phytoplankton production is triggered by light,
water column stratification, and the upwelling of nutrient-rich waters from the
slope [Rivas et al. 2006; Garcia et al. 2008]. Near the coast, in addition to intense
mixing, riverine discharge of suspended sediments may limit light availability,
potentially explaining the lower concentration of Chl-a in this region compared to
the zone more influenced by upwelling from the slope waters. Goncalves-Araujo
et al. [2012] argued that the irregular distribution of phytoplankton communities
in the Northern zone mainly followed the distribution of water masses in the
studied area. Therefore, a higher Chl-a concentration, mainly composed of
Phaeocystis antarctica (haptophyte group), was associated with shelf waters,
characterized by strong water column stability, and a deep mixed layer with
moderate nutrient concentration. However, STSW showed relatively low Chl-a
concentrations, related to low nutrient levels (N and P) and strong stability
(tropical waters). Within this context, in stations below 38° S, dominated by most
productive subantarctic waters (Figure IV-5a; SASW), there was an ingassing
behavior, reaching values of =10 mmol m=2 d* for Oz and —11 mmol m=2 d- for

CO2. Above 38° S, under greater influence of less productive central waters
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(Figure IV-5a; SACW), stations exhibited outgassing of 43 mmol m~2 d™! for Oz,
and weak CO2 uptake, with scenarios close to equilibrium with the atmosphere,
reaching maximum values of 0.2 mmol m=2 d™2. This is consistent with findings
by Carvalho et al. [2022], who found that this region is a transition zone regarding
COz2 fluxes behavior, where central and tropical waters present higher fCO2
values than subantarctic waters, resulting in a weak CO:2 uptake (-4 + 3 mmol
m=2 d™!), dominated by assemblies of smaller cells (e.g., haptophytes).
Furthermore, this oscillation between ingassing and outgassing behavior
suggests that phytoplankton production, mainly composed by smaller cells and
therefore less efficient in CO:2 fixation, does not always compensate for other
processes (e.g., respiration, heating, and advection) that turn this region into a
slight CO2 source and, at times, an Oz sink. Indeed, the heat fluxes as well as the
T:NT ratio indicate that thermal processes have a significant influence, either
equal to or slightly greater than nonthermal (i.e., biological) processes in Oz

exchanges and in modulating fCO:2 (Figure 1V-7).
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Figure IV- 9. (a) Diagrams of AfCO2 vs %02 saturation for the Patagonian continental shelf during
spring and summer. The horizontal and vertical lines represent the 100% saturation level of Oz
and AfCO:z equal to 0, respectively. These lines divide the graphs into 4 quadrants: | - respiration,
Il - heating, Ill — photosynthesis, and IV — cooling, marking the main physical and biological
processes modulating the CO2 exchanges. (b) Location of the data points for spring (dot) and
summer (cross) of the quadrants defined in (a). Data points represent the photosynthesis (green),
cooling (blue), heating (orange), and respiration (red) processes. The inset panels in (b) zoomed
on the (c) northern zone and (d) southern limit of the central zone. The brown isobath lines
represent 200 m (solid) and 1000 m (dashed).
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Similarly, much of the Central zone was also influenced by nonthermal
processes, for those stations on the shelf break conducted during the spring,
although at its southern boundary, a transition zone was highlighted, with thermal
processes associated with summer. In these stations, located northwest of the
Malvinas Islands, associated with both the spring 2007 and summer 2008
campaigns, both photosynthesis and cooling seem to play important roles in
modulating fCO2 and % O3 saturation (Figure 1V-9d). Overall, high phytoplankton
biomass and consistently negative CO: fluxes, as well as positive Oz fluxes, were
generally found in the zone influenced by the upwelling regime of slope waters
(Figure IV-6a). This increase was gradual, from the upper northern limit of the
Central zone to 50°S, when we finally observed the highest Chl-a value in the
entire region (Figure IV-4c), and, therefore, the great importance of the
nonthermal effect on Oz fluxes and in the dynamics of fCOz (Figure IV-7). For the
spring 2007 campaign, CO:2 ingassing increased substantially when both Chl-a
and O: fluxes reached their peaks, in association with the high biomass of
diatoms (Figure IV-6). This increase in phytoplankton biomass is associated with
the combined effect of nutrient input (especially nitrate and silicate) by the
Malvinas Current, along with thermal stratification of the water, providing a more
stable water column with suitable light and nutrient conditions for phytoplankton
growth [Garcia et al. 2008; Carreto at el. 2016]. Furthermore, this region appears
not to be limited by micronutrients (e.g., iron), as it is potentially supplied by three
sources: upwelling [Palma et al. 2004], shallow shelf waters [Bowie et al. 2002;
Palma et al. 2004], and dust deposition [Gasso & Stein, 2007].

Although the relatively high concentration of Chl-a was found along the

Central zone, it exhibited a relatively weak negative correlation with AfCO2 and
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FCO:zas well (-0.53 and —-0.5, respectively, p< 0.05; Figure S6). Considering that
photosynthesis seems to play a significant role in CO2 dynamics in these waters,
a stronger correlation with FCO2 and AfCO2 would be expected. This weak
correlation can be attributed to environmental shifts observed in this region, in the
subsequent summer of 2008. The nutrient depletion and increased stratification
of the water column with a shallower mixed layer [Goncalves-Araujo et al. 2016;
Carreto et al. 2016], led to a shift in the high diatom biomass to smaller
haptophyte cells (e.g., E. huxleyi). In this scenario, the sampled nutrient
concentration was slightly higher [de Souza et al. 2012; Goncalves-Araujo et al.
2016], likely associated with the upwelling of subantarctic waters from the slope
[Carreto et al. 1995; Piola et al. 2010], which contribute to the maintenance of
these species, a common feature of this region during the summer [Brown &
Yoder 1994, Signorini et al. 2006; Garcia et al. 2008; Poulton et al. 2013; Balch
et al. 2014]. Consistent with our findings, Berghoff et al. [2023] also observed that
during the summer, the main contribution to COz2 fixation was made by small cells,
as the microbial community was dominated by picophytoplankton (<2 pm).
Moreover, a high N:Si ratio was observed during the summer, indicating nutrient
exhaustion due to high consumption by diatom blooms, which led to silica
limitation, causing them to be limited and cease development, resulting in a
condition of transition favorable to haptophytes. However, some other studies
have shown that under these highly stratified conditions, there may be influence
from winds or tidal mixing, disrupting the pycnocline and promoting nutrient input
[Glorioso & Flather 1997; Palma et al. 2004; Romero et al. 2006].

These two types of communities (diatoms and coccolithophores) represent

different key functional groups of phytoplankton [Doney 1999; Moore et al. 2002]
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and therefore play distinct roles in the food web structure and the dynamics of
CO2 and O2 exchange between the sea and the air. While diatoms are generally
associated with high rates of CO2 production and fixation, and elevated organic
matter export fluxes [Buesseler 1998; Sarthou et al. 2005; Schloss et al. 2007;
Brown et al. 2019; Carvalho et al. 2022], coccolithophores may impact the CO2
fugacity in surface waters by enhancing this gas during CaCOs platelet formation
[Holligan et al. 1993; Rost & Riebesell 2004). Indeed, the CO2 uptake during the
summer, when the haptophyte group was dominant between 47.5° and 50.5°S,
represents only 63% of the uptake observed in the spring for the same region. In
addition to increased phytoplankton productivity, the greater prevalence of
diatoms along the continental shelf edge, particularly during spring, could account
for the CO2 uptake being four times greater than in the Northern zone, where
haptophytes dominate. This aligns with the findings of Schloss et al. [2007], as
the associations between Chl-a, AfCO2, and % O saturation remained more
pronounced in areas dominated by diatoms and with higher Chl-a concentrations,
particularly within the Central and Southern zones network. However, the Central
zone is distinguished by a greater relative diatom biomass compared to the
Southern zone, which displayed stronger, statistically significant correlations with
% O2 saturation (0.78, p < 0.05, for the Central zone) and AfCO2 (—0.61, p < 0.05,
for the Southern zone) than other groups (Figure S6 and S7). Thus, the
alternating dominance between these two groups across different seasons could
lead to notable alterations in sea-air CO2 exchange dynamics within the region.
Additionally, Goncalves-Araujo et al. [2016] observed that diatom
assemblages were likely under more intense grazing pressure, as indicated by a

relatively high proportion of phaeopigments (14%, on average), compared to the
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haptophyte community in the summer. Consistent with these findings, we
observed that during the summer, there was a decrease in the efficiency of CO:2
ingassing and an increase in Oz ingassing, indicating an increase in fCO2 and a
decrease in Oz at the sea surface, likely associated with both the cooling process
of the waters and the respiratory process caused by zooplankton activity (Figure
IV-7). Although we do not have available data to assess the zooplankton
community during this period, we can see from Figures 9 and 10c that it displays
summer data transitioning between the cooling (quadrant IV) and respiratory
(quadrant ) processes. Indeed, other studies [e.g., Garcia et al. 2008; Carreto et
al. 2016; Goncalves-Araujo et al. 2016] have observed that grazing pressure from
microzooplankton (e.g., heterotrophic dinoflagellates) combined with nutrient
limitation may be an important factor in controlling the decline of spring blooms
and planktonic community structure in this oceanic ecosystem. It is
acknowledged that microzooplankton are the primary consumers of
phytoplankton, leading to significant losses during spring blooms due to their
relatively high abundance and grazing rates compared to copepods [Calbet &
Landry 2004; Jeong et al. 2012; Loder et al. 2011].

South of the Malvinas Islands, sampled during the summer, there is a
predominance of waters susceptible to the warming process (Figure [V-9d),
favoring O2 and CO:2 release from the ocean to the atmosphere. This region,
under the influence of the Burdwood Bank, is associated with two main factors
that may have contributed to the increased Oz and CO2 outgassing. Firstly, the
warming of the surrounding waters, which are advected by the Antarctic
Circumpolar Current and lose heat as they move away from the Antarctic

continent, especially during the spring and summer [Rivas et al. 2006].
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Additionally, the low concentrations of Chl-a also played an important role in the
behavior of both parameters. Despite being nutrient-rich, the waters transported
by the Malvinas Current are consistently associated with low productivity due to
low stratification and high vertical mixing [Garcia et al. 2008; Signorini et al. 2009;
Painter et al. 2010]. Although there are no specific references to nutrient levels in
the waters surrounding the Burdwood Bank, a recent high-resolution circulation
model [Matano et al. 2019] highlighted the importance of tidal mixing and
upwelling driven by tides and the Antarctic Circumpolar Current as crucial
processes for fertilizing the waters above the bank. In addition to transporting
nutrients, these Antarctic and subantarctic waters are rich in CO2 and Oz [Orselli
et al. 2018; Fontela et al. 2021; Berghoff et al. 2023], and therefore, after
upwelling and consequently warming during the summer, some of these gases
are released into the atmosphere. This phenomenon may partly explain the
outgassing behavior for both Oz and CO: fluxes. This is in line with Berghoff et
al. [2023], who suggested that the upwelling of waters at the edge of the slope,
with lower pH but rich in dissolved inorganic carbon [Orselli et al. 2018] and
nutrients [e.g., Garcia et al. 2008; Goncalves-Araujo et al. 2012, 2016), would
transfer carbon to the upper layer, resulting in equilibrium conditions or weak CO2
source (reaching up to 8 mmol m=2 d™1). In any case, the nutrients coming from
these waters promote phytoplankton growth, resulting in occasional increases in

biological uptake of CO2 and release of Oz (Figure IV-9b).

4.6 Concluding remarks

The southwestern South Atlantic Ocean and the Argentine continental
shelf remain sparsely sampled in space and time. Previously published datasets

on the CO2 dynamics and phytoplankton groups associated with the Patagonian
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continental shelf have provided valuable insights into the role of the shelf and
shelf-break in the dynamic of sea-air CO2 exchanges [Bianchi et al. 2005, 2009;
Kahl et al. 2017; Carvalho et al. 2022; Berghoff et al. 2023], as well as in the rate
of acidification [Orselli et al. 2018; Fontela et al. 2021], and in the maintenance
and variability of phytoplankton species during spring and summer [e.g., Signorini
et al. 2006; Garcia et al. 2008; Lutz et al. 2010; de Souza et al. 2011; Sabatini et
al. 2012; Goncalves-Araujo et al. 2012, 2016; Segura et al. 2013; Carreto et al.
2016; Guinder et al. 2023]. These organisms play a crucial role in making this
continental shelf one of the largest COz2 sinks in the world ocean. Therefore, a
new approach integrating the physical, chemical, and biological mechanisms
affecting the distributions of phytoplankton groups, which in turn also influence
the distribution of Oz and COz2, has strongly contribute to the emerging issues
discussion regarding the dynamics and variability of Oz and CO2 exchanges
between the ocean and the atmosphere in marginal seas, an expanding
oceanographic topic. We provide new evidence that biological processes may
enhance the marginal seas’ capacity to uptake CO:2 and release Oz, especially
when associated with larger phytoplankton cells (e.g., diatoms). These issues
have been attributed to the scarcity of information in previous studies, both on
the Patagonian continental shelf [Carvalho et al. 2022; Berghoff et al. 2023;
Guinder et al. 2023; Kahl et al. 2017] and globally [e.g., Keeling et al. 2010;
Bushinsky et al. 2017; Breitburg et al. 2018; Oschlies et al. 2018; Gregorie et al.
2021].

The study area, situated in a transition zone between the coastal region,
continental shelf, and open ocean, has exhibited high variability in environmental

variables, phytoplankton assemblages and, consequently, sea-air O2 and CO2
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exchanges. Despite this, a clear delimitation could be identified between the
northern and southern zones of the Patagonian continental shelf, as well as
between spring and summer regarding the mechanisms governing these
exchanges in the study area. While thermal processes (i.e., heating and cooling)
are the primary driver of Oz and CO2 dynamics during summer, biological effects
(i.e., photosynthesis) are more influential during spring. Indeed, phytoplankton
production, triggered by light stratification and the upwelling of nutrient-rich
waters from the slope, has played a pivotal role in modulating O2 release and
CO2 uptake, and their spatial variability. Smaller cell-size groups (e.g.,
haptophytes) tend to dominate in warmer subtropical and tropical waters, where
the water column is more stable, and the mixed layer is shallower. Under these
conditions, the region capacity to release Oz and uptake CO2 was considerably
lower, even exhibiting equilibrium conditions with the atmosphere. Conversely,
larger cell-size groups (e.g., diatoms) are more prevalent in environments with
constant nutrient maintenance (especially silica), along with a more mixed water
column and relatively deeper mixed layer. Under these conditions, the high
phytoplankton biomass, dominated by diatoms, has led to a region consistently
engaged in intense Oz release and CO2 uptake as well.

Some caution in interpreting the results of this study may be due to the
limited investigation during spring/summer, being more heavily sampled during
the spring season when diatom blooms predominate, particularly in the Central
zone [e.g., Carreto et al. 2008]. However, during spring, the shelf-break has also
exhibited several exceptional dinoflagellate blooms [Garcia et al. 2008; Akselman
& Negri, 2012]. These dinoflagellate blooms have also been associated with high

magnitudes of CO: uptake [Carreto et al. 2018]. Therefore, despite the
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advancements presented here, further investigations considering other seasons
are essential for understanding the relationship between different phytoplankton
groups and the emission of Oz and uptake of CO2 by seawater in coastal and
transitional regions.

There are still numerous gaps in our understanding of how phytoplankton
groups influence the exchange of Oz and CO:2 between the ocean and the
atmosphere. This is particularly crucial given the changing oceanic conditions
driven by climate change, including warming, acidification, deoxygenation, and
alterations in circulation patterns, all of which affect the entire ecosystem
structure. These changes can lead to a shift towards smaller and less effective
phytoplankton groups in capturing CO2. Understanding how different
phytoplankton groups capture COz in natural environments is challenging due to
the complex interplay of variables that also impact Oz and CO2 dynamics. To
address this issue, studies examining the combined effects of various factors
such as salinity, temperature, mixing processes, ocean circulation, and nutrient
availability on phytoplankton development are crucial. These studies will help us
understand how these factors influence O2 and CO2 dynamics. Therefore, we
recommend that future research in the southwestern South Atlantic Ocean focus
on assessing how dominant phytoplankton groups interact under multiple
stressors to better understand their potential effects on the phytoplankton

community and, consequently, on related biogeochemical components.
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Capitulo V: Sintese da Discussao e
Conclusoes

sudoeste do oceano Atlantico Sul e a plataforma continental da

Patagbnia, em particular, permanecem pouco amostrados no

espaco e no tempo. Conjuntos de dados previamente publicados
sobre a dindmica do CO:2 e grupos fitoplanctdnicos associados a plataforma
continental da Patagbnia forneceram importantes informacdes sobre o papel da
plataforma e da quebra de plataforma na variabilidade das trocas de CO:2 entre
0 oceano e a atmosfera [Bianchi et al. 2005, 2009; Schloss et al. 2007; Kahl et
al. 2017; Carvalho et al. 2022; Berghoff et al. 2023] , assim como na taxa de
acidificacao [Orselli et al. 2018; Fontela et al. 2021] e na manutengcao e
variabilidade das espécies fitoplanctdnicas [e.g., Signorini et al. 2006; Garcia et
al. 2008; Lutz et al. 2010; de Souza et al. 2011; Sabatini et al. 2012; Goncalves-

Araujo et al. 2012, 2016; Segura et al. 2013; Carreto et al. 2016; Guinder et al.
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2023]. Esses organismos desempenham um papel crucial ao tornar esta
plataforma continental um dos maiores sumidouros de CO2 no oceano global.
Portanto, aqui, uma nova abordagem que integra mecanismos fisicos, quimicos
e biolégicos, afetando a distribuicdo de fitoplancton e, consequentemente, os
fluxos de Oz e COg, elucidou questdes emergentes (e.g., papel do oceano no
balanco global de Oz e CO2). Essas questdes foram destacadas devido a
escassez de informacdes em estudos anteriores, tanto na plataforma continental
patag6nica [Carvalho et al. 2023; Berghoff et al. 2023; Guinder et al. 2023; Kahl
et al. 2018], quanto em escala global [e.g., Keeling et al. 2010; Bushinsky et al.
2017; Breitburg et al. 2018; Oschlies et al. 2018; Gregorie et al. 2021].

A regido deste estudo, situada em uma zona de transi¢cao entre a regido
costeira, plataforma continental e oceano aberto, exibe uma alta variabilidade
nos parametros ambientais, assembleias fitoplanctonicas e, consequentemente,
trocas de Oz e CO:z na interface oceano-atmosfera. Apesar disso, uma
demarcacao clara surgiu entre as zonas norte e sul da plataforma continental
patagbnica, assim como entre a primavera e 0 verdo em relacdo aos
mecanismos que governam essas trocas na area de estudo. Enquanto os
processos termais (i.e., aguecimento e resfriamento) sédo o principal modulador
da dindmica de Oz e CO2 durante o verao, os efeitos bioldgicos (i.e., fotossintese)
sao mais significativos durante a primavera. De fato, a producao fitoplanctonica,
desencadeada pela estratificacdo, aumento da luminosidade e pelo afloramento
de aguas ricas em nutrientes do talude, desempenhou um papel fundamental na
modulacao da emisséo de O2 (absorcéo de CO2) e sua variacao espacial. Grupos
de células menores (e.g., haptofitas) tendem a dominar em aguas mais quentes

subtropicais (STSW), onde a coluna de agua é mais estavel e a camada de
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mistura € mais rasa. Nessas condi¢cdes, a capacidade da regido de liberar
(capturar) O2 (CO2) era consideravelmente menor, chegando até a condi¢bes de
equilibrio com a atmosfera. Por outro lado, grupos de células maiores (e.g.,
diatomaceas) sdo mais prevalentes em ambientes com manutencdo constante
de nutrientes (especialmente silica), juntamente com uma coluna de agua mais
misturada e uma camada de mistura relativamente mais profunda. Nessas
condicles, a alta biomassa fitoplancténica, dominada por diatomaceas, levou a
regido atuar consistentemente como fonte de Oz e sumidouro de COs-.

A interpretacdo dos resultados deste estudo requer cautela devido a
limitacdo da investigacdo apenas a temporada de primavera em algumas
regioes, quando os florescimentos de diatomaceas predominam, especialmente
na zona Central [e.g., Carreto et al. 2008]. Contudo, durante a primavera, a
regido da frente da quebra de plataforma ja exibiu algumas floracdes
excepcionais de dinoflagelados [Garcia et al. 2008; Akselman & Negri 2012], que
também tém sido associados as altas magnitudes de absorcédo de CO:2 [Carreto
et al. 2018]. Assim, apesar dos avan¢os apresentados aqui, investigacoes
adicionais que considerem outras estacdes do ano sdo essenciais para
compreender a relacao entre os diferentes grupos fitoplancténicos e a emisséo
(absorcgéo) de O2 (CO2) pela dgua do mar em regibes costeiras e de transi¢ao.

Ainda existem muitas lacunas a serem preenchidas acerca do
entendimento do papel dos grupos fitoplancténicos na modulagéo das trocas de
O2 e CO:2 entre 0 oceano e a atmosfera. Especialmente diante dos cenarios
oceanicos moldados pelas mudancas climéaticas em direcdo ao aquecimento,
acidificacdo, desoxigenacdo e alteracbes na circulagcdo, que impactam a

estrutura de todo ecossistema, incluindo uma mudanca para grupos
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fitoplancténicos menores e menos eficientes na captura de CO2. Entender as
condicbes e o0s processos pelos quais diferentes grupos fitoplancténicos
capturam CO2 em um ambiente natural é desafiador, pois as variaveis que
interagem com o fitoplancton também afetam a dinamica do Oz e do CO..
Estudos que investigam os efeitos combinados de mudltiplos fatores (como
salinidade, temperatura, processos de mistura, circulacdo oceanica e
disponibilidade de nutrientes) no desenvolvimento do fitoplancton e suas
implicacdes para a dinamica do Oz e do CO2 serdo essenciais para abordar essa
guestao. Assim, sugerimos que estudos futuros no sudoeste do oceano Atlantico
Sul avaliem a interacao entre os grupos fitoplancténicos dominantes abordados
neste estudo sob multiplos estressores, a fim de elucidar seus impactos
potenciais na comunidade fitoplancténica e, consequentemente, nas variaveis
ambientais relacionadas.

Finalmente, um dos maiores desafios para entender a magnitude de cada
processo e desacopla-los é a escassez de dados fisicos e biogeoquimicos na
regido estudada. O projeto GOAL foi essencial para investigar essas
propriedades no sudoeste do Atlantico Sul, viabilizando o estudo desta
dissertacdo. Além disso, a disponibilidade de dados em plataformas de livre
acesso, como o SOCAT (https://socat.info/), é crucial para melhorar nossa
compreensao dos processos oceanograficos. Sem esses dados, estudos sobre
o ciclo do C, do O2 e da biogeoquimica marinha com um todo seriam ainda mais
limitados. Portanto, € fundamental incentivar o monitoramento continuo dessas
regides e a manutencao das plataformas de dados, promovendo o uso amplo
desses recursos para aprofundar nosso entendimento dos processos

biogeoquimicos de forma interdisciplinar.
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Figure S1. Difference in estimated values between the parameterizations proposed by Woolf
(1997) and Liang et al. (2013) (purple ‘x’) and Woolf and Thorpe (1991) and Ho et al. (2006) (blue
points). Filled symbols denote the mean of the fluxes calculated for each 3° latitude bin. Dashed
black lines delineate the boundaries between the Northern (36°-39.5°S), Central (39.5°-51°S),
and Southern Zones (>51°).
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Figure S5. Correlation matrix diagram for Nothern zone using the physical-chemical parameters:
sea surface temperature (SST, °C), sea surface salinity (SSS), net sea—air CO2 flux (FCOz2; mmaol
m-2 d-1), difference in fCO2 between ocean and atmosphere (AfCO2; patm), net sea—air Oz flux
(FO2; mmol m-2d-1), nonthermal effects (FOz°nthemal) and thermal effects (FO2the™a) on seawater
02 fluxes, total chlorophyll a (Chl-a - mg m=3), and relative contribution of phytoplankton groups
(diatoms, dinoflagellates, haptophytes, cyanobacteria, green flagellates, and cryptophytes) to
total Chl-a (%). Warm colors indicate a positive correlation, cool colors indicate a negative
correlation, and gray values indicate non-significant correlation (p > 0.05).
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Figure S6. Correlation matrix diagram for Central zone using the physical-chemical parameters:
sea surface temperature (SST, °C), sea surface salinity (SSS), net sea—air CO2 flux (FCOz2; mmol
m~2d-1), difference in f{CO2 between ocean and atmosphere (AfCOz; patm), net sea—air Oz flux
(FO2; mmol m=2d-1%), nonthermal effects (FOz"nthemal) and thermal effects (FO2"*™a) on seawater
02 fluxes, total chlorophyll a (Chl-a - mg m=3), and relative contribution of phytoplankton groups
(diatoms, dinoflagellates, haptophytes, cyanobacteria, green flagellates, and cryptophytes) to
total Chl-a (%). Warm colors indicate a positive correlation, cool colors indicate a negative
correlation, and gray values indicate non-significant correlation (p > 0.05).
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Figure S7. Correlation matrix diagram for Southern zone using the physical-chemical parameters:
sea surface temperature (SST, °C), sea surface salinity (SSS), net sea—air CO2 flux (FCOz2; mmol
m~2d-1), difference in f{CO2 between ocean and atmosphere (AfCOz; patm), net sea—air Oz flux
(FO2; mmol m=2d-1%), nonthermal effects (FOz"nthemal) and thermal effects (FO2"*™a) on seawater
02 fluxes, total chlorophyll a (Chl-a - mg m-3), and relative contribution of phytoplankton groups
(diatoms, dinoflagellates, haptophytes, cyanobacteria, green flagellates, and cryptophytes) to
total Chl-a (%). Warm colors indicate a positive correlation, cool colors indicate a negative

correlation, and gray values indicate non-significant correlation (p > 0.05).
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Figure S8. Spatial distribution of net sea—air Oz flux (FO2; mmol m=2d-!) in the study region
calculated applying four different parameterizations of gas transfer velocity proposed by: (a) Woolf
and Thorpe, 1991(W91), (b) Ho et al. 2006 (H06), (c) Woolf, 199 (W97) and (d) Liang et al.

2013(L13).
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