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Resumo

Estudos precedentes mostraram que o0s ecossistemas costeiros estédo
experimentando uma ampla variagdo de pH entre -0,023 a 0,023 unidades de
pH por ano, sendo suscetiveis principalmente a condigdes de acidificacdo ou
basificacdo. Essa variabilidade esta predominantemente associada ao
metabolismo dos ecossistemas e a influéncia dos ambientes oceanicos e
fluviais, como ocorre no sistema subtropical do estuario da Lagoa dos Patos
(PLE, sul do Brasil), cuja variabilidade biogeoquimica €& governada
principalmente por processos de dissolucdo e concentracdo de sais. Este
estudo analisou e quantificou, pela primeira vez, as mudangas sazonais do
tamponamento do pH nas zonas interna e externa do PLE através de diferentes
abordagens: (i) a variabilidade temporal dos parametros do sistema carbonato,
(ii) o fator de sensibilidade do parametro (taxa de mudanga de um componente
especifico do sistema de carbonato pela alteragdo de outro), (iii) a capacidade
tampao do pH para mudanga fracionaria de carbono inorganico dissolvido
(BDIC), (vi) a salinidade maxima da acidificagdo estuarina (MEA) e (vi) os
parametros controladores ou drivers sazonais de pH (temperatura, salinidade,
DIC e alcalinidade total — TA). Um monitoramento superficial da TA, pH e
parametros fisico-quimicos foi realizado de maio de 2017 a novembro de 2022.
BDIC e outras variaveis do sistema de carbonato foram estimadas usando o
pacote Seacarb do software R e a ferramenta macro do Excel CO,Sys. Os
resultados ndo mostraram disparidade sazonal no pH e BDIC na zona externa,
ao contrario da zona interna que registou uma variabilidade significativa
principalmente entre verdo e inverno. Durante o inverno, houve uma dissolu¢ao
predominante de CaCO; devido ao aporte fluvial com baixo tamponamento. No
entanto, a zona interna apresentou um maior BDIC em baixa salinidade
associada a seu valor mais alto da salinidade de maxima acidificagao estuarina
(MEA), onde o efeito das adi¢bes de CO, no pH diminui @ medida que se afasta
da salinidade da MEA. A dinamica mensal do BDIC em ambas zonas esteve
principalmente relacionada com a variabilidade da salinidade, com influéncia
predominante de janeiro a julho, enquanto a influéncia da variabilidade da

clorofila-a prevaleceu durante os meses de alta descarga de agua. O influxo de

Xii



agua doce determinou a disparidade sazonal da influéncia de cada driver
ambiental na variabilidade do pH. Um efeito uniforme de cada driver foi
observado no outono, em contraste com o verédo, quando a mudanca de pH foi
associada principalmente ao efeito negativo do aumento da DIC, regulado pelo
aumento da TA. As condi¢bes de subsaturagcdo da aragonita em salinidade
média e alta suportam a premissa de uma capacidade tampao moderada-baixa

no baixo estuario da lagoa Dos Patos.

Palavras-chave: Capacidade tampdo, Acidificacdo estuarina, Ambiente

costeiro, lagoa dos Patos.
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Abstract

Earlier studies showed that coastal ecosystems undergo a broad pH trend from
-0.023 to 0.023 pH units yr', being susceptible mainly to acidification or
basification conditions. This range is predominantly associated with ecosystem
metabolism and the influence of ocean and riverine endmembers, as has been
observed in the subtropical system of the Patos Lagoon Estuary (PLE, south
Brazil), whose biogeochemical variability is mainly governed by processes of
dissolution and concentration of salts. This study analyzed and quantified the
for the first time the seasonal changes of pH buffering in the inner and outer
zones of the PLE through the evaluation of different approaches: (i) the
temporal variability of the carbonate system parameters, (ii) the parameter
sensitivity factor (i.e., the rate of change of a specific component of the
carbonate system by the alteration of another), (iii) the buffering capacity of pH
to fractional change of dissolved inorganic carbon (BDIC), (vi) the maximum
estuarine acidification (MEA) salinity and (vi) the seasonal drivers of pH (i.e.,
temperature, salinity, DIC and total alkalinity — TA). A surface monitoring of TA,
pH, and physical-chemical parameters was performed and evaluated from May
2017 to November 2022. BDIC and other carbonate system variables were
estimated using the package seacarb of R software and the CO,Sys Excel
macro tool. The results did not show a seasonal disparity in the pH and its BDIC
in the outer zone, unlike the inner zone which recorded significant variability
mainly between summer and winter. During winter, there was a predominant
CaCOj; dissolution by a river input with low buffering. Despite that, the inner

zone recorded the higher buffering in low salinity associated with its higher MEA

Xiv



salinity, where the effect of CO, additions on pH decreases at salinities lower
this equilibrium point. The monthly dynamic of BDIC in both zones was mainly
related to the variability of salinity with predominant influences from January to
July, while the influences of the variability of chlorophyll-a prevailed during
months of high-water discharge afterward. The freshwater discharge
determined the seasonal disparity of the influence of each environmental driver
on pH variability. A uniform effect of each driver was observed in autumn, in
contrast to summer when pH change was associated mainly with the negative
effect of increased DIC, regulated by the increase in TA. The aragonite
undersaturation conditions in medium and high salinity supported the premise of

a moderate-low buffering capacity in the lower zone of the PLE.

Keywords: Buffering capacity, coastal acidification, coastal ecosystems,

biogeochemical dynamics.
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Capitulo I: Introducao

As mudancgas de acidez nos oceanos, equivalente a 0,1 unidade de pH (30%
de aumento) desde a etapa industrial, foram inequivocamente associadas ao
incremento nas concentragbes de gases de efeito estufa causado pelas
atividades humanas. Em 2019, as concentragbes médias eram de 410 parte
por milhdo de diéxido de carbono, 1866 parte por bilhdo (ppb) de metano e 322
ppb de oxido nitroso em 2019 [IPCC, 2021]. A tendéncia decrescente de pH
entre —0,0004 e -0,0026 unidades de pH ano por ano, observada entre 1989 e
2014, contrasta com a variagdo nao uniforme reportada nos ecossistemas
costeiros (-0,023 a 0,023 unidades de pH por ano). Esses ecossistemas
experimentam tendéncias que variam desde acidificacdo até basificacao
[Carstensen & Duarte, 2019]. A variacdo do pH nos ecossistemas costeiros tem
sido associada principalmente a influéncia e interacdo dos endmembers, assim
como aos processos metabdlicos nas zonas de mistura e interfaces. Esses
processos desempenham um papel significativo na dindmica biogeoquimica,
resultando em um aumento incremento ou diminuicdo do pH, dependendo do
tempo de residéncia [Regnier et al., 2013, Duarte et al., 2013, Cai et al., 2021].
A andlise das tendéncias e fontes de variabilidade no ecossistemas costeiros,

conforme apresentada por Carstensen & Duarte [2019] resumiu, de maneira



conceitual, os componentes reguladores do pH: (I) a extensdo de aguas
costeiras tamponadas derivadas da TA fornecida pelo rio, (ll) a extensao da
mistura com agua oceanica, e (lll) o balangco do metabolismo ecossistémico

pela adigdo e remogéo do carbono inorganico dissolvido (DIC).
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Figura 1. Distribuicdo cumulativa de decréscimo nas tendéncias do pH em 83 sistemas
costeiros, em comparacdo com decréscimos nas estacdes dos projetos de Estudo de Séries
Temporais Atlantico das Bermudas (BATS) e Oceano de Hawaii (HOT) (acidificacdo do oceano
- OA), e a gama de decréscimos oceanicos reportados na literatura (linhas tracejadas).
Sistemas costeiros com baixo tamponamento sdo marcados com triangulos. As barras de erro
mostram o intervalo de confianca de 95% das reducbes de pH costeiras estimadas. Observe
que as barras de erro OA sdo menores que 0s simbolos. Figura modificada de Carstensen &
Duarte [2019].

Os estuarios, com apenas 0,3% da agua superficial global, s&o sistemas
inerentemente dinamicos considerados entre os mais produtivos, atuando

como filtradores ou exportadores de nutrientes e matéria organica para as

areas costeiras adjacentes [Cai, 2011]. O impacto dos processos



antropogénicos, associados ao desenvolvimento urbano e diversificacdo de
atividades nestas areas, levou a uma mistura sem precedente do estresse
antropogénico e climatico, com efeitos que podem alterar sua capacidade
tamp&o. Isso foi verificado no aumento da TA nos rios estadunidenses de
Delaware (400-900 umol kg™') e Mississippi (1400-2800 umol kg™'), e nos rios
suecos (300-460 pmol kg™), nos ultimos 50-100 anos (Fig.2), associado ao
intemperismo das rochas carbonatadas e ao uso de cal na agricultura, sendo
subsequentemente exportado para areas costeiras adjacentes [Duarte et al

2013].
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Figura 2. Séries temporais de alcalinidade nos rios estadunidenses Mississippi (a), rio Delaware
(b) e rios suecos (c). As linhas soélidas representam uma média mével de 5 anos das
concentracbes médias anuais. Figura modificada de Duarte et al [2013].



O estuario Kemi (Finlandia) apresentou flutuagdes interanuais entre 1980-2017,
com uma tendéncia de incremento do pH (7,1-7,4) em um ambiente salino e de
baixo tamponamento. Essa condicdo tampdo foi mais associada com as
variagdes de salinidade do que com a baixa e relativamente uniforme atividade
biolégica. No estuario de Westerschelde (Paises Baixos), a alta entrada de
matéria organica na década de 1970, gerou um acentuado estado heterotrofico,
com um pH de 7,63. Posteriormente, com a redu¢ao de mais de 50% do aporte
de nitrogénio total, foi registrado um pH de 7,87 em 2014; um aumento n&o téo
pronunciado devido a sua elevada capacidade tamp&o (TA de 4000 umol kg™,
salinidade < 2) [Hellings et al. 2013]. A extensdo espacial e temporal dos
processos ou fatores forcantes da variabilidade do pH pode induzir condi¢cbes
de acidez, com baixos pH e estado de saturac&o do aragonita (QAr), reduzindo
a capacidade tampao e aumentando a exposicdo e magnitude das condigdes
corrosivas (QAr < 1). Isso ocorreu no final do verdo no mar de Salish, no
noroeste do Oceano Pacifico, onde a remineralizacdo da matéria organica,
juntamente com ventos relativamente fracos e estratificagdo em algumas areas,

forcou uma diminuigao no pH e QAr [Bednarsek et al., 2021].

Os estuarios das regides norte e nordeste do Brasil registraram uma ampla
faixa de TA, entre 131 e 2800 pmol L™ (1298 umol L"), e um pH oscilando
entre 6,6 e 8,2. A alta correlacdo negativa entre a porcentagem de saturagao
do oxigénio dissolvido e a pCO, foi atribuida a uma intensa decomposi¢ao de
matéria organica na agua de fundo e/ou sedimento, resultando na diminuicao
do pH nesses sistemas estuarinos [Noriega et al., 2014]. Nas aguas costeiras
eutroficas da baia de Guanabara (RJ), o metabolismo ecossistémico foi o

principal controle da variacdo espago-temporal do estado de saturagdo da



aragonita, com episodios de condigdes mais corrosivas em aguas pobremente
tamponadas que receberam diretamente descargas de efluentes domésticos e
rios poluidos. Em contraste, valores elevados foram registrados nas aguas
estratificadas médias superiores, dominadas pelas floragdes fitoplancténicas e
com alta capacidade de tamponamento [Cotovicz et al., 2017]. Um diferente
cenario foi observado no estuario oligotrofico de S&o Francisco (entre os
estados de Sergipe e Alagoas), no qual as aguas com baixo tempo de
residéncia, quentes e com baixo tamponamento do pH, promoveram a
predominancia do equilibrio termodinamico do sistema carbonato sobre os
processos biolégicos, determinando os fluxos de CO, na interface ar-agua nos
processos de misturas [Abril et al., 2021]. Na laguna costeira calida e
hipersalina de Araruama (RJ), as floragdes fitoplanctonicas, os altos valores de
pH, a alta capacidade de tamponamento e o aumento do metabolismo
autotrofico e da pCO, (decorrente da precipitagdo do CaCO,), geraram um
sumidouro liquido anual de CO,. Os valores altos de pCO, no verao em relagao
ao inverno, estiveram associados com os efeitos termodinamicos causados

pelo aquecimento das aguas e aumento da salinidade [Cotovicz et al., 2021].

O baixo PLE (regiao sul do Brasil) apresentou um ambiente alcalino nas aguas
superficiais, com um pH médio de 8 e supersaturagao de CaCO,. No entanto,
condigdes de subsaturagdo da calcita foram registadas para os meses de
enchente, com uma menor extensdao temporal que QAr. Neste sistema os
processos de diluigdo (associado a entrada agua doce) e concentragao de sais
(intrusdo salina ndo associado aos processos que mudam o estado da agua)
foram os principais mecanismos responsaveis para as mudangas dos

parametros do sistema de carbonato nas aguas superficiais [Albuquerque et al,



2022] (Fig. 5). Adicionalmente, uma variacdo sazonal significativa nos fluxos
agua-ar de CO,foi identificada associada com os padrbes sazonal de influxo de
agua doce marcando periodos tanto de absorgédo (Dezembro e Maio) quanto de
desgaseificacdo de CO, (Junho e Novembro), principalmente no interior do
baixo estuario [Albuquerque et al., 2023]. A avaliagao diaria do metabolismo
ecossistémico pelagico no canal do estuario determinou condigbes
predominantes heterotréficas para o verao do 2021, com clara evidéncia da
intrusdo da pluma do rio da Prata, possivelmente representando um importante

factor na biogeoquimica local [Bordin et al., 2023].
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Figura 3. Diagrama de dispersdo da alcalinidade total (TA; pmol kg‘1) e do carbono inorganico

total dissolvido (DIC; pmol kg™'). O diagrama TA-DIC-salinidade considerou o conjunto de
dados da rede BrOA, abrangendo entre maio de 2017 e junho de 2021, com o veréo
representado por pontos, o outono por tridangulos, o inverno por quadrados e a primavera por
losangos. As setas inseridas mostram os principais processos (conforme indicado), adaptados
de Zeebe e Wolf-Gladrow (2007), que regem a variabilidade no sistema carbonato do estuario
da lagoa dos Patos. A linha preta tracejada representa a linha de mistura conservativa tedrica
de aguas fluviais e oceanicas que indicam o efeito da diluicdo e concentragdo de sal na
mudanca das concentragdes de TA-DIC. As cruzes roxa e vermelha representam os membros



extremos das aguas fluviais e oceanicas. A linha tracejada vermelha representa a curva de
regressao linear do conjunto de dados. Figura modificada de Albuquerque et al. [2022].

Os estudos mencionados basearam-se na analise temporal das variaveis do
sistema carbonato (pH, QAr, TA) para inferir a capacidade de tamponamento ou
determinar o efeito da acidificagdo na biocalcificagdo [Li et al., 2020]. No
entanto, essas variaveis nao quantificam a sensibilidade ou tamponamento do
sistema (resisténcia) sob a pressdo de um parametro controlador ao longo de
um gradiente de salinidade. O fator Revelle (Equagédo 1) € comumente usado
para quantificar a sensibilidade da pCO, as adi¢cdes de DIC, porém nao explica

a alteracao do pH [Hu et al., 2013; Middelburg et al., 2020; Cai et al., 2020].

Fator Revelle = (3TA X DIC - 2DIC) / (2DIC - TA) (TA = DIC))eeveeeeeereerrreenee. 1

O presente estudo teve como objetivo determinar e quantificar a sensibilidade e
a capacidade tampao do pH frente as mudancas sazonais nas estacdes de
monitoramento localizadas no interior e exterior do baixo PLE. O fator BDIC
proposto por Egleston et al. [2020] foi usado como uma medida direta da
resposta do pH as adi¢cdes de DIC, simultaneamente e complementar a analise
sazonal das variaveis do sistema de carbonato. Além disso, o efeito dos drivers
ambientais sobre o pH foi estimado para inferir os processos ou fatores
responsaveis por sua Vvariabilidade sazonal. Este estudo nao apenas
representa uma contribuicdo significativa ao avango do conhecimento
observacional e metodolégico do pH em sistemas estuarinos subtropicais do
Hemisfério Sul, como também serve como um catalisador para futuras
pesquisas. Entre as areas que merecem especial atencao esta a determinacéao
do limite de saturacdo de CaCO; dos organismos calcificadores presentes

nesse ecossistema. Além disso, a pesquisa incentiva a identificacao de areas



que oferecem condicbes ideais de tamponamento contra as mudancas
sazonais de pH. Essas investigacbes ndao apenas tém o potencial de minimizar
os efeitos dessa variabilidade nos recursos vivos, mas também fornecem
conhecimentos fundamentais para o desenvolvimento sustentavel da
aquicultura, sendo assim essenciais para orientar as praticas futuras neste

campo.



Capitulo Il: Objetivos

A fim de alcangar uma maior compreensao da dindmica sazonal da capacidade
tampao do pH na regido do baixo PLE, os seguintes objetivos foram levantados

neste estudo.

Objetivo geral
Investigar a capacidade do tamponamento do pH no sul do estuario da lagoa

dos Patos.

Objetivos especificos
e Descrever as variagoes sazonais do pH na agua de superficie;
e Identificar e determinar as principais variaveis controladores e os
processos associados que alteram o pH da agua;
e Determinar a capacidade de tamponamento do estuario e sua relagao

com as variaveis controladores do pH.
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Capitulo lI; Area de
estudo

A lagoa dos Patos € a maior lagoa costeira do Brasil e do mundo. A lagoa esta
localizada entre as latitudes 30°S e 32°S no estado do Rio Grande do Sul (RS),
abrangendo uma area de 10,360 km? com uma bacia hidrografica de
aproximadamente 200.000 km? ligada ao Oceano Atlantico Sul através de um
canal na cidade de Rio Grande [Seeliger, 2001; Lemke et al., 2007]. O
ecossistema é classificado como uma lagoa costeira rasa, com profundidade
média de 5 a 6 m. Este sistema tem uma orientagdao NE-SW, paralela a linha de
costa do RS e a diregao predominante do vento, sendo este ultimo a principal
forca que influencia seu regime hidrodinamico, € uma amplitude de maré
astronémica de 0,45 m [Marinho et al., 2020]. A distribuicdo da lagoa abrange
regides subtropicais e temperadas quentes, com uma temperatura média do ar
de 18 °C, uma precipitagdo maxima anual que oscila entre 1200 e 1500 mm
[Abreu et al., 2016] e uma descarga fluvial anual média de cerca de 2400 m3s™

[Andrade et al., 2022].

O periodo final do inverno e a estagdo da primavera registram as maiores
descargas de agua doce, enquanto o outono apresenta a menor e a maior

intrusdo de agua do mar, resultando em inundagdo e salinizacdo do PLE

11



[Mdller et al., 2001]. Essa intrusdo de agua salina é limitada ao baixo estuario,
que representa 10% da area total da lagoa, produzindo um amplo gradiente de
salinidade de 0 a 35 [Seeliger, 2001; Vaz et al., 2006]. Em termos tréficos, o
canal central no baixo estuario apresenta predominantemente uma condi¢cao
equilibrada, classificada como mesotrdfica. Isso se deve a sua elevada
capacidade de autodepuracdo por diluicdo, que é facilitada pela maior
hidrodinamica e menor tempo de residéncia das massas de agua no canal
[Baumgarten et al.,, 2013]. Em relagdo aos processos biogeoquimicos, a
variabilidade dos parametros do sistema carbonato € principalmente
influenciada pela diluicdo e concentragao de sais. Estes processos, definidos
pelos seus padrdes hidrolégicos, sugerem dois cenarios biogeoquimicos
distintos no estuario: (I) dominancia oceanica durante o verdo e outono, e (ll)
dominancia fluvial durante o inverno e a primavera. O ultimo cenario apresenta

maior suscetibilidade a condi¢gdes de subsaturacéo [Albuquerque et al., 2022].

Apesar do tempo de troca de agua entre a lagoa dos Patos e o oceano
Atlantico ser de aproximadamente dois dias [Gordey e Osadchiev, 2022], o
baixo estuario apresenta uma disparidade entre suas zonas. A foz do estuario
(zona externa) esta sujeita a correntes fortes, com um tempo de residéncia
ligeiramente mais curto em comparagao com a zona interna somera, com sua
circulagao parcialmente restrita [Albuquerque et al., 2022]. Essas diferengas se
refletem nas variagbes consideraveis na concentragdo e composi¢do do
fitoplancton, provavelmente associadas as distintas condi¢gdes hidroldgicas
[Abreu et al., 2016]. As duas zonas abrigam duas estagdes de monitoramento
continuo (Fig. 1) do programa Rede Brasileira de Acidificagdo dos Oceanos

[BrOA Network; www.broa.furg.br; Kerr et al., 2016] e da Pesquisa Ecoldgica

12



Brasileira de Longa Duracdo (BR-LTER) do programa PLE e Costa Marinha
Adjacente [www.peld.furg.br; Odebrecht and Abreu, 2019]. A primeira estagéo
(BrOA-1) estéa localizada numa enseada interna. Sua profundidade rasa (< 2 m)
e baixo regime hidrodinamico fazem do vento a principal forga que estimula a
mistura da coluna da agua e a troca com os sedimentos de fundo. Além disso,
esta estacao esta predisposta a influéncia de esgoto industrial e doméstico da
cidade de Rio Grande. A segunda estagao (BrOA-2) esta localizada perto da
foz do estuario, em uma zona exterior inferior. Sua maior profundidade (~12 m)
e a maior influéncia das intrusbes do oceano Atlantico Sul e do vento
favorecem a formacao de estruturas verticais de salinidade que oscilam desde

uma cunha salina até um gradiente bem misturado [Moller et al., 2001].
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Figura 1. Mapa da zona estuarina inferior do Estuario da Lagoa dos Patos (esquerda) com
localizagdo das estagdes de monitoramento fixas no cais BrOA-1 e BrOA-2 (pontos amarelos).
Os mapas da direita mostram a localizagdo da zona estuarina da Lagoa dos Patos (parte
superior) e do Estado do Rio Grande do Sul (parte inferior), ambas marcadas como retangulos
vermelhos.
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Capitulo IV: Material e
Metodos

Amostragem e procedimentos analiticos

A base de dados faz parte de dois grandes programas de monitoramento, rede
BrOA (iniciado em outubro de 2015) e LTER-PLE, este ultimo com o maior
conjunto de dados temporais (desde 1998) sobre a biota estuarina e marinha e
variaveis abidticas no Hemisfério Sul [Lemos et al ., 2022]. Os dados, com
frequéncia mensal para o periodo de maio de 2017 a novembro de 2022,
incluem as seguintes variaveis: temperatura, salinidade, concentragdes de
nutrientes inorganicos dissolvidos e de clorofila-a (Chl-a) do programa
LTER-PLE, além de TA e pH do programa BrOA. Em ambos os programas, 0s
parametros foram obtidos e medidos a partir de amostras de agua coletadas
com uma garrafa Van Dorn de 5 L a uma profundidade de 1 m abaixo da
superficie, nas estagdes fixas localizadas nas zonas interna e externa (Fig.1)

do baixo estuario.

Temperatura, salinidade, nutrientes e clorofila-a
A temperatura e a salinidade foram medidas in situ utilizando um termémetro
digital e um refratdmetro 6ptico YSI modelo 33 SCT, respectivamente, sendo

este ultimo verificado em laboratério com um medidor de condutividade
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Metrohm® 914. As amostras para analise de nutrientes inorganicos e de Chl-a
foram coletadas em frascos plasticos e preservadas em camara frigorifica para
posterior analise em laboratério. As concentragdes dos nutrientes inorganicos
(acido silicico, fosfato, nitrito e nitrato) foram analisados em amostras filtradas
através de filtros de membrana de acetato de celulose, com um SEAL
Analytical Autoanalyzer AA3 HR de acordo com a metodologia descrita por
Grasshoff et al. (2009). A concentragédo de Chl-a foi determinada filtrando uma
aliquota de 50-250 mL (dependendo da concentragdo de material) através de
filtros Whatman GF/F sob luz fraca, seguido de congelamento (-80°C) para
medigao posterior usando um fluorimetro calibrado Turner Designs TD-700,
com corregdo para produto de degradacdo usando o método de né&o

acidificagao descrito por Welshmeyer [1994].

Alcalinidade total e pH

As amostras para analise de TA foram coletadas usando frascos de vidro
borosilicato de 500 mL [Dickson et al. 2007]. As amostras foram imediatamente
fixadas com solugdo de cloreto de mercurio para evitar qualquer atividade
bioldgica e posteriormente refrigeradas para evitar a evaporagao. As analises
em laboratdrio foram realizadas por titulagdo potenciométrica de cela fechada
[Dickson et al., 2007] usando um titulador automatico (Metronm® Titrando 888)
e um eletrodo de referéncia de vidro combinado (Metrohnm® 6.0262.100) a uma
temperatura controlada de 25 + 0,1°C mantida por banho termostatico. Devido
a ampla faixa de salinidade do estuario, uma adaptagcdo do método de cela
fechada, descrito em Albuquerque et al. [2022], foi adotado. A avaliagao diaria

com réplicas de uma uUnica amostra permitiu avaliar a consisténcia das
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medidas, com uma precisdo da analise do TA de 4 uymol kg™', com um intervalo

entre 2,3 e 5 umol kg™.

As amostras para a determinacdo de pH foram coletadas em frascos de
borosilicato ambar de 125 mL e preservadas em caixa térmica de isopor até a
medi¢ao em laboratério. A medi¢cao de cada amostra (no maximo 2 horas apoés
a amostragem) foi efetuada com um sensor de pH Metrohm® 913, ou 914,
acoplado a uma célula de eletrodo de referéncia de vidro e sensor de
temperatura, que foram previamente padronizados usando solugbes tampéo
com padrdes de pH Fluka® de 4.00 e 7.41, ambos a 25°C até janeiro de 2021
e, posteriormente, Merck® Certipur de 4, 7 e 9, todos a 20°C. A incerteza da
determinacao foi < 0,05 unidades de pH em escala NBS e os valores foram
corrigidos para a temperatura in situ pela equagao desenvolvida por Gieskes
[1969]. A escala total foi escolhida e posteriormente utilizada para o pH a

temperatura in situ.

Processamento de dados e analise estadisticos

Os parametros do sistema carbonato e a conversdo da escala de pH foram
estimados usando a macro COZ2sys v3.0_err.xIsm versao 3.0, desenvolvida por
Lewis et al. [1998] e modificado por Pierrot et al. [2021], utilizando como
parametros de entrada a temperatura, salinidade, TA, pH, concentracdo de
acido silicico e fosfato. Devido a grande variagao de salinidade e temperatura,
foram escolhidas as constantes de dissociacdo k1 e k2 relatadas por Millero
[2010], também utilizadas por Hu et al. [2017], McCutcheon et al. [2019] e
McCutcheon e Hu [2022], em sistemas estuarinos. Além disso, foram usadas
as constantes de sulfato e borato relatadas por Dickson [1990] e Lee et al.

[2010], respectivamente. As incertezas dos parametros calculados do sistema
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carbonato foram determinadas pelo método relatado por Orr et al. [2018]
usando o pacote seacarb do software R [Gattuso et al.,, 2021]. O erro
propagado € uma estimativa do erro associado a selecdo de variaveis e
constantes para o calculo dos parametros do sistema carbonato. As variaveis
estimadas apresentaram as seguintes incertezas (médias e erros padrdo): DIC:
14 £ 0,7 ymol kg™', pCO,: 75 + 3 patm, QAr: 0,10 + 0,007, QCa: 0,17 + 0,012,
CO,: 2,9 + 0,12 ymol kg™ and CO,*: 6,7 = 0,50 umol kg~'. Na conversio da
escala de pH, o pH na escala total registrou uma diferenga média de 0,142
unidades menor que a escala NBS, valor ndo muito distante do descrito no
macro que estima um residuo de 0,13 em condi¢cbes de salinidade de 20,

temperatura de 25°C e pressao de 1 atm.

A estatistica descritiva, testes de normalidade e transformacdo de Box-Cox
foram realizadas para identificar outliers e atender os pressupostos
paramétricos usando software R (version 4.2.2, 2022). Para estabelecer a
variagdo temporal e/ou espacial da capacidade de tamponamento, uma
ANOVA de duas vias dos parametros do sistema de carbonatos foi
desenvolvida com a sazonalidade e estagdes de monitoramento como fatores

independentes.

A ANOVA de uma via foi aplicada para determinar a faixa de salinidade que
difere significativamente (p < 0.05) em pH no baixo do PLE. Previamente uma
analise exploratéria de médias e erro padrao do pH foi feita em faixas menores
de salinidades de 0-5, 6-10, 11-15, 16-20, 21-25, 26-30 e >31 como foi
desenvolvida por Albuquerque et al (2022). As faixas de salinidades
identificadas (baixa: 0-10, mediana: 11-15 e alta > 25) e as estacbes foram

usadas como fatores independentes em uma segunda ANOVA de duas vias
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para determinar interagdo, efeitos e diferengas significativas sobre o pH, TA,
pCO,, pH, QAr e BDIC. Em ambos modelos os pressupostos de normalidade e
homogeneidade da variancia foram identificados. Comparagbes multiplas
(Teste de Tukey) foram usados para determinar as estagdes, sazonalidades e
faixas de salinidade que diferem significativamente. Durante o periodo de
estudo n&o foi feito um monitoramento constante na foz dos rios nem no
oceano que permitisse a caracterizacdo fisica e biogeoquimica dos
endmembers. Entretanto, devido a regido apresentar dois comportamentos
dominantes (oceénico nos meses de verdo-outono e fluvial nos meses de
inverno-primavera; Albuquerque et al. [2002]), as seguintes restrigdes foram
utilizadas para determinacdo dos endmembers: (i) amostras associadas as
salinidades < 3, e (ii) > 31 para caracterizar as situacdes fluvial (foz do rio) e
oceanica (plataforma costeira), respectivamente. As configuragbes
biogeoquimicas dos endmembers para as aguas fluviais foram estimadas em
pH = 7,55, DIC = 617,06 ymol kg™', TA = 588,52 umol kg~' e BDIC = 38 umol
kg™'; enquanto para as aguas oceanicas foram estimadas em pH = 7,93, DIC =

1949,22 umol kg™, TA = 2172,90 pmol kg~' e BDIC = 212 umol kg

Fator de sensibilidade e capacidade de tamponamento

Uma forma de quantificar os impactos dos processos biogeoquimicos na
alcalinidade e no pH é o uso de fatores de sensibilidade. Esses fatores
representam a taxa de variagdo de um componente especifico de um sistema
devido a alteracdo de outro componente (dresponse/ddriver). Ou seja, 0s
fatores de sensibilidade de CO;> (SFQ), pH (SFB), e pCO, (SFY) sao
estimados em termos de alteragao fracional por unidade de alteragao de DIC.

Por outro lado, a capacidade tamp&o expressa a capacidade de um sistema de
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resistir a uma alteracdo de um componente que perturbe seu equilibrio
[Middelburg et al., 2020], alterando-se de forma que regule os efeitos da
alteracdo. Essa resiliéncia é expressa como o inverso do fator de sensibilidade,
ou seja, R,;=(dpH/BDIC)". Para sua andlise, ambos parametros foram

estimados usando o pacote seacarb do software R [Gattuso et al., 2021].

Para que fossem comparaveis com os dois sistemas estuarinos com diferente
niveis de alcalinidade fluvial (alta e moderada TA fluvial) simulado por Cai et al
[2021], os trés fatores de sensibilidade em termos de mudanga de DIC foram
estimadas como as inversas de seus respetivo fatores buffer em (mmol kg')":
(@) SFCOs”pc = (-wpic)”, (b) SFpHoc = (Boie)"s (¢) SFPCOxc = (Yoi)', €
apresentados numa regressao ponderada de minimos quadrados dos fatores
acima mencionados ao longo do gradiente de salinidade. Nesta analise, a
contribuicdo de borato ou outros componentes organicos dissolvidos derivados
de matéria organica produzida localmente ou transportada de ecossistemas

terrestres adjacentes nao foi considerada.

Salinidade da Acidificagao Maxima Estuarina

Quando a agua do rio com alta razdo DIC/TA (> 1) é misturada com agua do
mar com baixa razdo DIC/TA (<1), ocorre um equilibrio na concentragdo de
ions carbonatos e dioxido de carbono em uma determinada salinidade
([CO4*]=[CO,]), na qual a capacidade tamp&do da agua & minima e qualquer
adicdo de DIC levara a uma diminuicdo do pH. Este ponto de equilibrio é
definido como salinidade de Maxima acidificagdo Estuarina (MEA). Em
salinidades acima desse ponto [CO;*] > [CO,]), o sistema tem a capacidade de
transformar CO, de origem biolégica ou antropogénica em HCO; e a

capacidade tampdo aumenta com o incremento da salinidade. Por outro lado,
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em salinidades mais baixas ([CO;*] < [CO,]), o sistema suprime sua
capacidade de tamponar as adigdes de CO, [Egleston et al., 2010; Feely et al.,
2018; Cai et al., 2021]. No entanto, a capacidade tampdo aumenta com o
declinio da salinidade em relacéo a salinidade da MEA. Este aumento em baixa
salinidade (< MEA) é baseado na diluigdo do DIC em um pool de CO, aquoso
existente, no qual a mudanca do pH torna-se cada vez menos sensivel a novas
adi¢coes de DIC conforme vai afastando-se da salinidade da MEA [Hu and Cai,
2013]. Para o calculo foi estimada a salinidade de interceptacdo do [CO;*] e
[CO,], concentracbes previamente estimadas pelo pacote Seacarb do software
R. Esta medida ignora a contribuigdo de borato ou outros componentes

organicos dissolvidos que contribuem para a alcalinidade em pH baixo.

Parametros controladores da variabilidade de pH

A metodologia esta baseada na decodificacdo da variagdo ou resposta do pH
em funcao da variabilidade de seus quatro drivers ambientais (Equagao 2), que
sdo quantificados e expressos em unidades de pH, ou seja, transformando uma
mudanga de X em Y unidades de pH. A variabilidade de cada driver € obtida a
partir do produto da sensibilidade (6pH/dvariavel) e da variagao sazonal de
cada variavel com base em sua média anual (AX) (Equacgao 3) [Takahashi et

al., 2015; Middelburg et al., 2020; Cai et al., 2020].

ApH = (BpH/BT)AT + (8pH/BS)AS + (8pH/BDIC)ADIC + (BpH/BTA)ATA+... 2

AX = XSeasonaI_XAnnuaI 3

Na equacao 1, o primeiro e o segundo termos representam os efeitos das
mudangas nas constante termodinamicas em fungado da temperatura (T) e

salinidade (S), enquanto o terceiro e quarto termos sao os fatores de
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sensibilidade da mudangca do pH quando o DIC e TA sao alterados
respectivamente [Cai et al., 2021]. Cada termo ou derivada parcial foi calculada
usando a funcdo derivium do pacote seacarb do software R (Gattuso et al.,
2021). Para uma maior confiabilidade dos resultados, o fator de sensibilidade
da condicdo considerada como oceéanica na area de estudo foi calculado e
comparado com os valores oceanicos reportados por Takahashi et al [2014] :
dpH/6T= -0.014 (-0.0164cean), OpH/AS= -0.0124 (-0.0125,c.,), OpH/BDIC=

-0.0020 (-0.00194ean), OpH/6TA= +0.0020 (+0.0018¢ean)-
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Capitulo V: Resultados e

Discussoes

Para a obtengdo do titulo de Mestre pelo Programa de P6s Graduagdo em
Oceanologia, é requerido que o discente realize a submissdo de no minimo um
artigo cientifico como primeiro autor em um peridédico com corpo indexado.
Desse modo, os resultados da pesquisa desenvolvida no periodo de mestrado
e a discussao dos resultados serdo apresentados em forma de artigo neste
capitulo. O manuscrito de autoria de Paco Quintana, Andrés Pifiango, Eunice
Machado e Rodrigo Kerr € intitulado Resilience of pH to seasonal changes in a
large subtropical lagoonal estuary e encontra-se em revisdo para publicagdo no

periddico Estuarine, Coastal and Shelf Science.
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1. Introduction
The acidity change of the upper ocean was around 0.1 pH unit (~30% [H*]
increase) since the industrial revolution and has been unequivocally associated
with the increase in greenhouse gases concentrations caused by human
activities (IPCC, 2021). Its downward trend, ranging from —0.0004 to —0.0026
pH units per year between 1989 and 2014, was contrasted with a not uniform
variation reported in the coastal ecosystems (-0.023 to 0.023 pH units per
year), varying from acidification to basification conditions (Carstensen & Duarte,
2019). This pH variation in coastal areas has been mainly associated with
metabolic processes and estuarine-ocean mixing processes at an
estuary-ocean continuum in the coastal zones. Thus, both biological and
physical processes acted together to influence the biogeochemical dynamics of
the coastal ecosystems, leading to an increase or decline in pH depending on
the water residence time (Regnier et al., 2013, Duarte et al., 2013, Cai et al.,
2021). A conceptual model analyzed these sources of variability in the coastal
ecosystems, defining three pH regulatory components according to Carstensen
& Duarte (2019): (i) the extent of buffering of coastal waters derived from TA of
the riverine endmember, (ii) the extent of mixing with ocean water, and (iii) the
imbalance in ecosystem metabolism by adding or removing dissolved inorganic

carbon (DIC).

Estuaries are among the most productive coastal environments, represent 0.3%
of the global water surface, and are filters or exporters of nutrients and organic
matter for adjacent coastal areas (Cai, 2011). The impact of anthropogenic
processes due to the population increase and diversification of activities in

these areas has led to an unprecedented combination of anthropogenic and
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climatic stresses with effects that can alter its biogeochemical state (Paerl et al,
2006). A record of these effects was reflected in the increase of TA in the
Delaware River (400-900 pmol kg—1), Sweden River (300-460 umol kg—1), and
the Mississippi River (1400-2800 umol kg-1) over the last 50-100 years,
associated to weathering of carbonate rocks and the use of lime in agriculture
(Duarte et al. 2013). Another record was identified in the Kemi estuary
(Finland), with fluctuating interannual (1980-2017) and increasing tendency for
pH (7.1-7.4) in a saline and low buffering environment, being more associated
with salinity variations than with low and relatively uniform biological activity. In
the Westerschelde estuary (Netherlands), the high input of organic matter in the
1970s, generated a highly heterotrophic state, with a pH of 7.63. Nevertheless,
the subsequent reduction of contributions of more than 50% of the total nitrogen
resulted in a pH of 7.87 in 2014, a not-so-pronounced increase due to its high
buffering capacity (TA of 4000 ymol kg-1, in salinity below 2) (Hellings et al.
2013). On the other hand, the temporal or spatial extension of processes or
factors forcing pH variability can induce acidic conditions, with low pH and a
state of aragonite saturation (QAr). This was recorded in the Northeast Pacific
coastal region of Washington state (USA) with a widespread prevalence of
respiration-driven undersaturation (Q < 1) in surface waters (pH = 6.5) in fall and
winter associated with the influence of net ecosystem metabolism on pH

dynamics (Lowe et al., 2019).

The biogeochemical variability in the estuaries of Brazil recorded a wide TA
range, between 131 and 2800 ymol L' (1298 umol L") and a pH between 6.6
and 8.2 in the north and northeast regions. Its high negative correlation between

the percentage of dissolved oxygen saturation and pCO, suggested an intense
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decomposition of organic matter in the bottom water and/or sediments resulting
in pH decline in these estuarine ecosystems (Noriega & Araujo, 2014). For
instance, in the eutrophic coastal waters of Guanabara Bay (RJ), the biological
metabolism controlled the spatiotemporal variations of aragonite, with corrosive
episodes in poorly buffered mixed waters that directly received discharges from
domestic effluents and polluted rivers. In contrast, the high values were
recorded in upper-middle stratified surface water, dominated by phytoplankton
blooms and high buffer capacity (Cotovicz et al., 2017). A different scenario was
observed in the oligotrophic Sdo Francisco estuary, whose warm and poorly
buffered waters with a short residence time promoted the predominance of the
thermodynamic equilibrium of carbonate over biological processes, determining
the water-air CO2 fluxes in mixing periods (Abril et al., 2021). In the warm
hypersaline Araruama coastal lagoon dominated by phytoplankton blooms, high
pH and buffer capacity added to the net autotrophic metabolisms and pCO2
increase driven by CaCO3 precipitation, generated a net annual CO2 sink. Part
of the higher values of pCOZ2 in summer in contrast to winter were associated
with the thermodynamic effects caused by the warming water and the increase

of salinity (Cotovicz et al., 2021).

In the lower estuarine zone of PLE, Albuquerque et al. (2022) used a monthly
evaluation from 2017 to 2021 and reported an alkaline environment in surface
waters characterized by an average pH of 8.0 and CaCO3 supersaturation
conditions. A significant seasonal variation in the water-air CO2 fluxes was
identified in the region, which was associated with the seasonal pattern of
freshwater discharge. Although the PLE behaved as a net CO2 sink zone

between 2017-2021, the region has been also experiencing periods of both
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CO2 ingassing (December and May) and outgassing (June and November),
which is mainly marked at the inner zones of the region (Albuquerque et. al,
2023). In addition, a daily evaluation study of the pelagic ecosystem metabolism
in the PLE channel determined predominantly heterotrophic conditions and
evidence of the Plata River plume intrusion in the summer of 2021, likely
altering and regulating the local biogeochemistry in the period analyzed (Bordin

et al., 2023).

Although the aforementioned studies have reported the first evaluation of how
the CO2-carbonate chemistry evolved in the PLE, they do not infer about the
buffering capacity or determine the effect of acidification on biocalcification (e.g.,
Li et al., 2020). Those studies were based on the temporal analysis of pH, TA,
or QAr, however, these parameters did not quantify the resilience (i.e., the
resistance to change) of the system under the pressure of a driver along a
salinity gradient. In some studies, the Revelle factor was commonly used to
quantify the response of the CO2-carbonate system to CO2 additions, however,
it does not explain the pH response (Hu & Cai, 2013; Middelburg et al., 2020;
Cai et al., 2020). Thus, the current study used the BDIC factor proposed by
Egleston et al. (2020) as a direct measure of the pH response to DIC additions,
to determine and quantify the buffering of pH at two stations in the lower zone of
the PLE. In addition, we estimated the effects of environmental drivers on pH to
infer the processes (or forcing factors) responsible for its seasonal variability.
This research significantly contributes to the observational and methodological
knowledge of the pH research in estuarine systems at a regional scale in the
southern hemisphere, specifically in southern Brazil. In addition, the results

presented here allowed further questions to better understand the effects of pH
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changes in the study region, such as determining the saturation threshold of the
organisms in that ecosystem or a spatial analysis to determine the area that
presents the best buffer conditions against seasonal pH changes to reduce or
mitigate the effects of this variability on resources, essential for aquaculture

development.

1.2. Patos Lagoon Estuary Features

Patos Lagoon is the largest coastal lagoon in Brazil, located between 30°S and
32°S in the state of Rio Grande do Sul (RS), covering an area of 10,360 km?
and a drainage basin of approximately 200,000 km? connected to the South
Atlantic Ocean through a canal in the city of Rio Grande (Seeliger, 2001; Lemke
et al., 2007). This ecosystem is classified as a shallow coastal lagoon, with an
average depth of 5-6 m. It presents a NE-SW orientation, parallel to the RS
coastline and to the prevailing wind direction, which is the main forcing of its
hydrodynamic regime, with an astronomical tidal amplitude of 0.45 m (Marinho
et al., 2020). Its distribution encompasses subtropical and warm temperate
regions with a mean air temperature of 18 °C, a maximum annual precipitation
that oscillates between 1200 and 1500 mm (Abreu et al., 2016), and an average

annual river discharge of about 2400 m3s™" (Andrade et al., 2022).

The late winter period and the spring season register the greatest freshwater
discharge, contrary to autumn where the greatest intrusion of seawater and the
least contribution of freshwater occur, resulting in the flooding and salinization of
the Patos Lagoon Estuary (PLE) (Mdller et al., 2001). This intrusion of saline
water is limited to the lower estuary, which represents 10% of the total area of
the lagoon, causing a wide salinity gradient from 0-35 (Seeliger, 2001; Vaz et

al., 2006). At the trophic level, the central channel of the lower estuary presents
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a predominantly balanced condition, classified as mesotrophic, due to its high
capacity for self-purification through dilution, which is facilitated by the greater
hydrodynamics and shorter residence time of the water masses in the channel
(Baumgarten et al., 2013). At the biogeochemical level, the dominant
mechanisms responsible for the variability of the parameters of the carbonate
system are the dilution and concentration of salts. These processes defined by
their hydrological patterns suggest two scenarios of the estuarine
biogeochemical conditions: (I) ocean-dominated during summer and autumn,
and (llI) river-dominated during winter and spring, this last scenario with a

greater susceptibility to undersaturation conditions (Albuquerque et al., 2022).

Despite the short residence time of approximately two days (Gordey &
Osadchiev, 2022), the lower estuary presents a disparity between its zones, as
occurs in the mouth of the estuary (hereafter referred to as outer zone), which is
predisposed to strong currents with residence time slightly shorter than the
shallow and embayment zones (hereafter referred to inner zone), which present
a partially restricted circulation (Albuquerque et al., 2022). This is expressed in
the considerable differences exhibited in the concentration and variability of
phytoplankton, probably associated with the different hydrological conditions
(Abreu et al., 2016). The two zones host two continuous monitoring stations
(Fig. 1) of the Brazilian Ocean Acidification Network program (BrOA Network;
www.broa.furg.br/; Kerr et al., 2016) and of the Brazilian Long Term Ecological
Research (BR-LTER) of PLE and Adjacent Marine Coast program
(www.peld.furg.br; Odebrecht and Abreu, 2019). The first station (BrOA-1) is in
an inner inlet. Its shallow depth (< 2 m) and low hydrodynamic regime make the

wind its main forcing that stimulates the mixing of the water column and
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exchange with the bottom sediments. In addition, this station is predisposed to
the influence of industrial and domestic sewage from Rio Grande City. The
second station (BrOA-2) is located near the mouth of the estuary. Its higher
depth and greater influence of intrusions from the South Atlantic Ocean and the
influence of the wind favor the formation of vertical salinity structures that

oscillate from a salt wedge to a well-mixed gradient (Mdller et al., 2001).
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Figure 1. Map of the lower estuarine zone of the Patos Lagoon Estuary (left) with the location of
pier-fixed monitoring stations BrOA-1 and BrOA-2 (yellow dots). The right maps show the
location of the estuarine zone of the Patos Lagoon (upper) and the Rio Grande do Sul State

(bottom), both marked as red rectangles.

2. Material and Methods
2.1. Sampling strategy
The database is part of two large monitoring programs, BrOA Network (started

in October 2015) and LTER-PLE, the latter with the largest temporal dataset
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(since 1998) on estuarine and marine biota and abiotic parameters in the
Southern Hemisphere (Lemos et al., 2022). The data, in a monthly frequency
for the period May 2017 - November 2022, includes the parameters
temperature, salinity, concentrations of dissolved inorganic nutrients and
chlorophyll (Chl-a) from the LTER program, and total alkalinity and pH of the
BrOA Network program. In both monitoring, the parameters were obtained and
measured from water samples collected with a 5 L van Dorn bottle at 1 m below
the surface at pier-fixed stations located in the inner and outer zones (Fig.1) in

the lower estuary.

2.2. Temperature, salinity, nutrients, and chlorophyll a

The temperature was measured in situ using a digital thermometer while the
salinity was measured in the laboratory with a Metrohm® 914 conductivity
meter. The inorganic nutrients and Chl-a were collected in plastic bottles and
preserved in cold storage for later analysis in the laboratory. For the analysis of
inorganic nutrients (silicic acid, phosphate, nitrite, and nitrate), the samples
were filtered through cellulose acetate membrane filters and measured using a
SEAL Analytical Autoanalyzer AA3 HR according to the methodology described
by Grasshoff et al. (2009). In the case of the concentration of Chl-a, an aliquot

of 50-250 mL was filtered (depending on the material concentrated) through

Whatman GF/F filters under dim light and forthwith frozen (—80°C) for afterward

be measured using a calibrated Turner Designs TD-700 fluorometer with
correction for degradation product, using the non-acidification method described

by Welshmeyer (1994).
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2.3. Total alkalinity and pH

The TA samples were collected in 500 mL borosilicate glass bottles following
the procedure described by Dickson et al. (2007). To prevent any biological
activity, the samples were immediately fixed with mercury chloride solution and
subsequently refrigerated to prevent evaporation. Laboratory analysis was
performed through closed cell potentiometric titration (Dickson et al, 2007) using
an automated titrator (Metronm® Titrando 888) and a combined glass reference
electrode (Metrohm® 6.0262.100) at a controlled temperature from 25+0.1°C
supported by thermostatic bath. Due to the wide range of salinity present in the
estuary, an adaptation of the closed cell method was adopted and described by
Albuquerque et al. (2022). The daily evaluation with replicates of a single
sample allowed us to evaluate the consistency of the measurements whose

analysis precision was 4 pmol kg~ with a range between 2.3 and 5 uymol kg".

The pH samples were collected in 125 mL amber borosilicate flasks and
preserved under shade in a styrofoam, keeping its temperature. Each sample
was measured (within 2 hours of sampling) using a Metronm® 913 or 914 pH
meter coupled to a glass-reference electrode cell and temperature sensor.
These instruments were previously standardized using Fluka buffer solutions of
pH 4.00 and 7.41 at 25°C until January 2021, and subsequently with Merck
Certipur buffer solutions of pH 4, 7, and 9 at 20°C. In order to obtain better
precision and accuracy, two replicates were collected and read for each point of
the same water sample collected; in addition to ejecting regular measurements
of the buffer solution at pH = 7 during the analysis. The measurement

uncertainty was < 0.05 NBS unit and the values were corrected to in situ
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temperature by the equation developed by Gieskes (1969). The total scale was

chosen and further used for pH at in situ temperature.

2.4. Data processing and statistical analysis

The parameters of the carbonate system and pH scale conversion were
estimated with the macro tool CO,sys v3.0_err.xlsm version 3.0, developed by
Lewis et al. (1998) and modified by Pierrot et al. (2021), using as input
parameters, temperature, salinity, TA, pH, and silicic acid and phosphate
concentrations. Due to the wide variation in salinity and temperature, the k, and
k, dissociation constants reported by Millero (2010) were chosen, as in the
research of Hu et al. (2017), McCutcheon et al. (2019) and McCutcheon and Hu
(2022) to estuarine system. In addition, the sulfate and borate constants
reported by Dickson (1990) and Lee et al. (2010), respectively, were used. The
propagated error defined as an estimate of the error associated with the
selection of variables and constants for calculating the parameters of the
carbonate system was determined by the method reported by Orr et al. (2018)
using the seacarb package (Gattuso et al., 2021). Each estimated variable
presented a mean uncertainty with a standard error of DIC: 14 + 0.7 ymol kg,
pCO,: 75 + 3 pyatm, QAr: 0.10 £ 0.007, QCa: 0.17 £ 0.012, CO,: 2.9 £ 0.12 pmol
kg™ and CO,*: 6.7 + 0.50 umol kg™' (Table S.1). In the pH scale conversion,
the pH at total scale (pH+..) registered a mean difference of 0.142 units lower
than the NBS scale, a value not far from what is described in the macro that
estimates a residue of 0.13 at a salinity of 20, a temperature of 25°C and a

pressure of 1 atm.

Descriptive statistics, normality tests, and Box-Cox transformation were

performed to identify outliers and meet parametric assumptions using R
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software (version 4.2.2, 2022). To assess temporal and/or spatial variability of
the buffering capacity, a two-way analysis variance (ANOVA) was employed on
the parameters of the carbonate system. Seasonality and stations (BrOA-1;,.er

and BrOA-2,.,) were treated as independent factors in the analysis.

On the other hand, to ascertain the significant differences (p < 0.05) in pH within
the lower PLE across distinct salinity ranges, a one-way ANOVA was conducted
on pH. The salinity ranges (0-5, 6-10, 11-15, 16-20, 21-25, 26-30, and >31)
analyzed by Alburqueque et al. (2022) were employed as independent factors.
Subsequently, ranges displaying similarity were consolidated into low (0-10),
medium (11-25), and high (>25) salinity categories. These categories were then
utilized alongside the stations as independent factors in a two-way ANOVA to
evaluate interactions, effects, and significant differences on pH, TA, pCO,, QAr,
and BDIC. In both models, the assumptions of normality and homogeneity of
variances were confirmed. Finally, a multiple comparison test (Tukey’s Honest
Significant Difference) was used to assess the stations, seasons, or salinity

ranges that exhibited significant differences.

During the study period, there was no constant monitoring at the mouth of the
river nor in the ocean that would allow the physical and biogeochemical
characterization of the endmembers. However, due to the region presenting two
dominant behaviors (oceanic in the summer-autumn months and fluvial in the
winter-spring months; Albuquerque et al. (2022), the following restrictions were
used to determine the endmembers: (i) associated samples to salinities < 3,
and (ii) > 31 to characterize the fluvial (river mouth) and oceanic (coastal
platform) conditions, respectively. The biogeochemical settings of the riverine

endmember were estimated at pH = 7.58, DIC = 617.06 umol kg™', TA = 588.52
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umol kg~ and BDIC = 38 umol kg™, while for the ocean endmember they were
pH = 7.93, DIC = 1949.22 ymol kg~', TA = 2172.90 ymol kg~' and BDIC = 212

umol kg™,

2.5. Sensitivity factor and buffer capacity

One way to quantify the impacts of biogeochemical processes on alkalinity and
pH are sensitivity factors. These represent the rate of change of a specific
component of the system by the alteration of another (6response/ddriver), i.e.,
the sensitivity factor of CO,> (8CO,>/6DIC), pH (dpH/GDIC), pCO,
(6pCO/BDIC) in terms of fractional change per unit change of DIC. On the other
hand, the buffer capacity expresses the ability of the system to resist the
alteration of a component that disturbs its balance (Middelburg et al., 2020),
changing in such a way that the effects of the alteration are regulated. This
buffering is expressed as the inverse of the sensitivity factor, i.e.
B,+=(pH/ADIC)™" and was estimated using the seacarb package of R software

(Gattuso et al., 2021).

In order to ensure comparability with the two distinct estuarine systems
characterized by varying river alkalinity levels (high and mid-TA river) as
simulated by Cai et al. (2021), the three sensitivity factors concerning changes
in DIC were calculated as the reciprocals of their respective buffer factor in
(mmol kg'y': (a) 6COs#/0DIC = (-wpc)', (b) OpH/MBDIC = (Bpc)', (c)
dpCO./BDIC = (Ypc)'. The data for each factor were displayed in a scatter plot
along with its corresponding weighted least squares regression fit and
confidence bands for each station across the salinity gradient (Fig.S.1). In this

analysis, the potential contribution of borate or other dissolved organic
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components derived from locally produced organic matter or transported from

adjacent terrestrial ecosystems was not considered.

2.6. Maximum Estuarine Acidification Salinity

When river water with a high DIC/TA ratio (> 1) mixes with seawater with a low
DIC/TA ratio (< 1), an equilibrium is established in the concentrations of
carbonate ion and carbon dioxide at a specific salinity ([CO;%]=[CO,]). At this
salinity the water buffering capacity is minimum and any addition of DIC will
result in a maximum reduction in pH. This point of equilibrium is termed as
Maximum Estuarine Acidification (MEA) salinity. On the higher-salinity side of
this point (i.e., [CO;>]>[CQO,]), the system can convert anthropogenic or
biologically produced CO, to HCO;~, and the buffering capacity increases as
salinity increases. In contrast, on the lower-salinity side (i.e., [CO;%>7]<[CQO,]), the
system has essentially lost its capacity to buffer CO, additions (Egleston et al.,
2010; Feely et al., 2018; Cai et al., 2021). Nevertheless, the buffering capacity
rises as salinity decreases, particularly in relation to the MEA salinity. This
heightened capacity at lower salinities (< MEA salinity) arises due to the dilution
of DIC into the existing aqueous CO, pool. Consequently, the pH alteration
becomes less responsive to additional DIC inputs compared to the MEA salinity
scenario (Hu and Cai, 2013). The MEA salinity was determined through the
intersection of [CO;27] and [CO,] in relationship to salinity. Previously, the ions
were calculated using the package Seacard of R software. This measure
ignores the contribution of borate or other dissolved organic components that

contribute to alkalinity at low pH.
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2.7. Drivers of pH variability

This method is based on decoding the variation or response of pH as a function
of the variability of its four environmental drivers (Equation 1), which are
quantified and expressed in pH units, i.e., transform a change in X into Y pH
units. The variability of each driver is obtained from the product of the sensitivity
factor (6pH/dparameter) and the seasonal change of each parameter based on
its annual mean (AX) (Equation 2) (Takahashi et al., 2014; Middelburg et al.,

2020; Cai et al., 2021).

ApH = (BpH/BT)AT + (8pH/BS)AS + (8pH/BDIC)ADIC + (BpH/BTA)ATA+ ... 1

AX = XSeasonaI_xAnnuaI 2

In the equation 1, the first (8pH/6T) and second (8pH/3S) terms represent the
effects of changes in thermodynamic constants with respect to temperature (T)
and salinity (S), while the third (6pH/6DIC) and fourth (8pH/dTA) are the
sensitivity factors of pH change in response to variation in DIC and TA,
respectively (Cai et al., 2021). Each term or partial derivative was computed
using the function derivnum of the seacarb package of R software to both
BrOA-1 and BrOA-2 (Gattuso et al., 2021). To enhance the reliability of the
outcomes, the sensitivity factors of the ocean endmember were calculated and
compared with the oceanic values reported by Takahashi et al. (2014): dpH/6T=
-0.014 (-0.0164ccan), OpH/BS= -0.0124 (-0.0125,4.,), OpH/BDIC= -0.0020

(-0.0019,..,), BpH/ETA= +0.0020 (+0.0018,..)-
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3. Results

3.1. Statistical analysis

A two-way ANOVA was performed to analyze the temporal and spatial effect on
the variables that determine and quantify the buffering capacity in the estuarine
region of the Patos Lagoon. The model revealed that there was not significant
interaction between the seasonality and the stations on salinity, pH, TA, QAr,
pCO,, and BDIC. The locations of stations (BrOA-1,,,, and BrOA-2,,.) had a
significant effect on pH [F 370 = 4.73, p < 0.05] and pCO;, [F3170) = 7.05, p <
0.01] meanwhile the seasonality had a statistically significant effect on all

parameters of carbonate systems (Table S.2).

A post hoc Tukey test showed that salinity, pH, TA, and QAr (Fig 2.a-d) differed
significantly (p < 0.05) between summer with both winter and spring in BrOA-1.
In the same station, the pCO, (Fig 2.e) recorded a dissimilarity between summer
and spring, while the buffering of pH to change of DIC (Fig 2.f) only differed
between summer and winter. By contrast, the salinity, pH, TA, (Fig 2.a-c) pCO,
and BDIC (Fig 2.e-f) did not reveal seasonal differences in the BrOA-2 station.
The QAr (Fig 2.d) was the only parameter that reported a temporal difference

between summer and winter.
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Figure 2. Means (+ standard error) and two-way ANOVA results for six parameters of the
carbonate system: (a) salinity, (b) pH at total scale, (c) total alkalinity (TA), (d) state aragonite
saturation (QAr), (e) partial pressure of carbon dioxide (pCQO,), (f) buffer capacity of pH to
fractional change of dissolved inorganic carbon (BDIC), recorded seasonally for 2 monitoring
stations (BrOA-1 and BrOA-2) in the lower zone of Patos Lagoon Estuary. Different letters
indicate significant differences between the seasonality within stations, at p < 0.05 with Tukey’s
tests following post-ANOVA. Note, for instance, the salinity in (a) did not show seasonal
differences in the BrOA-2, in opposition to BrOA-1 where the summer differed significantly from
both winter and spring.

In the second two-way ANOVA was analyzed the effect of each salinity range
on the carbonate system parameters in the two monitoring stations (Table S.3).
The model revealed a salinity effect on all parameters, contrary to the spatial
effect that was only significant on pH [F; 172)= 5.69, p < 0.05] and pCO, [F 172 =
6.94, p < 0.01] with spatial significant differences (p < 0.05). Both independent
factors only had statistically significant interaction on BDIC [F 70 = 3.58, p <

0.05] (Table S.3).
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In the post hoc Tukey test, the pH differed significantly in low with both medium
and high salinity in the BrOA-1 station, in contrast to BrOA-2, whose
dissimilarity was reported between low and high salinity (Fig 3.a). The TA (Fig
3.b), QAr (fig 3.c) and BDIC (fig 3.e) differed significantly (p < 0.05) in all ranges
of salinity with spatial differences reported in the buffer factor in low salinity. The
pCO, (fig 3.d) was the only parameter that reported similarity in each range of

salinity in both stations.
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Figure 3. Means (+ standard error) and two-way ANOVA results for 5 parameters of the
carbonate system: (a) total alkalinity (TA), (b) pH at total scale, (c) state aragonite saturation
(QAr), (d) partial pressure of carbon dioxide (pCO,), (e) buffer capacity of pH to fractional
change of dissolved inorganic carbon (BDIC), recorded for each range of salinity (low: 0-10,
medium: 11-25, high>25) in the 2 monitoring stations (BrOA-1 and BrOA-2) in the lower zone of
Patos Lagoon Estuary. Different letters indicate significant differences between the salinity
ranges within stations at p < 0.05 with Tukey’s tests following post-ANOVA. Capital letters show
significant differences between stations in the same salinity range. Note, for instance, the pH (a)
showed differences between low and high salinities in BrOA-2, in opposition to BrOA-1 where
the low differed significantly from medium and high salinities.
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3.2. Sensitivity factor and buffer capacity

The rate of change or sensitivity factor of pCO,, pH, and CO;* per DIC unit
were higher in low-salinity estuarine waters than in seawater (Fig. S.1).
Throughout the salinity gradient, the sensitivity of pCO, was greater than pH
and CO,%, this last one presenting the lowest sensitivity. The salinity effect on
pH sensitivity to DIC alteration was significant [F, 47, = 366.2, p < 0.001] along
the salinity gradient with an interaction with the station effect [F 17, = 3.58, p <

0.05] and spatial differences in low salinity (p < 0.05).

Complementary, the BDIC was analyzed with Aragonite saturation along the
salinity gradient to estimate the range that characterized low buffering in the
lower estuary, considering that Q=1 is the reference abiotic threshold for CaCO,
dissolution and calcification (Feely et al. 2018). In this relationship, the
subsaturation points presented a distribution associated mainly with the
buffering capacity that defined the riverine endmember (BDIC=38 umol kg™'),
however, some points were identified near BDIC means of both stations. In
relation to salinity, its dispersion was observed in almost the entire gradient,
with records even in high salinity in BrOA-1 station, and in medium salinities in

BrOA-2 (Fig.4).
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Figure 4. Distribution of the buffer capacity of pH to fractional change of DIC (BDIC) in relation to
salinity and QAr (color bar) in the BrOA-1 (diamond) and BrOA-2 (circle) stations in the lower
zone of Patos Lagoon Estuary. The dotted lines correspond to the BDIC estimated to riverine
endmember (BDIC,,.= 38 umol kg™'; red dashed line), station means (BDICgoa. = 95 pmol kg™’
and BDICgoa, = 105 ymol kg™'; black dashed lines) and ocean endmember (BDIC .., = 212
umol kg™'; blue dashed line). The arrows and ellipses indicate the values closest to the
saturation threshold for each station.

A temporal variability analysis of pH recorded values below their annual mean
between August to October (>7.83) and July to October (>7.73) to the BrOA-2
and BrOA-1 stations respectively (Fig. 5.A-B). In contrast, December to March
had the highest records above the mean in the BrOA-2 station, while this
pattern was limited to the period from January to April at the BrOA-1 station.
The pH buffering exhibited a similar variability to salinity, with consistently high
values above its mean (105 uymol kg™) in the first semester, followed by a
significant decline from August to November in the BrOA-2 station (Fig 5.C).
The BrOA-1 displayed a continuous decrease of salinity and BDIC from March
to October, with a sharp increase in the last months (Fig 5.D). On the other

hand, chl-a concentrations reached their peak in the months of January,
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October, and November; recording in November the lowest record of salinity
and buffering capacity in the BrOA-2 station. In the case of BrOA-1, the chl-a
remained constant in the first semester, with its highest values observed in July,

October, and November.
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Figure 5. Monthly variability of pH at total scale in the BrOA-1 (A) and BrOA-2 (B) stations of the lower
zone of Patos Lagoon Estuary. Monthly variability of the salinity and chlorophyll-a associated with the
buffer capacity of pH to fractional change of dissolved inorganic carbon (BDIC) in the BrOA-1 (C) and
BrOA-2 (D) stations. The dotted lines correspond to the mean estimated to pH (pHgoa = 7.7 and
PHg0n2 = 7.83; black dashed line), and BDIC to both stations (BDICg,oa1= 95 umol kg™ and BDICgop
=105 pmol kg™; red dashed lines).
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3.3. Maximum Estuarine Acidification Salinity

The salinities more susceptible, where any DIC addition alters the pH of the system,
were recorded in 9.5 and 6.5 at BrOA-1 and BrOA-2, respectively. For the BrOA-1
station, only the summer registered a MEA salinity lower than its mean, while the
other seasons presented an equanimous distribution near its mean, with the highest
record in spring (11). In BrOA-2 was observed a seasonal equanimity between warm
and cold seasons based on its mean, with seasonal limits in summer (< 1) and winter

(= 10) (Table 1).

Table 1. Maximum estuarine acidification (MEA) salinity estimates derived from the
intersection of CO2 and CO32- concentrations as a function of the salinity for

BrOA-1 and BrOA-2 stations in the lower zone of Patos Lagoon Estuary

Station Mean Summer  Autumn Winter Spring
BrOA-1 e 9.53 4.18 10.44 10.56 10.79
BrOA-2 . 6.51 0.58 7.72 9.76 5.58

3.4. Drivers of pH

The constant effect of TA and DIC on pH was predominant in both stations, with a
slightly higher difference in the BrOA-1 station. In both stations, the autumn season
presented a uniformity in the pH sensitivity to the variation of its four drivers. The
summer season registered the highest sensitivity associated mainly with the
increase in DIC with negative effects on the pH, being compensated with the
increase in TA. In an antagonistic way, a positive effect due to a decrease in DIC and
a negative effect due to a decrease in TA (Fig. 6) was related to the negative
seasonal variations of both parameters based on their annual mean (Fig. S.1). This
disparity was substantially observed between summer and winter in the BrOA-1

station (Fig. 6A) and summer with both winter and spring in the BrOA-2 (Fig. 6B).
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Figure 6. Seasonal effect of temperature, salinity, dissolved inorganic carbon (DIC), and total alkalinity
(TA) on surface pH for BrOA-1 (A) and BrOA-2 (B) stations in the lower zone of Patos Lagoon
Estuary. The error bar (purple) accompanied by its numerical value shows the difference between the
current pH variation and the sum of all the drivers.

4. Discussion
The carbonate system parameters in the lower zone of the PLE were subject to
seasonal effects, with significant temporal variability only observed at the inner
station (BrOA-1), particularly between summer and both winter and spring. The
increased riverine input during the second half of the year did not induce significant

seasonal variations in salinity, pH, and TA at the outer station (BrOA-2).
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Nevertheless, the corrosive conditions witnessed during winter sharply contrasted
with the supersaturation experienced in summer. The pH buffering capacity
displayed a consistent pattern throughout the seasons, in contrast to the substantial
variability observed between summer and winter in the inner zone. These differences
can be attributed primarily to pronounced temporal shifts in salinity resulting from

dilution and salinization processes, as indicated by Alburqueque et al. (2022).

The interplay between riverine and oceanic dynamics in the lower estuary suggests
an influence on the spatial variations of pH. This difference was most evident
between low and high salinities at the outer station, standing in contrast to the inner
station, where pH at low salinity significantly deviated from the overall gradient. The
TA, QAr, BDIC showed dissimilarity in low, medium, and high salinities within each
station, presenting spatial discrepancy in the buffer capacity at lower salinity. Within
this range, pCO,, pH, and CO,* exhibited heightened sensitivity to DIC additions
compared to the two estuarine systems with high and moderate buffer capacity river
inputs simulated by Cai et al. (2021). This amplified sensitivity, particularly in low

salinity may suggest a moderate to low resilience of pH for a lower zone of PLE.

The inner station's higher (lower) buffering capacity (sensitivity) at low salinity can be
linked to its elevated value of the Maximum Estuarine Acidification salinity, reflecting
a broader salinity range encompassing values below this equilibrium point. Within
this range, DIC dissolves into the existing aqueous CO, pool, which increases as it
diverges from the MEA salinity. Consequently, the impact of DIC additions on pH
diminishes (Hu and Cai, 2013). The seasonal differences of MEA salinity in each
station were associated with the results of the effects of each environment driver on
pH, particularly in the summer where the predominant TA positive and DIC negative

effect by seawater input, supported the lower MEA salinity for both regions.
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The marked seasonal influence of the endmembers, mainly in summer and winter
was more evident in the monthly variability of the BDIC and salinity, with high and
constant records of buffering capacity above its mean (105 ymol kg™) in the first
semester in the outer station in opposition to continuous drop from February to
August in the inner stations. The period of August to November of low salinity
(mean<10) recorded the lowest buffer capacity in both stations with little similarity
with the salinity, being more comparable with the variability of chlorophyll. These
results are supported by the conceptual models of Duarte et al. (2013) and
Carstensen & Duarte (2019), which define the influence of endmembers and

ecosystem metabolism as regulatory components in coastal ecosystems.

A comparative starting point for estimating the buffering level of the lower zone of
PLE was the evaluation of BDIC of its endmember. The ocean buffer capacity of the
PLE (212 umol kg™) fell within the global range estimated for the oceans (160-280
umol kg™) according to Takahashi et al. (2014). Contrasting this global estimate, the
annual mean values in the lower estuary of Patos Lagoons represented by
BrOA-1,ner (95 = 7 umol kg™') and BrOA,., (106 £ 11 umol kg™') lay below the lower
limit observed in oceans (Table 4). On the other hand, the BDIC of the riverine buffer
capacity (38 ymol kg=') exhibited similarities with the records derived from the rivers
in the Strait of Georgia (48 to 56 umol kg™') as determined by Simpson et al. (2022).
The highest seasonal means, both for the inner (142 + 14 ymol kg~') and outer (134
+ 22 umol kg™) stations, were recorded in summer, however, these values remained
below the broader range of 189—428 umol kg™' calculated at the same season in the
well-buffered lagoonal estuary of Corpus Christi Bay, situated in a semiarid
subtropical region (Hu et al., 2017). The stretch between the southwestern passage

of the Mississippi to the Texas platform displayed a buffering effect ranging from 160
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umol kg™ (Mississippi River plume) to 360 umol kg~ in summer, featuring a surface
record exceeding 250 pmol kg™ (McCutcheon, 2019). An intriguing scenario
unfolded in the estuaries of the northwestern Gulf of Mexico, which exhibited a
notably high resilience (~201 pmol kg~') accompanied by a declining trend. Despite
this resilience, these estuaries experienced temporal subsaturation conditions with

the potential to negatively impact calcifying organisms (McCutcheon and Hu, 2022).

The records of aragonite saturation showed a distribution of corrosive conditions up
to medium salinities in the outer zone, different from its counterpart, whose values
were observed even in seawater. Other systems, such as the Corpus Christi Bay
estuary, did not present aragonite subsaturation conditions throughout its salinity
gradient (18.6-39.6) and even at the bottom despite the occurrence of hypoxia (Table
2). This resilience is attributed to the high presence of seagrass meadows and to the
strong density resulting from the high evaporation that concludes with the
contribution of waters with low CO, in the bottom (McCutcheon, 2019). On the other
hand, the buffer capacity in the long coastal plain estuary Delaware was associated
with the contribution of high carbonate freshwater attributed to the weathering of
limestone and dolomite bedrock, leading to high alkalinity values of the estuary
ranging between 915 and 2225 umol kg~ and a pH between 7.1 (salinity <2.5) to 8.5
(salinity=25). In addition, the TA and pH of the riverine endmember in the present
study (588.52 umol kg™ and 7.55) were similar to the pre-established values by
Carstensen & Duarte (2019) to simulate a coastal ecosystem influenced by
freshwater endmember with a lower buffer capacity (TA=400 pmol kg™ and pH=7),
and less than the calculated alkalinity for the three endmembers of the Delaware

estuary, with approximate means of 881 ymol kg™, 1572 umol kg~ and 1093 umol
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kg™ for the Trenton, Schuylkill and Christina rivers, respectively (Cyronak et al.,

2018).

Table 2. Buffer capacity of pH to fractional change of dissolved inorganic carbon (BDIC) in coastal
ecosystems and ocean. The table displays the mean or range report of salinity, total alkalinity (TA), pH
at total scale, state of aragonite saturation (QAr), partial pressure of carbon dioxide (pCO2), dissolved
inorganic carbon (DIC), and BDIC. BrOA-1 and BrOA-2 represent, respectively, the conditions at the
inner and outer zones of the Patos Lagoon Estuary (PLE).

Salinity TA pH QAr pCO, DIC BDIC

System (unitless) (umolkg") (total scale)  (unitless)  (patm) (umolkg') (umolkg™)

PLE (2017-2022) [this research]

BrOA-1 16 1230 7.73 0.9 656 1167 95
Summer 23 1653 7.89 1.64 517 1514 142
BrOA-2 15 1270 7.83 1.17 520 1176 105
Summer 19 1556 7.99 1.65 432 1417 134
Ocean [Takahashi et al., 2014]

Global mean 35.1 2308 8.09 3.7 347 1978 160-280
Corpus Christi bay (summer) [McCutcheon et al., 2019]

2015 27.7 2561 8.11 4.93 384.7 2159 284
2016 32.3 2409 8.09 4.47 378.3 2023 287
Mississippi-Texas (24-31/06/2010) [Hu et al., 2017]

N/A 16-37 2450 8.04-8.47 3.9-8.1 — — 160-360
Estuaries in the northwestern Gulf of Mexico [McCutcheon and Hu, 2022]

Sabine-Neches 6.7 973 7.28 0.2 2377 1043 100
JT;‘;%S” 20.2 2050 7.98 2.7 580 1899 160
Lavaca-Colorado 25 2335 8.01 2.5 577 2131 200
Guadalupe 22 2563 8.05 3.8 641 2428 220
Mission-Aransas 24.9 2523 8.04 3.2 584 2291 220
Nueces 31.2 2537 7.99 3.2 608 2279 240
Laguna Madre 33.7 2792 8.05 4.2 626 2437 290
Strait of Georgia (2015-2018) [Simpson et al., 2022]

Theodisia,y, 6.75 589 7.39 0.04 691 625 48
Tokenatch,;y, 0.06 116 6.81 0 859 169 56
Puntledge,i e 1.84 387 7.21 0.01 889 436 53
Malaspina;, 25.71 1798 8.11 1.91 284 1630 160
N-SOG 27.5 1948 7.99 1.45 412 1826 141

A straightforward projection of pH response based on DIC alterations was derived
from its sensitivity factor (SF=0pH/&DIC), yielding an annual average variation of
-0.007 pH units over the 2017-2022 timeframe (see Table S.4). This value fell below

the projected trend for coastal ecosystems (-0.023 to 0.023 pH units yr') as
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estimated by Carstensen & Duarte (2019). Furthermore, it was consistent with the
prevailing trend of —0.0002 to —0.0225 pH units yr-' observed in the shallow lagoonal
estuaries of the northwestern Gulf of Mexico. These estuaries experienced
continuous pH fluctuations attributed to an imbalance in their net ecosystemic
metabolism due to the dual influences of warming and ocean acidification

(McCutcheon and Hu, 2022).

The seasonal disparity of the influence of each environmental driver on the pH could
be attributed to the influx of freshwater and seawater, with the inner zone being more
susceptible to seasonal pH change. The summer registered the highest sensitivity
associated mainly with the increase of the negative effect of DIC on the pH, being
compensated by the positive effect of the TA. The antagonistic effect was observed
during the winter, when freshwater discharge is slightly higher leading to a decrease
in DIC and TA in the inner zone (Albuquerque et al., 2022). Similarly, the outer zone
showed susceptibility to changes in pH during the spring, which had the highest
negative anomalies of salinity, DIC, and TA (Fig.S.1). This could be explained by the
increase in the intensity of the northeastern winds at the end of winter and spring,
which contributes to a greater entrance of freshwater to this zone, strengthening the
dilution process that together with the concentration of salts were identified as the
main drivers of the variability of carbonate system parameters in the surface water of

the lower estuarine zone (Albuquerque et al., 2022).

5. Concluding remarks
The present study is one of the few and first investigations focused on determining,
evaluating, and quantifying the sensitivity (tendency to change) and buffering

capacity (resistance to change) mainly of pH to the alteration of DIC. The
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methodology involved the concept of maximum estuarine acidification salinity as a
breaking point where the pH is more susceptible to additions of CO, of natural or
anthropogenic origin. This study also considered the seasonal variability of the
carbonate system parameters and the effect of each environmental driver on the
seasonal variability pH, which was quantified and expressed in pH units. The
processes of dissolution and concentrations of salts marked the seasonal variations,
particularly during the summer, where the seasonal predominant TA positive and DIC
negative effect by seawater input, supported the lower MEA salinity for both stations

monitoring.

The lower zone of the PLE was characterized by a wide range of alkalinity and
alkaline pH conditions, with riverine input with low buffering, and susceptible to
corrosive conditions in medium and high salinities. Based on the conceptual models
that explain the variability of pH in coastal ecosystems, the salinity (as a proxy of
endmembers) and Chl-a (as a proxy for biological activity) were analyzed with the
dynamics of the buffer factor clearly showing an increase or decrease with the
variability of the salinity. Nevertheless, during the months when salts are most diluted

by continental input, photosynthetic activity becomes more prominent.

Since there is limited research that quantifies buffer capacity and no established limit
that defines buffering levels, the buffer capacity of the estuary stations could only be
inferred by comparison to other systems, suggesting a moderate-low buffer capacity.
The relevance of Patoos Lagoon estuary as the largest hatchery of pink shrimp
post-larvae in the southern and southeastern regions of Brazil (DIncao, 1991),
supports the demand for a comprehensive knowledge of its biogeochemical

estuarine, which will help to determine temporal and spatial trends and develop
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strategies and climate prevention or mitigation plans to an ecosystem with

low/moderate buffering ability that is also vulnerable to anthropogenic pressure.
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Figure 7. Schematic representation of the seasonal variability of the buffering capacity in the lower
zone of Patos Lagoon Estuary. The means of the state of aragonite saturation (QAr), buffering
capacity of pH (BDIC), and pH are displayed upper of the seasonal means of BDIC at summer (sun),
autumn (leaves), winter (ice crystal), and spring (flowers). The colors utilized (blue and grey)
emphasize spatial discrepancies in pH and seasonal variations in BDIC at the inner station BrOA-1.
The salinity gradient color and dotted arrows represent the seasonal influence of the freshwater
(brown to yellow) and seawater (blue to green) endmembers in the inner (BrOA-1) and outer (BrOA-2)
environments of the studied region.
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6. Supplementary material

Table S.1. Mean and standard error of the propagated uncertainties in the calculation of the carbon
dioxide system in the lower estuary for each season. The unit of each uncertainty corresponds to the
unit of each evaluated variable: DIC (umol kg™), pCO, (uatm), QAr (unitless), CO, (umol kg'), CO,*
(umol kg™).

Variable Mean Summer Autumn Winter Spring
DIC 13.99+£0.67 18.50 +1.31 1426 £1.26 9.32+0.94 12.99 + 1.36
pCO, 75.07£3.02 63.94+£395 69341495 7846501 96.94+10.28
Q Aragonite  0.10£0.007 0.17 £ 0.01 0.11 £ 0.01 0.04 £ 0.01 0.09 £ 0.01
Q Calcite 0.17£0.012 0.27 £0.02 0.17 £0.02 0.07 £0.01 0.14 £ 0.02
CoO, 2.86+0.12 1.95+0.11 2.75%0.21 3.45£0.21 3.63 £ 0.41
CO,* 6.69 £ 0.50 10.56 £+ 0.90 6.87 £0.92 3.03+£0.71 5.51+£1.05
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Table S.2. Means (+ standard error) and two-way ANOVA results for six parameters of the carbonate system (salinity, TA, pH, QAr, pCO,, BDIC)
recorded seasonally at two monitoring stations (BrOA-1;,... and BrOA-2.,.) in the lower estuary of Patos Lagoon. Results of two-way ANOVA are
displayed in the third set of lines. Asterisks indicate significance of ANOVA (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, ns: non-significant). Different
letters indicate significant differences (p < 0.05) between the seasons within stations, evaluated with post-ANOVA Tukey’s tests at a significance level of
p < 0.05. Lowercase letters denote seasonal means and capital letters represent station means.

Station n Salinity pH TA Q Ar pCO, BDIC
Season (total scale) (umol kg ) (patm) (umol kg ™)
BrOA-1 112 15+£14 7.73 £0.02* 1230 + 544 0.90 £0.10*  656+344 95+ 6
Summer 28 23 £2° 7.89 +£0.03* 1653 £109*  1.64+0.20* 517 +39* 142 + 14*
Autumn 33 16+ 1 7.78 £0.05®  1237+95"®  0.97+0.21** 579 +56* 97 + 12*
Winter 26 g+ 1° 7.60 = 0.04° 870 + 62° 0.27£0.09° 692 +57* 53+ 6
Spring 25 12+ 2P 7.64 +0.06" 1118+ 112>  0.62+0.17" 874+102° 82 + 11
BrOA-2 66 16+ 14 7.83 +£0.048 1270 + 834 1.17+£0.17% 520+ 348 105+ 104
Summer 16 19 + 32 7.99£0.05* 1556+ 166  1.65+0.33* 432+ 54* 134 +22°
Autumn 23 18 £2° 7.85+0.07* 1346+ 141*  1.30+0.32* 500 + 54° 115+ 19*
Winter 14 13 £3° 7.68 +£0.07* 1049 £181*  0.66 £0.28° 525 +£41* 76 +£19*
Spring 13 10 + 32 7.78 £0.11° 1018 £ 156* 0.90+0.89"* 658 + 120? 85+21*
Spatial effect ns * ns ns ok ns
Seasonal effect b L %kd L *% %kk
Interaction ns ns ns ns ns ns
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Table S.3. Mean values (+ standard error) and results of two-way ANOVA for five parameters of
carbonate system (pH, TA, QAr, pCO,, BDIC) recorded within different salinity ranges at two
monitoring stations (BrOA-1,,... and BrOA-2,,.) in the lower zone of Patos Lagoon Estuary.
Results of two-way ANOVA are displayed in the third set of lines. Asterisks indicate significance
of ANOVA (* = p < 0.05, ** = p < 0.01, ** = p <0.001, ns: non-significant). Different lowercase
letters indicate significant differences (p < 0.05) between salinity ranges within the stations (low:
0-10, medium: 11-25, and high: >25), evaluated with Tukey’s post-ANOVA tests at a
significance level of p < 0.05. Lowercase letters denote range salinity means and capital letters

represent station means.

Season n pH TA QAr pCO, BDIC
(umol kg ') (patm) _ (umol kg ')
BrOA-1 112 7.73+£0.02*  1230+54* 0.90+0.10* 656+ 344 95 + 64
Low 53 7.58+0.03* 736 £22* 0.16£0.02* 773 £56° 43 +2°
Medium 33 7.81£0.03> 1342+49* 0.86+0.08" 537+39° 58 £2°
High 26  7.96+0.05> 2094 +35° 2.44+0.22° 567+ 68" 173 £ 9¢
BrOA-2 66  7.83+0.04% 1270+ 834  1.17+0.174 520 + 34" 105+ 104
Low 24 7.67+0.05* 650 +£28* 0.17+0.04* 559 +47° 36+2%
Medium 11 7.91+0.10®  1237+65* 1.05+0.23> 497 +123* 93 £ 9°
High 31 8.01+0.05" 2084 +30° 2.52+0.28° 479 + 48" 200 + 13¢
Spatial effect ® ns ns ok ns
Sallnlty effect wkk L wkk %% kdd
Interaction ns ns ns ns *

Table S.4. Constant effect or sensitivity factor of the temperature, salinity, DIC, and TA on pH.

Parameter Ocean Ocean BrOA-1 BrOA-2
[Takahashi et., 2014] endmember  (inner) (outer)
dpH/AT (°C)! -0.016 -0.014 -0.012 -0.012
dpH/3Sal -0.0125 -0.0124 -0.027 -0.031
dpH/3ADIC (umol kg™')’! -0.0019 -0.0020 -0.0070 -0.0077
IpH/ITA (umol kg™')"! +0.0018 +0.0020 +0.0071 +0.0077
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Figure S.1. Rate of change or sensitivity factor of pCO, (a), pH (b), and CO;* (c) per DIC unit
throughout the salinity gradient at the BrOA-1 (yellow) and BrOA-2 (blue) stations in the lower
zone of Patos Lagoon Estuary. Each sensitivity factor graphic displays the scattering of its data
points along its fit using a weighted least squares regression accompanied by confidence bands
for each station.
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Figure S.2. Seasonal variation of temperature (°C), salinity, total alkalinity (umol kg'), and
dissolved inorganic carbon (umol kg™) relative to their annual means.
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Capitulo VI: Sintese da Discussao e

Conclusoes

O presente estudo representa uma das primeiras investigacées focalizadas na
determinacao, avaliacdo e quantificacdo da sensibilidade (tendéncia a
mudanca) e capacidade tampao (resisténcia a mudanca) principalmente do pH,
diante da alteragao no DIC. A metodologia adotada englobou trés conceitos
chaves: (i) a salinidade de maxima de acidificagao estuarina, que atua como
um ponto de ruptura onde o pH é mais suscetivel a adicao de CO, de origem
natural ou antropogénico, (i) a variabilidade sazonal dos paradmetros do
sistema de carbonato e (iii) o efeito de cada forgcante ambiental ou driver na
variabilidade sazonal do pH, quantificado e expresso em unidades de pH. Os
processos de dissolucdo e concentragdo de sais marcaram as variagdes
sazonais, particularmente durante o verao, quando o efeito positivo da TA e o
efeito negativo do DIC causado pela entrada de agua do mar, sustentando a

menor salinidade do MEA para ambas estagdes de monitoramento.

O baixo estuario foi caracterizado por uma ampla variagado nas condicdes de
alcalinidade e um pH alcalino, com aporte ribeirinho apresentando baixo
tamponamento e sendo suscetivel a condi¢gdes corrosivas em salinidades

médias e altas. Apesar de ambas estagdes de amostragem estarem situadas

60



no baixo estuario, sua interacdo continua e predominante com diferentes
endmembers resultou em diferentes resiliéncias sazonais, especialmente em
situacdes de baixas salinidades, quando a zona interna exibiu maior resiliéncia.
Com base nos modelos conceituais que explicam a variabilidade do pH nos
ecossistemas costeiros, a salinidade (como proxy dos endmembers) e a Chl-a
(como proxy da atividade biolégica) foram analisadas em relagdo a dindmica do
fator tampao, revelando claramente um aumento ou diminuicdo em resposta a
variagao da salinidade. No entanto, durante os meses em que 0s sais sdo mais
diluidos pela entrada continental, a atividade fotossintética torna-se mais

proeminente.

Dado o escasso numero de pesquisas que quantificam a capacidade de
tamponamento e a auséncia de limites estabelecidos para definir os niveis de
tamponamento, a capacidade tampao das estagbes estuarinas s6 pode ser
inferida por meio de comparagdo com outros sistemas, indicando uma
capacidade tampao moderada a baixa. A relevancia do estuario da Lagoa dos
Patos como o maior incubatério de pds-larvas de camaréao rosa nas regides Sul
e Sudeste do Brasil (D’Incao, 1991) reforca a necessidade de um entendimento
abrangente de sua dinadmica biogeoquimica. Isso ndo apenas ajudara a
determinar as tendéncias temporais e espaciais, mas também a desenvolver
estratégias e planos de prevengao ou mitigagao climatica para um ecossistema
com capacidade tampao baixa a moderada, que também é vulneravel a

pressao antropogénica.
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Figura 1. Representagédo esquematica da variabilidade sazonal da capacidade tamp&o no baixo
estuario da lagoa dos Patos. As médias do estado de saturagdo da aragonita (QAr),
capacidade tampao do pH (BDIC) e pH s&o exibidas acima das médias sazonais de BDIC no
verao (sol), outono (folhas), inverno (cristal de gelo) e primavera (flores). As cores utilizadas
(azul e cinza) enfatizam as discrepancias espaciais no pH e as variagdes sazonais no BDIC na
estagao interna BrOA-1. A cor do gradiente de salinidade e as setas pontilhadas representam a
influéncia sazonal dos membros finais de agua doce (marrom a amarelo) e agua do mar (azul a
verde) nos ambientes interno (BrOA-1) e externo (BrOA-2) da regido estudada.
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