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RESUMO

O fitoplâncton marinho atua diretamente no ciclo biogeoquímico do carbono, mediando

a  bomba  biológica  do  carbono,  e  a  eficiência  desse  processo  é  dependente  da

composição  das  comunidades  fitoplanctônicas.  Por  conta  disso,  nesse  trabalho,  nós

visamos investigar a composição das comunidades fitoplanctônicas na profundidade do

máximo de clorofila ao longo do oceano Atlântico Sul e o papel dos diferentes grupos

fitoplanctônicos na dinâmica do CO2  e nos processos biogeoquímicos ao longo desse

oceano. Dados ambientais e biológicos foram coletados na profundidade do máximo de

clorofila em 59 estações ao longo de uma seção zonal (34,5°S) no oceano Atlântico Sul.

As estações de coleta foram agrupadas nas províncias do Brasil, do giro do Atlântico

Sul  e  da  África.  Nós  identificamos  os  grupos  quimiotaxonômicos  do  fitoplâncton

através da metodologia de HPLC-CHEMTAX e avaliamos os efeitos térmicos e não-

térmicos na variação da pressão parcial do CO2 (pCO2) na região. As relações entre as

variáveis biogeoquímicas e os grupos fitoplanctônicos foram investigadas a partir de

uma análise de correspondência canônica. Os resultados encontrados mostraram fortes

gradientes na distribuição dos parâmetros biogeoquímicos entre as diferentes províncias,

com maior pCO2 e efeito térmico nas províncias costeiras, e menor pCO2 e maior efeito

não-térmico nas províncias oceânicas. As haptófitas e os  Prochlorococcus  dominaram

as comunidades na profundidade do máximo de clorofila na área de estudo, e as maiores

biomassas  fitoplanctônicas  foram encontradas  na  província  da  África.  As  haptófitas

foram  associadas  às  águas  com  maior  mistura  vertical  e  ricas  em  nutrientes,  e

mostraram uma maior influência na variação da  pCO2, enquanto os  Prochlorococcus

ficaram associados às águas oligotróficas estratificadas. Os resultados encontrados neste

estudo demostraram a variabilidade do papel dos diferentes grupos fitoplanctônicos na

dinâmica  do  CO2 nas  diferentes  províncias  do  oceano  Atlântico  Sul,  e  incentivam

futuros  estudos  acerca  dos  padrões  temporais  e  espaciais  que  regulam  os  efeitos

térmicos e não-térmicos nas variações da pCO2 nas águas subsuperficiais da região.

PALAVRAS-CHAVE: pigmentos fitoplanctônicos, ciclo do carbono, profundidade do

máximo de clorofila, HPLC-CHEMTAX, Oceano Atlântico Sul
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ABSTRACT

Marine  phytoplankton  acts  directly  on  the  carbon  biogeochemical  cycle  as  key

mediators  of  the  biological  carbon  pump,  and  its  efficiency  is  dependent  on  the

composition of phytoplankton communities. Therefore, in the present study, we aimed

to investigate the composition of phytoplankton communities in the deep chlorophyll

maximum along the South Atlantic Ocean and the role of the different phytoplankton

groups on CO2 dynamics and biogeochemical processes along the South Atlantic basin.

Environmental and biological data were collected in the deep chlorophyll maximum in

59  stations  along  a  zonal  section  (34.5°S)  in  the  South  Atlantic  Ocean.  Sampling

stations  were  grouped  into  Brazil,  South  Atlantic  Gyre  and  Africa  provinces.  We

identified  the  chemotaxonomic  phytoplankton  groups  using  the  HPLC-CHEMTAX

approach and evaluated the thermal  and non-thermal effects  on CO2  partial  pressure

(pCO2) variability in the region. The relationship between biogeochemical variables and

phytoplankton groups were investigated using a canonical correspondence analysis. Our

results showed strong gradients in the distribution of biogeochemical parameters among

the different provinces, with higher  pCO2 and thermal effects in coastal regions and

lower  pCO2 and  higher  non-thermal  effects  in  the  open  ocean.  Haptophytes  and

Prochlorococcus dominated the deep chlorophyll maximum in the study area, and the

highest  phytoplankton  biomass  was  found  in  Africa  Province.  Haptophytes  were

associated  to  mixed  nutrient-rich  waters,  and  showed  higher  influence  in  pCO2

variation,  whereas  Prochlorococcus were associated to stratified oligotrophic waters.

The results found in this present study elucidate the variability in the role of different

phytoplankton groups in CO2 dynamics across the different biogeochemical provinces

of  South  Atlantic  Ocean  and  encourage  further  investigations  on  the  spatial  and

temporal  patterns  that  drive  thermal  and  non-thermal  effects  on  pCO2 variations  in

subsurface waters in the region.

KEYWORDS:  phytoplankton  pigments,  carbon  cycle,  deep  chlorophyll  maximum,

HPLC-CHEMTAX, South Atlantic Ocean
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1. INTRODUÇÃO

O fitoplâncton possui um papel essencial  nos ecossistemas marinhos,  onde a

composição das comunidades fitoplanctônicas é um dos principais fatores responsáveis

por determinar a organização trófica dos ecossistemas pelágicos marinhos e, portanto, a

eficiência da transferência da matéria orgânica produzida pela fotossíntese para níveis

tróficos mais altos (Finkel et al.,  2010). O fitoplâncton marinho atua diretamente no

ciclo biogeoquímico do carbono, como peça principal da bomba biológica do carbono

nos oceanos, através da fixação de carbono inorgânico dissolvido durante o processo de

fotossíntese  ao  longo  da  zona  eufótica,  e  da  subsequente  transferência  de  carbono

orgânico e inorgânico particulado para o oceano profundo (Basu & Mackey, 2018). No

oceano global,  a  bomba biológica do carbono contribui  para  aproximadamente  dois

terços do transporte vertical de carbono nos oceanos, enquanto o resto do transporte é

atribuído à bomba física de solubilidade (Passow & Carlson, 2012).

No entanto, os grupos do fitoplâncton variam em características morfológicas

(i.e.,  tamanho  e  formato)  e  fisiológicas  (i.e.,  taxas  de  crescimento  e  requisitos

nutricionais  e  de  temperatura),  e  por  conta  disso,  diferentes  grupos  taxonômicos  e

funcionais  do  fitoplâncton  apresentam  distintos  papéis  nos  ciclos  biogeoquímicos

(Litchman et al., 2015; Nair et al., 2008; Schloss et al., 2007). Por exemplo, organismos

picofitoplanctônicos  (com  diâmetros  entre  0,2  e  2  μm),  como  as  prasinófitas  e  as

cianobactérias  Prochlorococcus spp.  e  Synechococccus spp., são pouco eficientes na

transferência  de  carbono  orgânico  particulado  para  o  fundo  devido  ao  seu  menor

tamanho e baixa velocidade de afundamento (Basu & Mackey, 2018; Flombaum et al.,

2013, Richardson, 2019). Organismos maiores, como diatomáceas e cocolitoforídeos,

possuem uma maior eficiência na transferência de carbono devido a maiores taxas de

absorção de CO2 e maiores taxas de afundamento (Litchman et al., 2015; Ragueneau et

al.,  2006),  além de formarem frústulas de sílica biogênica e placas de carbonato de

cálcio,  respectivamente,  que  atuam  como  lastro  e  contribuem  para  o  sequestro  de

carbono na forma de carbono inorgânico particulado (Balch et al., 2018; Ragueneau et

al.,  2006).  No  entanto,  efeitos  das  mudanças  climáticas  nos  oceanos,  como  a

estratificação  devido  ao  aumento  global  da  temperatura  e  a  acidificação  devido  à

absorção  de  carbono  antropogênico,  podem  causar  mudanças  na  composição  das



4

comunidades  fitoplanctônicas,  favorecendo  a  proliferação  de  grupos  menores  em

detrimento  das  diatomáceas  e,  desta  forma,  modificando  a  eficiência  da  bomba

biológica nos oceanos (Flombaum et al., 2013; Henson et al., 2021, 2022; Morán et al.,

2010; Passow & Carlson, 2012). Os efeitos biológicos na pressão parcial do CO2 (pCO2)

na água do mar associados ao fitoplâncton são dependentes de padrões fisiológicos e da

estrutura da comunidade do fitoplâncton que, por sua vez, são dependentes de fatores

ambientais (i.e., temperatura, luz incidente e nutrientes) e biológicos (i.e., herbivoria,

competição e senescência) (Basu and Mackey, 2018; Litchman et al., 2015). Portanto,

para entendermos o papel do fitoplâncton na dinâmica do CO2 nos oceanos, precisamos

entender  a  composição  das  comunidades  fitoplanctônicas,  bem  como  os  fatores

ambientais  e  biológicos  que  controlam  a  distribuição  dos  diferentes  grupos  do

fitoplâncton nos oceanos  (Arrigo et  al.,  1999;  Carvalho et  al.,  2021;  Schloss et  al.,

2007). 

Processos físicos termohalinos nos oceanos alteram a distribuição de nutrientes e

a magnitude da irradiância solar ao longo da coluna de água, afetando a composição e a

abundância  do  fitoplâncton  (Boyd et  al.,  2010;  Giannini  et  al.,  2021;  Moore  et  al.,

2013). A distribuição horizontal das comunidades fitoplanctônicas marinhas pode ser

prevista  a  partir  da  variação  latitudinal  dos  níveis  de  nutrientes  e  da  temperatura

(Acevedo-Trejos et al., 2013; Follows et al., 2007), enquanto a distribuição vertical do

fitoplâncton  é  governada  principalmente  pela  adaptação  dos  diferentes  grupos

fitoplanctônicos às condições locais, como a distribuição vertical de nutrientes e de luz,

que podem ser afetadas por processos de turbulência na coluna de água (Huisman et al.,

2006;  Mignot  et  al.,  2011).  Usualmente,  a  distribuição  vertical  de  clorofila-a nos

oceanos não é homogênea, apresentando um máximo conspícuo próximo à base da zona

eufótica (Mignot et al., 2014), na profundidade de 1% da irradiância solar superficial

(Latasa  et  al.,  2023),  chamado  de  máximo  de  clorofila  profundo  (DCM,  deep

chlorophyll  maximum,  em  inglês).  O  DCM  reflete  uma  zona  de  balanço  para  as

comunidades fitoplanctônicas expostas a dois gradientes opostos de recursos: a entrada

de nutrientes a  partir  de zonas mais profundas e  a entrada de luz vinda da camada

superficial  (Cullen,  2015; Huisman et al.,  2006).  A profundidade do DCM pode ser

modificada sazonalmente devido a variações nos valores de irradiância, e no verão, o
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aumento da irradiância superficial, aliado à redução da atenuação da luz por conta do

aumento da estabilidade nas camadas superficiais, gera um aprofundamento do DCM,

deslocando-o para mais próximo de águas profundas ricas em nutrientes, aumentando

assim a biomassa fitoplanctônica (Mignot et al., 2014). Em regiões de oceano aberto,

como nos giros oligotróficos subtropicais, a biomassa fitoplanctônica nessa camada é

usualmente mais abundante que na camada superficial, dominando a produtividade na

zona eufótica (Mignot et al., 2014; He et al., 2023). 

O oceano Atlântico Sul é uma das regiões menos estudadas do oceano global

(Longhurst,  2007).  Poucos estudos realizaram investigações de  larga escala  espacial

sobre a abundância e a distribuição dos diferentes grupos fitoplanctônicos no oceano

Atlântico  Sul,  e  a  maioria  dos  estudos  focaram  na  distribuição  superficial  do

fitoplâncton (e.g.  Acevedo-Trejos et al., 2013; Aiken et al., 2009; Barlow et al., 2007;

Carvalho et al., 2019, 2021; Swan et al., 2016) e na distribuição de grupos específicos

(e.g. Bouman et al., 2006, 2011; Flombaum et al., 2013). Os estudos sobre a distribuição

vertical dos diferentes grupos fitoplanctônicos no oceano Atlântico Sul estão limitados a

regiões costeiras (e.g. Islabão et al., 2017; Lamont et al., 2014; Moreno et al., 2012), e

por conta disso, os fatores que regulam a distribuição das comunidades fitoplanctônicas

no DCM em regiões oceânicas ainda são pouco explorados. 

O  oceano  Atlântico  Sul  compreende  uma  parte  importante  da  célula  de

revolvimento meridional, que consiste em um transporte global de água ocasionado por

gradientes de densidade, que conecta todas as bacias oceânicas e balanceia os fluxos de

energia nos oceanos. Por conta disso, o oceano Atlântico Sul é uma importante região

para  a  circulação  global  por  conta  do  intercâmbio  de  propriedades  hidrográficas  e

biogeoquímicas entre diferentes bacias oceânicas (Talley, 2003). A intensa formação de

águas modais e intermediárias nessa região, e a subsequente advecção desses águas para

norte nas camadas centrais e intermediárias do giro subtropical, atua como a principal

via  entre  a  superfície  e  o  interior  do  oceano,  permitindo que  o  CO2  antropogênico

chegue a águas profundas, afetando a distribuição de nutrientes e o ciclo biogeoquímico

do carbono em regiões profundas do oceano através da bomba de solubilidade (Brea et

al., 2004; Murata et al., 2008; Piñango et al., 2022; Souza et al., 2018). Enquanto os

processos  que  controlam  a  bomba  de  solubilidade  na  coluna  de  água  no  oceano
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Atlântico Sul são bem conhecidos (e.g. Azar et al., 2021; Gao et al., 2022; Piñango et

al., 2022; Souza et al., 2018), os estudos sobre os efeitos da bomba biológica no oceano

Atlântico  Sul  focaram  no  papel  do  fitoplâncton  nos  processos  biogeoquímicos

superficiais (e.g. Berghoff et al., 2023; Bianchi et al., 2009; Carvalho et al., 2021, 2022;

Schloss  et  al.,  2007),  com  pouco  enfoque  no  papel  do  fitoplâncton  nos  processos

biogeoquímicos ao longo de toda a zona eufótica.

1.1. Províncias biogeoquímicas de Longhurst no oceano Atlântico Sul

Longhurst  (2007)  dividiu  o  oceano  em diferentes  províncias  biogeoquímicas

baseadas no papel das forçantes físicas como reguladoras da distribuição da produção

primária  no oceano.  Os limites  dessas  províncias são sazonalmente dinâmicos,  e  se

modificam  de  acordo  com  variações  temporais  e  espaciais  nas  forçantes  físicas

(Reygondeau  et  al.,  2013),  e  são  úteis  para  comparar  processos  biogeoquímicos  e

padrões de biodiversidade contrastantes entre diferentes regiões do oceano (Oliver e

Irwin,  2008).  Com  base  nisso,  a  seção  zonal  foi  dividida  em  três  províncias

biogeoquímicas:  a  província  do  Brasil,  que  corresponde  à  região  sob  influência  da

Corrente do Brasil (Fig. 1); a província do giro do Atlântico Sul, que corresponde à

porção central do giro anticiclônico do oceano Atlântico Sul (Fig. 1); e a província da

África,  que  corresponde  a  um  agrupamento  da  província  da  África  Oriental,  que

corresponde  à  região  sob  influência  da  Corrente  das  Agulhas,  e  da  província  de

Benguela, que corresponde à região sob influência da Corrente de Benguela (Fig. 1).
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A porção sul da província do Brasil está sob influência da Confluência Brasil-

Malvinas,  que  consiste  em uma  zona  de  frente  termohalina  causada  pela  interação

dinâmica de duas correntes com direções opostas: a Corrente do Brasil, que flui para

sul,  e  a Corrente das Malvinas,  que flui  para norte (Fig.  1) (Gordon e Greengrove,

1986). A Corrente do Brasil transporta a Água Tropical (TW), que é caracterizada por

águas quentes (> 18,5 °C), salgadas (> 36) e oligotróficas, em direção à Confluência

Brasil-Malvinas, enquanto a Corrente das Malvinas transporta a Água de Plataforma

Subantártica (SASW), que é caracterizada por águas frias (< 14 °C), salobras (< 34,5) e

ricas em nutrientes (Möller et al., 2008; Piola et al, 2000). A descarga fluvial do rio da

Prata representa uma importante fonte de água doce para a região, e se espalha como

uma pluma superficial ao longo da plataforma continental adjacente, formando a Água

Figura 1. Mapa esquemático elucidando os padrões de circulação no oceano Atlântico Sul. Na
borda oeste do oceano Atlântico Sul, a Corrente do Brasil, que flui para sul ao longo da costa
brasileira, e a Corrente das Malvinas, que flui para norte ao longo da costa argentina, convergem
em 35°S. A seta fina representa a saída de água estuarina do rio da Prata, que interage com as
duas correntes citadas anteriormente. A Corrente do Atlântico Sul flui para leste na borda sul do
giro do Atlântico Sul, e se funde à Corrente de Benguela na borda leste do oceano Atlântico Sul,
fluindo para norte. Os vórtices formados na região sudoeste do continente africano a partir do
vazamento da Corrente das Agulhas estão indicados com círculos vermelhos.
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da Pluma do Rio da Prata (PPW) (Möller et al., 2008; Piola et al, 2008). Essa massa de

água doce interage com a TW para formar a Água de Plataforma Subtropical (STSW)

(Möller et al., 2008), e a frente termohalina formada a partir da interação entre a STSW

e a SASW entre 32°S e 36°S, chamada de Frente de Plataforma Subtropical, advecta

essas massas de água em direção a regiões oceânicas através da separação da Corrente

do Brasil da plataforma continental (Berden et al., 2020; Piola et al; 2000), afetando a

distribuição  de  nutrientes  na  região  e,  consequentemente,  a  produtividade  primária

(Ciotti  et  al.,  1995).  A distribuição da PPW sobre a  plataforma continental  depende

principalmente da direção de vento incidente (Piola et al., 2005) e no verão, o aumento

da radiação solar  incidente contribui  para a  formação de  uma forte  termoclina,  que

aumenta a flutuabilidade das camadas superficiais da coluna de água, permitindo que os

ventos  dominantes  de  nordeste  direcionem a  PPW para  sul  e  para o  oceano aberto

(Möller et al., 2008; Piola et al., 2008). Nesse contexto, essa pluma passa a ocupar a

camada superior da coluna de água na plataforma continental  adjacente,  enquanto a

SASW e a STSW ocupam a camada subsuperficial, sobrepondo a TW, que possui maior

densidade e passa a ocupar águas mais profundas próximas à quebra da plataforma,

formando um processo chamado de termoclina invertida (Berden et al., 2020; Guerrero

et al., 2014; Möller et al., 2008). 

A província  do  giro  do  Atlântico  Sul  compreende  a  porção  central  do  giro

anticiclônico do oceano Atlântico Sul, excluindo as correntes de contorno (i.e., Corrente

do Brasil e Corrente de Benguela) (Fig. 1) (Longhurst et al., 2017). Giros oceânicos

subtropicais  foram  considerados  por  muito  tempo  como  ambientes  estáticos  e

homogêneos,  análogos  aos  desertos  terrestres,  por  conta  da  depleção  crônica  de

nutrientes e baixas taxas de produção primária (Karl et al., 1995). No entanto, estudos

recentes em regiões oligotróficas dos oceanos (e.g. Carvalho et al., 2019; Cornec et al.,

2021; Gaube et al,  2014; He et al.,  2023; Manta et al.,  2021; McClain et  al.,  2004;

Orselli et al., 2019) apontam que as perturbações físicas ocasionadas por vórtices de

mesoescala são responsáveis por um alto grau de variabilidade temporal e espacial dos

processos biológicos e biogeoquímicos nessas regiões, e são importantes mecanismos

para  o transporte  de nutrientes  limitantes  para  a  zona eufótica,  contribuindo para  a

fertilização dessas águas oligotróficas. Nos giros subtropicais, eventos de pulsos de alta
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produtividade fitoplanctônica, em conjunto com a grande dimensão superficial dessas

regiões  oligotróficas,  tornam  essas  regiões  importantes  para  a  fixação  de  carbono

global, contribuindo para cerca de 25% da produção primária global e mais de 50% da

exportação global de carbono (McClain et al., 2004).

A porção sul  da  província  da  África  Oriental  é  caracterizada  pela  altamente

energética  zona  de  retroflexão da  Corrente  das  Agulhas,  e  representa  uma zona  de

intenso  intercâmbio  de  água  entre  oceanos  devido  ao  vazamento  da  Corrente  das

Agulhas (Lutjeharms, 2007; You et al., 2003). Nessa região, filamentos separados do

fluxo principal da Corrente das Agulhas e grandes vórtices anticiclônicos vindos da

zona de retroflexão (Fig. 1) permitem a intrusão de águas centrais e intermediárias do

oceano Índico no oceano Atlântico, carregando águas mais quentes (>20°C) e salgadas

(>35.5) em direção ao oceano Atlântico Sul (Hutchings et al., 2009; Lutjeharms, 2007:

Orselli et al., 2019). A província de Benguela está sob influência direta do sistema de

ressurgência da corrente de contorno leste de Benguela, que pode ser dividido em dois

regimes sazonalmente opostos separados pela célula de ressurgência de Lüderitz em

26°S (Hutchings et al., 2009). Enquanto o subsistema norte de Benguela possui uma

fraca  ressurgência  ao  longo  de  todo  o  ano,  com  picos  no  inverno,  o  regime  do

subsistema  sul  é  caracterizado  por  fortes  pulsos  de  ressurgência  provocados  por

condições atmosféricas, que são restritos à primavera e ao verão (Burger et al., 2020;

Lutjeharms, 2007; Nelson e Hutchings. 1983). A intensidade e a duração dos ventos de

sudeste modulam a ressurgência de águas frias ricas em nutrientes, formando uma forte

frente  termal  na quebra de plataforma,  que separa as águas  costeiras frias  com alta

biomassa de fitoplâncton das águas quentes e oligotróficas pobres em fitoplâncton da

região oceânica do oceano Atlântico Sul (Belkin et al., 2009; Mitchell-Innes e Winter,

1987).

2. OBJETIVOS

2.1. Objetivo geral

Identificar a distribuição espacial dos grupos fitoplanctônicos na profundidade

do  máximo  de  clorofila  ao  longo  de  uma  seção  zonal  no  oceano  Atlântico  Sul  e
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investigar o papel dos diferentes grupos na variabilidade da pressão parcial de CO2 na

região.

2.2. Objetivos específicos

 Identificar a distribuição espacial das comunidades fitoplanctônicas no DCM ao

longo de uma seção zonal no oceano Atlântico Sul.

 Identificar a influência das variáveis ambientais e biogeoquímicas na distribuição

espacial  do  fitoplâncton  no  DCM  ao  longo  de  uma  seção  zonal  no  oceano

Atlântico Sul.

 Entender o papel dos principais grupos fitoplanctônicos na distribuição da pCO2

no DCM ao longo de uma seção zonal no oceano Atlântico Sul.

 Investigar os processos oceanográficos que controlam os efeitos térmicos e não-

térmicos na variação da pCO2 no DCM nas diferentes províncias estudadas.

3. MATERIAL E MÉTODOS

3. 1. Amostragem

O cruzeiro  MSM60 foi  realizado  ao  longo  do  transecto  de  34.5°S,  desde  a

Cidade do Cabo (África do Sul) até Montevidéu (Uruguai), a bordo da embarcação R/V

Maria S. Merian entre 4 de janeiro e 2 de fevereiro de 2017. Esse cruzeiro foi parte da

seção  A10  do  Projeto  CLIVAR (Climate  and Ocean:  Variability,  Predictability  and

Change)  do  Programa  Mundial  de  Pesquisa  Climática  (WCRP).  Dados  ambientais

foram coletados desde a superfície até o fundo, e amostras de água foram coletadas em

125 estações oceanográficas (Fig. 1a) usando uma Rosette equipada com 22 garrafas de

Niskin de 10 litros e um CTD acoplado com um fluorímetro e sensores duplicados de

temperatura, salinidade (S) e oxigênio dissolvido. Os dados dos sensores de oxigênio

dissolvido  (O2)  foram pós-calibrados  com  base  nos  dados  da  titulação  de  Winkler

realizados a bordo. 
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A temperatura potencial (θ) foi calculada a partir dos dados de temperatura, S e

pressão (p)  utilizando o pacote  seacarb (Gattuso et  al.,  2023)  no R  (R Core Team,

2023). A profundidade da camada de mistura foi definida como a profundidade em que

a densidade aumentou em 0,03 kg m-3 em relação à profundidade de referência de 10 m,

seguindo Montégut et al. (2004).  A província do giro do Atlântico Sul foi subdividida

posteriormente em quatro províncias de 15° de longitude (GR1, GR2, GR3 e GR4) (Fig.

1a) para elucidar os gradientes na distribuição horizontal das variáveis ambientais.

A profundidade de máxima fluorescência na coluna de água foi definida a bordo

baseada no perfil de CTD como a profundidade de coleta do DCM. Amostras de água

foram coletadas no DCM em 59 estações (Fig. 1b), onde amostras de 2 a 3 litros de

água do mar foram filtradas através de filtros Whatman GF/F (tamanho nominal de poro

Figura 2. (a) Estações de coleta ao longo do oceano Atlântico Sul. Pontos pretos indicam as
estações de CTD, e pontos verdes com bordas pretas indicam as estações de CTD em que foram
realizadas  coletas  para  as  análises  de  pigmentos  fitoplanctônicos.  Os  retângulos  tracejados
indicam as províncias. (b) Seção vertical indicando a distribuição da fluorescência (clorofila-a,
mg m-3), onde se destaca a profundidade do máximo de clorofila (DCM) ao longo do oceano
Atlântico Sul. Os pontos indicam as profundidades em que foram realizadas coletas de água
para as análises de pigmentos fitoplanctônicos. A linha sólida branca representa a profundidade
da camada de mistura. As linhas brancas tracejadas representam os limites das províncias.
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de 0,7 µm) para análises de pigmentos fitoplanctônicos. Os filtros foram imediatamente

congelados  em  nitrogênio  líquido  e  armazenados  em  um  ultrafreezer  (-80°C)  para

posterior  análise  com  cromatografia  líquida  de  alta  performance  (HPLC)  em

laboratório. As amostras de água para as análises de alcalinidade total (TA) e carbono

inorgânico dissolvido (DIC) foram coletadas usando frascos de borossilicato de 500 mL

contendo  100  µL  de  uma  solução  supersaturada  de  cloreto  de  mercúrio  (HgCl2),

seguindo o protocolo de amostragem SOP#1 (Dickson et al., 2007). 

3.2. Análise de pigmentos com HPLC-CHEMTAX 

No laboratório, os filtros foram colocados em tubos de centrífuga com tampas de

rosca com uma solução de 3 mL de 95% de metanol tamponado a frio contendo 0.05 mg

L-1  de trans-β-apo-8’-carotenal como padrão interno. As amostras foram colocadas em

um freezer a -20°C por 1h, foram sonicadas por 6 minutos em banho de água fria e

foram centrifugadas a 6000 rpm por 30 segundos. O sobrenadante foi filtrado usando

filtros  de  membrana Fluoropore  PTFE (tamanho nominal  de  poro  de  0,2  µm) para

limpar a amostra de restos de filtro e de células. 1000 µL da amostra foram misturados

com 400 µL de água Milli-Q em frascos de vidro de 2 mL, que foram colocados na

prateleira de resfriamento do HPLC a 4°C. Os procedimentos metodológicos para a

análise de pigmentos no HPLC, a partir de uma fase móvel contendo piridina e uma fase

estacionária  em uma coluna  monomérica  C8 estão  descritos  com mais  detalhes  em

Zapata  et  al.  (2000).  Os  pigmentos  foram  identificados  a  partir  dos  espectros  de

absorbância  e  tempos  de  retenção  obtidos  a  partir  dos  sinais  de  uma  matriz  de

fotodiodos e um detector de fluorescência, e foram quantificados manualmente a partir

da integração dos picos usando o software  LC-Solution. Os limites de detecção e de

quantificação desse método seguiram Mendes et al. (2007).

As  contribuições  relativas  (em  %)  e  absolutas  (em  mg  m-3)  dos  grupos

fitoplanctônicos para a biomassa total foram calculadas a partir do software CHEMTAX

(Mackey et al., 1996) utilizando os pigmentos acessórios marcadores específicos para

cada grupo (Tabela 1) e a clorofila-a (Chl a) como a biomassa total de todos os grupos,

exceto em Prochlorococcus, em que a divinil clorofila-a (DV Chl a) foi usada. Portanto,

a soma Chl  a  + DV Chl  a, chamada de clorofila-a total (TChl-a), foi utilizada como
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índice de biomassa fitoplanctônica total neste trabalho. Os procedimentos e os cálculos

dessa metodologia são descritos de forma completa em Mackey et al. (1996). A matriz

inicial  de  razões  de  pigmentos  para  os  principais  grupos  quimiotaxonômicos  que

ocorrem no oceano Atlântico Sul foram identificados a partir de Araujo et al. (2017).

Para  otimizar  a  matriz  inicial  de  razões  de  pigmentos,  60  matrizes  de  razões  de

pigmentos foram geradas multiplicando cada razão da matriz inicial por uma função

aleatória, e a média entre as 6 matrizes com os menores resíduos da média quadrática

foi utilizada como a matriz final de razões de pigmentos, seguindo os procedimentos

descritos em Wright et al. (2009). 

Tabela 1. Grupos quimiotaxonômicos e os seus respectivos pigmentos utilizados na análise do
CHEMTAX.  Pigmentos  em  negrito  correspondem  aos  pigmentos  acessórios  marcadores
primários  para  cada  grupo  quimiotaxonômico.  Os  pigmentos  utilizados  na  análise  do
CHEMTAX foram clorofila-a (Chl a), dinivil clorofila-a (DV Chl a), violaxantina (Viola),  19'-
butanoyloxyfucoxantina  (Buta),  fucoxantina  (Fuco),  19'-hexanoyloxyfucoxantina  (Hexa),
luteína (Lut), clorofila-c3  (Chl  c3), prasinoxantina (Pras), aloxantina (Allo), zeaxantina (Zea),
peridinina (Peri) e clorofila-b (Chl b).

Grupo quimiotaxonômico Pigmentos usados no CHEMTAX
Prasinófitas Chl a, Viola, Lut, Pras, Zea, Chl b
Clorófitas Chl a, Viola, Lut, Zea, Chl b
Criptófitas Chl a, Allo
Diatomáceas Chl a, Fuco
Pelagófitas Chl a, Buta, Fuco, Chl c3,
Dinoflagelados Chl a, Peri
Haptófitas Chl a, Buta, Fuco, Hexa, Chl c3

Synechococcus Chl a, Zea
Prochlorococcus DV Chl a, Zea, Chl b

3.3. Análises dos parâmetros biogeoquímicos

O  carbono  inorgânico  dissolvido  (DIC) e  a  alcalinidade  total  (TA)  foram

medidos a bordo usando dois  Versatile Instruments for the Determination of Titration

Alkalinity (VINDTA)  calibrados  usando  materiais  de  referência  certificados  (CRMs

batch 159, Prof. A Dickson, Scripps Institution of Oceanography, UCSD, USA). O DIC

foi medido através de coulometria seguindo o protocolo SOP#2 (Dickson et al., 2007), e

a TA foi medida através de titulação potenciométrica em circuito fechado seguindo o

protocolo  SOP#3b  (Dickson  et  al.,  2007)  usando  um  titulador  automático  (Titrino,

Metrohm, Suíça). 
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Nas estações em que a medição in situ de TA e DIC no DCM não foi possível (n

= 7), esses parâmetros foram estimados a partir da rede neural bayesiana  CANYON-B

(Bittig et al., 2018) usando dados de latitude, longitude, p, S, θ e O2. As concentrações

de nitrato (NO3
-), silicato (Si(OH)4) e fosfato (PO4

3-) também foram calculadas a partir

do  CANYON-B (Bittig et al., 2018).  As incertezas das estimativas de TA, DIC,  NO3
-,

Si(OH)4 e PO4
3- são de 4 µmol kg-1, 6 µmol kg-1, 2%, 2% e 2%, respectivamente (Bittig

et al., 2018). A pressão parcial de CO2 na água do mar  (pCO2) foi calculada usando

dados de  p, θ, S, TA, DIC, Si(OH)4 e PO4
3-  através do pacote  seacarb (Gattuso et al.,

2023)  no  R  (R  Core  Team,  2023).  Para  os  cálculos  de  pCO2, foram utilizaram as

constantes de dissociação do ácido carbônico de Lueker et al. (2000), a constante de

dissociação  do  fluoreto  de  hidrogênio  de  Perez  &  Fraga  (1987)  e  a  constante  de

dissociação do bissulfeto de Dickson et al. (1990).

Para isolar os efeitos não-térmicos na pCO2, nós avaliamos os efeitos térmicos e

não-térmicos na variação da pCO2 utilizando uma metodologia adaptada de Takahashi et

al.  (2002).  Os  efeitos  não-térmicos  representam  a  variação  observada  da  pCO2

ocasionada  por  mudanças  nas  concentrações  de  TA e  DIC,  incluindo  a  utilização

biológica de CO2 (Körtzinger et al., 2008). Para o efeito térmico, os dados de  pCO2

foram calculados a partir da  pCO2 média de cada província ( ¯pCO2) e a  θ in situ  para

obter o sinal da temperatura (pCO2
T) (Eq. 1), enquanto, para o efeito não-térmico, os

dados de pCO2 foram calculados a partir da pCO2 in situ e da θ média de cada província

(θ̄) para remover o efeito da temperatura (pCO2
B) (Eq. 2):

pCO2
T=( ¯pCO2)exp (0.0423 (θ− θ̄)) (1)

pCO2
B=(pCO2)exp (0.0423 (θ̄ −θ )) (2)

As  variações  nos  efeitos  térmicos  (ΔpCO2
T) e  não-térmicos  (ΔpCO2

B)  foram

calculadas a partir da diferença entre os valores máximos e mínimos de pCO2
T e pCO2

B,

respectivamente,  em  cada  província.  Para  comparar  o  efeito  relativo  dos  efeitos

térmicos  e  não-térmicos  na  pCO2,  a  razão  entre  eles  (T:B)  foi  calculada  em  cada

província utilizando a variação nos efeitos térmicos (ΔpCO2
T) e não-térmicos (ΔpCO2

B)

(Eq.  3).  T:B  <  1  indica  que  os  efeitos  não-térmicos  tiveram  maior  magnitude  e
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variabilidade, enquanto T:B > 1 indica que os efeitos não-térmicos foram mais fracos ou

constantes. 

T :B=
Δ pCO2

T

Δ pCO2
B (3)

Adicionalmente,  para  avaliar  se  processos  biológicos  (respiração  e  produção

primária)  ou  físicos  (variações  na  temperatura  da  água  do  mar)  foram  os  fatores

dominantes na distribuição da saturação de pCO2 e O2  na água do mar, nós utilizamos

uma  metodologia  adaptada  de Carrillo  et  al.  (2004)  para  identificar  os  principais

processos físicos  e  biológicos  através da  combinação das saturações de O2 e  pCO2.

Dados de pCO2  atmosférica para a região foram obtidos através da média mensal para

janeiro de 2017 na Estação da Cidade do Cabo (CPT) através de dados da NOAA-ESRL

(https://www.esrl.noaa.gov/gmd/dv/data/). 

3.4. Análises estatísticas

As relações entre as contribuições absolutas dos grupos fitoplanctônicos e as

variáveis ambientais (θ, S, O2, TA, DIC, NO3
-, Si(OH)4, PO4

3-, pCO2 e TChl-a) na área de

estudo foram investigadas através de uma análise de correspondência canônica (CCA)

usando  o  pacote  vegan  (Oksanen  et  al.,  2022)  no  R  (R  Core  Team,  2023).  Uma

aproximação de Monte Carlo foi posteriormente utilizada baseada em 499 permutações

sob um modelo reduzido (p < 0.05) para avaliar a significância da CCA. Os coeficientes

de correlação de Pearson e os gráficos de correlação entre as variáveis ambientais e

biológicas  (θ,  S,  O2,  DIC,  TA,  NO3
-, Si(OH)4,  PO4

3-,  pCO2,  pCO2
T e  pCO2

B)  e  as

biomassas dos principais grupos fitoplanctônicos (diatomáceas, pelagófitas, haptófitas e

Prochlorococcus)  foram calculados para  cada província  usando o R (R Core Team,

2023). 

4. SÍNTESE DOS RESULTADOS

As  províncias  costeiras  apresentaram  maiores  θ médias  DCM,  enquanto  a

província do giro do Atlântico Sul apresentou menores valores médios de θ. Os maiores

valores médios de S e TA no DCM foram encontrados no Brasil e em GR1. Os maiores

valores médios de  O2  no DCM foram encontrados nas províncias oceânicas, e a  pCO2
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apresentou um padrão inverso, com maiores valores médios nas províncias costeiras. As

maiores concentrações médias de DIC no DCM foram encontradas em GR1 e GR2. As

maiores concentrações de NO3
-, Si(OH)4 e PO4

3- no DCM foram encontradas na África.

Os efeitos não-térmicos foram responsáveis pela maior magnitude de variação da pCO2

no Brasil, em GR1, em GR2 e em GR3, e apresentaram uma menor influência em GR4

e na África (Tabela 2).

Tabela  2. Média  e  desvio  padrão  das  variáveis  ambientas  nas  estações  no  DCM em cada
província. As variáveis medidas neste trabalho foram: temperatura potencial (θ, °C), salinidade
(S),  concentração  de  oxigênio  dissolvido  (O2,  µmol  kg-1),  saturação  de  oxigênio  dissolvido
(%O2, %), pressão parcial do CO2 na água do mar (pCO2, µatm), alcalinidade total (TA, µmol
kg-1), concentração de carbono inorgânico dissolvido (DIC, µmol kg-1), concentração de nitrato
(NO3

-, µmol kg-1), concentração de silicato (Si(OH)4, µmol kg-1), concentração de fosfato (PO4
3-,

µmol kg-1), clorofila-a total (TChl-a, mg m-3), efeito térmico na pCO2 (pCO2
T, µatm), efeito não-

térmico na pCO2 (pCO2
B, µatm), variação do efeito térmico (ΔpCO2

T, µatm), variação do efeito
não-térmico (ΔpCO2

B, µatm) e razão entre efeito térmico e não-térmico (T:B).

Brasil
(n = 9)

GR1
(n = 13)

GR2
(n = 11)

GR3
(n = 8)

GR4
(n = 9)

África
(n = 9)

θ 19,81 ± 1,23 16,96 ± 0,68 15,94 ± 0,26 15,89 ± 0,61 16,31 ± 1,09 18,74 ± 1,54

S 35,92 ± 0,42 35,84 ± 0,19 35,59 ± 0,05 35,44 ± 0,12 35,46 ± 0,21 35,49 ± 0,07

O2 218,6 ± 13,1 230,4 ± 8,2 245,1 ± 10,2 249,1 ± 5,9 249,7 ± 5,8 221,9 ± 10,1

%O2 97,31 ± 6,42 97,09 ± 3,15 101,08 ± 4,17 102,51 ± 2,74 103,65 ± 2,62 96,58 ± 4,8

pCO2 381,5 ± 35,7 369,5 ± 18,3 369,9 ± 25,2 367,8 ± 16,4 365,9 ± 13,8 397,2 ± 15,5

TA 2367 ± 25 2360 ± 12 2343 ± 4 2334 ± 6 2336 ± 10 2332 ± 7

DIC 2084 ± 11 2097 ± 9 2093 ± 11 2087 ± 8 2083 ± 10 2075 ± 16

NO3
- 0,61 ± 1,07 1,16 ± 0,62 1,03 ± 0,67 0,94 ± 0,82 0,98 ± 1,03 1,34 ± 1,06

Si(OH)4 1,37 ± 0,39 1,46 ± 0,16 1,47 ± 0,21 1,43 ± 0,21 1,52 ± 0,12 2,21 ± 0,42

PO4
3- 0,16 ± 0,14 0,22 ± 0,06 0,22 ± 0,05 0,23 ± 0,06 0,23 ± 0,08 0,23 ± 0,08

TChl-a 0,35 ± 0,14 0,33 ± 0,11 0,31 ± 0,11 0,22 ± 0,09 0,27 ± 0,13 0,54 ± 0,29

pCO2
T 382 ± 19,9 369,8 ± 13,4 370 ±  4,1 367,9 ± 9,5 366,3 ± 16,6 398 ± 26,2

pCO2
B 382,2 ± 44,1 369,8 ± 24,1 369,9 ± 23,9 368,1 ± 23,6 366,1 ± 15,7 398,3 ± 34,3

ΔpCO2
T 65,33 44,21 12,14 27,4 55,36 80,69

ΔpCO2
B 153,05 73,56 80,79 76,02 50,6 90,87

T:B 0,43 0,6 0,15 0,36 1,09 0,89

O Prochlorococcus e  as  haptófitas  foram  os  principais  grupos  em  todas  as

províncias (Fig. 3). O Prochlorococcus foi dominante nas províncias do Brasil, GR1 e

GR4, enquanto as haptófitas foram dominantes nas províncias da África, GR2 e GR3.
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As pelagófitas representaram de 10% a 20% da comunidade em todas as províncias. As

diatomáceas, por sua vez, foram representativas apenas na província da África (Fig. 3).

Os  grupos  restantes  representaram  menos  de  10%  da  comunidade  em  todas  as

províncias.

O primeiro eixo da CCA demonstrou uma clara diferenciação entre as estações

das províncias do Brasil e da África. As estações do Brasil e GR1 ficaram associadas a

águas salinas e oligotróficas com maiores biomassas de  Prochlorococcus. As estações

da  África  ficaram  associadas  a  águas  ricas  em  nutrientes  com  maiores  biomassas

fitoplanctônicas  associadas  à  presença  das  diatomáceas.  O  segundo  eixo  da  CCA

evidenciou as estações do giro do Atlântico Sul em associação às maiores concentrações

de O2 e menores valores de pCO2 e temperatura potencial.

Figura  3. Gráfico  de  caixas  das  contribuições  absolutas  (em  mg  m-3) dos  grupos
quimiotaxonômicos  em  cada  província.  Os  grupos  fitoplanctônicos  encontrados  foram as
clorófitas  (CLO),  as  criptófitas  (CRY),  as  diatomáceas  (DIA),  os  dinoflagelados  (DIN),  as
haptófitas (HAP), as pelagófitas (PEL), as prasinófitas (PRA), os Prochlorococcus (PRO) e os
Synechococcus (SYN).
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5. CONCLUSÕES PRINCIPAIS

Na província do Brasil, a estrutura das comunidades fitoplanctônicas e seu efeito

sobre a variação da pCO2 foram dependentes da influência de massas de características

distintas. Na quebra da plataforma, as águas no DCM foram mais frias, menos salgadas

e ricas em nutrientes, com comunidades fitoplanctônicas dominadas por diatomáceas e

haptófitas, e com uma dominância do efeito não-térmico na variação da pCO2, enquanto

a  região  oceânica  ficou  associada  a  águas  quentes,  estratificadas  e  oligotróficas

dominadas por  Prochlorococus com maior influência do efeito térmico na variação da

pCO2.  Na província  do giro  do  Atlântico  Sul,  as  águas  estratificadas  e  oligotróficas

dominadas  por  Prochlorococcus foram  ocasionalmente  fertilizadas  pela  intrusão  de

águas profundas ricas em nutrientes através de vórtices de mesoescala, que favoreceram

comunidades  dominadas  por  haptófitas,  gerando  um  maior  efeito  não-térmico  na

variação da  pCO2. Na província da África, as estações costeiras associadas à zona de

Figura  4. Diagrama  de  ordenação  da  análise  de  correspondência  canônica  (CCA)  das
contribuições absolutas dos grupos fitoplanctônicos na área de estudo. As flechas indicam a
magnitude das associações  e a direção da variação das variáveis ambientais.  Os nomes em
vermelho  indicam  as  contribuições  absolutas  dos  grupos  fitoplanctônicos.  As  estações  das
diferentes províncias estão separadas por cor e forma.
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ressurgência de Benguela apresentaram maiores biomassas de diatomáceas e um maior

efeito não-térmico na variação da  pCO2, enquanto as estações oceânicas associadas às

águas  quentes  do  vazamento  das  Agulhas  foram dominadas  por  Prochlorococcus  e

haptófitas, com dominância do efeito térmico na variação da pCO2.

A composição e a distribuição das comunidades fitoplanctônicas ao longo do

DCM no oceano Atlântico Sul foram dependentes de processos oceanográficos de larga

escala (em províncias costeiras) e de mesoescala (em províncias oceânicas) associados

às  variações  na distribuição de  nutrientes  em águas  subsuperficiais.  As haptófitas  e

Prochlorococcus foram os grupos dominantes na comunidade fitoplanctônica no DCM

em todas as províncias. As haptófitas e as diatomáceas ficaram associadas à entrada de

nutrientes  no  DCM  e  demonstraram  uma  maior  influência  na  variação  da  pCO2

associada a efeitos não-térmicos, enquanto o  Prochlorococcus apresentou uma menor

influência e teve uma ampla distribuição em águas estratificadas e oligotróficas.  Os

resultados  encontrados  demonstram  uma  grande  variabilidade  na  estrutura  das

comunidades fitoplanctônicas ao longo do oceano Atlântico Sul, e apontam influências

distintas dos diferentes grupos fitoplanctônicos na dinâmica subsuperficial do CO2  ao

longo do DCM em regimes oceanográficos  distintos.  Dado o escopo espacial  deste

trabalho, os resultados encontrados incentivam futuros estudos acerca da variabilidade

espacial e temporal dos efeitos térmicos e não-térmicos que regulam a variação da pCO2

em  águas  subsuperficiais  de  regiões  oceânicas,  especialmente  em  um  contexto  de

aumento  da  estratificação  das  águas  oceânicas  causado  por  mudanças  climáticas

globais.
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ABSTRACT

Marine  phytoplankton  acts  directly  on  the  carbon  biogeochemical  cycle  as  key

mediators  of  the  biological  carbon  pump,  and  its  efficiency  is  dependent  on  the

composition of phytoplankton communities. Therefore, in the present study, we aimed

to investigate the composition of phytoplankton communities in the deep chlorophyll

maximum along the South Atlantic Ocean and the role of the different phytoplankton

groups on CO2 dynamics and biogeochemical processes along the South Atlantic basin.

Environmental and biological data were collected in the deep chlorophyll maximum in

59  stations  along  a  zonal  section  (34.5°S)  in  the  South  Atlantic  Ocean.  Sampling

stations  were  grouped  into  Brazil,  South  Atlantic  Gyre  and  Africa  provinces.  We

identified  the  chemotaxonomic  phytoplankton  groups  using  the  HPLC-CHEMTAX

approach and evaluated the thermal  and non-thermal effects  on CO2  partial  pressure

(pCO2) variability in the region. The relationship between biogeochemical variables and

phytoplankton groups were investigated using a canonical correspondence analysis. Our

results showed strong gradients in the distribution of biogeochemical parameters among

the different provinces, with higher  pCO2 and thermal effects in coastal regions and

lower  pCO2 and  higher  non-thermal  effects  in  the  open  ocean.  Haptophytes  and

Prochlorococcus dominated the deep chlorophyll maximum in the study area, and the

highest  phytoplankton  biomass  was  found  in  Africa  Province.  Haptophytes  were

associated  to  mixed  nutrient-rich  waters,  and  showed  higher  influence  in  pCO2

variation,  whereas  Prochlorococcus were associated to stratified oligotrophic waters.

The results found in this present study elucidate the variability in the role of different

phytoplankton groups in CO2 dynamics across the different biogeochemical provinces

of  South  Atlantic  Ocean  and  encourage  further  investigations  on  the  spatial  and

temporal  patterns  that  drive  thermal  and  non-thermal  effects  on  pCO2 variations  in

subsurface waters in the region.

KEYWORDS:  phytoplankton  pigments,  carbon  cycle,  deep  chlorophyll  maximum,

HPLC-CHEMTAX, South Atlantic Ocean
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1. Introduction

Phytoplankton plays a crucial role in marine ecosystems, with the phytoplankton

composition largely determining the trophic organization of pelagic ecosystems and,

thus, the efficiency of the transference of organic matter produced by photosynthesis

towards upper trophic levels (Finkel et al., 2010). Phytoplankton acts directly on the

carbon biogeochemical cycle as key mediators of the biological carbon pump through

the fixation of inorganic carbon via photosynthesis  in euphotic zone and subsequent

transfer of organic and inorganic carbon to deep ocean (Basu and Mackey, 2018). The

biological carbon pump contributes to approximately two-thirds of the vertical carbon

transport, while the remaining transport is attributed to the temperature-driven solubility

pump (Passow and Carlson, 2012). However, phytoplankton vary in morphological (i.e.,

size  and  shape)  and  physiological  (i.e.,  growth,  temperature  and  nutritional

requirements) characteristics, and, as a result, different taxonomic and functional groups

play different biogeochemical roles (Litchman et al., 2015; Nair et al., 2008; Schloss et

al.,  2007).  The  efficiency  of  the  carbon  biological  pump and  biological  effects  on

seawater CO2 partial pressure (pCO2) is a function of phytoplankton physiology and

community  structure, which are driven by environmental (i.e.,  temperature, nutrients

and light) and biological (i.e., grazing, competition and senescence) regulators (Basu

and  Mackey,  2018;  Litchman  et  al.,  2015).  Thus,  to  understand  the  role  of

phytoplankton on marine CO2  dynamics, we must first understand the composition of

phytoplankton communities and the environmental and biological factors that controls

the distribution of the different phytoplankton groups (Arrigo et al., 1999; Carvalho et

al., 2021; Schloss et al., 2007).

Thermohaline physical processes occurring in the ocean basins alter the inputs of

nutrients  and  the  magnitudes  of  solar  irradiance  along  the  water  column,  affecting

phytoplankton abundance and composition (Boyd et al., 2010; Giannini et al.,  2021;

Moore et al., 2013). The horizontal distribution of marine phytoplankton communities

can be predicted to a certain extent by temperature and nutrients distribution (Acevedo-

Trejos et al., 2013; Follows et al., 2007), while the vertical distribution and composition

are governed mainly by the adaptation of different phytoplankton groups to regional

conditions, such as light and nutrients vertical distribution, which can be affected by
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physical  processes  such  as  turbulence  (Huisman  et  al.,  2006;  Mignot  et  al.,  2011).

Usually, the vertical distribution of total chlorophyll-a is not homogeneous and displays

a pronounced maximum close to the base of the euphotic zone (Mignot et al., 2014), at

around  1% of  the  surface  irradiance  (Latasa  et  al.,  2023),  named deep chlorophyll

maximum  (DCM).  The  DCM  reflects  a  trade-off  to  phytoplankton  communities

exposed to two opposing resource gradients,  i.e.,  nutrients supplied from below and

light supplied from above (Cullen, 2015; Huisman et al., 2006). The depth of the DCM

can be displaced seasonally due to changes in light irradiance, and, in the summer, the

increase of surface irradiance and decrease of light attenuation deepens the DCM, that

becomes closer to nutrient-enriched deep waters, enhancing the phytoplankton biomass

(Mignot et al., 2014). 

The South Atlantic Ocean is one of the least investigated regions of the global

ocean, and thus, remains relatively poorly understood (Longhurst, 2007).  Few studies

have provided a basin-scale overview of the abundances and distribution of different

phytoplankton groups in the South Atlantic Ocean, and most studies focused on the

surface phytoplankton distribution (e.g. Acevedo-Trejos et al., 2013; Aiken et al., 2009;

Barlow et al., 2007; Carvalho et al., 2019, 2021; Swan et al., 2016) and distribution of

single species (e.g. Bouman et al.,  2006, 2011; Flombaum et al., 2013). The studies

regarding  the  vertical  distribution  of  the  different  phytoplankton  groups  in  South

Atlantic Ocean are mainly limited to coastal environments (e.g. Islabão et al.,  2017;

Lamont  et  al.,  2014;  Moreno  et  al.,  2012),  and,  consequently,  the  drivers  of  the

phytoplankton community distribution in the DCM in the open ocean remains poorly

explored. 

The  South  Atlantic  Ocean  comprises  an  important  part  of  the  meridional

overturning circulation,  a worldwide density-driven transport  that connects all  ocean

basins and balances the global ocean energy flux, promoting the exchange and mixing

of oceanographic properties between different ocean basins (Talley, 2003; Ferreira and

Kerr,  2017).  The  intense  formation  of  mode  and  intermediate  waters  in  the  South

Atlantic Ocean and their subsequent northward advection in the central and intermediate

layers of the subtropical gyre provide the main pathway between ocean surface and

interior, allowing anthropogenic CO2 to penetrate in deep waters, affecting the nutrients
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and carbon biogeochemistry in the ocean interior via solubility pump (Brea et al., 2004;

Murata  et  al.,  2008;  Piñango et  al.,  2022;  Souza et  al.,  2018).  While  the processes

regarding the solubility pump along the water column in the South Atlantic Ocean are

well-known (e.g. Azar et al., 2021; Gao et al., 2022; Piñango et al., 2022; Souza et al.,

2018), studies regarding the effects of the phytoplankton in  biogeochemical processes

tend to be restricted to the surface (e.g.  Berghoff et al.,  2023; Bianchi et  al.,  2009;

Carvalho et al., 2021, 2022; Schloss et al., 2007), with little attention to what occurs in

the deeper parts of the euphotic zone. 

The present study is part of the scientific program of the MSM60 expedition

following the SAMOC Basin-Wide Array (SAMBA) line at 34.5°S. Here, we present

data from phytoplankton community composition and distribution at the DCM using a

pigment-based chemotaxonomic (HPLC-CHEMTAX) approach (Mackey et al., 1996).

This  research  aims  to  elucidate  the  contributions  of  phytoplankton  groups  to  CO2

dynamics and biogeochemical processes within the DCM across the basin. Additionally,

this study aimed to investigate the main oceanographic patterns driving biological and

physical  effects  on  pCO2 distribution  in  the  DCM  across  different  biogeochemical

provinces.

2. Data and methods

2.1. Cruise sampling

The cruise MSM60 covered the 34.5°S transect from Cape Town (South Africa)

to Montevideo (Uruguay) on board the R/V Maria S. Merian between January 4th and

February 2nd,  2017.  This cruise  was a  part  of  section A10 of  the  CLIVAR Project

(Climate  and  Ocean:  Variability,  Predictability  and  Change)  from  World  Climate

Research Programme (WCRP). Environmental data were measured from the surface to

near bottom depth, and discrete water samples were collected in 125 stations (Fig. 1a)

using a Rosette equipped with 22 ten-liter Niskin bottles and a CTD equipped with a

fluorimeter and duplicate temperature, salinity (S) and dissolved oxygen (O2) sensors.

Data from  dissolved oxygen sensors were post-calibrated based on Winkler titration

carried out onboard. The mixed layer depth was defined as the depth at which seawater
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density increased by 0.03 kg m-3 relative to the reference depth of 10 m, following

Montégut et al. (2004). 

The  zonal  section  in  this  present  study  was  partitioned  into  three  main

biogeochemical  provinces,  i.e.,  Brazil  Province,  South  Atlantic  Gyre  Province  and

Africa Province (Fig. 1a), following the division of Longhurst (2007), which divided the

oceans in different biogeochemical provinces based on the role of the physical forcings

as regulators of the primary production distribution in the oceans. The South Atlantic

Gyre Province was further partitioned into four 15°-averaged longitudinal bins (GR1,

GR2, GR3 and GR4) (Fig. 1a) to highlight the gradients in the horizontal distribution of

environmental variables.

The depth of maximum fluorescence in the water column was defined onboard

based on the CTD profile as the DCM sampling depth. Seawater samples were collected

in the DCM along 59 stations (Fig. 1b), and 2 to 3L of seawater were filtered through

Figure 1. (a)  Sampling  stations  along the  South  Atlantic  Ocean.  Black  dots  indicate  CTD
stations,  and  green  dots  with  black  borders  indicate  the  CTD stations  where  sampling  for
phytoplankton pigments analysis was carried out. The dashed rectangles indicate the provincial
bins.  (b)  Vertical  section  indicating  the  fluorescence  (in  mg  m -3)  distribution  and the  deep
chlorophyll maximum along the South Atlantic Ocean. The numbered dots indicate the stations
where seawater samples were collected for phytoplankton pigments analysis. The solid white
line represents the mixed layer depth. The dashed white lines represent the province boundaries.
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Whatman GF/F filters (with nominal pore size of 0.7 µm) for phytoplankton pigments

analysis.  The  filters  were  immediately  frozen  in  liquid  nitrogen  and  stored  in  an

ultrafreezer (-80°C) for later HPLC analysis in the lab. The seawater samples for total

alkalinity (TA) and dissolved inorganic carbon (DIC) analysis were collected using 500

mL borosilicate bottles containing 100 µL of supersaturated mercury chloride (HgCl2)

solution, following the sampling protocol SOP#1 (Dickson et al., 2007). 

2.2. HPLC-CHEMTAX pigments analysis

In the laboratory, the filters were placed in a screw-cap centrifuge tube with a

solution of 3 mL of 95% cold-buffered methanol containing 0.05 mg L-1 trans-β-apo-8’-

carotenal as internal standard. The samples were placed in a freezer at -20°C for 1h,

sonicated for 6 min in an ice-water bath and centrifuged at 6000 rpm for 30 sec. The

supernatants were filtered using Fluoropore™  PTFE membrane filters (with  nominal

pore size of 0.2 µm) to rid the sample from the remains of filter and cell debris. 1000 µL

of the sample were mixed with 400 µL of Milli-Q water in 2 mL glass sample vials,

which were placed in the HPLC colling rack at 4°C. Methodological procedures for

HPLC analysis using a pyridine-containing mobile phase and a monomeric C8 column

as stationary phase are fully described in Zapata et al. (2000). Pigments were identified

from absorbance  spectra  and retention  time  from the  signals  of  a  photodiode  array

detector  and a  fluorescence  detector  and quantified  manually  from peak integration

using the LC-Solution software. The detection and quantification limits of this method

followed Mendes et al. (2007).

The relative (%) and absolute (mg m-3) contributions of phytoplankton groups to

the overall  biomass  were calculated using the CHEMTAX software  (Mackey et  al.,

1996) using the class-specific marker accessory pigments (Table 1) and chlorophyll-a

(Chl a) as the total biomass of all groups, except in Prochlorococcus, for which divinyl

chlorophyll-a (DV Chl a) was used. Therefore, in this work, the sum Chl a + DV Chl a,

named total  chlorophyll-a (TChl-a),  was used as phytoplankton biomass index.  The

procedures and calculations are  fully  described in  Mackey et  al.  (1996).  The initial

pigment ratios of the major chemotaxonomic groups that occur in South Atlantic Ocean

were identified according to Araujo et al. (2017) (Table S1a). To optimize the initial
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pigment ratio matrix, 60 pigment ratio matrices were generated multiplying each ratio

from the initial matrix by a random function, and the average between the 6 matrices

with  lowest  root-mean-square  residuals  was  used  as  the  final  pigment  ratio  matrix

(Table S1b). This procedure is fully described in Wright et al. (2009). 

Table 1.  Chemotaxonomic groups and their respective pigments used in CHEMTAX analysis.
Pigments in bold correspond to the primary class-specific marker accessory pigments of each
chemotaxonomic group. The pigments used in CHEMTAX analysis were chlorophyll-a (Chl a),
divinyl  chlorophyll-a (DV Chl  a),  violaxanthin  (Viola),  19'-butanoyloxyfucoxanthin  (Buta),
fucoxanthin (Fuco), 19'-hexanoyloxyfucoxanthin (Hexa), lutein (Lut), chlorophyll-c3 (Chl  c3),
prasinoxanthin (Pras), alloxanthin (Allo), zeaxanthin (Zea), peridinin (Peri) and chlorophyll-b
(Chl b).

Chemotaxonomic group Pigments used in CHEMTAX
Prasinophytes Chl a, Viola, Lut, Pras, Zea, Chl b
Chlorophytes Chl a, Viola, Lut, Zea, Chl b
Cryptophytes Chl a, Allo
Diatoms Chl a, Fuco
Pelagophytes Chl a, Buta, Fuco, Chl c3,
Dinoflagellates Chl a, Peri
Haptophytes Chl a, Buta, Fuco, Hexa, Chl c3

Synechococcus Chl a, Zea
Prochlorococcus DV Chl a, Zea, Chl b

2.3. Biogeochemical parameters analysis

DIC and TA were measured on board using two Versatile Instruments for the

Determination of Titration Alkalinity (VINDTA) calibrated using DIC and TA certified

reference material batch 159. DIC was measured by a coulometer following the protocol

SOP#2 (Dickson et  al.,  2007),  and TA was measured via  potentiometric  titration in

closed circuit following the protocol SOP#3b (Dickson et al., 2007) using an automatic

titrator (Titrino, Metrohm, Switzerland). In stations where  in situ measurement of TA

and DIC in the DCM was not available (n = 7), those variables were estimated through

the Bayesian neural network CANYON-B (Bittig et al., 2018) using p, θ, S and O2 data.

Nitrate  (NO3
-),  silicate  (Si(OH)4)  and  phosphate  (PO4

3-)  concentrations  were  also

estimated via CANYON-B. The measurement uncertainties for TA, DIC, NO3
-, Si(OH)4 e

PO4
3- were 4  µmol kg-1, 6  µmol kg-1, 2%, 2% e 2%, respectively (Bittig et al., 2018).

The seawater CO2 partial pressure (pCO2) was calculated using seawater pressure (p),

potential  temperature  (θ),  S,  TA, DIC,  Si(OH)4 and PO4
3- data  via  seacarb  package
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(Gattuso  et  al.,  2023)  in  R  (R Core  Team,  2023).  The  pCO2 calculations  used  the

carbonic  acid  dissociation  constants  of  Lueker  et  al.  (2000),  the  hydrogen  fluoride

dissociation constant of Perez and Fraga (1987) and the bisulphate dissociation constant

of Dickson (1990).  

To isolate the non-thermal effects in  pCO2, we evaluated the thermal and non-

thermal effects on pCO2
 variability using a method adapted from Takahashi et al. (2002).

The non-thermal effect represents the observed pCO2
 variability due to changes in the

concentration of TA and DIC, including the biological utilization of CO2 (Körtzinger et

al., 2008). For the thermal effect, pCO2
 data was calculated at a given in situ potential

temperature to obtain the temperature signal  (pCO2
T)  (Eq. 1),  whereas,  for the non-

thermal  effect,  pCO2
 data  was calculated to  the mean potential  temperature of  each

province to remove the temperature effect (pCO2
B) (Eq. 2):

pCO2
T=( ¯pCO2)exp (0.0423 (θ− θ̄)) (1)

pCO2
B=(pCO2)exp (0.0423 (θ̄ −θ )) (2)

Both  the  thermal  (ΔpCO2
T) and  non-thermal  (ΔpCO2

B)  effect changes  were

calculated using the difference between maximum and minimum values for pCO2
T and

pCO2
B in each province. To compare the relative effect of both thermal and non-thermal

in  pCO2,  the  ratio  (T:B)  between them was  calculated  for  each  province  using  the

thermal (ΔpCO2
T) and non-thermal (ΔpCO2

B) effect changes (Eq. 3).  T:B < 1 indicates

that  the  non-thermal  effects  have  greater  magnitude  and  variability,  while  T:B  >  1

indicates that the non-thermal effects are weaker or rather constant. 

T :B=
Δ pCO2

T

Δ pCO2
B (3)

In addition, to evaluate whether biological (respiration and net photosynthesis)

or physical (cooling and heating of seawater) processes were the dominant drivers of the

pCO2 and O2 saturation in seawater, we followed the approach of Carrillo et al. (2004)

to identify the major physical-biological process through the combination of O2 and

pCO2  saturation. Atmospheric  pCO2 data was obtained through the monthly mean for

January  2017  in  Cape  Town  Station  (401.5  µatm)  from  NOAA-ESRL  data

(https://www.esrl.noaa.gov/gmd/dv/data/). 
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2.4. Statistical analysis

The relationship between the absolute contribution of phytoplankton groups and

environmental variables (θ, S, O2, TA, DIC, NO3
-, Si(OH)4, PO4

3-, pCO2 and TChl-a) in

the study area was investigated by canonical correspondence analysis (CCA) using the

package  vegan  (Oksanen  et  al.,  2022)  in  R  (R  Core  Team,  2023).  A Monte  Carlo

approach was further employed based on 499 permutations under a reduced model (p <

0.05)  to  evaluate  the  CCA significance.  The  Pearson  correlation  coefficients  and

correlation plots  between environmental variables (θ, S, O2, DIC, TA,  NO3
-, Si(OH)4,

PO4
3-,  pCO2, TChl-a,  pCO2

T and  pCO2
B) and the biomass of the main phytoplankton

chemotaxonomic  groups  (diatoms,  pelagophytes,  haptophytes  and  Prochlorococcus)

were calculated for each province using R (R Core Team, 2023). 

3. Results

3.1. Distribution of environmental and biogeochemical variables in South Atlantic

Ocean

The spatial distribution of environmental and biogeochemical variables in DCM

along the zonal section revealed strong gradients in those properties, highlighting the

differences between the biogeochemical provinces. The coastal provinces of Brazil and

Africa showed the highest mean potential temperatures in the study area, while oceanic

provinces presented lower values, ranging between 14 and 17°C (Fig. 2a, Table 2). The

distributions of salinity (Fig. 2b) and TA followed a similar pattern in the study area,

with the highest mean values found in the western provinces of Brazil and GR1, with a

decreasing trend towards eastern part of the study area (Table 2). The distribution of

DIC concentration (Fig.  2c)  peaked in GR1 and GR2,  and the remaining provinces

shared similar lower mean DIC concentrations (Table 2). Nutrients followed a similar

distribution in the study area (Fig. 2d), with low NO3
-, Si(OH)4 and PO4

3- concentrations

in  all  provinces.  The  highest  mean  concentrations  were  found  in  Africa,  while  the

lowest were found in Brazil (Table 2). 
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Table 2. Mean and standard deviation of environmental variables for the DCM stations in each
province. Environmental variables are as follows: potential temperature (θ, °C), salinity (S),
dissolved  oxygen  concentration  (O2,  µmol  kg-1),  dissolved  oxygen  saturation  (%O2,  %),
seawater CO2 partial pressure (pCO2, µatm), total alkalinity (TA, µmol kg-1), dissolved inorganic
carbon  concentration  (DIC,  µmol  kg-1),  nitrate  concentration  (NO3

-,  µmol  kg-1),  silicate
concentration  (Si(OH)4,  µmol  kg-1),  phosphate  concentration  (PO4

3-,  µmol  kg-1),  total
chlorophyll-a (TChl-a, mg m-3),  thermal effect in  pCO2 (pCO2

T, µatm), non-thermal effect in
pCO2 (pCO2

B,  µatm),  thermal  effect  changes (ΔpCO2
T,  µatm),  non-thermal  effect changes

(ΔpCO2
B, µatm) and ratio between thermal and non-thermal effects (T:B).

Brazil
(n = 9)

GR1
(n = 13)

GR2
(n = 11)

GR3
(n = 8)

GR4
(n = 9)

Africa
(n = 9)

θ 19.81 ± 1.23 16.96 ± 0.68 15.94 ± 0.26 15.89 ± 0.61 16.31 ± 1.09 18.74 ± 1.54

S 35.92 ± 0.42 35.84 ± 0.19 35.59 ± 0.05 35.44 ± 0.12 35.46 ± 0.21 35.49 ± 0.07

O2 218.6 ± 13.1 230.4 ± 8.2 245.1 ± 10.2 249.1 ± 5.9 249.7 ± 5.8 221.9 ± 10.1

%O2 97.31 ± 6.42 97.09 ± 3.15 101.08 ± 4.17 102.51 ± 2.74 103.65 ± 2.62 96.58 ± 4.8

pCO2 381.5 ± 35.7 369.5 ± 18.3 369.9 ± 25.2 367.8 ± 16.4 365.9 ± 13.8 397.2 ± 15.5

TA 2367 ± 25 2360 ± 12 2343 ± 4 2334 ± 6 2336 ± 10 2332 ± 7

DIC 2084 ± 11 2097 ± 9 2093 ± 11 2087 ± 8 2083 ± 10 2075 ± 16

NO3
- 0.61 ± 1.07 1.16 ± 0.62 1.03 ± 0.67 0.94 ± 0.82 0.98 ± 1.03 1.34 ± 1.06

Si(OH)4 1.37 ± 0.39 1.46 ± 0.16 1.47 ± 0.21 1.43 ± 0.21 1.52 ± 0.12 2.21 ± 0.42

PO4
3- 0.16 ± 0.14 0.22 ± 0.06 0.22 ± 0.05 0.23 ± 0.06 0.23 ± 0.08 0.23 ± 0.08

TChl-a 0.35 ± 0.14 0.33 ± 0.11 0.31 ± 0.11 0.22 ± 0.09 0.27 ± 0.13 0.54 ± 0.29

pCO2
T 382 ± 19.9 369.8 ± 13.4 370 ±  4.1 367.9 ± 9.5 366.3 ± 16.6 398 ± 26.2

pCO2
B 382.2 ± 44.1 369.8 ± 24.1 369.9 ± 23.9 368.1 ± 23.6 366.1 ± 15.7 398.3 ± 34.3

ΔpCO2
T 65.33 44.21 12.14 27.4 55.36 80.69

ΔpCO2
B 153.05 73.56 80.79 76.02 50.6 90.87

T:B 0.43 0.6 0.15 0.36 1.09 0.89

The highest mean O2 concentrations in the study area were found in GR3 and

GR4, while the lowest were found in coastal provinces (Table 2, Fig. 2e). Brazil, GR1

and  Africa  were  undersaturated  in  O2,  and  GR2,  GR3  and  GR4  shared  an  O2

supersaturation pattern (Fig. 3). The maximum and minimum values of O2 saturation

were found in GR4 (109.4%) and in Brazil (82.8%), respectively.  The highest mean

pCO2  values in  the DCM were  found in coastal  provinces,  with 8 stations  showing

supersaturation in pCO2 (Fig. 3). GR1, GR2 and GR3 shared similar mean pCO2 values,

and the lowest mean value in the study area was found in GR4 (Table 2, Fig 2f). In

terms of phytoplankton biomass, the highest values of TChl-a were found in Africa,
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with a maximum value of 1.1 mg m-3, while the lowest mean value was found in GR3.

Brazil, GR1, GR2 and GR4 shared similar low mean TChl-a values (Table 2).

The distribution of pCO2
T and pCO2

B and the contrasting patterns of distribution

of  T:B ratios  (Table  2)  indicated  great  variability  in  the  dominant  effects  on pCO2

variation in South Atlantic Ocean. Brazil, GR1 and GR3 presented T:B ratios of 0.44,

0.61 and 0.37, respectively, indicating a higher influence of the non-thermal effect and

less influence of the thermal effect. In GR2, the T:B ratio indicated that the non-thermal

effect was dominant regarding  pCO2  variation in the province, whereas, in GR4 and

Africa,  the  T:B  ratio  indicated  that  the  thermal  and  non-thermal  effects  in  pCO2

variation were similar. Regarding the processes that control pCO2 and O2 saturation, the

scatter  diagram  (Fig.  3)  indicated  the  physical  process  of  seawater  cooling  was

dominant in Brazil, GR1 and Africa, whereas, in GR2, GR3 and GR4, the biological

process of net photosynthesis was the main controlling process. 

Figure 2. Section plots of potential temperature (a), salinity (b), DIC concentration (c),
nitrate concentration (d), O2 concentration (e) and pCO2 (f). The data was interpolated
using DIVA gridding in Ocean Data View (Schlitzer, 2024). For DIC, nitrate and pCO2

sections, the data was estimated via  CANYON-B (Bittig et al., 2018) using CTD data
and  discrete  TA and  DIC  measurements.  The  dashed  lines  represent  the  provinces
boundaries. The black dots represent the stations collected in the DCM. 
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3.3.  Distribution of phytoplankton chemotaxonomic groups in the South Atlantic

Ocean

Among  the  nine  phytoplankton  chemotaxonomic  groups  identified  in  this

present study (Table 1), the main groups in DCM communities in all provinces were

Prochlorococcus  and haptophytes (Fig. 4).  Prochlorococcus were the mean dominant

group in Brazil (35.59%), GR1 (34.28%) and GR4 (37.39%), while haptophytes were

the mean dominant group in Africa (29.69%) (Table S2). GR2 and GR3 showed similar

mean  relative  abundances  of  both  Prochlorococcus  and  haptophytes  (Table  S2).

Pelagophytes  were  the  third  most  abundant  group,  representing  at  least  10%  of

phytoplankton community in all provinces. Diatoms were most representative in Africa,

representing 14.71% of the TChl-a (Table S2),  and represented more than 30% of the

Figure  3. pCO2 (%  pCO2)  and  O2 (%  O2)  saturation  scatter  diagram  for  DCM  stations.
Quadrants I and III indicate the dominance of biological processes as drivers for pCO2 and O2

saturation, while quadrants II and IV indicate the dominance of physical processes. The red
points represent the mean pCO2 and O2 saturation for each province. The blue points represent
the near-coastal stations in Brazil and Africa provinces.



41

community in the shelf break station in Brazil (Fig. S1). The remaining phytoplankton

groups represented less than 10% of the phytoplankton community at the DCM in all

provinces (Table S2). The distribution of relative abundance of the chemotaxonomic

groups in each station is indicated in Fig. S1. 

3.4.  Relationships  between  environmental  properties  and  phytoplankton

chemotaxonomic groups biomass

Canonical  correspondence  analysis  (CCA) was used  to  better  understand the

relationship between the biomass of different phytoplankton groups and environmental

variables along the study area. The first  two ordination axes from the CCA (Fig. 5)

explained 52.7% of the total phytoplankton group variance and 85.1% of the variance

associated  with  the  relationship  between  phytoplankton  groups  and  environmental

variables. The first axis explained most of the variance (71.40%) and showed a clear

separation between Africa and Brazil stations. Brazil and GR1 stations were associated

to higher  Prochlorococcus biomass and higher salinity and TA values. Africa stations

were associated to higher diatom abundances and to nutrient-rich waters with higher

phytoplankton biomass. The second axis of the CCA indicated that the stations in GR2,

Figure 4. Boxplot of absolute contributions (in mg m-3) of the phytoplankton chemotaxonomic
groups  in  each  province.  Phytoplankton  groups  are  as  follows:  chlorophytes  (CLO),
cryptophytes (CRY), diatoms (DIA), dinoflagellates (DIN), haptophytes (HAP), pelagophytes
(PEL), prasinophytes (PRA), Prochlorococcus (PRO) and Synechococcus (SYN).
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GR3  and  GR4  provinces  were  associated  to  higher  O2  concentrations  and  lower

potential temperature and pCO2 values, whereas stations in Brazil and GR1 provinces

showed an opposite pattern.

Regarding the  correlations  between  phytoplankton groups  and environmental

variables  (Fig.  S2–S7),  haptophytes  and  pelagophytes  biomass  were  negatively

correlated  with  potential  temperature,  salinity  and  pCO2
T  in  GR1,  and pelagophytes

biomass was positively correlated with NO3
- and PO4

3- concentrations in GR1 and GR2.

Prochlorococcus biomass  showed  no  significant  correlation  to  any  environmental

variable in any province. Diatom biomass was negatively correlated with salinity, TA

Figure  5. Canonical  correspondence  analysis  (CCA)  ordination  diagram  of  the  absolute
contribution of the different phytoplankton groups in the study area. The arrows indicate the
magnitude  of  association  and  direction  of  increase  of  the  environmental  variables.  The
environmental variables are as follows: potential temperature (θ), salinity (S), dissolved oxygen
(O2),  CO2 partial  pressure  (pCO2),  total  alkalinity  (TA),  dissolved  inorganic  carbon  (DIC),
nitrate (NO3

-), silicate (Si(OH)4), phosphate (PO4
3-) and total chlorophyll-a (TChl-a). The names

in  red  indicate  the  absolute  contributions  of  the  phytoplankton  groups:  diatoms  (Diatom),
cryptophytes  (Crypto),  prasinophytes  (Prasino),  dinoflagellates  (Dino),  haptophytes  (Hapto),
pelagophytes (Pelago), Prochlorococcus (Pro), Synechococcus (Syn) and chlorophytes (Chloro).
Stations are separated by shape and color for different provinces.



43

and O2 concentration and positively correlated with  pCO2,  pCO2
B,  NO3

-, Si(OH)4 and

PO4
3- concentrations in Brazil (Fig. S2). The highest significant correlation to pCO2 in

Brazil  was diatom biomass (r = 0.95),  while DIC concentration showed the highest

significant correlation to pCO2 in GR1, GR2 and GR4. In Brazil,  pCO2 was positively

correlated with  NO3
-, Si(OH)4 and PO4

3- concentrations and negatively correlated with

salinity, TA and O2  concentration (Fig. S2). In GR2 and GR3,  pCO2 showed positive

significant correlation to Si(OH)4, NO3
- and PO4

3- concentrations. pCO2
B

 showed positive

significant correlation to NO3
-  and PO4

3-  concentrations and to  pCO2  in all  provinces

except for GR4. Conversely,  pCO2
T showed no significant correlation to  pCO2  in any

province. pCO2
B was negatively correlated with salinity in Brazil, GR2 and Africa and

with potential temperature in GR1, GR4 and Africa.  pCO2
T  was negatively correlated

with NO3
-  and PO4

3-  concentrations and negatively correlated with salinity and TA in

GR1, GR3, GR4 and Africa. pCO2
B and pCO2

T were negatively correlated in GR1, GR4

and Africa.

4. Discussion

4.1. Brazil Province

The  southern portion of Brazil Province is influenced by the Brazil-Malvinas

Confluence (BMC), a frontal zone caused by the interaction of two currents of opposite

flows:  the  southward-flowing  Brazil  Current  and  the  northward-flowing  Malvinas

Current (Gordon & Greengrove, 1986). The Brazil Current transport the warm, salty

and oligotrophic Tropical Water (TW) towards the BMC, whereas the Malvinas Current

transports  the  cold,  less  saline  and  nutrient-rich  Subantarctic  Shelf  Water  (SASW)

(Möller et al.,  2008; Piola et  al.,  2000). The La Plata River discharge represents an

important source of freshwater to the region, and spreads as a buoyant plume along the

continental shelf, forming the Plata Plume Water (PPW) (Möller et al., 2008; Piola et

al., 2008). The PPW interacts with the TW to form the Subtropical Shelf Water (STSW)

(Möller et al., 2008). The thermohaline front resulting from the interaction of STSW

and SASW between 32°S and 36°S, named Subtropical Shelf Front (STSF), advects

those waters offshore (Berden et al., 2020; Piola et al; 2000) and affects the availability

of  nutrients  and,  consequently,  the  primary  productivity  (Ciotti  et  al.,  1995).  The
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distribution of PPW over the continental shelf depends mainly on the alongshore wind

stress (Piola et  al.,  2005),  and, in the summer,  solar radiation contributes to form a

strong  thermocline  that  increases  the  buoyancy  in  the  upper  layer,  allowing  the

dominant northeastern winds to displace the PPW southward and offshore to the open

ocean (Möller et al., 2008; Piola et al., 2008). This plume occupies the upper layer of

water column, while SASW and STSW occupy the subsurface layer in the continental

shelf,  overlying  the  denser  TW,  that  occupies  deeper  waters  over  the  shelf  break

(Berden et al., 2020; Guerrero et al., 2014; Möller et al., 2008). 

In  this  context,  the  different  water  masses  are  the  main  drivers  shaping  the

phytoplankton community structure and dominant effects on pCO2  variation in Brazil

Province,  as  demonstrated  by  several  previous  studies  (e.g.  Carreto  et  al.,  2008;

Carvalho et al.,  2022; Gonçalves-Araújo et al.,  2012; Islabão et al.,  2017; Ito et al.,

2016; Lima et al., 2019; Moreno et al., 2012). In the shelf break, the subsurface waters

were under the influence of mixing waters of SASW and STSW (Fig. 6), marking the

influence of the STSF over the region (Moller et al., 2008; Piola et al., 2000). In oceanic

regions, STSW occupied the surface layer of the water column, allowing the dominance

of  the  salty  TW in  subsurface  waters  (Fig.  2b).  The nitrate  distribution  in  the  T-S

diagram (Fig. 6) and the anticorrelations between salinity and NO3
-, Si(OH)4 and PO4

3-

concentrations (Fig.  S2)  in  this  province  indicated  a  clear  differentiation  in  the

concentration  of  nutrients  between  the  stations  associated  to  the  salty  TW and  the

stations  associated  to  the  relatively  fresh  STSW,  in  accordance  to  previous  studies

regarding the distribution of nutrients in the region (e. g. Braga et al., 2008; Ciotti et al.,

1995; Piola et al., 2000). 
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 Over the continental shelf, the cold, nutrient-rich and well-mixed waters from

the  STSF  favor  higher  phytoplankton  biomass  and  the  predominance  of  larger

phytoplankton, such as diatoms (Ciotti et al., 1995; Islabão et al., 2017; Smayda and

Trainer, 2010). In fact, diatoms were the dominant group in the DCM in the shelf break,

contributing to more than 30% of the TChl-a in the station 125 (Fig. S1), and diatom

biomass showed positive correlations to  NO3
-,  Si(OH)4 and PO4

3- concentrations and

negative  correlations  to  salinity  along  the  province  (Fig.  S2).  However,  the  waters

associated  to  the  STSF  had  low  TChl-a values,  and  diatom  biomass  showed  no

Figure 6. T-S diagram for the upper 200 m of the water column in
Brazil  province.  The  color  grading  represents  the  distribution  of
nitrate concentration (in µmol kg-1) in the province. The numbered red
squares  represent  the  stations  with  phytoplankton  sampling  in  the
province.  The  thermohaline  indexes  for  the  water  masses  in  the
summer were obtained from Möller et al. (2008). Water masses are as
follows:  Plata  Plume  Water  (PPW),  Subantarctic  Shelf  Water
(SASW),  Subtropical  Shelf  Water  (STSW),  South  Atlantic  Central
Water (SACW) and Tropical Water (TW).
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significant correlation to TChl-a (Fig. S2), indicating that, in this period, these frontal

waters  affected  only  the  phytoplankton  community  diversity  rather  than  the  total

phytoplankton biomass. However, due to the low number of stations collected under this

oceanographic  regime,  further  investigations  of  the  effects  of  the  STSF  in  the

phytoplankton  community  of  subsurface  waters  are  needed  to  improve  the

understanding  of  the  relations  between  oceanographic  processes  and  phytoplankton

distribution in the region.

In  offshore  regions,  the  dominance  of  TW results  in  a  strongly  marked and

relatively deep thermocline, that acts as a physical barrier between the deep nutrient-

enriched waters and surface layers, leading to nutrient depletion and subsequent low

primary productivity in the euphotic zone, favoring the development of communities

dominated by nano- and picophytoplankton (Brandini et al., 2014; Lima et al., 2019).

Several studies in the oligotrophic stratified areas dominated by TW (e.g. Araujo et al.,

2017; Ciotti et al., 1995; Islabão et al., 2017; Lima et al., 2019; Rodrigues et al., 2014)

showed that the DCM of those regions was associated to low phytoplankton biomass

and communities dominated by  Prochlorococcus and haptophytes,  corroborating the

results found here. In subsurface, the phytoplankton production depends on inputs of

nutrients to the euphotic zone by mesoscale physical processes (Brandini et al., 2014;

Mignot  et  al.,  2014),  and  the  frequent  intrusion  of  the  nutrient-rich  South  Atlantic

Central Water (SACW) favors the formation of a pronounced DCM (Araujo et al., 2017;

Brandini et al., 2014). Although the waters below 100 m were associated to nutrient-rich

waters from the SACW (Braga et al., 2008),  the deep station (115) associated to SACW

(Fig. 6) also showed low TChl-a and a community dominated by Prochlorococcus (Fig.

S1), likely due to their adaptation to low-light condition and competitive advantage over

the light-limited larger phytoplankton (Biller et al., 2015; Giannini et al., 2021).

The station under the influence of the STSF showed the highest pCO2 and lowest

O2 saturations in the study area, indicating high O2 consumption and CO2 release due to

the respiration process (blue circle in Fig. 3) related to the microbial remineralization of

organic matter in the shelf break (Braga et al., 2008). In the offshore stations, the O2 and

pCO2  undersaturation pattern associated to the dominance of physical processes marks

the influence of the intrusion of the colder SACW in subsurface waters (Braga et al.,
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2008,  Brandini  et  al.,  2014).  Biological  CO2 uptake  combined  with  the  mixing  of

different  water  masses  contributes  significantly  to  variations  in  seawater  pCO2 in

southwestern South  Atlantic  Ocean (Carvalho et  al.,  2022;  Ito  et  al.,  2005). In  this

context, Carvalho et al. (2022) classified the surface waters in this region based on the

magnitude of sea-air CO2 fluxes and the dominant group in phytoplankton assemblages,

classifying the region between 30°S and 35°S as a transition area between two opposite

biogeochemical  provinces,  i.e.,  a  thermodynamic  domain  in  the  Brazilian  coast

dominated  by  Prochlorococcus and a  biological  domain  in  Patagonia  dominated by

diatoms. In this study, the T:B ratio found was close to the ratio found by Carvalho et al.

(2022) (i.e., 0.44 and 0.49, respectively), indicating that the subsurface waters in Brazil

are  also under the influence of a  transitional zone between the two biogeochemical

regimes. In this province, the non-thermal effects on  pCO2 were associated to lower

salinity and higher diatom biomass and  NO3
-, Si(OH)4 and PO4

3- concentrations (Fig.

S2), and the station 125, associated to the STSF, had the highest pCO2
B

 and the lowest

pCO2
T in the province, indicating that the influence of subantarctic diatom-dominated

waters result in a strong non-thermal effect in the CO2 variation associated to biological

processes, in accordance to the previous studies in the region (e.g. Berghoff et al., 2023;

Carvalho et al., 2022; Kahl et al., 2017). In the other stations, the  pCO2
B  and  pCO2

T

distribution indicated higher influence of the thermal effects in the CO2 variation and

less  variability  in  the  non-thermal  effect,  elucidating  the  influence  of  the

thermodynamic biogeochemical domain in the offshore waters in the region (Carvalho

et al., 2022). 
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4.2. South Atlantic Gyre Province

The western part of the South Atlantic Gyre Province (GR1) was associated to

warm and salty oligotrophic waters, akin to the offshore portion of Brazil Province,

indicating the eastward influence of the TW in the zonal  section.  The separation of

Brazil Current from the shelf break in approximately 35°S exports TW and SACW in

subsurface to oceanic regions (Berden et  al.,  2020; Manta et  al.,  2022; Piola et  al.,

2000), influencing the structure of the phytoplankton community in the adjacent waters.

In  this  portion  of  the  province,  TChl-a  was  negatively  correlated  with  potential

temperature, salinity and pCO2
T (Fig. S2), and, in accordance with the results found for

the  offshore  waters  of  Brazil  Province,  the  phytoplankton  community  in  the  DCM

showed low biomass  and was dominated by  Prochlorococcus (Fig.  4).  Towards  the

central portion of the South Atlantic Gyre, the influence of the non-thermal effect in

pCO2 variation increased, while the thermal effect remained rather stable. 

Subtropical ocean gyres have long been regarded as homogeneous and static

environments, analogues to terrestrial deserts, due to chronic nutrient depletion and low

Figure 7. Schematic representation of the longitudinal distribution of dominant phytoplankton
groups (represented by color), dominant processes driving pCO2 and O2 saturation (represented
by shape) and total chlorophyll-a  (in mg m-3) (represented by size) against depth (in m) and
pCO2 saturation (% pCO2) distribution in each station.
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rates of primary production (Karl et al., 1995). In the oceans, the distance between the

nitracline and the base of the mixed layer highly affects vertical fluxes of nutrients in

the ocean, and, consequently,  the vertical  distribution of phytoplankton communities

(Cermeño et  al.,  2008;  Mignot  et  al.,  2014;  Omand and Mahadevan,  2015).  In  this

context, in subtropical gyres, the water column stratification prevents nutrient injections

from deeper waters into surface waters (Mignot et al., 2014), and, thus, two distinct

vertical  layers  within  the  euphotic  zone  are  formed,  i.e.,  an  upper  layer,  quasi-

permanently nutrient limited due to distance between the deep nitracline and the mixed

layer (Cullen, 2015; Mignot et al., 2014; Painter et al., 2007, 2008), and a lower layer,

where primary production is light-limited and predominately supported by new nutrients

that enter the euphotic zone via vertical turbulent transport of deeper waters through

diffusion or mesoscale processes such as eddies (Carvalho et al., 2019; McGillicuddy,

2016; Mignot et al., 2014). Several studies in oligotrophic regions of the open ocean

found that the physical perturbations generated by eddies are responsible for a large

degree of temporal and spatial variability of phytoplankton communities (Carvalho et

al., 2019; Chang et al., 2017;  Gao et al., 2017; Gaube et al, 2014) and biogeochemical

processes (Cornec et  al.,  2021; Manta et  al.,  2021; Orselli  et  al.,  2019) in the open

oceans, and are important mechanisms for the transport of large amounts of nutrients in

these regions, increasing the concentrations of growth-limiting nutrients delivered into

the  euphotic  zone  and  contributing  to  the  fertilization  of  oligotrophic  waters  in

otherwise  nutrient-depleted  subtropical  gyres.  These  processes  enhance  primary

production  in  subsurface  layer,  forming a  pronounced DCM, and,  in  these  regions,

phytoplankton  biomass  in  this  layer  is  often  more  abundant  than  at  the  surface,

dominating upper-ocean productivity  in  some cases  (Mignot  et  al.,  2014;  He et  al.,

2023). 

In  the  central  portion  of  the  South  Atlantic  Gyre  (GR2  and  GR3),  a  more

conspicuous  and  deeper  DCM  was  found  (Fig.  1b),  and  the  distribution  of  the

biogeochemical  variables  distribution  (Fig.  2)  indicated  several  intrusions  of  colder

deep waters rich in nutrients and DIC in the DCM depth.  In fact, during the cruise

period,  the anomalous predominance of  cyclonic eddies was detected (Manta et  al.,

2021).  The  stations  associated  to  this  process  presented  higher  haptophytes  and
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pelagophytes  relative  contribution,  while  the  other  stations  in  those  provinces  were

associated to  Prochlorococcus-dominated communities  (Fig.  7).  Prochlorococcus  are

ubiquitous in oligotrophic regions and have a very wide oceanic distribution, mainly

due to physiological traits and genetic diversity of different ecotypes, allowing them to

grow over a very wide range of nutrient sources and light conditions (Biller et al., 2015;

Mella-Flores  et  al.,  2012;  Moore et  al.,  1995),  and tend to  dominate phytoplankton

abundance and primary production in tropical and subtropical oceans (Flombaum et al.,

2013; Huang et al., 2012). Haptophytes have slow growth and fast sinking rate, but their

low nitrate half-saturation constant enable them to efficiently utilize nutrients at low

concentrations and succeed in regions where vertical mixing is strong enough to prevent

sinking losses and provide some nutrients from deep water (Gregg and Casey, 2007; Liu

et al., 2009). In subtropical gyres, the fate of carbon fixed in the upper ocean depends on

which of these two groups dominate, i.e.,  Prochlorococcus-dominated systems tend to

be more efficient at recycling carbon within the surface ocean, whereas haptophytes are

believed to play a more significant role in carbon export (Bouman et al., 2011; Boyd et

al., 2010; Cermeño et al., 2008; Litchman et al., 2015). In GR2 and GR3, the stations

with higher  pCO2 values were associated to the intrusion of nutrient-rich waters, and

pCO2
 showed high significant positive correlation (r = 0.94 and r = 0.98, respectively)

to  pCO2
B, while  pCO2

T showed less variation and no significant correlation to  pCO2,

reinforcing the homogeneity of the thermal effect and the importance of the non-thermal

effect on the pCO2 variation in the region. 

The  stations  in  the  eastern  part  of  the  province  (GR4)  showed  a  more

homogeneous  pattern,  with  little  variability  in  pCO2 and  O2  saturations  and

phytoplankton  communities  dominated  by  Prochlorococcus  (Fig.  7).  The  station  24

(Fig.  1b),  however,  was  under  the  influence  of  colder,  nutrient-rich  and  less  saline

waters  (Fig.  2)  associated to  a  strong cyclonic  eddy recently derived from Agulhas

Leakage (Manta et al., 2021). This station was the only one that presented a community

dominated by haptophytes in GR4 (Fig. S1), and showed the highest biomass in the

South Atlantic Gyre Province. Previous studies (e.g. Carvalho et al., 2019; Chang et al.,

2017; Liu et al., 2018; Orselli et al., 2019) found that eddies closer to their formation

area have stronger influence in vertical transport of biogeochemical parameters and the
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phytoplankton community, corroborating the results found in this present study. This

station also presented the lowest potential temperature in the study area, and, due to the

temperature-driven increase in CO2 solubility, also showed the lowest pCO2 and pCO2
T,

corroborating the pattern of  CO2  absorption associated to surface waters in  Agulhas

rings  (Lencina-Avila  et  al.,  2016;  Orselli  et  al.,  2019).  Although  the  eddy-related

nutrient input heavily contributed to higher phytoplankton biomass and changed the

phytoplankton  community  in  the  DCM,  there  was  no  variation  in  the  non-thermal

effects in the CO2 in this station, endorsing the complexity of biogeochemical processes

under these conditions.

4.3. Africa Province

The  Africa  Province  represented  a  grouping  of  Benguela  and  East  Africa

provinces (Longhurst, 2007) due to the small number of samplings in each province.

The Benguela province is under the influence of the Benguela current eastern boundary

upwelling system (Longhurst, 2007), and the southern Benguela subsystem regime is

characterized by strongly pulsed wind-induced three-dimensional upwelling restricted to

the spring and summer (Burger et al., 2020;   Lutjeharms, 2007; Nelson and Hutchings.

1983). The intensity and duration of southeastern winds govern the development of a

tongue of cold, nutrient-rich water,  forming a pronounced thermal front in the shelf

break, that separates the cold coastal waters with high phytoplankton biomass from the

phytoplankton-poor  warm oligotrophic  offshore  waters  of  the  South  Atlantic  Ocean

(Belkin et al., 2009; Mitchell-Innes and Winter, 1987). The southern part of East Africa

province  is  characterized  by  the  highly  energetic  retroflection  zone  of  the  Agulhas

Current and is deemed to be an intense inter-ocean exchange area due to the Agulhas

Current leakage (Azar et al., 2021; Lutjeharms, 2007; You et al., 2003). In this region,

filaments detached from the main Agulhas Current flux and large anticyclonic eddies

shed in the retroflection zone carry warm and salty central and intermediate waters from

the Indian Ocean to the offshore waters of South Atlantic (Azar et al., 2021; Hutchings

et al.,  2009; Lutjeharms, 2007, Orselli  et  al.,  2019; Souza et  al.,  2018).  Due to the

influence of these two distinct oceanographic processes, the biogeochemical processes

and the distribution of chemotaxonomic phytoplankton groups in Africa Province was
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complex. In this region, opposite patterns of phytoplankton community structure and

CO2 dynamics  have  been  shown  to  be  highly  associated  the  strong  cross-shore

temperature  gradient  due  to  upwelling  of  colder  deep  waters  in  the  region,  as

demonstrated by previous studies in  the region (e.g.  Araujo et  al.,  2017;  González-

Dávila et  al.,  2009; Hutchings et al.,  2009; Lamont et  al.,  2014; Mitchell-Innes and

Winter, 1987; Pitcher et al., 1992), showing a clear differentiation between near-coastal

and offshore waters.

Upwelling  processes,  such  as  the  wind-driven  upwelling  found  in  southern

Benguela eastern boundary upwelling system, enhances the vertical mixing and uplifts

the nitracline (Araujo et al., 2017; Lamont et al., 2019), that becomes closer to the base

of the mixed layer, favoring phytoplankton growth in the region (Demarcq et al., 2007;

Lamont et al., 2019; Mitchell-Innes and Winter, 1987). In the portion of Africa Province

east  of  station  14  (Fig.  1b),  here  referred  to  as  near-coastal  region,  the  maximum

fluorescence depth was close to the base of mixed layer (Fig. 1b), and the distribution of

nitrate in the water column (Fig. 2d) indicated the presence of a nitracline closer to the

DCM. Thus, the phytoplankton community in the DCM in near-coastal  stations was

highly diverse and abundant, presenting the highest TChl-a values in the study region.

The  community  in  these  stations  was  mainly  composed  by  haptophytes,  with  high

relative contributions of diatoms and pelagophytes (Fig. S1).  According to Margalef's

mandala of succession of phytoplankton functional types (Margalef, 1978), diatoms, as

r-strategists, have high growth rates under suitable high nutrient concentrations and low

water-column stability,  forming huge blooms under optimal conditions,  whereas low

nutrient concentrations and high water-column stability support increased abundance of

K-strategists such as haptophytes (Alexander et  al.,  2015; Endo et  al.  2018).  In this

context, in upwelling regions, recently-upwelled waters favor the dominance of large

diatom  blooms,  while  the  subsequent  water  column  stratification  stimulates  higher

haptophytes biomass (e.g. Closset et al., 2021; Ferreira et al., 2020; Henderiks et al.,

2012; Lassiter et al., 2006; Mitchell-Innes and Winter, 1987; Tilstone et al., 2000), and

the presence of both phytoplankton groups in these stations elucidate the influence of

the pulsed wind-driven upwelling in the near-coastal phytoplankton community. 
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In the portion of the province west of station 15, here referred to as oceanic

region, the stations presented elevated temperatures (>19°C) and salinity (>35.6) (Fig.

2) due to the presence of offshore-advected mature upwelled waters and intrusion of

warm and  salty  waters  carried  from the  Indian  Ocean  via  eddies  and  filaments  of

Agulhas Leakage (Hutchings et al., 2009; Nelson and Hutchings, 1983; Orselli et al.,

2019; You et al., 2003). The phytoplankton biomass at these stations was lower (0.1 –

0.4  mg/m3)  than  the  near-coastal  stations  (0.6  –  1.1  mg/m3),  with  a  community

dominated  mainly  by  Prochlorococcus and  haptophytes  (Fig.  S1).  Picoplanktonic

cyanobacteria,  i.e.,  Prochlorococcus,  show  low  abundances  in  areas  dominated  by

strong upwelling (Collado-Fabbri et al., 2011; Dongen-Vogels et al., 2012; Flombaum et

al., 2013) due to growth limitation under colder waters (Johnson et al., 2006), thriving

in warmer oligotrophic waters (Flombaum et  al.,  2013),  and, in the oceanic region,

haptophytes are associated to older upwelled waters (Lamont et  al.,  2014;  Mitchell-

Innes & Winter, 1987).

The stations associated to near-coastal region showed higher DIC, NO3
-, Si(OH)4

and PO4
3- concentrations than the oceanic region, and were significantly associated to

lower potential temperatures in the province (Fig. S7), highlighting the influence of the

upwelling  process  in  the  distribution  of  biogeochemical  parameters.  In  general,

upwelling systems exhibit highest pCO2 in the nearshore region due to the upwelling of

colder, carbon-rich waters, and a decreasing trend offshore due to thermal effects on

CO2 variation and biologically-mediated carbon uptake within the offshore-advecting

upwelled water (Fassbender et al., 2011; Lamont et al., 2018; Siddiqui et al., 2023). In

fact, the thermal and non-thermal effects on pCO2 variation showed opposite patterns in

the province and were negatively correlated between themselves (Fig. S7), following

the  opposite  oceanographic  regimes  along  the  province.  In  this  province,  the  non-

thermal effect on pCO2 variation was negatively correlated to potential temperature and

positively correlated to pCO2 and NO3
-, Si(OH)4, PO4

3- and DIC concentrations, and the

stations  associated  to  the  Benguela  eastern  boundary  upwelling  system showed  the

highest  pCO2 and  pCO2
B values  in  the  province,  elucidating  the  importance  of  the

upwelling of inorganic carbon-rich deep waters in the subsurface pCO2 distribution in

the region. However, no correlation was found between biological variables and pCO2
B
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in the province, and the prevalence of the respiration process as the driver of pCO2 and

O2 saturation (Fig. 3) could indicate the influence of the remineralization of particulate

organic matter associated to senescent phytoplankton blooms in the subsurface  pCO2

distribution in  near-coastal  stations (Bailey and Chapman,  1991;  Flynn et  al.,  2020;

Pitcher  et  al.,  2014).  Conversely,  offshore  stations  showed  lower  pCO2 and  higher

pCO2
T values, and pCO2

T was positively correlated to potential temperature and salinity

and negatively correlated to pCO2 and NO3
-, Si(OH)4, PO4

3-  and DIC concentrations in

the province, highlighting the dominance of the thermal effect in pCO2  variation in the

offshore portion of the province and elucidating the influence of the intrusion of salty

oligotrophic waters in the oceanic subsurface pCO2 distribution.

5. Conclusions

The subsurface  distribution  of  biogeochemical  parameters  and phytoplankton

communities  along  the  DCM  of  zonal  section  at  34.5°S  highlighted  the  gradients

between the different  biogeochemical  provinces in the South Atlantic  Ocean. In the

Brazil Province, the phytoplankton community structure and dominant effects in pCO2

variation  in  the  DCM  were  shaped  by  the  influence  of  opposite  water  masses.  In

addition,  the  shelf  break  was  associated  to  colder,  relatively  fresh  and nutrient-rich

waters dominated by diatoms and haptophytes, with higher non-thermal effect in pCO2

variation,  whereas  the  offshore  portion  of  the  province  was  associated  to  warm,

stratified  and  oligotrophic  waters  dominated  by  Prochlorococcus. Along  the  South

Atlantic  Gyre  Province,  the  stratified  oligotrophic  waters  dominated  by

Prochlorococcus were occasionally fertilized by intrusion of deep nutrient-rich waters

via cold core eddies, benefiting the dominance of haptophytes and non-thermal effects

in  pCO2.  In  the  Africa  Province,  the  coastal  stations  associated  to  the  Benguela

upwelling system showed higher diatom contribution and higher non-thermal effect in

pCO2,  whereas  the offshore  stations  associated  to  warmer  waters  from the  Agulhas

Current were dominated by Prochlorococcus and haptophytes with higher thermal effect

in pCO2. The composition and distribution of phytoplankton communities in the DCM

along the South Atlantic Ocean were dependent of large-scale (in coastal provinces) and

mesoscale (in oceanic provinces) oceanographic patterns associated to the distribution



55

of  nutrients  in  subsurface  waters.  Haptophytes  and  Prochlorococcus  were  the  most

relevant chemotaxonomic groups in the phytoplankton community of the DCM in all

provinces. Haptophytes and diatoms were associated to nutrient enrichment in the DCM

and  showed  higher  influence  in  biological-driven  variations  in  pCO2,  while

Prochlorococcus  showed  a  wider  distribution  in  oligotrophic  stratified  regions  and

showed  less  influence  on  the  non-thermal  effects  in  pCO2  variation.  These  results

elucidate  the  variability  of  the  structure  of  the  phytoplankton communities  and the

divergent role of different phytoplankton groups in CO2 dynamics in the DCM across

several oceanographic regimes, and encourage further investigations on the spatial and

temporal variability of thermal and non-thermal effects on pCO2 variations in subsurface

waters.
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APÊNDICE II

Supplementary Material

Table S1.  Pigment ratios used in CHEMTAX analysis. (A) Initial ratios before analysis. (B)
Optimized ratios after analysis.

Chl-a
DV

Chl-a
Viola Buta Fuco Hexa Lut Chl c3 Pras Allo Zea Peri Chl-b

(A) Input matrix

Prasinophytes 1 0 0.05 0 0 0 0.02 0 0.25 0 0.06 0 0.7

Chlorophytes 1 0 0.05 0 0 0 0.17 0 0 0 0.03 0 0.32

Cryptophytes 1 0 0 0 0 0 0 0 0 0.38 0 0 0

Diatoms 1 0 0 0 0.62 0 0 0 0 0 0 0 0

Pelagophytes 1 0 0 0.66 0.78 0 0 0.23 0 0 0 0 0

Dinoflagellates 1 0 0 0 0 0 0 0 0 0 0 0.56 0

Haptophytes 1 0 0 0.05 0.27 0.42 0 0.17 0 0 0 0 0

Synechococcus 1 0 0 0 0 0 0 0 0 0 0.64 0 0

Prochlorococcus 0 1 0 0 0 0 0 0 0 0 0.39 0 0.99

(B) Output matrix

Prasinophytes 1 0 0.06 0 0 0 0.02 0 0.32 0 0.05 0 0.85

Chlorophytes 1 0 0.08 0 0 0 0.08 0 0 0 0.05 0 0.36

Cryptophytes 1 0 0 0 0 0 0 0 0 0.43 0 0 0

Diatoms 1 0 0 0 0.65 0 0 0 0 0 0 0 0

Pelagophytes 1 0 0 0.98 0.14 0 0 0.29 0 0 0 0 0

Dinoflagellates 1 0 0 0 0 0 0 0 0 0 0 0.86 0

Haptophytes 1 0 0 0.12 0.06 1.01 0 0.41 0 0 0 0 0

Synechococcus 1 0 0 0 0 0 0 0 0 0 1.79 0 0

Prochlorococcus 0 1 0 0 0 0 0 0 0 0 0.34 0 1.13
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Table S2. Distribution of the mean relative abundance (in  % of total  chlorophyll-a)  of  the
phytoplankton  chemotaxonomic  groups  in  each  province.  Bold  values  represent  the  most
representative group. 

Brazil
(n = 9)

GR1
(n = 13)

GR2
(n = 11)

GR3
(n = 8)

GR4
(n = 9)

Africa
(n = 9)

Hapto 24.63 ± 5.18 26.48 ± 4.68 32.24 ± 6.74 32.22 ± 8.15 25.67 ± 4.6 29.69 ± 3.02

Pro 35.59 ± 8.89 34.28 ± 10.31 26.46 ± 10.5 31.81 ± 11.97 37.39 ± 6.89 17.48 ± 8.88

Pelago 14.63 ± 3.96 20.24 ± 5.82 17.96 ± 5.32 15.28 ± 4.81 11.76 ± 3.82 16.48 ± 4.19

Diato 6.30 ± 8.83 3.86 ± 2.74 3.54 ± 4.89 0.88 ± 1.19 0.41 ± 0.48 14.71 ± 8.68

Prasino 7.04 ± 3.31 4.34 ± 2.36 3.3 ± 1.13 1.77 ± 1.8 2.07 ± 1.6 6.25 ± 4.1

Syn 2.3 ± 1.44 3.01 ± 2.71 4.37 ± 3.87 7.11 ± 5.59 8.99 ± 7.78 2.87 ± 4.04

Crypto 2.88 ± 1.92 1.30 ± 0.79 1.53 ± 0.5 1.3 ± 0.97 0.81 ± 1.1 3.56 ± 2.84

Chloro 3.38 ± 1.66 4.3 ± 2.01 7.11 ± 2.85 6.42 ± 3.84 9.79 ± 5.73 5.05 ± 4.5

Dino 3.26 ± 3.19 2.18 ± 0.95 3.48 ± 1.71 3.21 ± 1.85 3.10 ± 0.92 3.9 ± 0.86

Figure  S1.  Stacked  percent  barplot  of  the  relative  abundance  of  each  chemotaxonomic
phytoplankton group (in % of total chlorophyll-a) in each station. The dashed lines represent the
province boundaries. 
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Figure  S2: Pearson's  correlation  plot  between  environmental  parameters  and  absolute
contributions  of  the  main  phytoplankton  groups  in  the  study  for  Brazil  province.  Potential
temperature (θ),  salinity (S), dissolved oxygen (O2),  dissolved inorganic carbon (DIC),  total
alkalinity (TA), nitrate (NO3

-),  silicate (Si), phosphate (PO4
3-),  seawater CO2 partial pressure

(pCO2),  total  chlorophyll-a  (Chl),  diatoms  biomass  (Dia),  pelagophytes  biomass  (Pela),
haptophytes biomass (Hap),  Prochlorococcus biomass (Pro), thermal effect in  pCO2 (T) and
non-thermal effect in pCO2 (B).
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Figure  S3: Pearson's  correlation  plot  between  environmental  parameters  and  absolute
contributions of the main phytoplankton groups in the study for GR1 province. 
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Figure  S4: Pearson's  correlation  plot  between  environmental  parameters  and  absolute
contributions of the main phytoplankton groups in the study for GR2 province.
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Figure  S5:  Pearson's  correlation  plot  between  environmental  parameters  and  absolute
contributions of the main phytoplankton groups in the study for GR3 province.
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Figure  S6:  Pearson's  correlation  plot  between  environmental  parameters  and  absolute
contributions of the main phytoplankton groups in the study for GR4 province.
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Figure  S7:  Pearson's  correlation  plot  between  environmental  parameters  and  absolute
contributions of the main phytoplankton groups in the study for Africa province.
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