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umol kg-1), pH at the total scale, CaCOs saturation state of calcite (QCa) and aragonite (QAr),
partial pressure of CO2 (pCOz2; patm), thermal partial pressure of CO2 (pCO:2 thermal; patm),
nonthermal partial pressure of CO2 (pCO2 nonthermal; patm) and T:NT index in the BrOA #1 (first
line) and BrOA #2 (second line) stations. The bold values refer to a seasonal average of Q < 1..

Table 3. Comparison between the range of water-air CO: flux (FCO2) from previous estuarine
studies around the world and the current study. The studies are organized first by country and
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Resumo

Os estuarios sao considerados grandes fontes de dioxido de carbono (CO32) para
a atmosfera, mesmo ocupando apenas 4% da plataforma continental global.
Entretanto, a variagdo de desempenho que pode ocorrer entre a condigao de
sumidouro e fonte de CO2 nestes ambientes ndo esta somente ligada a relagédo
de sub ou supersaturacdo de CO:2 dissolvido na agua, mas também fortemente
condicionada por fatores bi6ticos e abidticos. Desta forma, este estudo faz uma
investigacdo inédita apresentando a primeira caracterizacdo geral dos
parametros do sistema carbonato, a determinacgéo dos fluxos liquidos de CO2z na
interface agua-ar e a estimativa da origem das principais fontes de carbono no
estuario da maior lagoa costeira estrangulada do mundo, a Lagos dos Patos. As
aguas superficiais da zona inferior do estuéario da Lagoa dos Patos (ELP) foram
consideradas alcalinas e supersaturadas em relacdo tanto a calcita quanto a
aragonita. Os processos estuarinos predominantes que regeram as mudancas
no sistema carbonato no baixo estuario foram a diluicdo e a concentracao de
sais, que sao dependentes do complexo equilibrio entre os fluxos de dgua doce
e agua salgada que alteram a salinidade da superficie, produzindo condi¢cbes
favoraveis para o desenvolvimento do fitoplanctén e para a entrada de carbono
continental. Os baixos valores encontrados da pressao parcial de CO2 na agua
(pCO:y2) refletiram nas condi¢des de absor¢édo de CO: (verdo/outono austral) e na
emissdo de COq (inverno/primavera austral) para a atmosfera. Esse balanco
entre sumidouro e fonte foi modulado pela combinac&o da velocidade do vento,
vazao de agua doce, temperatura da agua e correntes de saida/entrada, sendo
a proliferacdo de fitoplancton e a forte mistura vertical induzida pelo vento
forcantes pontuais no ELP que resultaram nas trocas de CO: altamente variaveis
nas diferentes regides. Ao contrario da maioria dos sistemas estuarinos, o ELP
atuou, no geral, como um sumidouro liquido de —2 mmol m=2 d-! de CO: de
durante o periodo investigado entre 2017 e 2021. A maior concentragao
estuarina de COz, devido a producao autoctone, indicou a heterotrofia em aguas
estuarinas e concluiu-se que parte desse carbono produzido no estuario é
exportado para o litoral, sendo evidenciado pela alta concentracédo de CO2 na

foz do estuario. A variabilidade temporal dos parametros do sistema carbonato
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e dos fluxos liquidos de CO:2 revelaram a complexidade da biogeoquimica na
regido de estudo e os desafios a serem enfrentados em futuras pesquisas, para
se obter uma melhor compreenséo da variabilidade do sistema carbonato e do
entendimento das trocas regionais de COg2, elucidando o papel de grandes
estuarios e baias costeiras no balanco global de carbono.

Palavras-Chave: estuarios, biogeoquimica, ciclo do carbono, sistema

carbonato, fluxo liquido de COx.
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Abstract

Estuaries are considered large sources of carbon dioxide (CO2) to the
atmosphere, even occupying only 4% of the global continental shelf. However,
the performance variation observed that can occur between the sink and source
condition of CO2z in these environments is not only linked to the sub- or
supersaturation of CO:2 dissolved in the water, but also strongly conditioned by
biotic and abiotic factors. In this way, this study makes an unprecedented
investigation presenting the first general characterization of the parameters of the
carbonate system, the determination of the water-air CO2 net fluxes and the
estimation of the origin of the main sources of carbon in the estuary of the largest
chocked coastal lagoon in the world, the Patos Lagoon. The surface waters of
the lower zone of the Lagoa dos Patos estuary (ELP) were considered alkaline
and supersaturated in relation to calcite and aragonite. The predominant
estuarine processes that govern changes in the carbonate system in the lower
estuary were the dilution and concentration of salts, which are dependent on the
complex balance between freshwater and seawater fluxes that alter surface
salinity and produce favorable conditions for the development of phytoplankton
and for the continental carbon input. The low values found for the partial pressure
of COz2 in the water (pCOy2) reflected in the conditions CO2 absorption (austral
summer/autumn) and emission (austral winter/spring) of CO: to the atmosphere.
This balance between sink and source was modulated by the combination of wind
speed, freshwater discharge, water temperature and inflow/outflow currents, with
phytoplankton and strong wind-induced vertical mixing as punctual forcing in the
ELP, which led to highly variable CO2 exchanges in different regions. Unlike most
estuarine systems, the ELP generally acted as a net CO2 sink of —2 mmol m=2 d-
! during the investigated period between 2017 and 2021. The highest estuarine
CO2 concentration, due to production autochthonous, indicated heterotrophy in
estuarine waters and it was concluded that part of this carbon produced in the
estuary is exported to the coast, evidenced by the high CO2 concentration at the
mouth of the estuary. The temporal variability of the parameters of the carbonate
system and the COz net fluxes revealed the complexity of biogeochemistry in the
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study region and the challenges to be faced in future research, to obtain a better
understanding of the variability of the carbonate system and the understanding
of regional exchanges of COz, elucidating the role of large estuaries and coastal

bays in the global carbon budget.

Keywords: estuaries, biogeochemistry, carbon cycle, carbonate system, water—

air CO2 net flux.
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Prefacio

evolucdo da relagdo homem e natureza provocou abundantes
A beneficios para a sociedade, entretanto esse estreito lago originou
inUmeros impactos negativos simultaneamente, principalmente para o meio
ambiente. Com o passar dos anos, a utilizagao excessiva dos recursos naturais
promoveu desde a acentuagdo da eutrofizagcdo em corpos d’agua até o
esgotamento de elementos marinhos, como o desaparecimento de determinadas

espécies.

Os oceanos possuem um importante papel na regulacdo climatica da
Terra através da circulacéo superficial que armazena uma elevada quantidade
de calor no equador e o distribui até os polos. Por sua alta capacidade térmica,
a agua precisa receber grande quantidade de calor para alterar a sua
temperatura e por isso ndo se acreditava que um dia sofreriamos com o
aguecimento global. Entretanto, com o aumento das emissdes antropicas de
diéxido de carbono (CO2) e a ampliacdo do efeito estufa, hoje, este fendémeno é
real e propicia uma série de consequéncias para 0s sistemas naturais marinhos
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e, consegquentemente, para a vida humana.

A partir dessa motivacao, questdes relacionadas aos oceanos e ao clima
foram comecando a ser amplamente estudadas em conjunto, enquanto as zonas
costeiras continuavam em segundo plano. Contudo, essas areas mais proximas
da costa abrigam a maior parte da populacao, inclusive no Brasil, onde estima-
se que suas margens acomodem mais de 50,7 milhGes de habitantes [IBGE

2022].

Ao iniciar os estudos na oceanografia eu me encantei por todo um mundo
oceanogréfico. Entre descobrir o porqué da agua ser salgada, conhecer espécies
de peixes e mergulhar no universo das placas tectonicas, a acidificacéo e todas
as suas vertentes sempre me chamaram mais atencéo. Por tentar fazer meu
papel na sociedade aliando um amor antigo, surgiu a oportunidade de entender
mais sobre o ciclo do carbono e seus parametros em uma regiao de extrema
importancia, que além de ser uma via navegavel de escoamento de diversos
produtos, também é configurada como a area mais relevante do Rio Grande do

Sul para o crescimento de diversas espécies de peixes e do camarao rosa.

Portanto, esta tese segue o modelo de artigos cientificos proposto pelo
Programa de P4s-Graduacdo em Oceanologia (PPGO) e apresenta a primeira
visdo geral de parte do ciclo do carbono nas aguas superficiais na zona estuarina
da Lagoa dos Patos. Este € o primeiro passo de uma longa jornada. A partir
deste trabalho, espera-se incentivar e contribuir para novos estudos nesta linha
de pesquisa na regido, afomentando a compreensao da variabilidade natural e
dos impactos antropogénicos e climaticos que podem afetar a dinamica do

carbono na regiéo.
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Hipotese

O estuario da Lagoa dos Patos é uma fonte de CO:2 para a atmosfera
durante todas as estacbfes do ano e contribui com emissdes

significativas para as estimativas do balanco global de carbono.
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Capitulo I: Introducéo

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

mundial tanto no desenvolvimento de novas tecnologias como também
pelos impactos ambientais gerados por essa inovacao. A partir dessa época, as
emissdes antropicas aumentaram a concentracao de didxido de carbono (COz2)
na atmosfera em quase 40%, principalmente através da queima de combustiveis

fésseis e das mudancas no uso do solo (Fig. 1) [Zeebe 2012].

O CO:2 é um dos gases mais importantes do efeito estufa [Zeebe e Wolf-
Gladrow 2007] e seu aumento tem contribuido para intensificar este fenémeno,
retendo mais calor e causando o aquecimento global. Enquanto em 1750 os
valores de CO2 na atmosfera eram de 247 ppm [Joos e Spahni 2008], em 2013
ja foram verificados valores acima de 400 ppm, mesmo com a criacao de politicas
publicas, como o Protocolo de Montreal. Seis anos depois, a concentracdo média
do CO2 atmosférico para o més de maio foi de aproximadamente 415 ppm,
indicando a continuacao da tendéncia de aumento para a proxima década (Fig.
2). Atualmente, a concentracdo de CO:2 atmosférico € de cerca de 419 ppm
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(média de fevereiro de 2022), conforme registrado pela mais longa série continua

de medi¢do em Mauna Loa [GML 2022].
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Figura 1. Estimativa anual das emissées de carbono (GtC ano?) a partir da Revolugéo Industrial
dos combustiveis fésseis (em cinza), da mudanc¢a no uso do solo (em laranja) e dos reservatorios
do oceano (em verde), do solo (em verde claro e da atmosfera (em azul). O particionamento é
baseado em estimativas quase independentes de observacdes e do modelo de processo
conjuntos limitados por dados e ndo somam exatamente a soma das emissdes, resultando em
um desequilibrio orcamentario que é representado pela diferenca entre a linha vermelha inferior
e a soma dos fluxos de carbono nos reservatérios do oceano, da terra e da atmosfera. Adaptado
de Friedlingstein et al. 2021.

O aumento exponencial de CO2 ao longo de aproximadamente 200 anos
tem causado a dissolugao significativa desse gas em corpos d’agua [Cai 2011],

gerando mudancas na quimica da superficie da agua, além de impactos na biota
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e nos ecossistemas marinhos [e.g. Cai 2011, Salt et al. 2016, Kerr et al. 2016].
Como consequéncia, ocorre a diminui¢ao da capacidade de tamponamento das
aguas, o que levard a uma reducdo da absorcdo oceanica de CO2 no futuro

[Gallego et al. 2018].
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Figura 2. Registro completo das concentra¢cfes de didxido de carbono (CO2) na atmosfera no
observatério de Mauna Loa (curva de Keeling). A linha vermelha continua indica o patamar
alcancado de 400 ppm. Adaptado de https://scripps.ucsd.edu/programs/keelingcurve/.

Ao ser absorvido na agua, o CO:2 sofre hidrdlise e forma o acido carbdnico
(H2COg(ag)). Essa absor¢cdo do CO2 no meio marinho propicia a dissociagao
ibnica do H2COsq) que tem como produtos os ions hidrogénio (H*), ions
bicarbonato (HCO3") e ions carbonato (CO3%"; Egs. 1-3). A maior absorcdo do
CO:2 suscita 0 aumento da reacéo entre o COz e os ions CO3?", formando mais
HCOs" e reduzindo a disponibilidade de COs?~ no ambiente. Simultaneamente a
esses processos, 0 HCOz e o CO3z?> também reagem com as moléculas de agua,
liberando ions hidroxila (OH") e H2COs(aq). Parte dessas OH" reagem com os ions
H* produzidos nas dissociagoes de H2CO3(aq) € HCO3', e parte fica livre, sendo
responsaveis pelo efeito tampao da agua do mar. Portanto, o aumento da
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concentracéo dos ions H* e a reducdo dos ions OH™ na agua reduzem o pH e,

consequentemente, a capacidade de tamponamento das aguas.

CO2(g) « CO2(aq) (1)
CO2(aq) + H20 (aq) « H*(aq) + HCO3(aq) (2)
HCOz(aq) <> H*(aq) + CO3*(aq) 3)

O CO2 pode ser absorvido na agua por dois mecanismos diferentes: pela
bomba biolégica e pela bomba fisica (Fig. 3). A bomba biolégica comeca quando
se inicia o processo de fotossintese com a producédo de carbono orgéanico pelos
organismos fitoplancténicos na zona eufética. Parte do carbono organico
produzido através da remineralizacao do carbono inorganico na coluna d’agua é
transportado para o interior dos oceanos até chegar aos sedimentos. A outra
fase da bomba biolégica esta relacionada com a formacdo biogénica de
carbonato de célcio (CaCOs) que também €é um processo importante e
caracteriza a bomba contraria de carbonato [Ciais et al. 2013]. Muitos
organismos utilizam o CaCOs para a construcao de suas carapacas calcarias e
o resultado final da formacéo de CaCOs € a liberacdo de CO2 para o meio. Ja
através da bomba fisica, o0 CO2 é absorvido pela superficie da agua por difusédo
e transportado para o oceano profundo movido pelo afundamento de dguas com
baixa temperatura e maior contetdo de sal, resultando na formacéo de massas
de agua por subsidéncia ou conveccao [e.g. Touratier et al. 2016]. Em ambos os
processos, ao chegar no sedimento e quando ndo consumido por organismos

decompositores, o carbono é armazenado por um longo periodo de anos ou
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séculos nas aguas mais profundas do oceano, o que é importante para o ciclo

do carbono, pois ajuda a regular os niveis de CO2 atmosférico.
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Figura 3. Figura esquematica dos processos de bomba biolégica (dividida em bomba de carbono
organico e bomba contraria de carbonato) e de bomba de solubilidade (parte da bomba fisica).
Adaptado de IPCC 2007.

As alteragbes causadas pelo excesso de CO2 no meio marinho resultam
no desequilibrio do sistema carbonato. Sistema esse que, em condi¢cdes
normais, controla a acidez da agua do mar, funcionando como um tampao
natural para o pH da propria da agua do mar. Quatro parametros principais
compde o sistema carbonato: a alcalinidade total (At), o carbono inorganico
dissolvido total (Ct), a presséao parcial do CO2 (pCO2) da agua e o pH, sendo
estas variaveis associadas a temperatura, salinidade e presséao [Dickson 2010].
Cada componente desse sistema tem um papel importante no tamponamento da
agua e por isso se faz necessario entender a funcdo de cada uma no meio

aguoso.
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A At é a capacidade natural da agua em neutralizar os acidos e pode ser
definida como o numero de moles do ion H* equivalente ao excesso de protons
aceptores mais prétons doadores, o que esta diretamente relacionado a
quantidade de COz2 dissolvido neste meio [Dickson 1981, Carter et al. 2016]. Este
parametro engloba os principais protons inorganicos conhecidos na agua do
mar, sendo os ions COz?" e borato os principais integrantes da At [Emerson e
Hedges 2008], e por isso é comumente observada sua relagéo linear com a
salinidade. Ja o Cr pode ser definido como a soma das quatro formas de carbono
inorganico dissolvido na agua: CO2, H2CO3(ag), HCO3~ e CO3?", sendo HCOs™ a
forma predominante compondo 90% do total [Libes 2009]. A pCO: € a fracéo
molar do COz em equilibrio na fracdo total da amostra, ou seja, € a medida do
grau de saturacdo da amostra de agua com o CO2 gasoso [Dickson 2010]. Por
altimo, o pH expressa o grau de acidez ou alcalinidade de uma solucéo e é
definido como o logaritmo negativo da concentracdo molar de ions H* (Eq. 4)
[Zeebe e Wolf-Gladrow 2007]. Esta variavel € importante em solu¢des aquosas,
ja que afeta diretamente propriedades quimicas e bioquimicas. O equilibrio entre
0s quatro parametros do sistema carbonato em cada regido € o responsavel pela
variacdo do funcionamento do mesmo e por isso a quimica desse sistema
funciona de formas distintas para os diversos tipos de ambientes aquaticos

[Borges e Gypens 2011].

pH = -log[H'] @

Os oceanos sao considerados grandes sumidouros do CO2 atmosférico
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junto com a plataforma continental [Cai 2011]. Em ecossistemas costeiros nao
h& um padréo exato de comportamento como fonte ou sumidouro de COz2, devido
ao seu estado metabdlico de ecossistema heterotréfico [Borges et al. 2005, Cai
2011]. As regides de plataforma continental externa sdo conhecidas por absorver
CO2 da atmosfera. Entretanto, os estuarios, que ocupam uma area de superficie
de apenas 4% da plataforma continental global, geralmente, exibem fluxos
liguidos de CO2 (FCO2) na interface ar-agua mais elevados do que aqueles
observados na superficie do oceano (Fig. 4) [Borges et al. 2004]. Os valores
observados de FCO:2 nos estuarios do globo variam de -5 a 80 mol C m= ano™
[Cai 2011], onde valores negativos indicam absorcdo de carbono pela agua e

valores positivos a liberagéo para a atmosfera.

Os estuarios sao ecossistemas aquaticos caracterizados pela mistura de
aguas fluviais e marinhas, abrigando uma diversidade de interfaces e gradientes,
com caracteristicas fisicas, geomorfoldgicas e biolégicas distintas [Borges e Abril
2011, Cai 2011]. A variacéo de desempenho observada que pode ocorrer entre
a condicdo de sumidouro e fonte de CO:2 nestes ambientes ndo estd somente
ligada a relacéo de sub ou supersaturacao da agua em CO:2 dissolvido na agua,
mas também fortemente condicionada por fatores bioldgicos (e.g. produtividade
priméria e mineralizacdo da matéria organica), climaticos (e.g. ventos), fisicos
(e.g. estratificac@o/mistura no estuério e intensidade e amplitude das mares) e
quimicos (e.g. temperatura, fluxos de nutrientes e carbono e fontes de material
provenientes do continente). Os estuarios, em especial, transformam
profundamente o material trazido pelos rios, antes de exporta-lo para a zona
costeira adjacente. Como resultado dos processos biogeoquimicos estuarinos

nos sedimentos e na coluna d'agua, observa-se comumente a emissao do CO:
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para a atmosfera [Sunda e Cai 2012].
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Figura 4. (a) Area superficial do oceano aberto, das plataformas continentais e dos estuarios e
(b) seus fluxos estimados de CO2 (FCO2; Pg C ano?) ar-agua. O FCO2 do oceano aberto esta
representado pela cor azul, das plataformas continentais em amarelo e dos estuarios pela cor
vermelha. Adaptado de Cai (2011).

A supersaturacao generalizada de CO:2 eleva os niveis de pCO2 e mantém
a heterotrofia proeminente [e.g., Feely et al. 2010, Borges e Abril 2011, Cloern
et al. 2014]. As mudancas na pCO:2 regulam os gradientes de COzentre o are a
agua, determinando a direcéo das trocas de CO2 [Sarma et al. 2001], ja que esta
ocorre com fluxo do meio mais concentrado para 0 menos concentrado. Em
geral, os valores de pCO:2 e as emissfes de CO2 sdo muito maiores em estuarios
dominados por rios do que em estuarios dominados pela dgua do mar [Jiang et
al. 2008]. Ja4 em sistemas estuarinos de micromarés localizados em regides
temperadas, tropicais ou de altas latitudes apresentam menor emissdo ou sao
caracterizados como sumidouros de CO2 para atmosfera quando comparados

aos estuarios de macromaré [Koné et al. 2009, Crosswell et al. 2012].

Além de toda complexidade e variabilidade, os estuarios alojam uma

grande parcela da populagdo humana, criando modificagdes induzidas pelo
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homem no metabolismo dos ecossistemas aquaticos associadas ao
enriquecimento de nutrientes e eutrofizacdo que alteram os parametros da agua
[Zhai et al. 2007, Cotovicz Jr. et al. 2015]. Ao reduzir o pH, a 4gua se torna mais
acida ocasionando o processo de acidificacdo [Doney et al. 2009] ao reduzir 0s
fons COs?~ do ambiente. Como esses ions sdo componentes chave de muitos
organismos que os usam como material para seus esqueletos e suas conchas
[Doney et al. 2020], a sua reducéo pode afetar desde a fisiologia e a reproducéo

até a distribuicdo geografica destes seres [Zeebe 2012, Hatje et al. 2013].

Embora os organismos estuarinos possam tolerar alta variabilidade nas
propriedades biogeoquimicas e se aclimatar as rapidas mudancas impostas
naturalmente pelo ambiente [Bible e Sandford 2016], muitas espécies podem ser
afetadas, particularmente os juvenis que usam o0s estuarios como bercarios
temporarios e habitats de alimentacao. Nessa fase, esses organismos sdo mais
sensiveis, 0 que acarreta possiveis alteracfes ndo s6 na diversidade de

espécies, mas também em todo o ecossistema do estuario.

Estudos tém demonstrado que as emissdes de CO:2 por sistemas
estuarinos e aguas costeiras sdo globalmente significativas [Chen e Borges
2009]. No entanto, enquanto o sumidouro de carbono no oceano esta atualmente
estimado em 2,5 + 0,5 GtC ano™ [Le Quéré et al. 2018], com um grau de
confianga relativamente alto, as trocas de CO2 na interface ar-dgua e seus
processos controladores permanecem incertos em todo o litoral. Estudos
estuarinos do sistema carbonato e do FCO:2 estao localizados, principalmente,
ao longo das costas da Europa, Asia, india e leste da América do Norte [e.g.
Bauer et al. 2013, Evans et al. 2013]. Apesar da acidificacdo dos oceanos ser

um tema atual na literatura, poucos trabalhos abordaram os sistemas de trocas
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de COz2 na interface agua-ar que margeiam a costa brasileira [e.g. Noriega et al.
2013, Noriega e Araujo 2014, Cotovicz et al. 2015, Cotovicz et al. 2020, Abril et
al. 2021] devido a desproporcional e insuficiente amostragem tanto no espago
quanto no tempo [Borges e Abril 2011, Cai 2011]. Até o presente momento, 0o
que foi encontrado sdo ambientes altamente diversificados em relacdo a
saturacao de CO2. O conhecimento aprofundado do ciclo do carbono em escalas
regionais é considerado um elemento-chave para diminuir as incertezas do
balanco global do carbono [Cotovicz et al. 2020] ja que os oceanos funcionam
como termorreguladores do clima em nosso planeta em longas escalas de

tempo.

Como grande corpo d'dgua do Hemisfério Sul, um melhor entendimento
da biogeoquimica do carbono estuarino e do comportamento regional dos fluxos
de CO2 no Estuéario da Lagoa dos Patos (ELP) é fundamental para que possa
ser inserido em um contexto global. Apesar de sua importancia socioecondémica
e ambiental [Odebrecht et al. 2017], poucos estudos avaliam as alteracdes
quimicas das aguas estuarinas neste ambiente complexo [e.g., Niencheski et al.
2006, Baumgarten e Niencheski 2010, Wallner-Kersanach et al. 2016]. A maior
parte dos trabalhos tem como foco principal o conhecimento da hidrodinamica
estuarina, da biologia e da fisiologia de espécies estuarinas dominantes e da
ecologia do ecossistema [e.g. Moller et al. 2001, Mdller e Fernandes 2010,
Haraguchi et al. 2015, Abreu e Odebrecht 2016, Mendes et al. 2016, Islabao et

al. 2017, Odebrecht et al. 2017].

Dentro deste contexto e de forma inédita, esta Tese de Doutorado avalia
e apresenta 0 primeiro panorama do comportamento dos processos

biogeoquimicos e das trocas de CO:2 na interface agua-ar na zona estuarina
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inferior da Lagoa dos Patos através da investigacdo dos parametros do sistema
carbonato e dos condutores de pCOz, da estimativa das fontes de CO2 na regiao,
e da variabilidade temporal tanto dos parametros do sistema carbonato quanto
dos fluxos liquidos de CO:2 neste ambiente. Assim, conhecer a variabilidade
intrinseca do sistema de COz-carbonato no ELP torna-se o primeiro passo para
avaliar e compreender a variabilidade natural do sistema, bem como os impactos
antropogénicos e climaticos que podem afetar a dinAmica do carbono numa

regido tdo importante para toda a sociedade gaucha.
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Objetivos

objetivo geral desse estudo € compreender a variabilidade do sistema

O CO2-carbonato no ELP. Assim, 0s seguintes objetivos especificos foram
definidos:

(1) investigar a variabilidade sazonal e interanual dos parametros do

sistema carbonato (e.g., At, Cr, pH e pCO2) na regiédo de estudo;

(i) determinar e investigar o comportamento do FCO2 nas diferentes
estacdes do ano; e
(i) inferir sobre os processos controladores da pCO:z e o papel emissor

ou absorvedor da regidao de estudo.
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Capitulo Il: Estuario da Lagoa
dos Patos

Lagoa dos Patos esta localizada na planicie costeira do Rio Grande do
A Sul e € a maior lagoa estrangulada do mundo [Kjerfve 1986], sendo
conectada ao mar por um canal estreito (~ 1 km de largura) [Castelao e Mdller
2003, Marques e Moller 2008, Marques et al. 2009]. A area de superficie da
Lagoa dos Patos é de aproximadamente 10.360 km?, e a bacia de drenagem de
200.000 km?, com profundidade média de 5 m [Mdller 1996, Seeliger 2001]. A
lagoa compreende regides de clima subtropical e temperado quente com uma
temperatura média do ar de 18 °C e precipitacdo média anual variando entre
1.200 mm e 1.500 mm [Abreu et al. 2016]. A dinamica do sistema lagunar é
dominada pela acdo dos ventos em escalas de tempo associados a passagem
de sistema frontais e pela descarga fluvial. Isso se da devido a dimenséo da
bacia de drenagem e as dimensdes e orientacdo do eixo longitudinal do corpo
lagunar [Moller e Fernandes 2010, Vaz et al. 2006]. A lagoa pode ser dividida

geomorfologicamente em trés partes: zona estuarina, lagoa central e lagoa
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superior (Fig. 5) [Delaney 1965].
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Figura 5. Mapa da regido de estudo: Lagoa dos Patos. Localizacdo da Lagoa dos Patos e
divisdbes geomorfolégicas para a zona estuarina (retangulo vermelho), lagoa central (retangulo
verde) e lagoa superior (retangulo amarelo). O destaque superio a esquerda mostra um mapa
da América do Sul com a localizagdo da Lagoa dos Patos (retangulo vermelho). Pontos azuis
indicam as regides de descarga dos rios Jacui e Taquari (J + T) e Camaqua (C).

A zona estuarina, também chamada de lagoa inferior, € delimitada pela
embocadura da lagoa e pela Ponta da Feitoria. A entrada de agua salgada,
geralmente, se restringe a essa por¢ao que ocupa cerca de 10% da éarea total da
lagoa. As trocas entre a lagoa e 0 oceano adjacente ocorrem por gradiente de
pressao, resultado da combinacdo do efeito das forcas locais e ndo locais com
ventos direcionados tanto para a lagoa quanto para o oceano, respectivamente.
Assim como em toda a lagoa, a hidrodinamica do ELP é controlada,

principalmente, pela agdo dos ventos e pela forca da descarga fluvial [Mdller et

al. 2001]. O afunilamento natural caracteristico do estuéario intensifica as
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correntes de vazante e atua como um filtro para os movimentos de maré que
apresentam uma importancia secundaria na regido [Maller et al. 2007]. Além da
direcdo do vento e da descarga de agua doce, a hidrologia no estuéario &
controlada também pelo equilibrio entre os niveis de precipitacdo e evaporacdo

[Casteldo e Moller 2003, Moller e Fernandes 2010, Abreu et al. 2016].

Quando os ventos sopram de nordeste simultaneamente ao periodo de
alta descarga fluvial, no final do inverno e na primavera, ha o favorecimento das
correntes de vazante. Durante o verdo e a primavera, ha a presenca bem-
marcada de ventos de leste, indicando a influéncia do sinal da brisa maritima.
No outono, a intrusdo de agua salgada é maior do que nas outras estacdes
devido a passagem frequente de sistemas frontais com ventos de sul
combinados com baixa entrada de &gua doce, resultando em inundacdes e
salinizacdo do ELP. Portanto, os ventos dos quadrantes norte e sul formam
estruturas verticais de salinidade que podem variar de uma cunha de sal a um

gradiente bem misturado [Mdller et al. 2001, Moller e Fernandes 2010].

Os niveis de salinidade no estuéario variam de 0 a 35, sendo as menores
salinidades encontradas nos periodos de primavera e as maiores observadas no
verdo [Vaz et al. 2006]. Devido a sua morfologia, o estuario apresenta diferentes
areas. As regifes mais abrigadas, em geral, sdo mais rasas (com profundidade
de até 2 m) e possuem maior tempo de residéncia da agua, enquanto 0 Oposto
€ observado nas areas mais expostas. O canal de ligacdo com o0 mar apresenta
12 m de profundidade e é uma zona altamente dindmica devido a proximidade

do oceano adjacente e ao fluxo de agua salgada [Moller et al. 2001].

O ELP é um bercério para varias espécies de peixes e crustaceos, devido

41



aos seus diferentes habitas temperados [e.g. marismas e gramas marinhas;
Tagliani et al. 2003]. Os altos niveis de producdo priméaria garantem o
fornecimento de alimentos para diversas espécies de organismos que
apresentam importancia econdmica na regiao [Abreu et al. 2016]. A alta
concentragdo de nutrientes no ELP [Niencheski e Windom 1994, Niencheski et
al. 2006] favorece principalmente o crescimento de diatoméceas, que constituem
o0 grupo fitoplancténico dominante (mais de 50%), seguido por cianobactérias,
flagelados, dinoflagelados e clordfitas [Islabédo et al. 2017]. No entanto, estudos
recentes relatam tendéncias no crescimento de dinoflagelados e cianobactérias
devido as mudancas na salinidade [e.g. Haraguchi et al. 2015, Islabdo et al.
2017]. Além disso, o crescimento do fitoplancton € amplamente limitado pela luz

e afetado pelo tempo de residéncia das 4guas no ELP [Odebrecht et al., 2015].

Desde a década de 1980, nota-se um aumento nas concentracdes de
nutrientes no ELP [Wallner- Kersanach et al. 2016] e que atualmente tem
apresentado sinais de eutrofizacdo em pontos especificos [e.g., Abreu et al.
2010, Marreto et al. 2017]. A dinamica dos nutrientes mudou ao longo do tempo
por causa da hidrodinAmica local e da rapida renovacao de agua [e.g., Moller et
al. 2001, Wallner-Kersanach et al. 2016]. Os aumentos na concentracdo de
nutrientes foram seguidos por mudancas na comunidade de produtores
primarios, como um aumento na frequéncia de floracdes oportunistas de
macroalgas e mudanc¢as na composicao do fitoplancton [Wallner-Kersanach et

al. 2016, Marreto et al. 2017, Lanari e Copertino 2017

42



Capitulo Ill: Dados e métodos

este trabalho, as amostras de agua de superficie foram coletadas

N mensalmente usando uma garrafa van Dorn de 5 L em duas estagdes
fixas estuarinas fixas em pieres da lagoa para medir os dados hidrograficos,
biolégicos e quimicos. Essas estacdes estdo localizadas na zona inferior do ELP,
sendo uma na regido mesomixohalina de entrada interna (a uma profundidade
inferior a 2 m) e a outra em uma regido euhalina inferior (com grande variacao
de salinidade a uma profundidade de ~12 m préxima a desembocadura do ELP;
Fig. 6) [Abreu et al. 2016]. Os parametros fisicos, bioldégicos e quimicos foram
amostrados pelo programa de monitoramento ecolégico chamado Pesquisa
Ecolégica de Longa Duracédo (PELD) do Estuéario da Lagoa dos Patos e Costa

Marinha Adjacente, em funcionamento desde 1999 (www.peld.furg.br)

[Odebrecht e Abreu 2019]. O banco de dados inclui temperatura da agua de
superficie, salinidade, nutrientes dissolvidos (ou seja, nitrato, nitrito, acido silicico
e fosfato) e clorofila-a (Chl-a) [Lemos et al. 2021]. Ja& os parametros do sistema

carbonato medidos diretamente, ou seja, a At e o pH, foram amostrados pela
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Rede Brasileira de Pesquisa em Acidificagcdo dos Oceanos (rede BrOA,

www.broa.furg.br) [Kerr et al. 2016]. As duas estagdes sao aqui referidas como

BrOA #1 (regido mesomixohalina numa area abrigada da zona inferior do
estuario) e BrOA #2 (regido euhalina numa area mais exposta ao oceano na
desembocadura da lagoa). O programa de monitoramento mensal dos
parametros do sistema carbonato, executado pela rede BrOA, comegou em
outubro de 2015 e continua até o presente momento. A excegdo € para o
monitoramento do pH que se iniciou em maio de 2017. Neste estudo, o conjunto
de dados utilizado abrange o periodo entre maio de 2017 e junho de 2021. Isso
se deve ao fato de que a utilizacdo de pH e At gerarem parametros estimados
com melhor precisao [Millero et al. 2006] e uma possivel superestimacao do Cr

medido diretamente antes de 2017.
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Figura 6. Localizacdo das estacdes BrOA # 1 (diamante verde) e # 2 (quadrado vermelho) do
monitoramento fixo no pier na zona inferior do Estudrio da Lagoa dos Patos. A Ilha dos
Marinheiros (IM) e a Ponta da Feitoria (PF) séo indicados.

As metodologias trabalhadas nessa tese envolvem a determinacao de
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parametros do sistema carbonato para calculo do FCO2 e da composi¢éo do CO:2
presente no estuério. Neste capitulo, estas analises serdo descritas de forma

separada a fim de melhor detalhar cada etapa.

3.1 Determinagdo da temperatura, salinidade, nutrientes dissolvidos e

clorofila-a (Chl-a)

A temperatura e a salinidade da agua superficial foram medidas in situ
por termémetro digital e condutivimetro, respectivamente. A salinidade foi aferida
em laboratério. Os nutrientes dissolvidos foram medidos em agua filtrada e suas
concentracdes determinadas de acordo com o método de Strickland e Parsons
[1972]. As concentragbes de nutrientes foram usadas apenas para estimar 0s

parametros derivados do sistema carbonato.

Amostras discretas de agua de superficie de 50-250 mL (dependendo da
concentracéo de material) foram filtradas em luz fraca através de filtros Whatman
GF / F (tamanho de poro nominal de 0,7 um e 25 mm de didmetro) usando uma
pressao de vacuo de <5 em mercurio e imediatamente congeladas (—80 ° C) para
determinacdes posteriores da concentracdo de Chl-a total pelo método
fluorimétrico. No laboratério, o pigmento foi extraido em acetona 90%, e a
fluorescéncia determinada em fluorimetro Turner Designs TD-700 (previamente
calibrado com padrdo Sigma® de clorofila-a), seguindo o método de né&o
acidificacdo de Welschmeyer [1994], usado em outros trabalhos na literatura
onde a metodologia estd melhor detalhada [e.g. Murrell & Lores 2004, Giannini

et al. 2021]

45



3.2 Analise dos parametros do sistema carbonato

Com um par de parametros do sistema carbonato (i.e., Ar, Cr, pH e
pCO2) é possivel calcular os demais com certo erro associado [Millero et al.
2006]. Dessa maneira, a partir da determinagéo da At e do pH foram calculados

0S outros parametros do sistema carbonato.

3.2.1 Alcalinidade total (At)

As amostras de agua da superficie para analise de At foram coletadas
sem que houvesse a formacédo de bolhas em frascos de vidro de borosilicato de
500 mL e fixadas com 100 pL de uma solucdo supersaturada de cloreto de
mercurio para prevenir a atividade biologica seguindo o procedimento descrito
por Dickson et al. [2007]. As amostras foram refrigeradas para evitar evaporacao
e posteriormente analisadas em laboratorio. A At foi determinada em laborat6rio
por titulacdo potenciométrica em uma cela fechada [Dickson et al. 2007] com um
titulador automatico (Metrohm® Titrando 808) e um eletrodo de referéncia de
vidro combinado (Metrohm® 6.0262.100) a uma temperatura controlada de 25 +
0,1°C sustentado por um banho termostatico (Tamson® TLC 15). Com o volume
da cela fechada previamente calibrado, foi efetuada a titulacdo de uma
guantidade conhecida de agua do mar. A titulacao foi feita com solucéo de acido
cloridrico (HCI) adicionado de cloreto de sddio (NaCl) com a finalidade de simular
a forca i6nica da agua do mar, mantendo os coeficientes de atividade
aproximadamente constantes durante a titulacdo. O progresso da titulacdo é
monitorado usando um eletrodo de pH e um termdmetro. Inicialmente €

adicionada uma quantidade maior de acido (~3 mL), seguida de pequenos
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incrementos de &cido (0,1 a 0,2 mL). Ao final de cada adicao, o volume de &cido
e a forca eletromotriz sdo monitorados para determinar o ponto de inflexdo da
curva de titulagdo. Assim, a At é calculada a partir desses dados usando um
método de minimos quadrados com base em um ajuste de curva nao linear
[Dickson et al. 2007]. Devido a alta faixa de variabilidade da salinidade no
estuario (de 0 a ~32), uma adaptacdo do método de célula fechada [Dickson et
al. 2007] foi adotada, dividindo-se as amostras em dois grupos de acordo com a
faixa de salinidade (0 a 19 e > 19). Solu¢des de HCI (0,1 M) com bases de NacCl
com diferentes salinidades foram usadas como titulantes para aproximar a
salinidade real das amostras. A preciséo para as medi¢oes de At foi determinada
usando material de referéncia certificado (lotes nos. 96, 149, 162 e 177,
adquiridos do Scripps Institution of Oceanography) [Dickson et al. 2003].
Andlises de controle foram realizadas regularmente (diariamente) durante todo
0 periodo do estudo para garantir a qualidade dos resultados. Um fator de
correcao foi aplicado aos valores medidos com base nas leituras dos valores do
material de referéncia certificado e na diluicdo da amostra pela solugéo de cloreto
de mercurio [Dickson et al. 2007]. A precisdo analitica das analises de At foi de
+ 4,0 uymol kg™ (variando de 2,3 a 5,0 umol kg™ considerando os lotes de
amostra analisados). A consisténcia dessas medi¢des foi avaliada diariamente
durante todo o periodo de analise, com analises replicadas de uma Unica agua

padrao.

3.2.2pH
Amostras para analise de pH foram coletadas em frascos ambar de

borosilicato de 125 mL. O pH foi determinado potenciometricamente dentro de
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um periodo maximo de duas horas apds a amostragem. Para realizar essas
medic¢des, usamos um medidor de pH Metrohnm® 913 ou 914 acoplado a um
eletrodo de referéncia de vidro e um sensor de temperatura. Solugbes tampéo
padrao Fluka® Sigma-Aldrich® (com fungicida) com valores de pH iguais a 4,008
(hidrogenoftalato de potassio + cloreto de fenilmercirio) e 7,413
(hidrogenofosfato dissédico + di-hidrogenofosfato de potassio) ou padrédo
Certipur® Merck com valores de pH iguais a 4,00 (&cido citrico + hidréxido de
sédio + cloreto de hidrogénio), 7,00 (hidrogenofosfato dissodico + di-
hidrogenofosfato dipotéssico) e 9,00 (4cido borico + sédio hidréxido + cloreto de
potéssio), todos a 25°C, foram usados para calibrar o eletrodo de pH antes que
as amostras de cada perfil fossem medidas. Aplicamos a equacéo desenvolvida
por Gieskes [1969] para corrigir as medidas de pH para as temperaturas in situ.
Por fim, os valores de pH foram convertidos e relatados na escala total. A
precisdo e exatiddo das medicfes de pH foram avaliadas por andlises repetidas
de amostras em duplicado coletadas da mesma garrafa van Dorn e por medi¢des
regulares da solucédo tampao com pH = 7,413 durante as analises. A incerteza

das medicdes foi < 0,05 unidades de pH NBS.

3.2.3 Outros parametros do sistema carbonato

O Cr, a pCO:2 e o estado de saturacéo (Q) de calcita (QCa) e aragonita
(QAr) foram estimados através do software CO2Sys v.2.1 desenvolvido por
Lewis et al. [1998] e modificado por Pierrot et al. [2006]. Os dados de temperatura
da superficie da agua, salinidade, Ar, pH, acido silicico e concentracdes de
fosfato foram usados como parametros de entrada. A escala total foi escolhida

para o pH in situ. Como o estudo foi realizado em um ambiente estuarino com

48



ampla faixa de salinidade, aplicamos o seguinte conjunto de constantes: as
constantes de dissociacdo K1 e Kz de Millero et al. [2006], também utilizados por
Liu et al. [2017], Carstensen et al. [2018] e Chen et al. [2020] em ambientes
estuarinos e costeiros, e as constantes de sulfato e borato de Dickson [1990] e

Uppstrom [1974], respectivamente.

As incertezas dos parametros do sistema carbonato foram determinadas
de acordo com Orr et al. [2018]. Os erros de temperatura e salinidade foram
menores que 0,1°C ou 0,1 unidades de salinidade (valores pequenos dada a
amplitude de variagcdo dos parametros no ambiente), respectivamente, e néo
foram considerados neste calculo. Portanto, as incertezas propagadas nos
parametros do sistema carbonato representam fundamentalmente os erros
associados aos valores estimados de At e pH. As incertezas médias dos valores
calculados do Cr, da pCOz, do QCa e do QAr foram + 13 ymol kg, + 46 patm,
+0,02 e £ 0,01, respectivamente. Além disso, revisamos o software CO2Sys v.2.1
para verificar a sensibilidade dos parametros do sistema de carbonato com base
no conjunto de constantes usadas. Mudamos o conjunto de constantes para as
constantes de dissociagdo K1 e K2 de Cai e Wang [1998], as constantes de
sulfato de Khoo et al. [1977] e as constantes de borato de Lee et al. [2010]. As
diferencas médias entre as estimativas derivadas da aplicacdo original e os
novos valores foram consideradas variados para aguas estuarinas: 55 pmol

kg~1, 80 patm, 0,01 e 0,007 para Ct, pCO2, QCa e QAr, respectivamente.

3.3 Efeitos termais e ndo-termais da presséo parcial do CO2 da superficie
da agua (pCOy)
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A relacdo termodinamica entre pCO2 e temperatura é de 4,23% °C*
[Takahashi et al. 1993], e variagbes sazonais na pCO:2 superficial podem ser
dissociadas em efeitos térmicos e ndo-térmicos. A abordagem relatada por
Takahashi et al. [2002] foi usada para avaliar esses efeitos nas mudangas
sazonais na pCO:2 nas estagfes BrOA #1 e #2. O efeito térmico esta relacionado
principalmente a processos termodindmicos que afetam a solubilidade do CO:
em agua, ja os efeitos ndo-térmicos representam a variabilidade da pCO2 devido
a mudancgas na concentragdo de Cr e/ou Ar, que inclui a mistura vertical e a
utilizac&o bioldgica do CO:2 [Kortzinger et al. 2008]. Primeiro, os dados de pCOz2
foram calculados para uma temperatura média mensal e sazonal a fim de excluir

o efeito da temperatura (Eg. 5):

pCO2 NonT = (pCO2) Exp [0.0433 (Tm—T) (5)

onde Tm € a média mensal da temperatura da superficie da agua e T é a
temperatura observada. Entdo, a pCO:2 foi calculada para a temperatura in situ

para se obter o sinal da temperatura (Eq.6):

pCO2 T = (pCO2m) Exp [0.0433 (T = Tm) (6)

onde pCO2m é a média mensal e sazonal da pCO2 superficial. Para cada estacéo,
tanto a pCO2 sazonal termal quanto a ndo-termal foram calculadas usando a

diferenca entre os valores maximo (max) e minimo (min; Egs. 7 e 8):
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ApCO2 T = (pCO2 Tmax — (PCO2 Tmin (7)

ApCO2 NonT = (pCO2NonT)max — (PCO2NoNT)min (8)

A razéo (T:NT) entre as duas condi¢Oes foi aplicada para comparar a influéncia

relativa dos efeitos termais (T) e ndo-termais (NT; Eq. 9):

T:NT = ApCO> T/ApCO2 NonT 9)

onde T:NT <1 indica que o efeito ndo-termal tem maior magnitude e varibilidade,

enquanto T:NT > 1 indica que o efeito ndo-termal é fraco ou raramente constante.

3.4 Caculo dos drivers da presséo parcial do CO2 da superficie da agua
(pCO2)

Os drivers da pCOz2 foram calculados com base na diferenga sazonal na
zona inferior do ELP (Fig. 6) e nas derivadas parciais correspondentes
associadas aos parametros associados seguindo a Eq.10. As diferencas na
pCO: foram separadas em contribuicbes que representam os papéis das
diferencas na temperatura, salinidade, At e Cr. As contribuigdes relativas de
cada driver foram avaliadas convertendo suas mudancas relativas em unidades

de pCO:2 (uatm) seguindo Lenton et al. [2012]:

ApCO29V = (9pCO2/0Temp) ATemp + (6pCO2/dSal) ASal + (9pCO2/0AT) AAT +
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(3pC02/6CT) ACT (10)

onde ATemp, ASal, AAtr e ACr séo as diferencas entre as médias de cada
estacdo e a estacdo anterior da superficie da agua na zona inferior do ELP de
cada parametro de maio de 2017 a junho de 2021. As derivadas parciais foram
calculadas usando as Eqs. 11-13 e o termo envolvendo temperatura usando a

Eq. 14 [Takahashi et al. 2014].

dpCO2/0Ct = (pCO2/0Cr) Fator Revelle (12)
opCO2/0AT = (pCO2/0AT) Fator de Alcalinidade (12)
opCO2/0Sal = (pCO2/oSal) (13)
opCO2/aTemp ATemp =~ 2pCO2 {Exp [0.0423 (ATemp/2)] — 1} (14)

onde ATemp é a diferenga entre as médias de cada estacao e estacao anterior
da superficie da &gua na zona inferior do ELP da temperatura para o periodo de
maio de 2017 a junho de 2021, o Fator Revelle € 14,2 e o Fator de Alcalinidade

é —26,5.

3.5 Célculos dos fluxos liguidos de CO2 (FCO2)

O FCO: foi calculado a partir do produto da diferenca da pCO2 entre a
superficie da agua e a atmosfera (ApCO2= pCO2— pCO22™M) e os coeficientes de

transferéncia gasosa (ki) e de solubilidade do CO2z na agua do mar (Ks) (Eq. 15)
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[e.g. Jiang et al. 2008]. Portanto, valores negativos de ApCO2 sé&o indicativos de
uma absorcdo de CO:2 da atmosfera pela superficie da agua e, inversamente,

valores positivos séo indicativos de liberacdo de CO2 para a atmosfera.

FCO2 = ki Ks (ApCO2) (15)

A pCO22™ foi calculada a partir da Eq. 16:

pCO22M = xCO2" [pAr — (1.5/101.325) — pH20) (16)

A fracdo molar de CO2 atmosférico (xCO22") em ar seco foi obtida do
Observatério Mauna Loa (NOAA ESRL Global Monitoring Laboratory) [Thoning
et al. 2021] com dados defasados em 6 meses antes do periodo correspondente
devido a resposta atmosférica entre os hemisférios norte e sul [Millero 2013],
uma vez que nao havia dados de fracdo molar para a regido de estudo. O pAr é
a pressdo barométrica da estacao meteoroldgica da cidade de Rio Grande

(Brasil; https://portal.inmet.gov.br/) e pH20 (atm) é a pressédo de vapor d'agua

calculada usando salinidade e temperatura [Weiss e Price 1980].

A maior problematica no calculo do FCO2 em aguas estuarinas ocorre
por causa do ki devido ao fato desse ecossistema ter sua hidrodinamica
complexa e geomorfologia variada [e.g. Dinauer e Mucci 2017, Yao et al. 2020].
Varias relacdes diferentes entre a velocidade do vento e a velocidade de
transferéncia do CO2 foram propostas com base em estudos de laboratorio e de
campo. Neste estudo, o k: foi parametrizado usando a velocidade do vento e a
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equacao de Jiang et al. [2008] (Eq. 17), derivado de Raymond e Cole [2001] e 0
Ks de Weiss [1974], calculado usando a temperatura em Kelvin (T) (Eqg. 18). A
parametrizagdo de Jiang et al. [2008] € usada principalmente no ambiente

estuarino [e.g. Evans et al. 2013, Van Dam et al. 2018, Yao et al. 2020].

k =[(0,314 U10?) — (0,436 U1o + 3,99)] (Sc/600)0> (17)

Ko = Exp (~58,0931 + 90,5069 * (100/Temp) + 22,2940*In(T/100) Sal*(0,027766

— 0,025888 * (Temp/100) + 0,0050578 * (Temp/100)2 (18)

Os dados mensais de velocidade do vento a 10 m (Uio) foram obtidos
através do 8° Distrito de Meteorologia do Instituto Nacional de Meteorologia (8°

DISME / INMET; https://portal.inmet.gov.br/) para o Estado do Rio Grande do

Sul. O nimero de Schimidt (Sc) que aparece na Eq.17 foi calculado (Eq.19),
usando-se a temperatura (Temp) em graus Celsius (°C). Para 4gua estuarina,

os coeficientes adotados foram: A= 1742; B=91,24; C= 2,208 e D=0,0219.

Sc=A-Bt+Ct?— D3 (19)

A partir da equacgéo de Raymond e Cole [2001] (Eqg. 20), foi recalculado o
ki a fim de verificar a sensibilidade do FCO2 com base nas equacdes utilizadas.
As diferencas médias entre as estimativas derivadas da aplicacao original e os
novos valores foram de —0,3 + 0,8 mmol m=2 d~! entre as abordagens de Jiang

et al. [2008] e Raymond e Cole [2001] (Fig. 7).
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k = 1,91 Exp (0,35 U10) (Sc/600)05 (20)
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Figure 7. Comparacdo da média da variabilidade mensal dos fluxos liquidos agua-ar de CO2
(FCOz2) de maio de 2017 a junho de 2021 com a velocidade de transferéncia do gés calculada a
partir da metodologia de Jiang et al. [2008] (JO8; losangos laranjas) e da metodologia de
Raymond & Cole [2001] (RCO01; quadrados verdes).

3.6 CO2 estuarino

Para calcular a concentracéo de CO2 na agua, primeiro foram calculadas
as concentracdes de Cr e Ar do rio, da agua do mar e do estuario seguindo a
metodologia de Jiang et al. [2008]. A mudanca do Ct devido a mistura rio-oceano
gue ocorre em aguas estuarinas é calculada de duas formas: uma quando a
entrada de agua ribeirinha é alta (Ctmr; Eq. 21) e outra é devido a mistura do

oceano em determinada estacéo (denominada estacao i; Ctmix; EQ. 22):

Crmr = (Si/Soc) Croc + [(1 — Si)/Soc] Cr (21)

Crmix = [(Soc — Si) Crr + (Si — Sr) Croc)/Soc — St (22)
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Como ndo houve amostragem continua durante o periodo estudado na
foz do rio ou em um ponto fixo no oceano, as concentra¢cdes médias de Cr e
salinidade do rio (Ctr e Sy, respectivamente) foram determinadas da estagéo
mais proxima do desague do rio (BrOA #1) e as concentracdes médias de Cr e
salinidade do oceano (Croc € Soc, respectivamente) da estacdo mais proxima do
oceano (BrOA #2). Foi feita a média dos valores encontrados para a salinidade
entre 0 e 5 da estacao BrOA #1 (representando a salinidade do rio) e acima de
30 da estacdo BrOA #2 (caracterizando a salinidade do oceano), quanto a média
dos valores de Cr correspondentes de cada salinidade dos pontos amostrados

(Tabela 1).

Quando ndo ha influéncia do rio, o Crt na estacdo i (Crmo) pode ser

calculado a parti da Eq. 23:

Crmo = (Si/Soc) Croc (23)

Tabela 1. Valores da salinidade, do carbono inorganico dissolvido total (Ct em umol kg™) e da
alcalinidade total (At em pmol kg™) representando as situacdes de agua do rio e do oceano, a
partir dos célculo das médias das estacdes BrOA #1 e #2.

Salinidade Cr At
(umol kg™) (umol kg™)
Rio 2,57 703,30 699,47
Oceano 31,36 1648,38 2087,04

Dessa forma, O Ct produzido/consumido devido aos processos

biogeoquimicos estuarinos (Ct®%!) pode ser calculado pela Eq. 24:
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Ctest = C1i — Cm (24)

onde o Cri € 0 Cr na estacdo i e o Crm é 0 Cr devido a mistura de dois membros
finais e pode ser calculado pelas Egs. 21-23. Seguindo a mesma explicagéo, a
Atm e A7t podem ser estimados simplesmente substituindo o Ct por At nas Egs.
21-23. Para os membros finais da At, as médias também foram definidas (Tabela

1),

Por fim, a concentracdo estuarina de CO: foi calculada por meio do
software CO2Sys v.2.1 desenvolvido por Lewis et al. [1998] e modificado por
Pierrot et al. [2006] usando as variaveis Cr, Ar, salinidade e temperatura como
parametros de entrada. Usamos [COz2]oceano, [COz2]rio € [COz]est para representar
a concentracdo de CO:2 derivada do oceano, do rio e do estuério,
respectivamente. O CO2 aquoso n&o se mistura de forma conservativa, entéo, a
[CO2]oceano € a concentragdo de CO2 aquoso do oceano se este for diluido por
uma agua doce com zero Cr, calculado por Ctmo € Atmo (EQ. 23). A [CO2]rio € a
diferenca entre a [CO2] devido a mistura e a [CO2]oceano (EQ. 25) [Jiang et al.

2008].

[CO2]rio = [CO2]m — [CO2]oceano (25)

Logo, a [COz] do estuario ([COzJest) € calculada pela diferenca entre a
[CO2] na estacao i ([COzJi) e a [CO2] da mistura das aguas entre o rio e 0 oceano
([CO2]m; EQ.26):
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[CO2Jest = [CO2]i — [CO2]m (26)

A [COz]est Nnegativa indica que é o CO2 esta sendo consumido, enquanto
valores positivos representam que o CO2 esta sendo produzido no estuario por
processos biogeoquimicos. Quando o [COz] foi calculado a partir do Ct e da Ar,
foi utilizada a temperatura média anual de 21,03 °C, uma vez que o [CO2]

dissolvido esté sujeito as variacdes da temperatura da agua.

3.7 Outras analises: Estatistica e Ondeletas

As andlises de correlagdo entre os parametros abidticos (varidveis
ambientais) foram realizadas no Software Statistica. Matrizes de correlagéo e

coeficiente de correlacdo de Pearson (r) foram calculados entre as variaveis.

A andlise da transformada Wavelet foi usada para avaliar o padrdo de
variabilidade nas séries temporais dos parametros do sistema carbonato e do
FCO2. A ondeleta mée usada foi a funcdo Morlet. A escala usada para a
transformada de ondeleta foi de 12 meses porque havia uma amostra por més,
e 0 comprimento (ou seja, espacamento entre escalas discretas) foi de 0,125. O
comprimento da fungdo Morlet deve ser menor que 0,5 para identificar a
variabilidade na escala anual, com valores menores proporcionando melhores
resolucdes [Torrence e Compo 1998]. O cone de influéncia foi determinado com
base no processo de ruido vermelho com um coeficiente de defasagem de 0,72

[Gilman et al. 1963]. Os resultados da analise de ondeleta forneceram valores
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de energia na forma logaritmica de base 2 em meses, onde 0s valores positivos
indicam alta energia (maior variabilidade) e os valores negativos apontam baixa

energia (menor variabilidade).
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Capitulo IV:
O sistema carbonato no Estuéario da
Lagoa dos Patos

O primeiro manuscrito, em sintese, apresenta a primeira caracterizacao
do sistema carbonato na zona inferior do ELP, cujo objetivo foi a
investigacdo da variabilidade temporal da distribuicdo dos parametros do
sistema carbonato na regido de estudo. Este trabalho possibilitou observar a
variabilidade sazonal e interanual das principais variaveis que compde o
sistema carbonato e, ainda, contribuiu para um melhor entendimento da
biogeoquimica na &rea estudada. De autoria de Cintia Albuquerque, Rodrigo
Kerr, Thiago Monteiro, lole Beatriz Marques Orselli, Mariah de Carvalho-
Borges, Andréa da Consolagdo de Oliveira Carvalho, Eunice da Costa
Machado, Julia Kalid Mansur, Margareth Copertino e Carlos Rafael Borges
Mendes, intitulado “Seasonal variability of carbonate chemistry and its
controls in the subtropical estuary”, foi submetido no peridédico “Estuarine,

Coastal and Shelf Science” em outubro de 2021 e encontra-se em revisao. A
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andlise dos dados, as principais interpretacdes e a redacdo deste manuscrito
foram feitas por mim, como parte da minha tese de doutorado. Rodrigo Kerr
liderou as atividades da rede BrOA na Lagoa dos Patos, prop6s o estudo e fez
toda a supervisdo para que chegassemos a concluséo desse estudo. Todos 0s
autores tiveram participacao significativa na redacao final do texto submetido
ao periodico e importantes contribuicbes ao longo desse trabalho. Cintia
Coelho, Rodrigo Kerr, Thiago Monteiro, lole Orselli, Mariah de Carvalho-Borges,
Andréa Carvalho, Carlos Rafael Mendes e Julia Mansur contribuiram nas
coletas de campo e/ou analises quimicas de laboratério. Eunice Machado
contribuiu como especialista em biogequimica de estuarios. Margareth
Copertino e Carlos Rafael Mendes contribuiram como especialistas em

ecologia de produtores primarios.

Abstract

We performed an unprecedented investigation of the seasonal variability in
carbonate system parameters (the total alkalinity — Ar, the total dissolved
inorganic carbon — Cr, the pH, and the partial pressure of carbon dioxide — pCO2)
in the lower zone of the Patos Lagoon Estuary (PLE), the largest choked lagoon
in the world. Sampling was conducted monthly from May 2017 to June 2021. At
and pH were measured during the study period, while other carbonate system
parameters were estimated using CO2Sys software. The pH distribution reflected
the average natural alkaline conditions throughout the year, with an average of
8.0 pH units. The surface waters in the lower zone of the PLE are generally
characterized by a supersaturated calcium carbonate environment. However, a

susceptibility to undersaturation conditions was observed during winter (calcite
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and aragonite) and spring (aragonite). Furthermore, the average surface water
pCO2 was 394 patm during the analyzed period, with the highest values recorded
in winter and early spring. The predominant estuarine processes governing
changes in the carbonate system in the PLE were the dilution and concentration
of salts. These processes depend on the complex balance between freshwater
outflows and oceanic inflows that change the surface salinity and produce
favorable conditions for primary producer development and the input of
continental carbon. However, the remineralization of organic matter and CO:
ingassing likely contribute to the deviations in the theoretical mixing line, causing
the increased Cr in the region. In addition, the nonthermal effects on seasonal
changes in the pCO: prevail over thermal effects, and the region presents an
ocean-dominated (riverine-dominated) condition during summer and autumn
(winter and spring). The novel results described here reveal the complexity and
challenges that still exist to a better comprehension of how carbonate system
parameters evolve temporally and spatially in the PLE, especially considering the
climate- and anthropogenic-driven stressors. Finally, this study contributes to the
understanding of carbonate system variability in coastal ecosystems and
highlights the need for more intense and continuous biogeochemical monitoring

of Southern Hemisphere estuaries.

4.1 Introduction

Estuaries occupy a surface area of only 4% of the global continental shelf
and generally exhibit higher water-air carbon dioxide (CO2) net fluxes than those

observed over the ocean surface [Borges et al. 2004]. In addition, estuarine
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systems are characterized by intense carbon fixation and respiration due to high
primary production and decomposition rates of organic matter. The river inputs
and rapid cycling of autochthonous and allochthonous organic matter, which are
degraded by microbial action, cause supersaturation of CO2 in estuarine waters
[Sunda and Cai 2012]. This behavior results in variability in the water-air CO2 net
fluxes in these ecosystems, along with variations in biological, physical, and
chemical parameters of estuarine surface waters [e.g., Maher and Eyre 2012,
Evans et al. 2013, Cotovicz et al. 2020]. Moreover, changes in the distribution of
carbonate system parameters are associated with an increase in atmospheric
CO:2 levels, changes in hydrological properties and estuarine dynamics,
enhanced estuarine biogeochemical processes (e.g., respiration, production,
carbonate dissolution, and precipitation), and changes in atmospheric conditions
(e.g., wind speed and rainfall). These processes may shift the role of estuarine
waters between net CO:2 sinks and sources [e.g., Cai 2011, Salt et al. 2016,
Cotovicz et al. 2020]. The hydrodynamics and climatic conditions in each estuary
vary according to local processes [Borges and Abril 2011], strongly influencing
the seasonal and spatial heterogeneity in water mixing between riverine-oceanic

waters [e.g., Bauer et al. 2013, Carstensen et al. 2018].

Changes in water chemistry can affect estuarine and marine organisms
directly and/or indirectly. For instance, the acidification process leads to a
decrease in carbonate ions (CO3?"), a key component for many organisms that
use them to build their shells and skeleton material. This change may impair the
calcification rates of these organisms and possibly affect their physiology,
reproduction, and even geographical distributions [Zeebe 2012, Hatje et al. 2013,

Doney et al. 2020]. Although estuarine organisms can tolerate the high variability

63



in biogeochemical properties and acclimate to the rapid changes imposed by
estuaries [Bible and Sandford 2016], many marine species might be affected,
particularly juveniles that use estuaries as temporary nurseries and feeding
habitats [Vinagre et al. 2013]. Furthermore, studies on carbonate system
variables in tropical and subtropical environments are relatively limited, and the
effect of CO2 system variability on marine organisms are not well studied in these
ecosystems, specifically in the transitional coastal environments between the
continent and ocean of the Southern Hemisphere [e.g., Vieillard et al. 2020,
Vargas et al. 2016]. This limitation hampers the general comprehension of the
behavior and variability of carbonate system parameters at a global scale in these

ecosystems [Ciais et al. 2013, Roobaert et al. 2019].

Despite the available knowledge and information provided by long-term
monitoring and research programs [Seeliger et al. 1998, Seeliger et al. 2004,
Seeliger and Odebrecht 2010, Odebrecht et al. 2017] about the internal variability
of biological parameters and estuarine hydrodynamics in the Patos Lagoon
Estuary (PLE; Fig. 8b) [Casteldo and Moller 2003, Vaz et al. 2006, Mdller et al.
2007, Moller and Fernandes 2010, Haraguchi et al. 2015, Lisboa 2015, Lanari
and Copertino 2017, Lanari et al. 2018], information about the carbonate system
in this area is scarce. Thus, investigating the biogeochemistry of the Patos
Lagoon zones (Fig. 8a), which are located in extreme southern Brazil (~32°S),
may provide considerable information to fill the knowledge gap in carbonate
system variability in estuarine areas of the Southern Hemisphere. Thus, the
present study aims to provide the first overview of the seasonal variability and
estuarine processes driving the changes in the carbonate system parameters of

the surface waters in the lower estuarine zone of the PLE (Fig. 8b).

64



31°S

32°s la

goon|

Ocean Data View

31.7°S

31.8°S

31.9°S

32°S

South Atlantic

32.1°S
Ocean
=
§
O BrOA 1 g
32.2°S (] BroOA 2 I§
. 3
52.3°W 52.2°W 52.1°wW 52°wW 51.9°w 51.8°W

— 20m

50m

100 m

~— 200m

— 500m

- 1000 m

1500 m

2000 m

2500 m

3000 m

3500 m

— 20m

50m

100 m

—— 200 m

— 500m

- 1000 m

1500 m

2000 m

2500 m

3000 m

3500 m

Figure 8. Map of the study region: Patos Lagoon. (a) Location of the Patos Lagoon and its
geomorphological divisions: the estuarine zone (red rectangle), the central lagoon (green
rectangle) and the upper lagoon (yellow rectangle). Blue dots indicate regions of freshwater
discharge from the Jacui and Taquari (J + T) and Camaqua (C) Rivers. The inset in (a) shows a
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map of South America with the location of the Patos Lagoon (red rectangle).. (b) Location of the
pier-fixed monitoring BrOA #1 (green diamond) and #2 (red square) stations in the Patos Lagoon
Estuary with the southern region highlighted (orange rectangle). Marinheiros Island (IM) and
Ponta da Feitoria (PF) are indicated.

4.2 Patos Lagoon features

Patos Lagoon is the largest choked lagoon in the world [Kjerfve 1986] and
is connected to the South Atlantic Ocean by a narrow channel (~1 km wide)
[Casteldo and Mdller 2003, Marques and Moller 2008, Marques et al. 2009]. The
surface area of Patos Lagoon is approximately 10,360 km?, and the drainage
basin is approximately 200,000 km?, with an average depth of 5 m; 85% of the
estuarine area has a depth of less than 2 m [Moller 1996, Seeliger 2001]. The
lagoon comprises subtropical and warm temperate climate regions with an
annual average air temperature of 18°C and annual average precipitation ranging
between 1,200 mm and 1,500 mm, with the highest rainfall occurring during the
summer [Abreu et al. 2016]. In general, the input of saline water is restricted to
the lower estuary, which covers approximately 10% (~1,000 km?) of the total area
of the lagoon [Seeliger 2001], resulting in a pronounced range of salinity from 0
to 35 [Vaz et al. 2006]. In addition, the lower estuarine zone of the PLE has a
water residence time of approximately two days, considering the water
exchanges up to the region near the Ponta da Feitoria (Osmar O. Moller Jr.
personal communication). Thus, although the mouth of the estuary (an euhaline
zone) has strong and energetic currents, the residence time is relatively short.
On the other hand, the shallow and embayment mesohaline zones of the PLE
experience a water residence time that is slightly higher. Moreover, strong
hydrodynamic events spread the PLE freshwater plume, reducing salinity near

the coast [Zavialov et al. 2018].
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In this sense, the hydrodynamics of Patos Lagoon are dominated by wind
at time scales associated with the passage of frontal systems and the strength of
freshwater discharge in the microtidal region [Moller et al. 2001]. Therefore, wind
and freshwater discharge are the main drivers of PLE hydrodynamics. Notably,
the hydrodynamic processes are related to the size of the drainage basin and the
dimensions and orientation of the longitudinal axis of the lagoon [Vaz et al. 2006,
Moller and Fernandes 2010]. The natural bottleneck characteristic of the estuary
intensifies the ebb currents and acts as a filter for the already nonimportant tidal
movements [Moller et al. 2007]. In addition to wind direction and freshwater
discharge, the hydrology in the estuary is controlled by the balance between
precipitation and evaporation levels [Castelao and Mdller 2003, Mdller and
Fernandes 2010, Abreu et al. 2016]. Thus, seawater intrusion in autumn is
greater than in other seasons due to the frequent passage of frontal systems with
southerly winds combined with low freshwater inputs, resulting in flooding and
salinization of the PLE. When winds blow from the northeast at the end of winter
and spring, periods of high freshwater discharge favor ebb currents. During
summer and spring, a well-marked presence of east winds occurs, indicating an
influence of sea breezes signal. The north and south quadrant winds form vertical
salinity structures that can range from a salt wedge to a well-mixed gradient
[Mdller et al. 2001, Mdoller and Fernandes 2010]. Therefore, during the months of
flooding and higher wind speed, the estuary tends to present a well-mixed
gradient; while during the months of higher freshwater discharge, salt wedge
conditions are more frequently observed [Mdller et al. 2001]. Furthermore, the
PLE is directly affect by the variability in El Nifilo-Southern Oscillation (ENSO)

events, which affect the regional temperature, precipitation, wind patterns, and
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freshwater discharge (Seeliger and Odebrecht 2010]. During the warm phase of
ENSO under El Nifio conditions, southern Brazil is characterized by higher
precipitation and warm air temperatures, while relatively dry and cold atmospheric
conditions prevail during La Nifia (Grimm and Ferraz 1998]. Consequently, those
changes alter the magnitude of freshwater discharge into the PLE (Moller et al.
2001) because, freshwater discharge is above the average level (~1770 m?3 s™1)
under El Nifio conditions, and the opposite is true under La Nifia conditions [Vaz

et al. 2006; Seeliger and Odebrecht 2010].

Considering the complex hydrodynamics of the PLE waters, the mixing
between riverine-oceanic water dynamics prompts questions about its effect on
the seasonal cycle of the carbonate parameters. Despite the knowledge of the
effect of freshwater and seawater mixing on the PLE, carbonate system
parameters have not been measured over the seasons to provide proper
quantification and an understanding of carbonate seasonal variability and its
implications in the face of anthropogenic changes is lacking. Regarding the
chemical changes in the PLE waters, some inner areas of the PLE have
presented signals of eutrophication [e.g., Abreu et al. 2010, Marreto et al. 2017],
as was noted by a study conducted the 1980s that showed an increase in nutrient
concentrations [Wallner-Kersanach et al. 2016]. Moreover, nutrient dynamics
have changed slightly over time because of the relatively fast estuarine water
renewal [e.g., Mdller et al. 2001, Wallner-Kersanach et al. 2016] that may be
faster if the freshwater discharge is higher [Odebrecht et al. 2015]. The increases
in the nutrient concentrations were followed by changes in the primary producer
community, such as an increase in the frequency of opportunistic macroalgal

blooms (causing green tides) or changes in the phytoplankton composition
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[Wallner-Kersanach et al. 2016, Marreto et al. 2017, Lanari and Copertino 2017].
Following nutrient pulses, the equilibrium of the community of the primary
producers is normally restored. Thus, although human-induced impacts may
influence the structure and dynamics of this environment [Odebrecht et al. 2017],
the eutrophication already reported in the PLE is likely offset by estuarine water
dynamics, which prevents the accumulation of nutrients in surface waters [Abreu
et al. 2010]. These biogeochemical changes reported in previous studies may

also affect the seasonal variability of the carbonate system.

4.3 Data and Methods

4.3.1 Database from the Brazilian monitoring programs

The physical, biological, and chemical parameters are sampled by the
Brazilian Long Term Ecological Research (BR-LTER) of PLE and Adjacent

Marine Coast, an ecological monitoring program since 1999 (www.peld.furg.br)

[Odebrecht and Abreu 2019]. The database includes surface water temperature,
salinity, contents of dissolved nutrients (i.e., nitrate, nitrite, silicic acid, and
phosphate), and chlorophyll-a (Chl-a) content. The total alkalinity (At) and pH are
sampled by the Brazilian Ocean Acidification Network (BrOA Network;

www.broa.furg.br) [Kerr et al. 2016] together with the sampling performed by the

BR-LTER since 2015.

Surface water samples (1 m below the surface) were collected monthly
using a 5 L van Dorn bottle in two estuarine regions at pier-fixed stations in the

southern part of the PLE. These stations are located (i) in an inner inlet
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mesohaline region (at a depth of less than 2 m) and in a (ii) lower euhaline region
(at a depth of ~12 m near the mouth of the PLE) in the lower zone of the PLE
(Fig. 8b) [Abreu et al. 2016]. Both regions are located in the southern part of the
PLE and may represent the lower estuarine area characterized by a wide salinity
variation (0 to > 35) and hydrodynamic differences. The mesohaline region is
shallow and is more substantially affected by the influence of winds promoting
water column mixture and exchanges with the bottom, while the station located
at the euhaline region is more sea-exposed and is characterized by a greater
effect of water intrusions from the South Atlantic Ocean. In addition, while the
mesohaline regions may experience longer periods of relatively calm conditions
of water, the lower euhaline region is affected by the water inflow/outflow,
depending on the strengthening of the estuarine dynamics. The two stations are
hereafter referred to as BrOA #1 (mesohaline region) and BrOA #2 (euhaline
region). The sampling procedure always begins at BrOA #1 followed by BrOA #2
sampling in the early morning. The interval between sampling at the stations is
approximately 20-30 min. Here, the dataset used from the monthly monitoring

programs spans from May 2017 until June 2021.

4.3.2 Determination of temperature, salinity, dissolved nutrients, and chlorophyll-

a

Surface water temperature and salinity were measured in situ using a
digital thermometer and portable refractometer, respectively. The salinity was
further verified at laboratory with a conductivity meter. Dissolved nutrients were
measured in filtered water, and their concentrations were determined using the

method reported by Strickland and Parsons [1972]. The nutrient concentrations
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were used only to estimate the derived parameters of the carbonate system.
Discrete surface water samples of 50-250 mL (depending on material
concentration) were filtered through Whatman GF/F filters (nominal pore size 0.7
pm and 25 mm diameter) under dim light using a vacuum pressure of < 5 in
mercury and immediately frozen (—80°C) for subsequent determination of the
total Chl-a concentration using a fluorometric method. In the laboratory, the
pigment was extracted in 90% acetone, and fluorescence was determined in a
Turner Designs TD-700 fluorometer (previously calibrated with a Sigma®
chlorophyll-a standard) using the non-acidification method described by

Welschmeyer [1994].

4.3.3 Determination of total alkalinity and pH

Water samples for the total alkalinity (At) analysis were collected at the same
depth as other parameters (1 m below the surface) in 500 mL borosilicate glass
bottles and fixed with 100 pL of a supersaturated mercury chloride solution to
prevent biological activity following the procedure described by Dickson et al.
[2007]. The samples were refrigerated to prevent evaporation and were analyzed
in the laboratory. At was measured in the laboratory by potentiometric titration in
a closed cell [Dickson et al. 2007] with an automated titrator (Metronm® Titrando
808) and a combined glass-reference electrode (Metrohm® 6.0262.100) at a
controlled temperature of 25 £+ 0.1°C sustained by a thermostatic bath (Tamson®
TLC 15). Due to the high salinity range in the estuary (from 0 to ~32), an
adaptation of the closed cell method [Dickson et al. 2007] was adopted. Solutions
of HCI (0.1 M) with NaCl backgrounds for different salinities were used as titrants

to approximate the actual salinity of the samples. The precision of both Ar
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measurements was determined using a certified reference material (batches nos.
96, 149, 162 and 177, acquired from Scripps Institution of Oceanography)
[Dickson et al. 2003]; control analyses were performed regularly (weekly)
throughout the study period to ensure the quality of the results. A correction factor
was applied to the measured values based on the certified reference material
values and the dilution of the sample with the mercury chloride solution [Dickson
et al. 2007]. The average analytical precision of the Ar analyses was + 4.0 ymol
kg™ (range of 2.3 < At < 5.0 ymol kg™ considering the analyzed sample batches).
The consistency of these measurements was evaluated daily throughout the

analysis period with replicate analysis of a single sample.

Surface samples for the pH analysis were collected in 125 mL borosilicate
amber flasks. The pH was potentiometrically determined within a maximum
period of two hours after sampling. We used a Metrohm® 913 or 914 pH meter
coupled with a glass-reference electrode cell and a temperature sensor to
perform these measurements. Fluka® Sigma-Aldrich® buffer solutions with pH
values equal to 4.008 (potassium hydrogen phthalate + phenylmercury chloride)
and 7.413 (disodium hydrogen phosphate + potassium dihydrogen phosphate
(KH2POa4)), both at 25°C, were used to standardize the pH electrode before the
samples from each profile were measured. We applied the equation developed
by Gieskes [1969] to correct the pH measurements for the in situ temperatures.
The pH values were reported in the total scale. The precision and accuracy of the
pH measurements were evaluated by performing repeated analyses of duplicate
samples collected from the same van Dorn bottle and by performing regular
measurements of the buffer solution at pH = 7.413 during the analyses. The

uncertainty of the measurements was < 0.05 pH NBS units.
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4.3.4 Determination and sensitivity of other carbonate system parameters

Total dissolved inorganic carbon (Cr), partial pressure of CO2 (pCO2) and
calcium carbonate (CaCOs3) saturation state (Q2) of calcite (QCa) and aragonite
(QAr) were estimated using CO2Sys v.2.1 software developed by Lewis et al.
[1998] and modified by Pierrot et al. [2006]. Surface water temperature, salinity,
Ar, pH, silicic acid, and phosphate concentrations were used as input
parameters. The total scale was chosen for pH at in situ temperature. Since the
study was performed in an estuarine environment with a broad salinity range, we
applied the following set of constants: the K1 and Kz dissociation constants
reported by Millero et al. [2006], such as those used by Liu et al. [2017],
Carstensen et al. [2018] and Chen et al. [2020] in estuary and coastal
environments, and the sulfate and borate constants reported by Dickson [1990]

and Uppstrom [1974], respectively.

The carbonate system parameter uncertainties were determined using the
method reported by Orr et al. [2018]. The temperature and salinity errors were
lower than 0.1°C or 0.1 salinity units, respectively, and were not considered in
this calculation. Hence, the propagated uncertainties in carbonate system
parameters fundamentally represent the errors associated with the estimated At
and pH values. The average uncertainties of the calculated C+, pCO2, QCa and
QAr values were +13 pmol kg™, +46 patm, +0.02 and +0.01, respectively.
Additionally, we reran CO2Sys v.2.1 software to verify the sensitivity of the
carbonate system parameters based on the set of constants used. We changed

the set of constants to the K1 and K2 dissociation constants of Cai and Wang
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(1998), the sulfate constants described by Khoo et al. [1977] and the borate
constants of Lee et al. [2010]. Afterward, the average differences between the
estimates derived from the original application and the new values were
considered relatively low for estuarine waters, which were 55 pmol kg™, 80 patm,

0.01 and 0.007 for Cr, pCO2, QCa and QAr, respectively.

4.3.5 Controls of pCO»: thermal vs.nonthermal effects

The thermodynamic relation between pCO2 and temperature is 4.23% °C-
1 [Takahashi et al. 1993], and seasonal variations in surface pCO2 can be
decoupled into thermal and nonthermal effects. We used the approach reported
by Takahashi et al. [2002] to evaluate those effects on seasonal changes in pCO:2
at the BrOA #1 and #2 stations. The thermal effect is mainly related to
thermodynamic processes affecting CO:2 solubility in water. The nonthermal
effects represent the pCO: variability due to changes in the concentration of Cr
and/or At, which includes vertical mixing and the biological utilization of CO:2
[Kortzinger et al. 2008]. First, pCO2 data were calculated for a monthly and

seasonal average temperature to exclude the temperature effect (Eq. 27):

pCO2 NonT = (pCO2) Exp [0.0433 (Tm—T) (27)

where Tm is the monthly mean surface water temperature and T is the observed
temperature. Then, pCO2 was calculated for a particular in situ temperature to

obtain the temperature signal (Eq. 28):
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pCO2 T = (pCO2m) Exp [0.0433 (T — Tm) (28)

where pCO2 m is the monthly and seasonal average surface pCO2. For each
station, both the thermal (ApCO2 T) and nonthermal (ApCO2 NonT) seasonal
changes were calculated using the difference between maximum (max) and
minimum (min) values for pCO:2 at surface temperature for the thermal effect and

pCO: at surface temperature for the nonthermal effect (Eqgs. 29 and 30):

ApCO2 T = (pCO2 T)méax — (PCO2 T)min (29)

ApCO2 NonT = (pCO2NonT)max — (PCO2NoNT)min (30)

The ratio (T:NT) between the two conditions was applied to compare the

relative effect of both thermal (T) and nonthermal effects (NT) (Eq. 31):

T:NT = ApCO2 T/ApCO2 NonT (31)

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

or rather constant.

4.3.6 Dispersion diagrams and riverine and ocean properties endmembers
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The river (freshwater) and ocean (seawater) physical and biogeochemical
endmembers were determined to verify the deviations from the theoretical
conservative mixture lines. As continuous sampling was not performed during the
study period at the mouth of the rivers (for which inflow is located further north in
the central lagoon, Figure 1la) or at a fixed point in the ocean, the most pure
conditions of riverine and ocean water were determined from the station closest
to the river outlet (BrOA #1; salinity < 3) and from samples of opportunity in the
near coastal shelf (salinity > 31), respectively. Thus, the riverine biogeochemical
endmembers were At = 664 umol kg™, Ct = 675 pmol kg™, pH = 7.9 and pCO:
= 565 patm, while the ocean endmembers were At = 2,107 umol kg™, Ct=1,738

pumol kg™, pH = 8.3 and pCO2 = 251 patm.

In addition, the main physical-biogeochemical processes controlling the
equilibrium of the carbonate system can be recognized from Ar-Cr diagrams. The
processes characterized by the Ar:Cr ratio are photosynthesis and respiration,
CaCOs calcification and dissolution, CO2 outgassing and ingassing as proposed
by Zeebe and Wolf Gladrow [2007]. The former (second) processes are
responsible for the decrease (increase) in the pCO:2 in the water. The dilution and
salt concentration processes presented in this diagram are based on the
theoretical conservative mixture line determined from the calculated

endmembers.

4.3.7 Wavelet analysis

Wavelet transform analysis was used to evaluate the pattern of variability
in the carbonate system parameters over the time series. The mother wavelet
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used was the Morlet function. The scale used for the wavelet transform was 12
months because one sample was collected per month, and the length (i.e.,
spacing between discrete scales) was 0.125. The length of the Morlet function
must be smaller than 0.5 to identify variability at the annual scale, with smaller
values providing better resolution [Torrence and Compo 1998]. The cone of
influence was determined based on the red noise process with a lag coefficient
of 0.72 [Gilman et al. 1963]. The results of wavelet analysis provided energy
values in base-2 logarithmic form and revealed the period (months) with the
highest intensity in the variability. Additionally, we determined whether the

periods of variability changed throughout the years investigated in this study.

4.4 Results

4.4.1 Seasonal variability of the hydrographic and carbonate system properties

The seasonal cycle of the surface water temperature displayed a similar
pattern at both stations BrOA #1 and #2, with amplitude values greater than 10°C
(Figs. 9a and Sla). The annual average surface water temperature was 21 *
4.4°C from 2017 to 2021 (Fig. S1a). The seasonal cycle of the surface salinity
also displayed a similar pattern of variability at stations BrOA #1 and #2 (Figs. 9b
and S1b). The surface salinity ranged from freshwater to seawater values (i.e., 0
to 35) in the PLE, with the highest salinity occurring during the end of summer
and early autumn and the lowest salinity occurring during spring, following the
changes in freshwater discharge (Fig. 2b). The monthly average freshwater
discharge was calculated from the available dataset from 2015 to 2017 of the

three largest rivers that flow into the PLE (i.e., Jacui, Taquari and Camaqua

77



Rivers); unfortunately, more recent data are not available yet. However, this
ancillary dataset was used here only qualitatively to mark periods of high (June-

November) and low (December-May) freshwater discharge.

The Chl-a concentrations ranged from 0 to ~24 ug L™* and exhibited a
marked seasonal cycle, with the highest values observed during spring and
summer months and the lowest values observed in autumn and winter (Fig. 9c).
The highest Chl-a concentration of ~23 ug L™ was observed in January 2019 at

BrOA #2 and ~24 ug L™ in October 2019 at BrOA #1 (Fig. Sic).

The At seasonal cycle showed irregular behavior with high concentrations
in late autumn (April to June) and low concentrations in early spring (October and
November), with a seasonal range of 900 umol kg=* at BrOA #1 and 800 pmol
kg™ at BrOA #2 (Fig. 9d). On average, the highest values of Ct occurred during
late autumn (May and June) and the lowest values occurred during spring
(October), with a seasonal range of up to 700 umol kg=! at BrOA #1 and 600
umol kg=1 at BrOA #2 (Fig. 9e). Notable At and Cr variability evolved in cycles of
periods of 2, 5 and 11 months (Figs. 12a and S3a), which were most visible at
BrOA #1 (Figs. 12b and S3b). The highest At concentration of 2,245 umol kg
was observed in March 2018, and the lowest concentration of 412 umol kg=* was
observed in October 2020 (Fig. S2a). The highest Ct of 2,041 umol kg was
observed in March 2018, and the lowest concentration of 435 umol kg=! was

observed in October 2020 (Figure S2b).

The seasonal variation in pH was marked by maximum pH values in late
spring (November and December; Fig. 9f), with more alkaline pH conditions

prevailing during spring and summer. The average pH at the two monitoring sites
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in the PLE was estimated to be 8.0 between 2017 and 2021, with the pH
remaining above 7.0 during the entire sampling period (Fig. S3c). In contrast to
At and Cr, the pH changes only occurred at periods of 5 months at BrOA #1 (Fig.
12c). The highest pH (8.8) was observed in December 2019, and the lowest pH

(7.3) was observed in October 2018 (Fig. S2c¢).

The seasonal cycle of surface water pCO2 nearly mirrors the pH cycle (see
Fig. 9f and 9g).The highest pCO:2 values occurred in October (early spring) for
both BrOA#1 and BrOA#2, followed by a decrease in pCO:2 in November and
December (late spring), and the lowest value was reached during summer
(March; Figure 9g). The nonthermal pCO2 showed higher values than the thermal
pCO2, mainly at the BrOA #1 station (Fig. 11b and 11c). For the entire study
region, the T:NT ratio was < 1 during all months (Fig. 10), indicating that the
nonthermal effect prevailed over the thermal effect on pCO2. However, changes
in the main effect controlling the pCO:2 in the PLE likely occurred mainly during
winter, because it is the season in which the T:NT ratio oscillates from the
average value observed in other seasons. A delay of ~2-3 months was observed
in the monthly variability periods of the pCO2 at BrOA #1 compared with changes
in At and Cr. The water pCOz2 evolved at periods of 7 and 14 months; however,
interannual oscillations were marked with higher energy (Fig. 12d). In addition,
the interannual variability in pCO2 had a higher frequency at BrOA #1 than #2,
with maximum energy detected in approximately 2018 and 2019. The highest
pCO2 (1,306 patm) was observed in November 2018, whereas the lowest annual
pCO:2 value (99uatm) was detected in December 2018 (Fig. 11a). In general, the

water pCO2 was lower than ~350 patm since 2019.

The QCa and QAr seasonal cycles were similar and attained their
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maximum values in late spring (December) and minimum values in early spring
(October and November; Fig. 9h). The highest QCa (9.5) was observed in May
2020, and the lowest value (0.0) was observed in spring months (Fig. S2d). Both
QCa and QAr were supersaturated (i.e., Q > 1) during most of the studied period
(Fig. S2d and S2e) and BrOA #2 generally presented higher values for both QCa
and QAr than the mesohaline zone (BrOA #1; Fig. 9h). Despite this
supersaturation condition, the waters of PLE were susceptible to CaCOs

undersaturation conditions during winter and spring (Table 2).
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Figure 9. Seasonal cycle of surface water properties at BrOA #1 (gray line and triangles) and
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BrOA #2 (blue line and dots) stations in the Patos Lagoon Estuary from May 2017 to June 2021:
(a) temperature (°C), (b) salinity and riverine freshwater discharge (m3 s; blue bars), (c)
chlorophyll-a (Chl-a; ug L=1), (d) total alkalinity (At; umol kg=1), (e) total dissolved inorganic carbon
(Cr; umol kg™), (f) pH at the total scale, (g) partial pressure of CO2 (pCOz; uatm), (h) saturation
state of calcite (QCa, left axis) and aragonite (QAr; blue bars, right axis), (i) partial pressure of
COg2 thermal (pCO2 T; natm) and (j) partial pressure of CO2 nonthermal (pCO2 NonT; patm). The
QAr values in (h) depict the average at BrOA #1 and BrOA #2. The error bars indicate the
standard errors in each month.
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Figure 10. Seasonal cycle of the T:NT ratio at the BrOA #1 (gray line and triangles) and BrOA #2
(blue line and dots) stations in the Patos Lagoon Estuary from May 2017 to June 2021. Acronyms;
Thermal (T) and nonthermal effects (NT).
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Table 2. Seasonal averages and standard deviation of surface water temperature (°C), salinity,
chlorophyll-a (Chl-a; pg L-1), total alkalinity (At; pmol kg1), total dissolved inorganic carbon (Cr;
umol kg1), pH at the total scale, CaCOs saturation state of calcite (QCa) and aragonite (QAr),
partial pressure of CO2 (pCOz2; patm), thermal partial pressure of CO2 (pCO:2 thermal; patm),
nonthermal partial pressure of CO2 (pCO2 nonthermal; patm) and T:NT index in the BrOA #1 (first
line) and BrOA #2 (second line) stations. The bold values refer to a seasonal average of Q < 1.

Season
Parameters ] .
Summer Autumn Winter Spring
2519+131 18.29+370 1471+1.90 20.71+1.90
Temperature (°C) 25.60+0.79 19.03+353 14.75+165 20.87 +1.99
i 13.02+9.37 19.39+10.93 10.73+7.67 6.98 +7.87
alinity 15.13+11.19 19.81+11.73 16.29+11.74 7.45+10.03
1 496+237 450+346  3.95+4.80 9.08+7.40
Chl-a (g L7 488+604 547+331 359+1.83 6.55+3.33
1 1153+485 1,391+558 1,000 +367 931 +416
At (umol kg™) 1364+607 1446+615 1,300 +618 931 + 444
1 1056 +426 1,225+421  977+300 857 + 306
Cr (umol kg™) 1234+544  1271+467 1202+498 880 +375
e 809+020 804+036 7.79+032  7.90+0.55
PH (total scale) 817+022 805+033 7.91+027 8.03+0.43
oc 199+138 299+311 096+1.15 1.76 +3.50
a 264+147 313+335 1874220 1.22+1.95
on 122+089 1.88+201 057+070 1.06+2.13
r 163+094  198+218  117+142 0.73+1.17
275 + 130 337 + 203 504 +262 603 + 392
pCO:z (uatm) 279 + 182 328 + 200 381+133 460 + 379
275 + 15 341 + 53 505 + 41 605 + 49
pCO: thermal (uatm) 279+ 9 332450 383 + 27 462 + 38
277 +136 248 + 232 492 +233 611 + 400
pPCOz nonthermal (yatm) g, | 109 346 + 249 382+132 478 +428
T 011 0.20 0.19 0.14
: 0.06 0.15 0.21 0.09
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Figure 11. Monthly variability of surface water properties for the stations located in the BrOA #1
(gray line and dots) and BrOA #2 (blue line and dots) Patos Lagoon Estuary regions from May
2017 to June 2021. The annual average and standard deviation are indicated in the top left panels
for water surface (a) partial pressure of CO2 thermal (pCO2T; uatm), (b) partial pressure of CO2
thermal (pCO2T; patm) and (c) partial pressure of CO2 nonthermal (pCO2 NonT; puatm).
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Figure 12. Global (right panels) and wavelet power spectra (left panels) of the (a) total alkalinity
(A1), (b) total dissolved inorganic carbon (Cr), (c) pH and (d) partial pressure of COz (pCO2) at
BrOA #1 (pier-fixed station), considering the Morlet function as a mother wavelet. In the left
panels, the area bounded by the white line indicates the region of the cone of influence, where
the variance is reduced, and the solid black lines denote the regions with a significance level
higher than 95%. The yellow colors represent high energy, and the blue colors indicate low
energy. The color bar shows the units of energy in logz form. In the right panels, the 95% level of
significance is marked by the red dashed lines, while the sum of energy for each period is
represented by the thin blue lines.

4.4.2 Drivers of the variability in carbonate system parameters

The processes of dilution and concentration of salts were identified as the
dominant mechanisms responsible for changing the carbonate system
parameters of the surface waters in the lower zone of the PLE (Fig. 13). The
dilution process refers primarily to the freshwater input from rivers that reach the
study area, while the salt concentration process refers to higher concentrations

of salts in the system through saline intrusion that are not directly related to the
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process of changing the state of the water (e.g., evaporation), although we cannot
complete discard this combined influence. During periods of high seawater inflow
in the estuary (marked by salinity values > 30), the surface concentration of salts
prevailed (generally in autumn), whereas a dilution process was observed during
periods of high freshwater discharge that were marked by salinity values < 20
(winter/spring; Fig. 13). Significant positive correlations were verified between
salinity and both At and Cr in the studied area (Fig. 14a and 14b). As noted in
Figure 6, the At and Ct concentrations deviated slightly from the theoretical
mixing line of riverine and salty waters from the adjacent sea, thus implying that
processes causing increasing Cr, such as CO2z ingassing and organic matter
respiration (Fig. 14c), also acted to change (although with less intensity) the

behavior of the carbonate system in the waters of the PLE.
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Figure 13. Total alkalinity (At; umol kg-1) and total dissolved inorganic carbon (Ct; umol kg1)
dispersion diagram. The Ar-Cr-salinity diagram considering the BrOA network dataset spanning
between May 2017 and June 2021, with summer represented by dots, autumn by triangles, winter
by squares and spring by diamonds. The inset arrows show the main processes (as indicated),
adapted from Zeebe and Wolf Gladrow [2007], governing the variability in the carbonate system
of the Patos Lagoon Estuary. The black dashed line depicts the theoretical conservative mixing
line of riverine and ocean waters that indicate the effect of dilution and concentration of salt on
changing the Ar-Ct concentrations. The purple and the red crosses represent the riverine and
ocean waters endmembers. The red dashed line depicts the linear regression curve from the

dataset.
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Figure 14. Total Plots of salinity versus (a) total alkalinity (Ar; umol kg?), (b) total dissolved
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(gray triangles) and BrOA #2 (blue dots) stations in the Patos Lagoon Estuary spanning from May
2017 to June 2021. The black crosses in (a) and (b) indicate the riverine and ocean endmembers
and the black line represents the theoretical conservative mixing line. The black crosses in (c)
indicate the averaged pH at each salinity range of 0-5, 6-10, 11-15, 16-20, 21-25, 26-30, and >31.
The red dashed line represents the linear trend of the dataset.

4.5 Discussion

4.5.1 Comparison of the carbonate system parameters in the PLE with other

environments around the world

The complex balance between freshwater outflows and seawater inflows
leads to large variations in salinity, which significantly affect the physical and
chemical properties of estuarine waters. Thus, the substantial variations in At and
Cr concentrations observed in the lower zone of the PLE display a typical
distribution pattern that has been observed in other estuarine environments
around the world [e.g., Koné et al. 2009, Joesoef et al. 2017, Proum et al. 2018,
Yao et al. 2020]. In fact, the At and Cr in the lower estuarine zone are variable
over time and in subregions of the PLE, with monthly averages reaching
maximum amplitudes of ~1,800 for the At and ~1,540 ymol kg~ for the Cr in the
lower estuarine zone (Fig. S2a and S2b). Furthermore, values of ~2,100 pmol
kg~! for the At and ~2,000 umol kg~ for the Cr were observed at the mouth of
the PLE (i.e., BrOA #2). In addition, in shallow estuaries dominated by freshwater
discharge, such as in the PLE, variations in the At from ~260 to ~1,600 umol kg~
! (tropical lagoon systems) [Koné et al. 2009] and from ~600 to ~1,300 umol kg~
1 (temperate estuary) [Evans et al. 2013) have been reported. Moreover, a wide
spatial range of Ct has been identified (975 < Ct < 2,015 umol kg™) [Joesoef et
al. 2017) in temperate estuaries dominated by the influence of tides and seawater

intrusions. This result has also been observed for subtropical river-dominated
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estuaries, where Ct values range from 450 umol kg™ to 2,100 ymol kg [Jiang
et al. 2008]. Conversely, estuaries with distinct hydrodynamics and lower
variations in salinity (15.3 < salinity < 36.5) than those in the PLE have small
ranges of At (2,418 < At < 3,054 umol kg™), as identified in subtropical estuaries
[Yao et al. 2020]. Hence, the range of both At and Cr in the PLE are consistent
with the values recorded in estuaries worldwide with a high salinity amplitude.
Thus, the ranges of the At and Cr found in the PLE (Fig. S2a and S2b) reflect the
mixing of freshwater (low At and Cr values) and seawater (high At and Cr values)
sources. The maximum observed values of At and Cr, which are comparatively
higher than those in similar estuaries, are likely due to the presence of salty (>
36) Tropical Water and the composition of the shelf waters that intrude into the

estuary [Mdller et al. 2008, Carvalho-Borges et al. 2018].

The alkaline environment of the surface waters in the lower zone of the
PLE is characterized by average pH values of 8.0 and supersaturated CaCOs
conditions. However, QCa is only undersaturated during the high flood months,
but QAr is more often undersaturated throughout the year (Fig. 9h). This sensitive
property might be used to verify the relation between carbonate system
parameters and estuary characteristics [Borges and Abril 2011]. Therefore, even
the slightest variation observed in these parameters can be an indicator of a
significant change in the state of the biogeochemical environment. Estuaries
dominated by microtidal regimes, such as the PLE, were estimated to have pH
values ranging from 5.8 to 8.3, as observed in the tropical estuarine system
[Proum et al. 2018]. On the other hand, estuaries associated with hydrodynamics
different from the PLE (e.g., ocean-dominated hydrodynamics), such as

subtropical estuaries, have smaller pH amplitudes ranging from 8.0 to 8.3 [Yao
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et al. 2020]. Although sampling was conducted with different periodicities, the
values obtained in our region oscillate between 7 and 9.5 (Figure S2c). Therefore,
similar to At and Cr, the pH values are associated with the mixing of freshwater
discharge (low pH values) and inflowing seawater (high pH values). The minimum
pH values observed here are likely due to the very high level of freshwater

discharge [e.g., Mdller et al. 2001].

The average pCO2 observed for the surface waters of the PLE (380 patm
on average) has the same range as that in the shallow subtropical estuaries
(~230 to ~1,500 patm) [ e.g., Yao et al. 2020]. Even compared to other estuaries
worldwide, its maximum value of ~1,400 patm is still lower than that of ~10,000
patm observed in other regions [e.g., Borges et al. 2005, Borges et al. 2006, Jiang
et al. 2008, Guo et al. 2009, Cai 2011, Jeffrey et al. 2018]. This can be likely
associated with the swing behavior of the PLE between the ocean-dominated and
riverine-dominated biogeochemical conditions that each prevail during half year.
Hence, the geomorphological characteristics of this large, choked lagoon coupled
with the strong influence of seawater, especially due to wind action that helps to
modulate the periods of flooding in the estuary, play important roles in modulating

the carbonate system dynamics of the PLE.

4.5.2 The seasonal variability in the carbonate system parameters

Most carbonate system parameters in the PLE exhibit a well-marked
seasonal pattern (Fig. 9) influenced by temperature and freshwater discharges
that modulate the thermal and nonthermal effects on the pCOz2 variations. The
seasonal pattern of freshwater discharge into the lagoon is typical of middle
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latitudes and is marked by a high level of discharge in winter and early spring
followed by low to moderate levels of discharge during summer and autumn [Vaz
et al. 2006]. The local hydrology influences the temporal variability in the
carbonate system parameters in the PLE. This influence is mainly reflected in the
distribution of salinity, which is characterized by the balance of the dominance of
the waters from the main rivers and the adjacent ocean. The highest At values in
summer and the lowest values in spring, as well as low pCOz2 in summer and the
higher values observed between winter and spring, are also related to the
hydrological pattern, suggesting two scenarios: the region swings between
ocean-dominated estuarine biogeochemical conditions during the summer and
autumn and riverine-dominated biogeochemical conditions during the winter and
spring. The former behavior is marked by higher salinity, higher At and Cr
concentrations, water that is more alkaline (higher pH), a lower water pCO2 and
higher CaCOs saturation than the periods of riverine-dominated functioning, when

the opposing behaviors of the carbonate system parameters occur (Fig. 15).

Changes observed in the carbonate system parameters in different
periods (Figs. 9, 10, 11 and S2) followed the increase/decrease in freshwater
discharge in the PLE. Therefore, the shifts in freshwater discharge drive the
quarterly and semiannual variability in carbonate system parameters. In fact, this
pattern is also evidenced by the finding that dilution/concentration are the main
processes controlling the surface carbonate system in the lower zone of the PLE
(Fig. 13). The large amplitude and variation in At, which varies over seasonal and
intraseasonal periods in the PLE, may be related to high mean freshwater
discharge from the main rivers at both stations. Since Ar is a weighted sum of

different dissolved constituents, the concentration increases and decreases
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proportionally with salinity variations [Cossarini et al. 2015]. Freshwater
discharge can alter At based on the dilution and evaporation balance [Fry et al.
2015], as we observed in the PLE, where the seawater inlet and outlet exert
noticeable influence. Although freshwater discharge data were not available for
the entire studied period, we associate the lowest salinity values with river water
discharge and the highest values with seawater input. The freshwater discharge
exerts a distinct influence on the different parts of the lower zones of the PLE, as
reflected in the carbonate system. The waters at sheltered areas within the inner
PLE (BrOA #1) present a slightly longer water residence time than those at the
mouth of the lower estuary (BrOA #2) [Moller et al. 2001, Lisboa 2015], leading

to lower variability in the carbonate system parameters.

The carbonate system parameter values in early spring are also attributed
to the increased input of continental organic matter from higher freshwater
discharge that can undergo decomposition. Environments with more organic
matter also favor an increase in phytoplankton and drift macroalgae blooms that
occur in this season, causing a change in the values of the parameters of the
carbonate system at the end of the spring period [Haraguchi et al. 2015, Lanari
and Copertino 2017, Lanari et al. 2018]. Furthermore, the productivity in the
waters of the PLE also act to further increase the organic matter respiration,
which lead to changes in the pH. This can be observed because the pH and
salinity distribution show that, during the majority of the time, the pH measured
are lower than those pH values at averaged-salinity, which indicate the
prevalence of organic matter respiration process [e.g., Carstensen and Duarte
2019]. Despite the higher temperatures in the summer that decrease CO:2

solubility (thermal effect), the seawater input with higher At and lower Cr
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increases the residence time in the PLE, which may favor the development of
phytoplankton cells and consequently lead to lower pCO:2 values [Odebrecht et
al. 2015]. Furthermore, shallow estuaries are also influenced by other nonthermal
processes that alter the surface water biogeochemistry (e.g., redox reactions at
the sediment-water interface) [Crosswell et al. 2020]. Additionally, the shallow
areas of the inner PLE respond faster to wind action [Moller et al. 2001, Lanari
and Copertino 2017], which may cause resuspension of bottom fine sediments
and organic matter, therefore increasing pCO:2 directly compared to the lower
deeper estuary. This process also reduces benthic and water column
photosynthesis due to the decreased light caused by turbidity. However,
photosynthesis plays an important role in changing the carbonate system

parameters between spring and summer, mainly by decreasing the pCOz2 levels.

Although the dilution and concentration of salts are the predominant
processes, biogeochemical processes related to biological activity also interfere
with levels of carbonate system parameters [Lee et al. 2006] and photosynthetic
carbon fixation causes a net reduction in Cr and pCO:2 in water, leading to
increases in Ar, pH, QCa and QAr. These properties are mainly observed in the
shallow and inner station in the estuary (BrOA #1). Photosynthesis is linked to
the phytoplankton composition, which is mainly dominated by diatoms in the PLE
[Haraguchi et al. 2015]. Additionally, phytoplankton growth is largely light limited
and affected by the retention time of water in the PLE [Odebrecht et al.,2015].
The high nutrient concentration [Niencheski and Windom 1994, Niencheski et al.
2006] mainly favors the growth of diatoms, which comprise the dominant
phytoplankton group (more than 50%), followed by cyanobacteria, flagellates,

dinoflagellates, and chlorophytes along the coastal offshore gradient [Islabado et
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al. 2017]. However, recent studies report increasing trends in the growth of
dinoflagellates and cyanobacteria due to shifts in salinity [e.g., Haraguchi et al.
2015, Islabao et al. 2017]. Furthermore, microphytoplanktonic diatoms tend to
show a higher capacity for capturing CO:2 in water [e.g., Hopkinson et al. 2011]
than nano and picophytoplanktonic species, which helps to balance the acidity
and carbon concentration. Although diatoms are the dominant phytoplankton
group in the PLE, the phytoplankton community composition varies seasonally
and interannually [Haraguchi et al. 2015]. Further studies examining how the
phytoplankton community composition alters the pCO: distribution in the surface

waters of the PLE are being evaluated.

The high amplitude of Ct and its seasonal variations in the PLE may be
related to the high concentration of organic matter [Borges and Abril 2011, Yao
et al. 2020], which increases the carbon levels in the water. The surface waters
of the lower PLE have high organic matter concentrations due to large continental
inputs, abundant macrophyte communities and local anthropogenic sources
[Baumgarten and Niencheski 2010]. Cris strongly influenced by several estuarine
processes since carbon is involved in several organic and inorganic processes,
such as biological productivity, the oxidation/degradation of organic carbon and
the dissolution and precipitation of calcite, in addition to CO2 exchange with the
atmosphere [Cai 2011, Samanta et al. 2015]. The carbon inputs and
corresponding reactions contribute to the widespread supersaturation of COz,
decreases in pH, QCa and QAr, an increase in pCO2z levels (Fig. S2c) and
prominent heterotrophy [e.g., Feely et al. 2009, Borges and Abril 2011, Cloern et
al. 2014]. Therefore, the carbonate system variations at the mouth of the system

are mainly driven by the balance between the input and output of freshwater,
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which is mainly related to heterotrophic respiration and degradation of organic
matter. This result was confirmed by the nonthermal effects prevailing throughout
the year and becoming more accentuated during winter (BrOA#1) and early
spring (BrOA#2). Finally, the surface water is supersaturated in CaCOs when a
lower concentration of allochthonous organic matter is observed. However, low
saturation states in relation to aragonite and calcite were observed in winter and
spring, probably due to the freshwater dilution effect. These changes may exert
some direct effects on organisms and environmental health, generally hampering

calcification processes [Heinze et al. 2021].

In summary, the interaction between the thermal and nonthermal effects
on pCO2 was evidenced by T:NT<1 throughout the year. During summer and
autumn, seawater inflow contributed to the prevalence of nonthermal factors,
including vertical mixing, biological processes, and air—sea CO:2 exchange,
influencing the Cr, which is directly related to pCO2. During winter and spring, the
high level of freshwater discharge contributed to deep mixing that causes pCO:2
to increase due to the upwelling of high-Ct waters and biological processes. Even
with the biological Ct drawdown during spring, the pCO2 was still higher than
during summer and autumn. In general, these thermal and nonthermal effects on
pCO:2 constantly overlap, hampering the interpretation of their individual effects

on pCO:2 variations.

4.6 Concluding remarks

This study is the first to show the seasonal variability in the carbonate
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chemistry of the surface waters of the lower PLE and how the interaction between
well-known hydrological patterns affects the biogeochemical parameters. The
dilution and concentration of salt processes drive variability in carbonate system
parameters of the lower surface waters of the lower estuarine zone due to their
contributions to nonthermal effects on estuarine waters. The seasonal cycle of
the carbonate system parameters reflects the seawater dominance during
summer and autumn, and the riverine dominance between winter and spring.
Overall, the studied region is, on average, a naturally alkaline environment with
saturated CaCOs conditions throughout the period analyzed. However, potential
risks of undersaturation cannot be excluded, notably during riverine-dominated
periods. The low pCOz2 (~394 patm, on average) and the high pH values observed
in the PLE reveal that this environment likely acts as a CO:2 ingassing region.
However, when determining the magnitude of this process, the net water-air CO2
exchange and the processes that drive pCOz2 in coastal environments are still a
challenge to constrain. Additionally, ENSO events have a high influence on the
interannual variability in the PLE [e.g., Odebrecht et al. 2017] and longer time
series of the carbonate system properties in the region should be further
evaluated (mainly the water pCO: that oscillates interannually). This analysis is
relevant because the period analyzed here was generally characterized by
neutral ENSO events, except the period of La Nifia conditions between October
2020 and March 2021. Importantly, the lower estuarine zone of the PLE swings
between biogeochemical conditions more related to riverine characteristics
(winter and spring) for half the year and ocean characteristics that prevail during
the other half (summer and autumn). Thus, any changes in the freshwater inflow

in the PLE might completely alter the seasonal behavior of the CO2-carbonate
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system, which would affect the ecosystem services in the region. Notably, the
natural and anthropogenic effects on the carbonate system parameters over time
must be decoupled to overcome the limitation of determining the CO: fluxes in
estuarine waters [e.g., Cai 2011; Yao and Hu 2017]. Thus, monitoring programs
must continue to improve our understanding of carbonate system variability at
low frequencies in the PLE. Despite the great impacts of human activity, the PLE
seems to resist major changes in the carbonate system. This resiliency is an
important feature and can help us to understand similar estuaries that are heavily

influenced by human activity.

97



Summer | | (b) Autumn

Szl <0 = e o €

Concentration

Concentration | Dilution
1Cr |Ar

Winter

Figure 15. Summary of the main physical and biogeochemical processes controlling and changing the distribution of carbonate system parameters in the Patos
Lagoon Estuary surface waters during (a) summer, (b) autumn, (c) spring, and (d) winter. The dominant biogeochemical processes between the seasons are
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indicated by the ellipses in the center. The color shading from brown to blue represents the change from freshwater to seawater dominance. The basic pH
condition is labeled in green, while acidic conditions are presented in yellow. The blue color of the carbonate calcium saturation state (Q) indicates
supersaturation (Q > 1). The dominant winds of each station are represented by arrows. The average values of each carbonate system parameter (total alkalinity
- AT, total dissolved inorganic carbon - C+, pH, and partial pressure of COz - pCOz) are represented for each season, as indicated by the values in the circle and

the units in (a).
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Capitulo V.
Fluxos liquidos de CO2 no Estuario
da Lagoa dos Patos

O segundo manuscrito investiga os fluxos liquidos de CO:2 na parte sul do

ELP no periodo de maio de 2017 a junho de 2021. Nesse contexto, este
trabalho fornece a variabilidade sazonal dos fluxos de CO: e as principais fontes
de carbono naregido de estudo. De autoria de Cintia Albuquergue, Rodrigo Kerr,
Thiago Monteiro, Eunice da Costa Machado, Andréa da Consolagéo de Oliveira
Carvalho e Carlos Rafael Borges Mendes, intitulado “Water-air exchanges in
the lower estuary of the Patos Lagoon: seasonal variability, drivers, and
sources of CO2”, foi submetido no periddico “Biogeochemistry” em fevereiro
de 2022 e encontra-se em revisdo. Cada autor teve uma participacao importante
na confeccdo desse manuscrito. A analise dos dados e as principais
interpretacdes deste estudo foi feita por mim, como parte da minha tese de
doutorado. Rodrigo Kerr liderou as atividades da rede BrOA na Lagoa dos Patos,
propds o estudo e fez a supervisdo da conducao do planejamento, da coleta e

analise dos dados. Thiago Monteiro, Eunice Machado. e Andréa Carvalho
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contribuiram como especialistas em sistemas carbonato e biogeoquimica de
estuarios. Carlos Rafael Mendes contribuiu como especialista em ecologia do
fitoplancton. Todos os autores contribuiram para a interpretacdo dos resultados

e da redacéo final do manuscrito submetido ao periodico.

Abstract

We investigated the primary drivers of changes in the partial pressure of carbon
dioxide (pCO2) together with the seasonal and interannual variability in the water-
air net carbon dioxide flux (FCO2) in the lower estuarine zone surface waters of
Patos Lagoon, the largest choked lagoon worldwide. Sampling occurred monthly
during May 2017-June 2021 at the estuary’s inner inlet and mouth, which are
contrasting hydrodynamic zones in the Patos Lagoon Estuary (PLE). The water
pCO2 was mainly controlled by seasonal changes in total alkalinity and total
dissolved inorganic carbon. The lower zone experienced periods of CO:2
ingassing (austral summer/autumn) and CO2 outgassing (austral winter/spring).
During summer/autumn, both protected and sea-exposed areas uptake an
average of —15 mmol m—2 d! COz2, whereas during winter/spring, CO2 emissions
prevail, reaching an average of 22 mmol m=2 d-! at the inner estuary. Additionally,
while much of the CO2 absorbed in summer/autumn is released to the
atmosphere in the inner estuarine zone, the summer/autumn CO2 uptake in the
estuary mouth is 4-fold higher than the winter/spring CO:2 released. Unlike most
estuarine systems, the PLE acted as a net CO2 sink of —2 mmol m=2 d-! during
the period investigated. The balance between CO2 uptake and emissions in the
PLE was modulated by the combination of wind speed, freshwater discharge,

water temperature, and outflow/inflow currents. Furthermore, phytoplankton
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blooms and strong wind-induced vertical mixing lead to highly variable CO:2
exchanges. The highest estuarine CO2 concentration by autochthonous
production indicates heterotrophy in estuarine waters. Part of this carbon
produced in the estuary is exported to the coast, as evidenced by the high CO:2
concentration in the estuary mouth. Therefore, the lower estuarine zone resists
increased CO2 concentrations and has overcome regional anthropogenic
emissions. The regional FCO2 range and complex PLE biogeochemistry
dynamics need ongoing investigation to improve knowledge of regional CO:2
exchanges and elucidate the role of large estuaries and coastal bays in the global

carbon budget.

5.1 Introduction

Estuaries are known to be large sources of carbon dioxide (COz2) to the
atmosphere [e.g., Cai 2011, Bauer et al. 2013, Evans et al. 2013, Dinauer and
Mucci 2017, Yao & Hu 2017, Yao et al. 2020], with the surface water partial
pressure of CO2 (pCO2) ranging from 350 to 10,000 patm and the water-air CO2
net flux (FCO2) ranging from -5 to 80 mol C m=2 year™? [Cai 2011]. This CO2
outgassing behavior is attributed to intense carbon fixation and respiration in
estuarine waters, owing to the higher primary production and leading to high rates
of organic matter decomposition. The high amounts and fast cycling of
autochthone and allochthone inputs of organic matter are degraded by microbial
action, which causes supersaturation of COz in estuarine surface waters [Sunda
and Cai 2012]. The carbon inputs and their reactions support prominent
heterotrophy and contribute to the widespread supersaturation of COg,
decreasing pH [e.g., Feely et al. 2010, Borges and Abril 2011, Cloern et al. 2014].

The changes in estuarine pCO:2 regulate the water-air CO2 gradients that
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determine the direction of CO2 exchanges [Sarma et al. 2001]. In addition,
estuaries are commonly neglected in global FCO:2 inventories, and estuarine
processes are not factored into the global carbon budget [e.g., Cotovicz et al.
2020]. Furthermore, estuaries are highly productive regions where natural
biogeochemical reaction rates are elevated; thus, understanding CO2 dynamics

in these environments is essential [Sarma et al. 2001].

Patos Lagoon (Fig. 16) is the largest choked lagoon in the world [Kjerfve
1986], and it is connected to the sea by a narrow channel [Castelao and Moller
2003, Marques and Moller 2008, Marques et al. 2009] in extreme southern Brazil
(~32°S). The hydrodynamics of the Patos Lagoon Estuary (PLE) are dominated
by wind at time scales associated with the passage of frontal systems and the
strength of freshwater discharge in the microtidal region [Mdller et al. 2001]. The
seawater intrusions are greater during the autumn due to the more frequent
passage of frontal systems. In this case, southerly winds combined with low
freshwater input allow flooding and salinization of the water. Northeastern winds
occur at the end of winter and during spring, with periods of high freshwater
discharge that favor ebb flow. The north and south quadrant winds form vertical
salinity structures that can range from a salt wedge to a well-mixed gradient
[Mdller et al. 2001, Mdller and Fernandes 2010]. The complex balance between
freshwater outflow and oceanic inflow leads to large variations in salinity, which
significantly affects physical [e.g., Mdller et al. 2001], chemical [e.g., Niencheski
et al. 2006, Albuquerque et al. under review] and biological properties [e.g.,
Haraguchi et al. 2015]. Although the PLE is a well-studied environment in terms
of estuarine hydrodynamics [e.g., Moller et al. 2001, Mdoller and Fernandes 2010],
biology and physiology of dominant estuarine species, and ecosystem ecology

[e.g., Haraguchi et al. 2015, Abreu and Odebrecht 2016, Mendes et al. 2016,
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Islabdo et al. 2017, Odebrecht et al. 2017], very little is known about estuarine
carbon biogeochemistry [Albuquerque et al. under review]. Recently, the first
assessment of the estuarine carbonate system in the region indicated that the
surface waters in the lower zone of the PLE have natural alkaline conditions, with
an average pCO:2 of ~380 patm and a supersaturated calcium carbonate
environment with respect to both calcite and aragonite [Albuquerque et al. under
review]. Additionally, the predominant estuarine processes governing changes in
the carbonate system in the region were dilution and concentration of salts due
to freshwater input and seawater intrusions, respectively. Notwithstanding its
socioeconomic and environmental significance [Odebrecht et al. 2017], only a
few studies have assessed the chemical changes in estuarine waters in this
complex environment [e.g., Niencheski et al. 2006, Baumgarten and Niencheski

2010, Wallner-Kersanach et al. 2016].

Studies on water-air CO2 exchanges in estuarine regions are mostly
located along the European, Asian, Indian, and eastern North American coasts
[e.g., Bauer et al. 2013, Evans et al. 2013], while knowledge of CO:2 coastal
dynamics in the Southern Hemisphere remains limited. Few studies have
addressed the water-air CO2 exchange systems that border the Brazilian coast
[e.g., Noriega et al. 2013, Noriega and Araujo 2014, Cotovicz et al. 2015,
Cotovicz et al. 2020, Abril et al. 2021], where highly diversified environments in
terms of CO2 saturation with the atmosphere were found. As a larger body of
water in the Southern Hemisphere, a better understanding of the regional
behavior of the COz2 fluxes in the PLE is mandatory for its inclusion in a global
CO2 analysis. Therefore, in this study, we present the first overview of the
behavior of the water-air CO2 exchanges in the lower estuarine zone of the Patos

Lagoon (Fig. 16) by investigating the pCOz2 drivers, sources of CO:2 in the region,
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and the temporal variability in the water-air CO2 fluxes in this environment. This
assessment of the intrinsic variability in the CO2 system in the PLE represents the
first step toward understanding both anthropogenic and climatic impacts that may

affect the carbon dynamics in the region.
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Figure 16. Map of the study region: Patos Lagoon. (a) Location of Patos Lagoon and
geomorphological divisions for the estuarine zone (red rectangle), central lagoon (green
rectangle) and upper lagoon (yellow rectangle). The inset in (a) shows a South American map
with the location of Patos Lagoon (red rectangle). Blue dots indicate the regions of freshwater
discharge from the Jacui and Taquari (J + T) and Camaqua (C) Rivers. (b) Location of the pier-
fixed monitoring BrOA #1 (green diamond) and #2 (red square) stations in the Patos Lagoon
Estuary with the southern region highlighted (orange rectangle). Marinheiros Island (IM) and
Ponta da Feitoria (PF) are indicated.

5.2 Data and Methods

5.2.1 Database from the Brazilian monitoring programs

The databases of the Brazilian Long-Term Ecological Research (BR-
LTER) [Odebrecht and Abreu 2019, Lemos et al. 2021] (dataset available at

https://doi.org/10.15468/xmlvxm) and the Brazilian Ocean Acidification Network

(BrOA Network) [Kerr et al. 2016] (dataset available by request at

https://carbonteam.furg.br/2-uncategorised/47-monitoramento) were compiled

for the study of a four-year monthly time series (May 2017-June 2021) in two
zones of the PLE. The pier-fixed station BrOA #1 is in the inner mesomixohaline
region, while BrOA #2 is in a more exposed area of the lower euhaline region.
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The stations are marked by differences in water salinity and hydrodynamics. The
physical, biological, and chemical parameters were sampled by BR-LTER and
included surface water (~1 m) temperature, salinity, chlorophyll-a (Chl-a) and
dissolved nutrients (i.e., nitrate, nitrite, silicic acid, and phosphate). The surface
water (~1 m) total alkalinity (At), total dissolved inorganic carbon (Ct) and pH
were sampled by the BrOA Network monitoring program. For more details about
the datasets and sampling methodology, the reader is referred to Albuquerque et

al. [under review] and Lemos et al. [2021].

5.2.2 Sampling and determination of physical, chemical, and biogeochemical

properties

Surface water temperature and salinity were measured in situ by a digital
thermometer (+ 1°C) and portable refractometer (+ 1), respectively. The water
sample was collected, and the salinity was further verified in the laboratory by a
conductivity meter. Water for At analysis was sampled in 500 mL borosilicate
glass bottles and fixed with 100 pL of a supersaturated mercury chloride solution
to prevent biological activity, following the procedure described by Dickson et al.
[2007]. The samples were refrigerated to prevent evaporation, and At was
measured by potentiometric titration in a closed cell [Dickson et al. 2007] with an
automated titrator (Metronm® Titrando 808) and a combined glass-reference
electrode (Metrohm® 6.0262.100) at a controlled temperature of 25 + 0.1°C
sustained by a thermostatic bath (Tamson® TLC 15). The analytical precision of
the At analyses was * 4.0 ymol kg™t (ranging from 2.3 < Ar < 5.0 ymol kg™
considering the analyzed sample batches). Water for pH analysis was sampled

in 125 mL borosilicate amber flasks, and the pH was potentiometrically

106



determined before two hours after sampling. We used a Metrohm® 913 or 914
pH meter coupled with a glass-reference electrode cell and a temperature sensor.
The uncertainty for pH was < 0.05 pH NBS units. The total scale was chosen and

further used for pH at in situ temperature.

The pCO2 and other CO2-carbonate variables not directly measured were
estimated through the software CO2Sys v.2.1 developed by Lewis et al. [1998]
and modified by Pierrot et al. [2006]. Surface water temperature, salinity, A, pH,
silicic acid, and phosphate concentrations were used as input parameters. Since
the study was performed in an estuarine environment with a broad salinity range,
we applied the following set of constants: the K1 and Kz dissociation constants of
Millero et al. [2006], such as those used in PLE [Albuquerque et al. under review]
and other estuary and coastal environments [Liu et al. 2017, Carstensen et al.
2018, Chen et al. 2020); and the sulfate and borate constants of Dickson [1990]
and Uppstrom [1974], respectively. The pCO2 uncertainty was determined to be
+46 patm according to Orr et al. [2018]. A more detailed description of the
sampling procedure and laboratory analysis of At and pH and reconstruction of

pCO: is fully described in Albuquerque et al. [under review].

5.2.3 Drivers of partial pressure of CO> (pCO»)

The pCO: drivers were calculated based on the seasonal differences in
parameters and their corresponding partial derivatives. The differences in pCO:2
were separated into contributions representing the roles of differences in
temperature (Temp), salinity (Sal), At, and Cr. The relative contributions of the
drivers changing pCO:2 (i.e., ApCO29"V) were assessed by converting their relative

changes into pCO:2 units (patm) following Lenton et al. [2012] and Eq. 32:
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ApCO24V = (9pCO2/Temp) ATemp + (0pCO2/9Sal) ASal + (9pCO2/0AT) AAT +

(0pCO2/aCt) ACT (32)

where ATemp, ASal, AAr and ACt are the respective differences in the water
surface property averages between each season and the previous season in the
lower zone of the PLE, considering the sampling period from May 2017 to June
2021. The partial derivatives (6) were calculated using Eqs. 33-35 [see details in
Sarmiento and Gruber 2006], and the term involving temperature was calculated

using Eq.36 [Takahashi et al. 2014]:

dpCO2/0Ct = (pCO2/0Cr) Fator Revelle (33)
opCO2/0AT = (pCO2/0AT) Fator de Alcalinidade (34)
opCO2/0Sal = (pCO2/oSal) (35)
opCO2/oTemp ATemp =~ 2pCO2 {Exp [0.0423 (ATemp/2)] — 1} (36)

where the Revelle and Alkalinity factors are 14.2 and —26.5, respectively.

5.2.4 Water-air CO> net flux

The water-air FCO2 were obtained by Eq. 37:

FCO2 = K¢ Ks (ApCO2) (37)
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where K is the coefficient for CO2 transfer velocity as a function of wind speed
(U), Ks is the solubility coefficient of CO2 calculated as a function of both
temperature and salinity [Weiss 1974], and ApCO: is the difference between
surface water pCO2 and atmospheric pCO2 (pCO22"). CO: is taken up by
estuarine water when the FCO:2 value is negative (ingassing), while it is released

to the atmosphere when the FCOz2 value is positive (outgassing).

The pCO22" was calculated following Eq. 38:

pCO22M = xCO2" [pAr — (1.5/101.325) — pH20) (38)

where xCO22" (ppm) is the mole fraction of atmospheric CO2 in dry air, obtained
from the Mauna Loa Observatory (NOAA ESRL Global Monitoring Laboratory,
2019) [Thoning et al. 2021], with data 6 months before the corresponding period
due to the atmospheric response between the Northern and Southern
Hemispheres [Millero 2013]. pAir is the barometric pressure from the Rio Grande
city (Brazil) meteorologic station, and pH20 (atm) is the water vapor pressure

calculated using salinity and temperature [Weiss and Price 1980].

The main challenge in calculating FCO2 in estuarine waters is the
determination of K; due to its complex hydrodynamics and varied geomorphology
[e.g., Dinauer and Mucci 2017, Yao et al. 2020]. Several different predictive
relationships between wind speed and gas transfer velocity of CO2 have been
proposed based on laboratory and field studies [e.g., Jiang et al. 2008, Raymond
and Cole 2001, Takahashi et al. 2009]. Here, the gas transfer velocity K: was
parameterized using wind speed and the equation from Jiang et al. [2008], which

was derived from Raymond and Cole [2001]. The parametrization of Jiang et al.
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[2008] is mostly used in estuarine environments [e.g., Evans et al. 2013, Van
Dam et al. 2018, Yao et al. 2020]. The following equation is the K; equation (Eq.

39) of Jiang et al. [2008]:

Kt = [(0,314 U10?) — (0,436 U1o + 3,99)] (Sc/600)-05 (39)

where U is the wind speed at 10 m height and Sc is the Schmidt number of CO2
at in situ temperature [Wanninkhof 2014]. Average monthly wind speed data were
available from the 8" Meteorology District of the National Institute of Meteorology

(8" DISME/INMET) for Rio Grande do Sul State.

The average standard error of the calculated FCO2 was + 0.34 mmol m=2 d-1. We
recalculated K; from the equation of Raymond and Cole [2001] to verify the
sensitivity of FCO2 based on the equations used. The average differences
between the estimations derived from the original application used Jiang et al.
[2008] and the Raymond and Cole [2001] approach were —0.3 + 0.8 mmol m—

d-1.

5.2.5 CO, estuarine concentration estimates

We followed the approach described in Jiang et al. [2008] to determine the
Cr change caused by river—ocean mixing, using Ctmr (Eq. 40) to estimate the
riverine water input and Cmix (EQ. 41) to estimate ocean mixing at each pier-fixed

station (i):
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Crmr = (SilSoc) Croc + [(1 — Si)/Soc] Crr (40)

Crmix = [(Soc = Si) C1r + (Si— Sr) Croc)/Soc — Sr (41)

where Crr, Sr, Ctoc and Soc are the Ct and salinity river and ocean end-members,

respectively, and Si is the salinity at station i.

As there was no continuous sampling during the study period at the mouth
of the river or at a fixed point in the ocean, the average values of Cr, Sr, Ctoc and
Soc representing the river and ocean most pure conditions were determined from
the station closest to the river outlet (BrOA #1; salinity < 5) and from the nearest
ocean station (BrOA #2; salinity < 32), respectively. Thus, the Cr and salinity river
and ocean end-members were Sy = 2.57, Ctr = 703.37 umol kg™, Soc = 31.36,

and Croc = 1648.38 pmol kg™.

When there is no river influence, the Cr at station i can be calculated as

follows:

Crmo = (Si/Soc) Croc (42)

where Ctmo is Ct due to water mixing; Croc and Soc are Cr and salinity at the

ocean end-member, respectively; and Si is the salinity at station i.

Then, produced/consumed Cr due to estuarine-biogeochemical processes

(C+est) can be calculated as follows:
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Ctest = C1i — Cm (43)

where Criis Cr at station i and Ctm is Cr due the mixing of river and ocean and
can be calculated from Eqgs. 40-42. Following the same approach, Atm and Ar®st
can be estimated by simply replacing Cr with Ar. For At end-members, averages

were also defined. Atr and Atoc were 699.47 and 2087.04 pmol kg™, respectively.

Finally, the CO2 estuarine concentration was calculated through the
software CO2Sys v.2.1 [Lewis et al. 1998, Pierrot et al. 2006] using Cr, AT,
salinity, and temperature as input parameters. We used [COz]ocean, [CO2]river, and
[CO2zJest to represent ocean-borne [COg], river-borne [CO2], and estuarine-
produced [CO2], respectively. Aqueous CO:2 ([COz]) does not mix conservatively,
S0 [COz2]ocean is the aqueous CO2 concentration of the ocean end-member if these
were diluted by freshwater with zero Cr, calculated by Ctmo and Atmo (EQ. 43).

[CO2]river is the difference between [COz2] due to mixing and [COz2]ocean [Jiang et

al. 2008].
[Coz]river = [COZ]m - [Coz]ocean (44)
[COZ]est = [Coz]i - [COZ]m (45)

where [COz]m is [CO2] if conservative mixing occurred between river and ocean
end-members, calculated using Ctmr or Ctmix and Atmr Or Atmix; [CO2]ocean is the
agueous CO:2 concentration of the ocean; and [COz]i is the aqueous CO:2

concentration at station i. The [COz] is consumed when the [COz] value is
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negative, while the [CO2] is produced in the estuary once the [CO2] value is
positive. When [CO2] is calculated from Cr and Ar, the annual average
temperature of 21.03°C was used since the dissolved [CO2] is subject to changes

in water temperature.

5.3 Results

5.3.1 Drivers on seasonal changes in the partial pressure of CO»

At and Cr had the dominant effect on changes in pCOz2, while salinity and
temperature had a minor influence on surface pCOz2 (Fig. 17). In summer, there
was a considerable decrease in pCOz2, driven mainly by an increase in Ar. In
autumn, winter and spring, there was an increase in pCOz2; however, its driver
was different in each season. The increase in pCO2 was partially counteracted
by the temperature drawdown in autumn. In winter and spring, Cr and At had
opposite effects on pCO2 compared with summer and autumn. In winter, the
decrease in At led to an increase in pCO2. On the other hand, although Cr

decreased considerably, pCOz increased in spring.

5.3.2 Seasonal and interannual variability in water-air CO> net flux

The seasonal cycle of water-air CO2 net fluxes showed a similar variability
pattern in the areas investigated but with different amplitudes at stations BrOA #1
and #2 (Fig. 17a and 17b). At the inner inlet station (BrOA #1), the seasonal
amplitude of CO2 exchanges varied from —38 to 54 mmol m=2 d-! and was higher
than that found at the mouth of the estuary (BrOA #2), which ranged from —29 to

21 mmol m= dt. In addition, although the net CO:2 ingassing during
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summer/autumn seasons are very close to each other in both areas (average of
~—16 + 23 and ~ —18 + 28 mmol m=2 d-1), the same is not true for the behavior
of the CO2 exchange during winter/spring seasons. The winter/spring net CO:2
outgassing is 10-fold higher in the inner inlet zone (average of 22 + 40 mmol m—
d-1) than that found near the more sea-exposed zone (average of 2 + 31 mmol
m~2 d-1). In general, the net CO2 outgassing was highest in spring (October and
November) at the BrOA #1 station, although this behavior was also observed
during winter. The lower estuarine zone of the Patos Lagoon acts as net COz2
ingassing during half the year, from December to May, while a behavior of water-
air CO2 quasi-equilibrium is observed from June to September in the mouth of

the estuary (Fig. 17a and 17b).
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Figure 17. Effects of surface water temperature, salinity, total alkalinity (A1) and total dissolved
inorganic carbon (Ct) on the partial pressure of CO2 (pCOz) for each season for the stations
located in the lower zone of the Patos Lagoon Estuary region. The variation in each parameter is
calculated as the difference between the values of each parameter and their respective averages
in previous seasons. The unit of all drivers is the same as that for pCO2 (patm), and their
magnitudes represent their influence on pCO2%" changes. The error bars (gray) show the
difference between the sum of all drivers and the actual variation in pCO2 (ApCO2%"), indicating
the extent to which the decomposition of pCOz into its drivers differs from ApCO.9. More details
are given in the methods section.
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Despite the high monthly variability and the marked seasonal cycle of the
CO:2 exchanges observed in the PLE (Figs. 18 and 19), during the 4-year period
analyzed, the inner inlet zone behaved as net CO2 outgassing to the atmosphere
(2.9 = 41.4 mmol m~2 d1), in contrast to the behavior as an estuarine net CO2
sink zone (-7.2 + 33.3 mmol m=2 d) observed in the area close to the ocean.
Thus, the net behavior during the entire period revealed that the lower zone of

the PLE behaved as an area of CO2 uptake (-2.1 + 27.2 mmol m=2 d-%; Fig. 19).
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Figure 18. Seasonal cycle of surface water-air CO2 net flux (FCO3) of the lower zone of the Patos
Lagoon Estuary obtained from May 2017 to June 2021 at the (a) pier-fixed station BrOA #1 (inner
inlet) and (b) BrOA #2 (sea-exposed area). The error bars indicate the standard error of each
month. The values indicate the average FCO: for each season. Blue dots indicate months of CO2
ingassing, while red dots indicate months of CO2 outgassing.
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In 2019, there was intense CO2 uptake (-23.9 + 33.8 mmol m=2 d-1) by the
PLE surface waters, while in 2018, the region often released CO2 (7.5 + 41.3
mmol m=2 d-1) to the atmosphere. The CO:2 outgassing was high in 2017.
However, we did not evaluate the summer data when most of the CO2 was
absorbed. For 2021, we did not consider the winter/spring season, when CO:
emissions are higher (Fig. 19). According to our analysis, the water-air net COz2
fluxes evolve at periods of 3 and 6 months and one year, mainly at the BrOA #1

station (Fig. S4).
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Figure 19. Monthly and interannual variability in water-air surface CO:2 net flux (FCO3) for the
BrOA #1 (gray triangles) and BrOA #2 (blue dots) stations at the Patos Lagoon Estuary from May
2017 to June 2021. The orange diamonds depict the annual averages (note that 2017 and 2021
do not consider all the seasons). The FCO2 annual average and standard deviation for each
estuarine station (color indicated by the legend) and joined regions (orange) are indicated in the
top left.

5.3.3 River-borne, ocean-borne, and estuarine-generated CO»

The seasonality of CO2 concentrations is relatively different in each region
analyzed. At the inner inlet station, the seasonal cycle of the CO: estuarine is
marked and varies from —17 to 39 umol kg1, while at the mouth of the estuary,
the CO2 estuarine varies from -9 to 31 umol kg™ (Fig. 20a and 20b). Despite the
difference in estuarine, ocean and river CO2 concentrations, the same variation

was observed at both the inner inlet and estuarine mouth stations. The CO2
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concentrations averaged 1.8 + 0.4 umol kg for the ocean, 2.2 + 0.5 pmol kg
for the river and 5.2 + 3.2 umol kg for all lower zones of the estuary during the
summer/autumn seasons, while in the winter/spring seasons, the CO:2 estuarine
concentration was more than 2-fold higher (average of ~ 13 + 4.5 pmol kg) than
that in other seasons. Thus, the lower estuarine zone of the Patos Lagoon acts
as a region of production of estuarine CO2, mainly during months of high
freshwater discharge into the lagoon (i.e., end of winter and spring; Figs. 20 and
S5), with great magnitudes of COz in the more protected embayment and less
hydrodynamic zones. Regarding river-borne COz2, the behavior of the PLE was
different from that observed for estuarine CO2. The river-borne CO2 was higher
in periods of high freshwater discharge, while in months where the freshwater

discharge was low, the input of CO2 with marine sources was intense.

Despite the small difference, the inner inlet zone produced more CO2 (11.8
+ 12.6 umol kg™?) than the exposed area (9.1 + 10.0 pumol kg™). At the end of
2018, there was a decrease in CO:2 estuarine production and an increase in COz2
estuarine consumption in the region, with more CO2 estuarine consumption at the
mouth of the estuary (Fig. 20b) than in the sheltered area. From July 2019, the

ocean-borne COz2 increased at both stations.
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Figure 20. Monthly variability in agueous surface CO2z concentration ([COz]ocean; Yellow bars,
[COz]river; gray bars, and [COz]estuarine; black bars) for the stations located in the lower zone of the
Patos Lagoon Estuary from May 2017 to June 2021 in the (a) BrOA #1 and (b) BrOA #2 pier-fixed
stations with annual average and standard deviation for CO:2 estuarine concentration. The
seasonal cycle is inserted in the top right with the average and standard deviation for each CO:

concentration.

5.4 Discussion

5.4.1 Seasonal drivers of pCO»

The At and Cr variations were the main causes of changes in pCO:2

variability. The concentration of salts and dilution are the main processes
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identified in the pCO:2 variation, indicated by increases (summer/autumn) and
decreases (winter/spring) in At and Cr (Fig. 17). The lower estuarine zone of the
Patos Lagoon shows a high amplitude of At (479 to 2,245 umol kg™') and Ct (500
to 2,040 umol kg™) [Albuguerque et al. under review], related to periods of
increased (winter/spring) freshwater discharge and seawater inflows
(summer/autumn). Furthermore, the PLE is a region with high organic matter
concentrations due to large continental inputs, abundant macrophyte
communities and local anthropogenic sources [Baumgarten and Niencheski
2010] that lead to heterotrophy and macroalgal blooms in spring, which directly
influence the carbon concentration [Haraguchi et al. 2015, Lanari and Copertino
2017, Lanari et al. 2018]. Another factor is the hydrodynamic processes that lead
to large variations in salinity [Haraguchi et al. 2015]. These features aid in the

final behavior of Ar, Ct and salinity and indirectly affect the pCO2 variation.

The estimated deviations of the analysis (Fig. 17) are an indication that
some estuarine processes were not yet accounted for in the pCO2 changes, such
as the influence of phytoplankton biomass [e.g., Lee et al. 2006, Cai 2011] and
the property changes related to groundwater input [e.g., Sadat-Noori et al. 2016,
Jeffrey et al. 2018], which configures a current limitation and a challenge for
further studies. The higher freshwater discharge in late winter and during spring
brings a higher concentration of organic matter, supporting phytoplankton blooms
in the PLE [Albuquerque et al. under review]. The deviations observed in summer
and spring are probably due to photosynthesis rates [Albuquerque et al. under
review], which leads to a decrease in pCOz2 levels. Groundwater may be enriched
in dissolved carbon species; therefore, groundwater input affects the carbon
concentration in water [Sadat-Noori et al. 2016], increasing the pCO:2

concentration. Although the approach used in this study is mostly used to infer
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the main variables and processes affecting the pCO: distribution for oceanic
waters [e.g., Takahashi et al. 2014, Moreau et al. 2017, Monteiro et al. 2020], it
is also a useful approach in estuarine systems that have periods of waters with
high salinity signals. However, as previously indicated, further investigation of
coupled estuarine-biogeochemical processes must be performed to reduce
uncertainties, mainly during freshwater dominance periods in the estuarine

system.

5.4.2 Water-air CO> fluxes and CO» concentrations

Estuarine systems are significant sources of CO2 to the atmosphere with
recognized relevance for regional and global carbon budgets [e.g., Guo et al.
2009, Gupta et al. 2009, Jeffrey et al. 2018, Joesoef et al. 2015], and estuarine
lower zones realize approximately 23 mmol m=2 d=! [Chen et al. 2013]. The
magnitude of the CO2 exchanges in the lower estuarine zone of the PLE is
variable, with values ranging from —66 to 155 mmol m=2 d-! and a net CO:2
ingassing average of —2 mmol m2 d-? for the 4-year period investigated here (Fig.
19; Table 3). The variations observed in the lower zone of the PLE display a
typical distribution pattern seen in other estuarine environments (Table 3), mainly
in shallow estuaries dominated by freshwater discharge, such as the PLE [e.g.,
Evans et al. 2013, Koné et al. 2009] (Table 3). Moreover, the same range of
water-air CO2 exchanges observed in the subtropical PLE can be found in other
tropical estuarine environments in Brazil [e.g., Cotovicz et al. 2020, Noriega and
Araujo 2014], shifting between periods of CO2 ingassing and CO2 outgassing to

the atmosphere over the year.
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Table 3. Comparison between the range of water-air CO2 flux (FCO3) from previous estuarine studies around the world and the current study. The studies are
organized first by country and second by climate.

Reference Estuary location Country Climate Type Period Water-air FCO;
(range in mmol m=2d-?)
This study Lower zone of PLE Brazil Subtropical Freshwater discharge dominated May 2017 to —66 to 155
South Brazil June 2021
Cotovicz et al. 2020 Paraiba do Sul Brazil Tropical Freshwater discharge dominated  February 2017 —37.8t0 216.1
River October 2017
Southwestern Brazil March 2018
Noriega and Araujo North and Northeast Brazil Tropical and Various July 2012 to 2.410175.2
2014 Brazilian estuaries semiarid June 2013
Chen et al. 2020 Chesapeake Bay USA Subtropical Partially mixed and microtidal March to —-11.2t092.4
December 2016
February 2019
Yao and Hu 2017 Mission-Aransas USA Subtropical Freshwater discharge dominated May 2014 to —13.5t0 380.3
semiarid April 2015
Ho et al. 2014 Shark River USA Tropical Mangrove November 2010 20to 118
November 2011
Evans et al. 2013 Columbia River USA Temperate Freshwater discharge dominated August 2007 —53.0t0 193.2
November 2007
April 2008
June 2008
September
2008
Joesoef et al. 2015 Delaware USA Temperate Freshwater discharge dominated June 2013 —21.0t0129.1
August 2013
October 2013
November 2013
March 2014
July 2014
August to
September
2014
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October to
November 2014
December 2014
Crosswell et al. 2012 Neuse River USA Temperate Macrotidal June 2009 to —38to 271

July2010
Dinauer and Mucci 2017 St. Lawrence Canada Temperate Freshwater discharge dominated July 2003 —21.9t028.4
June 2006
May 2007
July 2007
June 2009
July 2009
July 2010
May 2011
June 2013
May 2016
Koné et al. 2009 Lagoon’s system Ivory Coast Tropical Microtidal June to July —20.0to 186.2
2006
September
2006
November to
December 2006
March 2007
Gupta et al. 2009 Cochin India Tropical Microtidal February 2005 64 to 274
April 2005
September
2005
Guo et al. 2009 Pearl River China Subtropical Freshwater discharge dominated November 2002 —25.8 t0 907.7
February 2004
January 2005
August 2005
April 2007
Oliveira et al. 2017 Tagus Portugal Temperate Tide dominated 1999 to 2007 16.6 to 347.1
Borges et al. 2004 Scheldt Netherlands Temperate Macrotidal November 2002 31t0 2,189
April 2003
Bozec et al. 2012 Loire France Temperate Tide dominated April 2009 —91to 140

July 2009
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Flecha et al. 2015

Maher and Eyre 2012

Guadalquivir

Hastings River
Camden Haven
Wallis Lake

Spain

Australia
Australia
Australia

Mediterranean
Temperate

Temperate
Temperate
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Mesotidal

Wave dominated
Wave dominated
Wave dominated

October 2009
February to
March 2010

November 2007
to August 2009
June 2006

October 2006

February 2007
April 2007

—0.710 83.9

—8.710 25.3
—16.5t0 12
—30.4 to 26.2



Significant seasonal variation in the water-air CO2 fluxes between
summer/autumn and winter/spring was observed in the lower zone of the PLE.
The results presented here demonstrate that the region experienced periods of
both COzingassing (between December and May) and CO:2 outgassing (between
June and November), mainly in protected areas along the estuary (Fig. 19b). COz2
exchanges are modulated by winds [Wanninkhof 2014], different hydrodynamic
conditions and/or extreme events [Sims et al. 2021]. The higher the wind speed
is, the greater the influence on the gas exchange between the surface water and
the atmosphere; thus, wind speed can play a crucial role in estuarine CO2 fluxes
[e.g., Yao et al. 2020] by exchanging momentum with the atmosphere. In
addition, a shallower environment responds faster to wind action [Moller et al.
2001, Lanari and Copertino 2017], which seems to favor fast air-water gas
exchange [Yao et al. 2020] and increased CO:2 gradient magnitudes. The water-
air CO2 fluxes in the lower zone of the PLE follow the seasonal pattern of
freshwater discharge, which is what occurred with the variability in the carbonate
system parameters [Albuquerque et al. under review]. In late winter and spring,
the freshwater discharge is higher [Marques 2012], and consequently, the entry
of organic matter promoting significant heterotrophy in relation to COz: is also
higher, which is what occurs in the tropical coastal systems in northern and
northeastern Brazil [Noriega and Araujo 2014]. In the same period, the higher
wind speed (~ 4.0 m/s; Fig. S5) leads to higher gas transfer velocity in this period
with respect to that of summer and autumn. The inner inlet station receives more
influence from the freshwater discharge and has a high residence time, leading
to an increase in COz2, while the sea-exposed station is close to the ocean and

directly influenced by seawater dynamics and outflow/inflow currents [Moller et
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al. 2001, Lisboa 2015]. Thereafter, CO2 outgassing in the inner inlet zone should
be mainly related to heterotrophic respiration and degradation of organic matter
generated on a larger scale by the influence of freshwater discharge, even though
this area is also influenced by resuspension of fine bottom sediments [Moller et

al. 2001, Lanari and Copertino 2017].

The phytoplanktonic community composition exerts a fundamental role in
CO2 uptake via photosynthesis. In the PLE, diatoms are the dominant
phytoplankton group, followed by cyanobacteria, flagellates, dinoflagellates, and
chlorophytes along the coastal offshore gradient [Islabdo et al. 2017].
Microphytoplanktonic diatoms tend to show a higher capacity for capturing CO2
in water [e.g., Hopkinson et al. 2011] than nano- and picoplanktonic species,
which helps to balance the carbon concentration. The production of CO2 was
lower in the more sea-exposed area than in the inner inlet station, suggesting that
the abundance of diatoms in the region closest to the coast is higher due to local
hydrodynamics, mainly at the end of winter and spring. Moreover, in spring
(October and November), the blooms caused by biological activity combined with
vertical mixing due to the higher wind intensity lead to highly variable water-air
COz2 fluxes in the lower zone of the PLE (Fig. 19). Despite the different tide
regimes, these seasonal conditions are similar to those previously observed in
the macrotidal Neuse River estuary [Crosswell et al. 2012] and microtidal Aby
Lagoon [Koné et al. 2009]. The water temperature influences the COz2 fluxes
because water-air CO2 exchanges depend on the gas transfer velocity, which is
further induced by temperature that changes the solubility of gas in water
[Wanninkhof 2014]. The higher summer temperatures combined with the CO2-

unsaturated waters from the ocean turn the region into a COz2 sink in summer and
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autumn. In general, freshwater input, wind and water temperature are important
in the exchange of COg2; nevertheless, residence time and phytoplanktonic
composition also modulate the CO2 dynamics in different areas of the lower zone

of the PLE over the seasons.

The production or consumption of CO2 is an indicator of estuarine-
biogeochemical processes [Yao et al. 2020] and plays a crucial role in
determining the water-air CO:2 fluxes of the lower zone of the PLE. Most of the
CO:2 released into the atmosphere is produced in the PLE itself. The high
freshwater discharge between the end of winter and spring carries organic matter
[Niencheski and Windom 1994, Niencheski et al. 2006] that favors photosynthetic
respiration and degradation of organic carbon. These processes intensify the
production of carbon for the estuary. Although the source is the river,
heterotrophy occurs in the estuary because there is more time for the
decomposition of organic matter. During this same period, CO2 inputs from the
river are also significant. These two CO:2 sources contribute to CO:2
supersaturation and outgassing to the atmosphere. Therefore, the observed
seasonal pattern of CO:2 fluxes and different CO2 sources suggest that
heterotrophy controls the metabolic status of the estuarine waters, mainly in the
inner areas of the PLE. In addition, the produced carbon is exported to the coast,
which contributes to the high concentration of CO2 in the mouth of the estuary.
This region is a channel with high hydrodynamics [Mdller et al. 2001], which
allows faster currents and more intense water exchanges. Thus, this area
prevents the surface water from CO:2 supersaturation by releasing the gas into

the atmosphere.

The interannual variability in estuarine properties and processes in the
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PLE is influenced by EI Nifio-Southern Oscillation (ENSO) events [e.g.,
Odebrecht et al. 2017, Albuquerque et al. under review]. The warm phase of
ENSO, El Nifo, is characterized by abnormal heating of surface waters in the
tropical Pacific Ocean. ENSO affects the regional and global climate, changing
the wind patterns worldwide and thus affecting the rainfall patterns in tropical and
midlatitude regions [e.g., Cai et al. 2020]. Between May 2017 and June 2021, two
ENSO events were identified. These events included one El Nifio event (in
2017/2018; ENSO warm phase) [INPE 2021] and one La Nifla event (in
2020/2021; ENSO cold phase) [INPE 2021]. Under El Nifio conditions, freshwater
discharge is above the average level (~1770 m?3 s), and the opposite is true
under La Nifla conditions [Vaz et al. 2006, Seeliger and Odebrecht 2010]. The
decreased water-air COz2 fluxes from the beginning of monitoring, the increased
CO:2 exchanges in the last two years (Fig. 18) and the composition of CO2 (Fig.
20) are likely associated with the change from moderate El Nifio (2017-2018) to
the beginning of La Nifia conditions (2019-2020). However, since the time series
is relatively short, with some years (2017 and 2021) having missing months,
further discussion on this matter is inhibited. Future research focusing on longer
time series is still needed to better characterize the role of climate mode

teleconnections with changes in the water-air CO2 exchanges in the PLE.

Finally, it is worth mentioning that at the end of 2018 (October to
December) and between November 2019 and January 2020, there was a
dredging event in the port access channel located in the estuary [Mirlean et al.
2020]. These dredging activities resuspend the sediment, allowing nutrients and
carbon to return to the water column and producing some impacts (e.g., water

chemical alteration, mud deposition, and changes in the benthos composition),
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and a monitoring program should always be considered to evaluate their
environmental consequences [Torres and Philomena 2013, Mirlean et al. 2020].
The environmental impacts associated with the dredging process and spoil
disposal can be characterized by direct effects on organisms and habitats and
indirect effects attributed to alterations in water quality. Thus, in addition to likely
ENSO effects on the region, the behavior of the studied area as a CO2 ingassing
zone (Fig. 19) and the increase in estuarine CO2 consumption from that period
(Fig. 20) onward may also be influenced by changes in the water properties and
water-sediment processes caused by dredging, despite the controversial about
the causes and consequences of mud deposition events along the coast [Calliari

et al. 2022, Mirlean et al. 2020, 2021, Garcia et al. 2021].

5.5 Conclusion

Overall, the estuarine ecosystem of the Patos Lagoon behaved as
summer/autumn CO2 ingassing and winter/autumn CO2 outgassing to the
atmosphere. The combined effect of wind speed, continental freshwater
discharge, inflow/outflow currents, water temperature, biological activity, and
water residence time is responsible for the modulation of the CO2 exchange in
the PLE. However, comparing the different areas of the PLE lower zone, we
noticed non-similar forcings acting on the variation in the CO2 concentration. The
water-air CO2 flux variations at the mouth of the estuary were mainly driven by
the balance between the seawater dynamics and freshwater discharge
input/output, which influences the scenario of a CO:2 sink. In the inner estuary,

heterotrophic respiration and degradation of organic matter contributed to CO2
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outgassing to the atmosphere between the end of winter and spring.
Autochthonous production was responsible for the highest concentration of COz,
indicating heterotrophy in the estuarine surface water. Part of the carbon
produced is exported to the coast, contributing to a high concentration of COz2 in
the mouth of the estuary. Therefore, this study shows that the lower zone of the
PLE is resilient to high CO2 concentrations and has been able to overcome
anthropogenic emissions in the region. Hence, long-term monitoring programs
must continue to improve the understanding of CO2 exchange variability and help

shed light on the role played by the PLE on the global carbon budget.
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Capitulo VI: Sintese da Discussao
e Conclusoes

qui serdo destacados os principais pontos das discussbes e das
A conclus@es dos artigos cientificos apresentados nos Capitulos IV e V.
Primeiramente, os artigos serdo abordados em conjunto, e por fim, teremos um
fechamento geral concluindo a Tese através da verificacdo da hipGtese

formulada e das consideracdes finais.

6.1 Caracterizagdo e variabilidade sazonal do sistema carbonato e dos

fluxos liquidos de CO:2

A primeira caracterizacao do sistema carbonato nas aguas superficiais na
parte sul do ELP foi feita durante o periodo de maio de 2017 a junho de 2021.
As altas variagdes nas concentragdes de At e Ct observadas na zona inferior do
ELP exibiram um padrdo de distribuicdo tipico, que tem sido observado em

outros ambientes estuarinos ao redor do mundo, principalmente os que também
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apresentaram uma elevada amplitude na salinidade. Essas variagbes
encontradas refletem a mistura da agua doce proveniente dos rios (que
apresentam baixas concentracdes de At e Cr) e da 4gua salgada do oceano
adjacente (que possuem altos valores de Ar e Cr). Os valores maximos
observados dessas duas variaveis, que sdo comparativamente mais altos do que
os descritos na literatura em estuarios semelhantes, estdo provavelmente
ligados a presenca da Agua Tropical (que é considerada uma agua salgada com
valores de salinidade acima de 36) na composi¢cdo da mistura océnica com as
adguas da plataforma, que adentram o estuario em determinados periodos do

ano.

A regido estudada é, em média, um ambiente naturalmente alcalino (com
8,0 de média de pH) e apresentou condi¢des saturadas de CaCOs durante todo
o0 periodo analisado, sendo assim caracterizada por uma pCO: superficial
relativamente baixa (~ 394 patm, em média) e de variacdo semelhante a outros
estuarios subtropicais rasos relatados em estudos. Mesmo em comparagdo com
estuarios ao redor do mundo, o valor maximo de pCO:2 de ~1400 yatm ainda é
inferior ao de ~10000 patm observado em outras regiées. Assim, concluiu-se que
as caracteristicas geomorfoldgicas da lagoa, juntamente com a forte influéncia
da agua do mar e a descarga de agua fluvial desempenham um papel importante
na concentracdo dos parametros do sistema carbonato e na regulacdo da

distribuicdo espaco-temporal.

A maioria dos parametros do sistema carbonato e os fluxos liquidos de
CO:2 na interface agua-ar no ELP exibiram um padrdo sazonal bem-marcado.

Grande parte da variacdo encontrada nos quatro parametros e na troca de CO:2
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entre a 4gua e o ar esta relacionada a hidrologia local. O padrdo sazonal de
descarga de agua doce na lagoa é tipico de médias latitudes, o que significa alta
descarga no inverno e no inicio da primavera, seguida de descarga baixa a
moderada durante o ver&o e outono. Esse padréo se refletiu principalmente na
distribuicdo da salinidade na regido, que é caracterizada pelo equilibrio da
dominancia das aguas dos principais rios e do oceano adjacente. De fato, isso é
evidenciado pela diluigdo/concentracdo de sais como 0S principais processos
biogeoquimicos que controlaram a flutuacdo da Ar, do Cr, do pH e da pCO:
durante esses periodos nas aguas superficiais e nos resultados apresentados,
que demonstraram que a regido passou por periodos tanto de gaseificacdo de
CO2 (absorcéo pelo estuario entre dezembro e maio) quanto de desgaseificacédo
de CO2 (emissao para atmosfera entre junho e novembro), principalmente nas
areas protegidas mais rasas ao longo do estuério. Além disso, verificou-se que
que as alteracdes da At e do Cr foram as principais causas das mudancas na
variabilidade da pCO2. Os desvios estimados encontrados nos parametros
controladores da pCO:2 indicaram que outros processos estuarinos estejam
atuando e ainda ndo foram contabilizados nas mudancas de pCOz, tais como: (i)
a influéncia da biomassa fitoplanctbnica e da vegetacdo submersa, (ii) os
processos biogequimicos associados as trocas e fluxos na interface agua-
sedimento, (iii) e as mudancas de propriedade relacionados a entrada de agua
subterranea no ambiente, o que configura uma limitacdo atual desse método e

um desafio para estudos futuros.

Em resumo, a interacdo entre os efeitos térmicos e nao-térmicos na pCO:2
foi evidenciada por T:NT<1 ao longo do ano. Durante o verdo e o outono, a

entrada de agua do mar contribuiu para a prevaléncia de fatores n&o-térmicos,
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incluindo mistura vertical, processos biolégicos e troca de CO: mar-ar,
influenciando o Cr. Durante o inverno e a primavera, o alto nivel de descarga de
agua doce contribuiu para a mistura profunda que faz com que a pCO2 aumente
devido a ressurgéncia de aguas de alto Ct e processos hioldgicos. Mesmo com
o rebaixamento biolégico do Cr durante a primavera, a pCO:2 ainda foi maior do
que durante o verao e o outono. Em geral, esses efeitos térmicos e nao térmicos
na pCO:2 se sobrepdem constantemente, dificultando a interpretacéo de seus

efeitos individuais nas variagdes da pCO..

Outro fator atuante, principalmente na primavera, foi 0 aumento da
decomposicdo da matéria organica devido as floracbes de fitoplancton e
macroalgas a deriva que ocorrem nesse periodo. A fixacdo fotossintética de
carbono causa uma reducéo liquida de Ct e pCOz, levando aos aumentos da Ar,
do pH, do QCa e do QAr. A fotossintese e a captacdo de CO: estdo ligadas a
composicdo da comunidade fitoplanctbnica, sendo esta principalmente
dominada por diatomaceas no ELP. Este grupo fitoplancténico tende a
apresentar maior capacidade de captura de CO2 na agua do que as espécies
nano e picoplanctonicas, o que ajuda a equilibrar a acidez e a concentracdo de
carbono. Logo, a maior absorcao de carbono esteve, possivelmente, ligada ao
grupo fitoplancténico principal que habita a regido. A producao de CO:2 foi menor
na area mais exposta ao mar do que na estacao interna, sugerindo que € maior
a abundancia de diatomaceas na regido mais proxima da costa devido a
hidrodinamica local, principalmente no final do inverno e primavera. Além disso,
na primavera (entre os meses de outubro e novembro), as floragbes causadas
pela atividade biologica combinadas com a mistura vertical, devido a maior

intensidade do vento, resultam em fluxos de CO:2 na interface agua-ar altamente
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variaveis na zona inferior do ELP. No entanto, estudos recentes relataram
tendéncias crescentes no crescimento de dinoflagelados e cianobactérias devido
a mudancas na salinidade no ELP, o que poderia vir a afetar a distribuicdo dos

parametros do sistema carbonato e o ciclo do carbono no corpo lagunar.

A descarga de agua doce teve uma influéncia distinta nas diferentes
partes das zonas mais baixas do ELP, como é refletido e nitidamente observado
no sistema carbonato e nos fluxos de COz2 na interface agua-ar no inverno e na
primavera. As areas abrigadas e mais rasas no interior do ELP (BrOA #1)
possuem um tempo de residéncia da agua maior do que a desembocadura do
baixo estuario (BrOA #2), levando a uma menor variabilidade tanto nos
parametros do sistema carbonato quanto nos fluxos de CO2. Processos que
alteram a biogeoquimica das &guas superficiais, como rea¢cfes na interface
sedimento-agua, tal como a ressuspensao de sedimentos finos e da matéria
organica no fundo e a maior instabilidade da camada superficial da agua
causados pela acdo dos ventos também foram fatores que interferiram na
variabilidade de uma forma mais intensa nas areas mais rasas do ELP. Ademais,
notou-se que as temperaturas mais altas do verdo combinadas com as aguas
insaturadas de CO2 do oceano transformam a regido em um sumidouro de CO2
no verao e no outono. Ao serem analisados todos esses fatores, infere-se que,
em geral, a entrada de agua doce e o0 vento sédo importantes na troca agua-ar de
COz2; no entanto, o tempo de residéncia e a composicao fitoplanctdnica também
modulam a dindmica do CO2 em diferentes areas da zona inferior do ELP ao
longo das estacdes. Portanto, enquanto as variagcdes dos parametros do sistema
carbonato e dos fluxos de CO2 na boca do estuario foram impulsionadas

principalmente pela dinAmica da agua do mar e as correntes de saida/influxo, no
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interior do estuério, elas estavam relacionadas, principalmente, a respiracédo

heterotréfica e a degradacdo da matéria organica.

A maior parte do CO2 emitido para a atmosfera foi produzida no préprio
ELP durante o periodo estudado. A alta vazdo de agua doce entre o final do
inverno e a primavera repleta de matéria organica favoreceu 0s processos
biolégicos que intensificaram a producéo de carbono para o estuério. Tanto o
CO2 produzido no estuéario quanto o CO:2 vindo das aguas fluviais contribuiram
para a supersaturagao e liberagdo de CO2 para a atmosfera no baixo ELP
durante os periodos de emissdo de CO:2 para a atmosfera. Portanto, o padréo
sazonal observado de fluxos de CO:2 e as diferentes fontes de CO2 sugerem que
a heterotrofia controla o estado metabdlico das aguas estuarinas, principalmente

nas areas internas do ELP.

A variabilidade interanual também foi observada nos parametros do
sistema carbonato e nos fluxos de CO2 no baixo ELP, e estdo possivelmente
associadas as teleconexdes do modo climético conhecido como El Nifio-
Oscilagdo Sul (ENSO). A diminuic¢ao tanto da pCO2 quanto dos fluxos de CO2 na
interface agua-ar desde o inicio do monitoramento, o0 aumento das trocas de CO:2
nos ultimos dois anos e a composicdo do CO2 podem estar relacionados as
mudancas ocasionados por um evento de El Nifio moderado e o inicio das
condi¢cOes de La Nifla que afetavam a regido. No entanto, como a série temporal
é relativamente curta, conclusdes aprofundadas sobre esse assunto ainda nao
podem ser feitas. Ainda assim, algumas mudancas observadas a partir de
dezembro de 2018 na troca de CO:2 entre a agua e o ar podem estar relacionadas
também aos eventos de dragagem, que ocorreram no canal de acesso ao porto

localizado no estuario, apesar da controvérsia sobre as causas e consequéncias
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dos eventos de deposicado de lama ao longo da costa. Os impactos ambientais
gerados pelo processo de dragagem e a disposicdo de rejeitos podem ser
caracterizados por efeitos diretos sobre organismos e habitats e efeitos indiretos
atribuidos as alterac6es na qualidade da agua, como foi observado na area
estudada pela gaseificagdo de CO2 e pelo aumento do consumo de CO:
estuarino a partir desse periodo. Por isso, sdo necessarios mais estudos com
foco em séries temporais mais longas (e modelos biogeoquimicos) para melhor
caracterizar o papel das teleconexdes do modo climéatico e dos eventos de
dragagem com mudancas nos niveis da pCO:2 e da capacidade de

tamponamento do ELP.

6.2 Consideragdes finais e direcionamentos futuros

Em relacdo a hip6tese apresentada e testada no desenvolvimento desta
Tese de Doutorado, i.e., “O estuéario da Lagoa dos Patos é uma fonte de CO:
para a atmosfera durante todas as estacdes do ano e contribui com emissdes
significativas para as estimativas do balango global de carbono.”, podemos
concluir que ela foi refutada, pois o estuario funcionou como uma zona emissora
de CO:2 para a atmosfera durante apenas o final do inverno e parte da primavera
e nao contribui significativamente para as estimativas do balanco global do
carbono, uma vez que sua contribuicdo € de apenas 0,11% de um total de 0,1

Pg C ano? [Chen et al. 2013, Laruelle et al. 2013].

Em suma, as aguas superficiais do baixo ELP sdo naturalmente alcalinas,

saturadas em CaCOs e apresentam baixos valores de pCO2. A diluicdo e a
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concentracdo de sais foram as principais condicionantes da variagdo dos
parametros do sistema carbonato ao longo das estacdes refletidos através do
balanco da descarga de agua doce e entrada de agua do oceano adjacente. A
entrada de 4gua doce influencia fortemente e nota-se que nos periodos de
enchente (verdo/outono) o processo dominante € a concentracdo de sais,
enquanto nos periodos de vazante (inverno/primavera), a diluicdo tem maior
destaque. Entretanto, foi observado que regides mais rasas e menos dinamicas
sofrem uma interferéncia maior da respiracdo e da degradacdo da matéria

organica.

Os baixos valores encontrados da pCO:2 séo reproduzidos nas condi¢gdes
de absorcdo de CO: (verdo/outono) da atmosfera e emissdo de CO:2
(inverno/primavera) para a atmosfera. A area mais interna apresentou um
aumento na concentragdo de CO:2 durante o inverno e a primavera e
relacionamos esse aumento, principalmente, a respiracdo heterotréfica e a
degradacdo da matéria organica gerada em maior escala pela influéncia da
descarga de agua doce. Logo, esse equilibrio no desempenho entre sumidouro
e fonte de CO2 do ELP foi modulado pela combinacdo da velocidade do vento,
da vazao de agua doce e das correntes de saida/entrada da agua do mar, sendo
a proliferagéo de fitoplancton e a forte mistura vertical induzida pelo vento
forcantes pontuais no ELP que levaram as trocas de CO: altamente variaveis

nas diferentes regides.

Ao contrario da maioria dos sistemas estuarinos, o ELP atuou, no geral,
como um sumidouro liquido de —2 mmol m=2 d-! de CO:2 durante o periodo
investigado. Todavia, durante os periodos de supersaturacdo de CO2, foi

identificado que as principais fontes de carbono sdo advindas dos rios e
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produzidas no proprio estuario. A maior concentragdo estuarina de CO2 por
producdo autéctone indicou a heterotrofia em aguas estuarinas e concluiu-se

que parte desse carbono produzido no estuario € exportado para o litoral,

evidenciado pela alta concentracdo de CO:2 na foz do estuario.

Apesar do grande impacto causado pela atividade humana, o ELP parece
resistir a grandes mudancas no sistema carbonato. Portanto, este estudo
ressalta que a zona inferior do ELP tem se caracterizado resistente as altas
concentracbes de CO:z e sido capaz de superar as emissdes antropicas na
regido. Essa resiliéncia € uma caracteristica importante e pode nos ajudar a
entender estuarios semelhantes fortemente influenciados pela atividade

humana.

Novas investigacfes e estudos ainda sdo necessarios para elucidar o
papel do ELP no ciclo global do carbono. Ha ainda muitas incégnitas e a falta de
conhecimento de longo termo do funcionamento do ecossistema de cada
estuario acarretam maiores desafios para o pleno entendimento. Por isso, o
caminho é longo e tanto programas de monitoramento de longo prazo quanto a
criacdo de modelos biogeoquimicos devem continuar em execucdo para
melhorar o entendimento da variabilidade dos processos biogeoquimicos e das
trocas de CO2 em um ecossistema tdo complexo quanto os ambientes

estuarinos.
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ANEXO |

Este anexo contém as seguintes figuras mencionadas no Capitulo IV:

Fig. S1 e Fig. S2.
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Figure S1. Monthly variability of surface water properties for the stations located in the BrOA #1
(gray line and dots) and BrOA #2 (blue line and dots) Patos Lagoon Estuary regions from May
2017 to June 2021. The annual average and standard deviation are indicated in the top left panels
for water surface (a) temperature (°C), (b) salinity and (c) chlorophyll-a (Chl-a; ug L-1).
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Figure S2. Monthly variability of surface water properties for the stations located in the BrOA #1
(gray line and dots) and BrOA #2 (blue line and dots) Patos Lagoon Estuary regions from May
2017 to June 2021. The annual average and standard deviation are indicated in the top left panels
for water surface (a) total alkalinity (Ar; umol kg), (b) total dissolved inorganic carbon (Ct; umol
kg™), (c) pH at the total scale, (d) saturation state of calcite (QCa) and (e) saturation state of
aragonite (QAr).
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Figure S3. Global (right panels) and wavelet power spectra (left panels) of the (a) total alkalinity
(A1), (b) total dissolved inorganic carbon (Cr), (c) pH and (d) partial pressure of COz (pCOy2) in
BrOA #2 (pier-fixed station), considering the Morlet function as a mother wavelet. In the left
panels, the area bounded by the white line indicates the region of the cone of influence, where
the variance is reduced, and the solid black lines denote the regions with a significance level
higher than 95%. The yellow colors represent high energy, and the blue colors indicate low
energy. The color bar shows the units of energy in logz form. In the right panels, the 95% level of
significance is marked by the red dashed lines, while the sum of energy for each period is
represented by the thin blue lines.
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ANEXO I

Este anexo contém as figuras: Fig. S3 e Fig. S4 mencionadas no

Capitulo V.
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Figure S4. Wavelet spectrum of the CO:2 net flux (FCO2) in the (a) BrOA #1 (pier-fixed station)
and (b) BrOA #2 (pier-fixed station), considering the Morlet function as a mother wavelet. In the
left, the area bounded by the white line indicates the region of the cone of influence, where the
variance is reduced, and the solid black lines denote the regions with a significance level higher
than 95%. The yellow colors represent high energy, and the blue colors indicate low energy. The
color bar shows the units of energy in logz form. In the right, the cone of influence is represented
by the red dashed line and the sum of energy for each period is in the blue line.
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Figure S5. Seasonal cycle of (a) wind speed and riverine freshwater discharge (m?3 s-1; blue bars),
(b) partial pressure of CO2 (pCO2) of atmosphere and (c) partial pressure of CO2 (pCOz) of surface
water for the stations located in the BrOA #1 (black line and dots) and BrOA #2 (gray line and
triangles) of the lower zone of the Patos Lagoon Estuary obtained from May 2017 to June 2021.
The errorbars indicated the standard error of each month.
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