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RESUMO 

 

Os ambientes recifais são um dos ecossistemas mais produtivos e biodiversos 

do mundo, entretanto, estão constantemente susceptíveis aos impactos de escala 

global, como a acidificação oceânica (AO), e local, como a eutrofização. O 

monitoramento dos parâmetros abióticos dessas regiões e a aplicação de 

metodologias visando mitigar esses efeitos são cada vez mais essenciais. Diante 

disso, o presente trabalho apresentou como objetivos principais: analisar a dinâmica 

sazonal do sistema carbonato e estado trófico em regiões recifais da Área de Proteção 

Ambiental Costa dos Corais (APACC), verificando a influência dos aportes 

continentais superficiais e subterrâneos; avaliar as respostas do metabolismo recifal 

diante de um experimento in situ de alcalinização. Coletamos águas superficiais dos 

recifes e rios, e águas intersticiais da linha de costa mensalmente ao longo de um ano, 

e posteriormente, um experimento de reversão da AO foi realizado em um recife da 

APACC. Os resultados mostram que a área recifal estudada é considerada 

oligotrófica, com a boa a ótima qualidade de água durante o ano todo e com condições 

favoráveis às atividades biológicas, como por exemplo, à calcificação. A clorofila-a da 

zona recifal foi significativamente correlacionada com a salinidade e radônio em 

excesso, indicando, respectivamente, a influência dos rios e da submarine 

groundwater discharge (SGD) na região, principalmente durante o período chuvoso, 

sendo assim, importantes fontes de nutrientes para a costa. No entanto, sinais de 

eutrofização foram registrados tanto nos rios, como nas águas intersticiais, 

caracterizando potenciais ameaças para os recifes. Através do experimento, 

detectamos que o aumento do pH elevou a alcalinidade total em 205.27 µmol kg-1 e 

em 50% os níveis de saturação de aragonita (Ωar) da zona recifal. Isso mostrou que a 

alcalinização em escala local influencia positivamente no sistema carbonato, podendo 

mitigar os efeitos da AO, e que o frequente monitoramento dos parâmetros abióticos 

de regiões recifais possibilita a identificação e caracterização de estressores 

ambientais. 

 

Palavras-chaves: eutrofização; acidificação oceânica; alcalinidade total; 

calcificação; recifes tropicais; nutrientes. 

 

 



 
 

ABSTRACT 

 

Reef environments are one of the most productive and biodiverse ecosystems 

in the world, with significant ecological and socioeconomic importance. However, they 

are constantly susceptible to global scale impacts, such as ocean acidification (OA), 

and local scale impacts, such as eutrophication. Monitoring the abiotic parameters of 

these regions and testing methodologies to mitigate these effects are extremely 

essential. Therefore, we analyzed the seasonal dynamics of the carbonate system and 

trophic state in reef regions of the Costa dos Corais Marine Protected Area (APACC), 

accounting for the influence of surface and underground continental runoffs, and 

evaluated the responses of reef metabolism in an in situ alkalinization experiment. 

Surface waters from reefs and rivers, and porewaters from the shoreline were sampled 

monthly for over a year, and later, an OA reversal experiment was carried out on an 

APACC’s reef. We found that the studied reef zone is oligotrophic, with good to 

excellent water quality throughout the year and favorable conditions for biological 

activities, such as calcification. Chlorophyll-a from the reef zone was significantly 

correlated with salinity but very rich in radon, indicating the influence of rivers and 

submarine groundwater discharge (SGD) in the region, respectively, especially during 

the rainy season, being important nutrient sources for the coast. We also recorded 

signs of eutrophication in both rivers and porewaters which may be threatening the 

reefs. The alkalinization experiment showed that raising the pH increased 205.27 µmol 

kg-1 in total alkalinity values and aragonite saturation (Ωar) levels of the reef zone in 

50%. This showed that alkalization on a local scale positively influences the carbonate 

system and can mitigate the effects of OA and that the frequent monitoring of abiotic 

parameters of reef regions allowed the identification and characterization of potential 

environmental stressors. 

 

Keywords: eutrophication; ocean acidification; total alkalinity; calcification; 

tropical reefs; nutrients. 
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1 INTRODUÇÃO 

 

Este documento de Tese de Doutorado está organizado em formato de artigos 

científicos, abordando discussões sobre a dinâmica dos parâmetros do sistema 

carbonato e estado trófico em zonas recifais de uma Área de Proteção Ambiental 

(APA), em escala sazonal e diante de um experimento in situ de alcalinização. Até o 

presente momento, este é o primeiro trabalho na região nordeste do Brasil que traz 

dados sobre a influência de aportes continentais subterrâneos em recifes, assim como 

é o segundo no mundo a avaliar experimentalmente uma forma de mitigar os impactos 

da acidificação oceânica (AO) por remediação química. 

Esta Tese apresenta-se em 4 capítulos: Este primeiro capítulo aborda aspectos 

gerais sobre os ambientes recifais, destacando a susceptibilidade desse ecossistema 

aos impactos antrópicos de escala local e global, assim como traz os objetivos e 

hipóteses da pesquisa. O segundo capítulo representa o artigo intitulado “Seasonal 

influence of surface and underground continental runoff over a reef system in a tropical 

marine protected area”, publicado na Journal of Marine Systems (DOI: 

10.1016/j.jmarsys.2021.103660), que traz os dados sobre a avaliação sazonal da área 

de estudo. O terceiro capítulo é sobre o artigo intitulado “Reef metabolism and carbon 

chemistry responses to an in situ artificial alkalinization experiment” que aborda o 

experimento in situ e será submetido em revistas científicas de alcance internacional. 

Por fim, o quarto capítulo são as considerações finais.  

O presente trabalho foi realizado com o apoio do Conselho Nacional de 

Desenvolvimento Científico e Tecnológico (CNPq - #140874/2018-6), e do Fundo 

Brasileiro para a Biodiversidade (FUNBIO) e Instituto Humanize, pelo edital “Bolsa 

Funbio – Conservando o Futuro (2019)”. Também foi desenvolvido em parceria com 

o Programa Ecológico de Longa Duração Costa dos Corais Alagoas (PELD-CCAL), 

financiado pelo CNPq (#441657/2016-8), assim como pela Coordenação de 

Aperfeiçoamento de Pessoal de Nível Superior (CAPES - #23038.000452/2017-16) e 

Fundação de Amparo à Pesquisa do Estado de Alagoas (FAPEAL - 

#60030.1564/2016). 
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1.1 ASPECTOS GERAIS 

 

Mundialmente, centenas de milhões de pessoas obtêm recursos financeiros, 

direta e indiretamente, e são protegidas da dinâmica costeira através de um dos 

principais ecossistemas marinhos, o ambiente recifal (PENDLETON et al., 2016; 

ROELVINK et al., 2021). Os recifes são representados por formações rochosas, de 

diferentes origens e tipos, que abrigam cerca de ¼ de toda a biodiversidade marinha, 

apresentando, portanto, uma extrema importância ecológica, elevada produtividade, 

além de uma diversa conectividade com outros ecossistemas, como por exemplo, 

estuários e manguezais (BURKE et al., 2011; SPEERS et al., 2016; WINKINSON, 

2008). 

Os recifes apresentam duas principais origens, a arenítica e biogênica. Os 

recifes de arenito (beachrocks) são estruturas rochosas formadas a partir da litificação 

de sedimentos praiais, como areia, através da cimentação principalmente por 

carbonato de cálcio (CaCO3) e/ou sílica (BAPTISTA, 2010; GUERRA et al., 2005). Já 

os recifes biogênicos são oriundos do agrupamento de esqueletos dos organismos 

que secretam CaCO3, como os corais hermatípicos, algas calcárias, moluscos, 

crustáceos, dentre outros, e que crescem sobre um substrato consolidado, muitas 

vezes acima de um recife de arenito, formando uma base de calcário, coberta por uma 

fina camada viva. Esses recifes estão distribuídos em várias profundidades e 

distâncias da costa, e podem se apresentar em três diferentes tipos, de acordo com 

inúmeros fatores seculares de escala regional e global, em recifes de franja, barreira 

e atol (SHEPPARD et al., 2018). 

No geral, os recifes estão concentrados principalmente nas bordas orientais 

dos continentes e em regiões tropicais, que se estendem de 30ºN a 30ºS (SHEPPARD 

et al., 2018; SPALDING et al., 2001). Isso se deve ao fato de que essas áreas são 

influenciadas por correntes oceânicas mais quentes e apresentam águas claras, 

oligotróficas, com salinidade marinha e substratos adequados, características 

essenciais para a bioconstrução e bloom de biodiversidade desse ecossistema 

(COUCE et al., 2012). Além disso, fatores seculares, como a separação dos 

continentes (atividade tectônica) durante a Era Mesozóica, oscilação do nível do mar 

e da temperatura superficial dos oceanos, também restringiram o desenvolvimento 

dos recifes às regiões tropicais rasas (DUBINSKY; STAMBLER, 2010; GOWER et al., 

2012). 
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Alguns autores indicam que a quantidade de espécies encontradas por área 

nos recifes é maior do que em qualquer outro ecossistema, seja marinho ou terrestre 

(SHEPPARD et al., 2018; SPALDING et al., 2001), registrando inúmeros organismos 

autotróficos, base da teia trófica, como fitoplâncton, macroalgas e endossimbiontes; 

invertebrados, como cnidários, crustáceos e moluscos; e vertebrados, como peixes e 

tartarugas. Nesses ambientes é possível encontrar as mais variadas formas de 

reprodução, alimentação, crescimento, predação, locomoção e relações ecológicas. 

Dentre as relações ecológicas mais importantes nos recifes está o mutualismo, 

como por exemplo, na relação entre os corais e um grupo específico de microalgas. 

No tecido transparente do pólipo do coral estão “hospedados” os chamados 

endossimbiontes, que são em sua grande maioria dinoflagelados da família 

Symbiodiniaceae, que representam 75% do peso do pólipo (PINET, 2009). Os corais 

garantem abrigo para os endossimbiontes dinoflagelados, protegendo-os da predação 

e disponibilizando nutrientes oriundos de seus processos metabólicos. Enquanto 

essas microalgas fornecem cor, oxigênio e alimento para o coral a partir da atividade 

fotossintética (Figura 1), caracterizando assim um sistema de reciclagem de nutrientes 

entre esses organismos.  

 

Figura 1 – Mutualismo entre coral e endossimbionte dinoflagelado.  

 

Fonte: Pinet (2009). 

 

Os corais são considerados um dos principais grupos de organismos 

calcificantes recifais, sendo responsáveis por aproximadamente 15% da produção 

global de CaCO3 (ZILBERBERG et al., 2016). Durante a calcificação e de acordo com 

os níveis de saturação de aragonita (Ωar) do ambiente, os corais podem realizar a 

deposição ou formação de CaCO3 de forma direta, através da captação de cálcio 

(Ca2+) e carbonato (CO3
2-) da água do mar (equação 1) e, principalmente de forma 
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indireta, pelos íons bicarbonato (HCO3
-) (equação 2). Esse processo ocorre em uma 

região específica entre o esqueleto de calcário e a calicoderme do pólipo (tecido 

adjacente ao esqueleto), chamada de “sítio de calcificação” (TAMBUTTÉ et al., 2011), 

onde apresenta uma intensa atividade enzimática e fluxos difusivos de Ca2+, que 

possibilitam a realização da calcificação. 

Ca2+ + CO3
2- → ↓CaCO3                                                                                                                         (1) 

Ca2+ + 2HCO3
- → ↓CaCO3 + H+ + HCO3

- → ↓CaCO3 + CO2 + H2O               (2) 

 

Os endossimbiontes dinoflagelados também são fundamentais para o processo 

de calcificação dos corais, auxiliando através: do consumo de CO2 pela fotossíntese, 

contribuindo para um pH alcalino e maiores níveis de Ωar no interior do tecido do coral, 

principalmente em regiões com alta luminosidade; metabolização de fosfatos ou 

compostos que dificultam a calcificação; neutralização dos H+ diante da liberação de 

hidroxila (OH-) oriunda da fotossíntese, também garantindo um pH alcalino 

intracelular; incremento energético (COHEN et al., 2016; ZILBERBERG et al., 2016). 

O mutualismo entre essas microalgas e os corais é um dos principais fatores que 

historicamente garantiram o desenvolvimento dos grandes recifes de corais, tendo a 

diversidade da Symbiodiniaceae uma relação direta com a radiação adaptativa das 

espécies de corais (LAJEUNESSE et al., 2018; SIMPSON et al., 2011).  

A comunidade primária e de invertebrados, bentônicos ou planctônicos, são as 

principais bases para a sustentação e manutenção de toda a grande biodiversidade 

recifal, regulando a distribuição das espécies de níveis tróficos superiores 

(BELLWOOD et al., 2004). Essas dinâmicas são afetadas por uma série de fatores 

ambientais, como sazonalidade, hidrodinâmica e clima, e nas últimas décadas vêm 

sendo impactadas principalmente pelas atividades antrópicas (HOEGH-GULDBERG 

et al., 2019; HUGHES et al., 2010). 

Embora os recifes representem menos do que 1% do fundo oceânico, são 

considerados um dos ecossistemas mais lucrativos devido à sua biodiversidade 

(GROOT et al., 2012). Anualmente, geram mais de 30 bilhões de dólares através da 

pesca, turismo, recreação e proteção da costa (HILMI et al., 2019; SPALDING et al., 

2017; WOODHEAD et al., 2018), sendo o continente asiático a região que mais lucra 

(PENDLETON et al., 2016). No entanto, trata-se de um ecossistema extremamente 

sensível a estressores ambientais, e a exploração não sustentável, somada a uma 

série de atividades antrópicas, direta e indiretamente, vêm causando significativos 



16 

 

impactos sobre esse ambiente em escala global, como a acidificação oceânica (AO) 

e aquecimento dos oceanos, e local, como a eutrofização (GUAN et al., 2020). 

 

1.1.1 Impactos globais 

 

Atividades antrópicas, como a queima de combustíveis fósseis (carvão mineral, 

gás natural e petróleo) e o intenso desflorestamento, são os responsáveis pelas 

grandes emissões e acúmulo de um dos principais gases do efeito estufa na 

atmosfera, o gás carbônico (CO2) (DONEY; SCHIMEL, 2007). Entre o século XVIII 

(revolução industrial) e início do XXI, o CO2(atm) apresentou um aumento de 

aproximadamente 40%, sendo o menor período de tempo, em pelo menos 800 mil 

anos, em que acréscimos dessa proporção tenham acontecido (IPCC, 2021). 

Atualmente, a concentração desse gás está em torno de 418 ppm (NOAA, 2022) e 

estimativas indicam que tende a alcançar valores próximos a 800 ppm até o final deste 

século (ORR et al., 2005). 

Os oceanos possuem inúmeras características físicas e químicas que permitem 

grandes trocas de gases e energia com a atmosfera, sendo considerados os maiores 

reservatórios ou sumidouros de carbono do mundo (MILLERO, 2005). Devido a isso, 

e ao fato de o CO2 ser o maior contribuinte para o aquecimento global (IPCC, 2021), 

a temperatura superficial dos oceanos (SST) e as concentrações de CO2 na água do 

mar vêm aumentando significativamente ao longo dos anos (CANE et al., 1997), 

causando grandes alterações em diversos ecossistemas marinhos, dentre eles, o 

recifal.  

Uma das principais consequências do aumento da SST sobre os recifes é a 

interrupção da relação entre coral e endossimbionte dinoflagelado (Figura 1). Em 

situações de estresse, principalmente térmico, as microalgas, durante a fotossíntese, 

aumentam a produção de espécies reativas de oxigênio, como água oxigenada 

(H2O2), gerando danos ao tecido do coral, que por sua vez as “expulsam” de seus 

pólipos, expondo assim o esqueleto calcário e caracterizando o fenômeno de 

branqueamento (ARMOZA-ZVULONI; SHAKED, 2014; GLYNN, 1993; GRAHAN; 

SANDERS, 2015; HUGHES et al., 2018; SULLY et al., 2019).  

Uma vez branqueado, as atividades metabólicas desse animal são 

significativamente reduzidas, diminuindo o potencial reprodutivo, bioconstrução e 

complexidade estrutural dos recifes, podendo resultar na bioerosão e morte de 
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colônias (BRUNO et al., 2007; DUARTE et al., 2020; FERREIRA et al., 2012; 

PEREIRA et al., 2022). A perda de habitat a partir do branqueamento altera as 

dinâmicas tróficas do ambiente recifal como um todo, assim como deixa em situação 

de alerta os países que dependem economicamente desse ecossistema, como 

Austrália, Brasil, México e países do sudeste asiático (PENDLETON et al., 2016).  

As grandes emissões de CO2 na atmosfera também resultam no processo de 

AO que afeta negativamente a saúde dos ambientes recifais em escala global (YATES 

& HALLEY, 2006; HOEGH-GULDBERG et al., 2007; KLEYPAS et al., 2011; 

ALBRIGHT et al., 2016). Aproximadamente 25% do CO2 emitido pelas atividades 

antrópicas é absorvido pela superfície oceânica global por difusão (SABINE et al., 

2004; TAKAHASHI et al., 2009), e isso vem alterando o equilíbrio do sistema 

carbonato marinho, que por sua vez, trata-se da dinâmica das espécies químicas 

inorgânicas do carbono, conforme a equação 3: 

CO2(atm) ↔ CO2(aq) + H2O ↔ H2CO3 ↔ H+ + HCO3
- ↔ 2H+ + CO3

2-                 (3) 

 

O aumento na concentração do CO2(atm) resulta nos maiores valores desse gás 

em sua forma aquosa, que ao reagir com a molécula da água, forma mais ácido 

carbônico (H2CO3), facilmente dissociado em HCO3
- e H+. A maior disponibilidade de 

H+ no ambiente é a principal responsável pela redução do pH (-log10[H+]), 

caracterizando assim a AO. A grande problemática desse processo é que o CO3
2- 

dissolvido na água do mar, tende a reagir com o excesso de H+ produzido, para manter 

o equilíbrio da reação (efeito tampão), se tornando assim menos biodisponível (IPCC, 

2021).  

A estrutura dos recifes biogênicos é constituída basicamente de CaCO3 oriundo 

das atividades metabólicas dos organismos calcificantes. No entanto, sob as 

condições de AO, esses organismos apresentam suas taxas de calcificação 

significativamente reduzidas devido a menor disponibilidade de CO3
2- ou menores 

valores de Ωar do ambiente, o que pode implicar em dissolução, branqueamento e 

morte dos corais, perda de habitat e de biodiversidade recifal (GATTUSO et al., 1998; 

FEARY et al., 2007; KLEYPAS et al., 2011; MARANGONI et al., 2017). 

O aumento da concentração de CO2 na atmosfera já causou uma queda de 0.1 

no pH do oceano global desde o século XVIII, e de acordo com o cenário SSP3-7.0 

do IPCC, antes do final do século XXI as concentrações desse gás serão elevadas o 

suficiente para reduzir cerca de 0.4 na escala de pH e aumentar em até 4ºC a SST 
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(ORR et al., 2005; IPCC, 2021; EYRE et al., 2018). Isso resultará em oceanos 

subsaturados em CO3
2-, podendo causar uma extinção em massa dos corais, 

consequentemente afetando a população humana, em aspectos sociais, culturais e 

econômicos (PENDLETON et al., 2016). Além disso, esses impactos globais atuam 

em sinergia com impactos locais, deixando ainda mais o ecossistema recifal em 

vulnerabilidade (DUTRA et al., 2021).   

 

1.1.2 Impactos locais 

 

O exponencial e desordenado crescimento demográfico em regiões litorâneas 

é um dos principais impactos de escala local sobre os recifes. Atualmente, indústrias 

de monocultura e centros urbanos localizados próximos à costa (≤ 30 km), estão 

gerando em proporções cada vez maiores resíduos sólidos e líquidos, devido às 

pressões do desenvolvimento turístico, imobiliário e agrícola (LANDRIGAN et al., 

2020). Entretanto, os sistemas de planejamento e tratamento desses materiais e 

efluentes não estão acompanhando essa demanda, resultando nos descartes 

inadequados em corpos hídricos, como os rios, estuários, águas subterrâneas ou 

diretamente nas praias, consequentemente atingindo a zona recifal (ALVES et al., 

2013; CABRAL; FONSECA, 2019).  

Fertilizantes utilizados na agricultura, e efluentes industriais e domésticos não 

tratados, como esgoto bruto, apresentam elevadas concentrações de matéria 

orgânica e nutrientes, principalmente os nitrogenados e fosfatados, e quando são 

lançados nos corpos hídricos podem causar o processo chamado de eutrofização 

(BEUSEN et al., 2016; CHEN et al., 2021; CLARK et al., 2017; ZHANG et al., 2017). 

A eutrofização é definida como o constante input de nutrientes em um ambiente 

aquático/marinho ou aumento do estado trófico local, que resulta em 5 principais 

efeitos: 

• O significativo crescimento da biomassa fitoplanctônica, muitas vezes de 

microalgas tóxicas, alterando a estrutura da comunidade; 

• Aumento da turbidez devido a intensa produtividade primária; 

• Redução da atividade fotossintética ao longo da coluna d’água; 

• Consumo do oxigênio dissolvido (OD) pela degradação do excesso de 

matéria orgânica, podendo ocasionar hipoxia ou anoxia; 
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• Morte em massa dos organismos aeróbicos locais. 

Ambientes recifais afetados pela eutrofização podem apresentar uma 

significativa redução da cobertura coralínea ao longo do tempo devido ao 

branqueamento e consequente morte dos corais (GUAN et al., 2020), e da proliferação 

de organismos bentônicos não-bioconstrutores, principalmente da comunidade 

primária, como as macroalgas (DECARLO et al., 2020; WOLFF et al., 2018). Por 

alterar a distribuição de organismos base da teia trófica, a eutrofização causa 

significativa mudança em todos os níveis tróficos superiores, reduzindo a 

biodiversidade e favorecendo a dominância de grupos específicos (DUPREY et al., 

2016). 

Outro problema decorrente da eutrofização é a acidificação costeira 

(COTOVICZ et al., 2022; WALLACE et al., 2014). Esse processo é caracterizado pela 

redução do pH local devido ao aumento dos níveis de CO2(aq), e consequente liberação 

de H+ (Equação 1), oriundo da decomposição do excesso de matéria orgânica 

adicionada/produzida no ambiente afetado pela eutrofização, portanto, uma fonte 

adicional ao CO2 antropogênico (CAI et al., 2011; GLEDHILL et al., 2015). Diante 

disso, há uma alteração na dinâmica do sistema carbonato, causando impactos na 

biota calcificante dos ecossistemas costeiros, como rios, estuários e recifes.  

Estudos demostram que algumas espécies de moluscos e peixes estuarinos, 

em fases iniciais da vida, são afetadas pela redução do pH e de [CO3
2-], apresentando 

suas taxas de reprodução, crescimento e sobrevivência consideravelmente reduzidas 

(BARTON et al., 2015; FITZER et al., 2018). Isso já vem sendo um problema mundial, 

em aspectos ecológicos e socioeconômicos, principalmente para os pescadores e 

indústrias de aquicultura e piscicultura, que utilizam desses organismos como renda, 

produzindo e vendendo, como por exemplo, ostras cada vez menores (BARTON et 

al., 2015). 

Ao atingirem o ambiente recifal, essas águas acidificadas atuam em sinergia 

com a AO e aquecimento dos oceanos, colocando ainda mais em risco a saúde dos 

corais, através do branqueamento e redução do potencial de bioconstrução desses 

organismos. Isso pode ser intensificado de acordo com a sazonalidade, 

principalmente durante períodos chuvosos, onde o fluxo de águas continentais, 

superficiais e subterrâneas, para o oceano costeiro é significativamente elevado, 

consequentemente, há um aumento no transporte de nutrientes e matéria orgânica 
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para o ecossistema recifal (GASPAR et al., 2018; SILVA et al., 2009; SILVA et al., 

2022; TAILLARDAT et al., 2020). 

Os recifes costeiros podem ainda sofrer com vários outros tipos de impactos 

locais, como por exemplo, turismo desordenado, pisoteio, acidentes com 

embarcações, erosão, sedimentação, sobrepesca, espécies invasoras, poluição por 

resíduos sólidos e contaminantes orgânicos. Por isso, são necessárias cada vez mais 

estratégias que visem auxiliar na preservação, conservação e resiliência desse 

ecossistema. 

Estudos descritivos e de modelagem vêm apresentando métodos capazes de 

auxiliar na conservação recifal, reduzindo os impactos e agindo em sinergia com os 

interesses e necessidades das comunidades locais (ALLEMAND; OSBORN, 2019; 

FENG et al., 2016; 2017; HILMI et al., 2019; HOEGH-GULDBERG et al., 2019; 

LEBREC et al., 2019; PENDLETON et al., 2019). Por exemplo, em relação aos efeitos 

da acidificação, existem técnicas de mitigação, que atuam visando reduzir os níveis 

de CO2 da água do mar, e as chamadas técnicas de adaptação recifal, que contribuem 

com a aclimatação dos organismos diante das mudanças climáticas e dos impactos 

locais (ALBRIGHT; COOLEY, 2019). 

É importante destacar que a principal e mais eficiente forma de mitigação dos 

impactos da acidificação e das mudanças climáticas como um todo, é a redução das 

emissões de CO2 na atmosfera através de políticas, acordos e metas internacionais. 

Além disso, existe a técnica de remediação química, que se trata da neutralização do 

excesso de H+ ao adicionar no ambiente soluções básicas de tamponamento ou 

minerais ricos em CaCO3/sílica, que não somente reduzem as concentrações de CO2 

da água do mar, mas também aumentam a alcalinidade total (AT) e as concentrações 

de CO3
2- (ALBRIGHT et al., 2016; ALBRIGHT; COOLEY, 2019). No entanto, embora 

promissora, essa técnica apresenta pontos negativos ainda não totalmente 

explorados, tanto em ambiente laboratorial, como principalmente in situ, como por 

exemplo, a contaminação por níquel associados aos minerais de olivina e a 

necessidade de uma significativa infraestrutura para resultados de grande escala 

(ANTHONY et al., 2017; GONZÁLES; ILYINA, 2016). 

Já em relação a adaptação recifal, uma das principais técnicas que possuem 

como objetivo contribuir com a preservação e conservação desse ecossistema é a 

criação de Áreas de Proteção Ambiental (APAs) ou Unidades de Conservação (UCs) 

marinho-costeiras (ALLEMAND; OSBORN, 2019; ALBRIGHT; COOLEY, 2019). Essa 
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estratégia se baseia no planejamento espacial de uma determinada área, isolando 

microrregiões de elevado potencial ecológico e socioeconômico, utilizando, no 

mínimo, 4 critérios essenciais:   

• Identificação e proteção de refúgios naturais: Esses refúgios tratam-se 

de regiões que apresentam uma certa diversidade e espécies com elevada resiliência, 

capazes de sobreviver às altas amplitudes dos parâmetros abióticos, em escala 

sazonal ou diurna, e de repovoar áreas sob impactos;  

• Conectividade com outros ecossistemas: Garantir que não haja barreiras 

físicas que comprometam a conectividade dos recifes com outros ecossistemas, como 

por exemplo, estuários e manguezais; 

• Priorização de regiões ameaçadas: Estabelecer normas que impeçam e 

limitem potenciais impactos, controlando e restringindo a visitação turística, atividade 

de pesca, lançamento de efluentes e resíduos sólidos nos corpos hídricos locais, 

quantidade e tipo de embarcações, sob o risco de multa;  

• Participação de comunidades locais: Uma gestão compartilhada e 

participativa é de extrema importância em áreas que se utilizam dos ambientes recifais 

como principal fonte de renda. 

O monitoramento ambiental, não somente das comunidades biológicas, mas 

da dinâmica dos parâmetros abióticos, como dos nutrientes dissolvidos e do sistema 

carbonato, é uma ferramenta de extrema importância para a aplicação e manutenção 

das APAs. O conhecimento e descrição sobre como essas variáveis se comportam 

em diferentes escalas são a base para a interpretação dos dados bióticos, 

identificação e quantificação dos possíveis impactos, e assim determinação das ações 

de mitigação.  

Diante do exposto, a presente Tese visou gerar informações inéditas para a 

maior APA marinho-costeira do Brasil, a APA Costa dos Corais (APACC), ao analisar 

a sazonalidade dos nutrientes inorgânicos dissolvidos e do sistema carbonato em 

regiões recifais de significativa importância ecológica e socioeconômica. Além disso, 

aplicar um experimento de alcalinização ou reversão in situ dos efeitos da AO, 

aumentando o banco de dados sobre essa técnica.  
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1.2 OBJETIVO GERAL 

 

• Analisar a dinâmica sazonal do sistema carbonato e estado trófico em 

regiões recifais da APACC/Alagoas, e realizar um experimento in situ para observar a 

capacidade de reversão local dos efeitos da acidificação 

 

1.3 OBJETIVOS ESPECÍFICOS  

 

• Avaliar a influência sazonal dos aportes continentais, superficiais e 

subterrâneos, sobre os recifes de Maragogi a Japaratinga no estado de Alagoas; 

• Determinar as concentrações de nutrientes inorgânicos dissolvidos e 

Chl-a, assim como estimar o estado trófico dos recifes; 

• Analisar os principais parâmetros do sistema carbonato nos recifes 

estudados; 

• Avaliar as respostas do metabolismo recifal e dos parâmetros do sistema 

carbonato dos recifes de Japaratinga diante de um experimento in situ de 

alcalinização. 

 

1.4 HIPÓTESES 

 

As hipóteses testadas foram que os parâmetros abióticos dos recifes de 

Maragogi e Japaratinga são significativamente modulados pela sazonalidade, 

principalmente devido ao aumento dos aportes continentais durante o período 

chuvoso, e que há um aumento no potencial de calcificação recifal e da Ωar em 

condições de valores de pH pré-industriais. 
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2 ARTIGO 1 – SEASONAL INFLUENCE OF SURFACE AND UNDERGROUND 

CONTINENTAL RUNOFF OVER A REEF SYSTEM IN A TROPICAL MARINE 

PROTECTED AREA 

 

1 INTRODUCTION 

 

Coral reefs are among the most ecological and economically valuable 

ecosystems worldwide (HILMI et al., 2019; PENDLETON et al., 2016), supporting 

approximately a quarter of the global marine biodiversity (BURKE et al., 2011) that 

uses them as a site for sheltering, feeding, reproduction and spawning. Moreover, 

these ecosystems provide numerous services for people, directly and indirectly, 

including coastline protection from waves and storms, fishing activities and tourism, 

yielding globally billions of dollars every year (ALBRIGHT; COLEY, 2019; LAM et al., 

2019).  

Coral reefs have been strongly affected by anthropogenic activities and have 

declined by more than 50% since the 1980s (ALBRIGHT; COLEY, 2019; 

ANDERSSON et al., 2019; HOEGH-GULDBERG et al., 2019; PENDLETON et al., 

2016). Global processes, such as ocean warming and acidification are responsible for 

reducing reef construction capacity and for killing thousands of calcifying organisms 

(ALBRIGHT et al., 2018; ALLEMAND; OSBORN, 2019; MARANGONI et al., 2017). In 

addition, at local scale, continental runoff are also a significant threat, which have the 

potential to severely reduce reef biodiversity (WEAR; THURBER, 2015). 

Continental runoff, such as rivers and submarine groundwater discharge (SGD), 

are essential sources of solutes to the coast due to their typically high concentrations 

of nutrients, organic matter (OM) and trace elements (CYRONAK et al., 2013a; 

PAYTAN et al., 2006).  SGD is defined as any and all water advection through 

sediments to the coastal ocean, regardless of fluid composition or driving forces 

(BURNETT et al., 2003), and is classified into two major kinds: Terrestrial groundwater 

and seawater recirculated through permeable beds, both regulated by several 

continental, marine and meteorological processes, and by biogeochemical reactions 

(BECK et al., 2015; IBÁNHEZ; ROCHA, 2014; IBÁNHEZ; ROCHA, 2017; LIU et al., 

2017; MOORE, 1999; NIENCHESKI et al., 2007; WANG et al., 2015).   

The significance of SGD as a solute transport vector to reef zones has been 

increasingly recognized by the scientific community during the last two decades. SGD 
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is commonly traced in the coast using radioisotopes (JIANG et al., 2021; TANIGUCHI 

et al., 2019). Radon (222Rn) and radium isotopes (223Ra, 224Ra, 226Ra and 228Ra) are 

natural tracers of SGD due to their constant emanation from minerals and sediments, 

which result in much higher radioisotope activities on groundwaters and porewaters 

compared to surface waters (BURNETT et al., 2003; 2006). 222Rn is a product of 226Ra 

decay and is widely used in SGD studies, mainly due to its easy and cost-effective 

determination, high solubility, and unreactive nature (JIANG et al., 2021; TANIGUCHI 

et al., 2019).  

The monitoring of SGD and rivers’ influence over reefs is extremely important 

especially in regions with high urbanization and intense land use (CARREÓN-PALAU 

et al., 2017; WU et al., 2013; YOUNG et al., 2015). The direct release of 

domestic/industrial sewage and wastewater into rivers, exacerbated in regions with low 

rates of water treatment, together with the indiscriminate use of fertilizers on land, 

which infiltrate in the soil reaching coastal aquifers, increase significantly solute 

transport to the coast associated to continental runoff, causing several environmental 

issues (BARROSO et al., 2018; GUENTHER et al., 2014).  

High loads of inorganic nutrients and OM can cause deleterious effects on 

coastal reefs, such as the decrease in oxygen concentration, eutrophication, coastal 

acidification, coral bleaching, decrease of the calcification capacity and community 

scale changes (CAI et al., 2011; DECARLO et al., 2020; WALLACE et al., 2014; 

WOLFF et al., 2018). The extent of these effects can be further intensified with 

seasonality due to continental runoff enhancement during the tropical rainy season 

(MICHAEL et al., 2005; SUGIMOTO et al., 2016; TAMBORSKI et al., 2017). 

In this study, we aimed to evaluate qualitatively the effects of seasonality over 

a tropical South Atlantic reef located in a marine protected area (MPA) and to identify 

the influence of continental water sources (rivers and SGD) on the reef’s environmental 

status. We used radon (222Rn) as a natural SGD tracer, and analyzed the pressure of 

continental sources over dissolved inorganic nutrients, chlorophyll-a (Chl-a) and the 

carbonate system within the studied reef.  

 

2 MATERIAL AND METHODS 

 

2.1 Site description  
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With an area of more than 400 km2, the Costa dos Corais is the Brazil’s largest 

coastal MPA. It was created to protect high density mangrove forests (PAIVA, 2017) 

and the biodiversity associated with its coastal reefs, in addition to supporting 

sustainable development through the creation of tourism, fishing, transitional and non-

taken zones (PMACC, 2013).  

The study area is a reef lagoon of ~23 km2, located in the northern Alagoas 

state between the Maragogi and Japaratinga municipalities (9°0'46.10"S, 

35°12'23.10"W to 9°5'48.76"S, 35°14'19.21"W; Figure 1). It is subject to a semi-diurnal 

mesotidal regime, with an average depth of 4-5 m, reaching maximum depths of up to 

10 m in the tidal channels within the reefs. This region is characterized by an inner and 

middle continental shelf covered by sand with high calcium carbonate (CaCO3) content 

(VALLE, 2018) due to the presence of corals such as Millepora sp., Mussismilia sp., 

and crustose coralline algae. The reefs are mainly composed by sandstone, 

predominantly covered by epilithic algae with coral aggregates, and are inhabited by a 

wide diversity of vertebrate and invertebrate species (FERREIRA; MAIDA, 2006; 

SILVEIRA et al., 2014).  

The climate is considered semi-humid tropical, with a rainy season between 

April and September, and a dry season from October to March. This coastal area 

receives about 60 thousand visitors each year (LINS, 2017), and has a correspondingly 

high development pressure and rising rates of human occupation (KASPARY, 2012); 

the population density is approximately 90 hab km-2 (IBGE, 2010). Sewage treatment 

is limited to a mean of 25.05% of the total domestic effluents in Maragogi and 

Japaratinga, reflecting the lack of planning and basic sanitation systems (IBGE, 2010; 

MASCARENHAS et al., 2005a, b).  

The reef lagoon receives the discharge of three coastal rivers: Paus River, 

Maragogi River and Salgado River (Figure 1). These are important sources of solutes 

to the reef lagoon, especially during the rainy season. The Salgado River has the 

largest drainage basin area (245.3 km²) and average runoff rate (396x103 m3 d-1) of 

the three (SEMARHN, 2005). 

 

The coastal aquifers located within the Maragogi and Japaratinga municipalities 

mainly originate from mangrove and riverine-lagoon deposits, composed mainly of fine 

and coarse sand, muddy sediments, and organic materials (MASCARENHAS et al., 

2005a, b). Groundwater is used by the local community and is accessed through more 
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than 50 public and private wells, not all of which have been licensed (MASCARENHAS 

et al., 2005a, b).  

 

Figure 1 – Map of the study area with the location of the sampling stations. Black squares indicate the 

sampling stations for surface seawater. Porewater (yellow) and river water (red) sampling stations are 

divided according to the region: northernmost (circles), central (squares) and southernmost (triangles) 

regions. 

 

Source: The author (2022). 

 

2.2 Sampling strategy and chemical analyses 

 

Monthly sampling campaigns were carried out between July 2018 and June 

2019 in the study area. Samples were always collected centered at the low tide period 

to obtain the highest continental influence in the lagoon. Porewater samples (n = 34) 

were taken with a piezometer buried at 1.5 m depth into the sand, collected with a 

manual water pump in three accessible locations at the shoreline (Figure 1). Water 

samples were stored for total alkalinity (TA), pH, nutrients, salinity, 222Rn and Radium 

(226Ra) analyses. Additionally, sediments samples (0.36 of porosity) were taken at 
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these same sites, weighed (~130 g), stored in 250 mL air-tight bottles and filled with 

222Rn-free water for measurements of sediment-porewater secular 222Rn equilibrium 

activities (CORBETT et al., 1998).  

Sampling stations for surface water (0.5 m depth) were distributed from the 

coastal rivers to the reefs (Figure 1). During low tide, samples were taken with a 2 L 

Niskin bottle and stored for subsequent TA, pH, nutrients, salinity, 222Rn and 226Ra 

analyses. Salinity, temperature, and depth measurements were obtained in situ with 

an RBR® C.T.D. 

222Rn-in-water (n = 181) was analyzed in 250 mL water samples by using a 

RAD7 radon monitor coupled with a RADH2O accessory (Durridge Company®), 

following the air-water exchange method in a closed system (BURNETT; DULAIOVA, 

2003). 226Ra activities were determined based on the ingrowth of 222Rn in aged 

samples, reanalyzing them after two months (i.e. after reaching secular equilibrium 

between 222Rn and 226Ra). The detection limit of our procedure was estimated at 36 

Bq m-3 through the analyses of regular blanks measured in 222Rn-free water (n = 24). 

222Rn in excess, i.e. that not supported by internal 226Ra decay (1), and the radon 

inventory (2) were calculated as: 

𝑅𝑛𝑒𝑥𝑐
222 = 𝑅𝑛𝑥𝑦  −  𝑅𝑎𝑥𝑦

226
                                                                                                                   (1) 

𝑅𝑛𝐼 = 𝑅𝑛𝑒𝑥𝑐  × (𝑧𝑥𝑦  + 𝑧𝜇)                                                                                                                       (2) 

where 𝑅𝑛𝑒𝑥𝑐
222  is the radon in excess (Bq m-3), 𝑅𝑛𝑥𝑦 is the measured radon 

activity (Bq m-3) and 𝑅𝑎𝑥𝑦
226  is the samples’ radium activity (Bq m-3). 𝑅𝑛𝐼 is the radon 

inventory (Bq m-2), 𝑧𝑥𝑦 is the local depth at low tide (m) and 𝑧𝜇 represent the mean tidal 

height (m). 

Water aliquots of 300 mL were used for the determination of carbonate system 

parameters and poisoned with 20 µL of mercury chloride (HgCl2) 0.5 N immediately 

after sampling to prevent biological activity. TA (n = 181) was measured by a 

potentiometric titration method (DICKSON et al., 2007) with hydrochloric acid (HCl) 0.1 

N, using the Apollo SciTech® automatic titrator in open cell with an analytical error of 

1.03 µmol kg-1. pH (total scale; n = 181) was analyzed by a spectrophotometric 

methodology (DICKSON et al., 2007), using the indicator dye m-purple (C21H18O5S) 

~2 mmol L-1, with an analytical error of 0.008. Certified Reference Materials (CRM, 

Batch 144), from Scripps Institution of Oceanography, San Diego (USA), were used 

for the calibration and validation of the carbonate chemistry analyzes. The aragonite 
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saturation state (Ωar) was then calculated using the CO2SYS v2.1 code from 

temperature, salinity, TA and pH values, where values over 1 represent a saturated 

status (FEELY et al., 2004; ZEEBE, 2012).  

All samples for dissolved inorganic nutrients (n = 181) and Chl-a (n = 117) 

determinations were analyzed following spectrophotometric methods. Dissolved 

inorganic phosphorus (DIP) and dissolved silicate (DSi) were measured according to 

Grasshoff et al. (1983). Nitrate (NO3
-) and nitrite (NO2

-) were analyzed following 

García-Robledo et al. (2014), and ammonium (NH3 + NH4
+) was analyzed according 

to Bower and Holm-Hansen (1980). Dissolved inorganic nitrogen (DIN) values were 

obtained from the sum of NO3
-, NO2

- and NH3 + NH4
+ concentrations. Chl-a was 

analyzed according to the UNESCO (1966) method.  

Dissolved oxygen was determined by the modified Winkler method 

(STRICKLAND; PARSONS, 1972). The trophic state was then estimated using the 

TRIX index (VOLLENWEIDER et al., 1998), calculated from dissolved oxygen saturation 

(DO%; UNESCO, 1973), DIP, DIN and Chl-a values, and samples were classified 

according to Table 1. 

 

Table 1 – Trophic state classification of aquatic ecosystems based on the TRIX index.  

 TRIX Trophic state 

0 ≤ 4 Oligotrophic 

> 4 ≤ 5 Mesotrophic 

> 5 ≤ 6 Eutrophic 

> 6 Hypereutrophic 

Source: Vollenweider et al. (1998). 

 

2.3 Publicly available data  

 

The monthly rainfall rate in Maragogi during the sampling period was obtained 

from the Alagoas State Secretariat for the Environment and Water Resources 

(SEMARHN) dataset and the historical data (1993 to 2019) from the Pernambuco 

Water and Climate Agency (APAC). For the classification of surface water quality of 

the local rivers we used the weekly reports of the Environmental Institute of Alagoas 

(IMA). These reports define water quality for recreational use as “good” when ≥ 80% 

of the samples taken in one of the previous five weeks do not exceed 800 of the most 
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probable number (MPN) of Escherichia coli per 100 mL, and as “bad” when these 

reasons are not complied or when the samples present in the last week an MPN 

greater than 2000.  

 

2.4 Data analysis 

 

Since our data set did not present normality and homoscedasticity, even after 

different transformations, non-parametric tests were used. PERMANOVA was used to 

test for significant differences in the dataset (222Rnexc, salinity, DIN, DIP, DSi, TA and 

pH) between seasons (rainy and dry) and sources (reefs, rivers and porewaters). 

Seasonal variations of each measured parameter were tested by using Kruskal-Wallis 

variance analysis, with significance level set at P < 0.05.  Principal Components 

Analysis (PCA) was created with normalized units and a varimax rotation method. 

Correlations among parameters were explored with the Spearman test, also with a 

significance level set at P < 0.05.    

 

3 RESULTS 

 

3.1 Reef lagoon 

 

3.1.1 Hydrological data and trophic status  

 

Rainfall during the studied period was seasonally different (P < 0.05), registering 

a mean of 139.75 ± 112.84 mm per month during the rainy season and 68.48 ± 65.45 

mm per month during the dry season (Figure 2). August 2018 and February, March 

2019 recorded values significantly lower than the monthly historical means (P < 0.05). 

January 2019, on the other hand, registered higher rainfall than the mean historical 

records (P < 0.05). 
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Figure 2 – Monthly (gray bar) and historical (black bar) rainfall during the studied period. 

 

Source: The author (2022). 

 

Salinity values decreased towards the coast and presented seasonal 

differences (P < 0.05, Figure 3a, b), registering a negative correlation with rainfall 

during the rainy season (rs = 0.63, P < 0.05). Chl-a inversely followed the salinity 

variation (P < 0.05, Figure 3c, d), similarly to other transitional water ecosystems (e.g., 

IBÁNHEZ et al., 2019; SILVA et al., 2019), with mean values of 1.03 ± 0.97 mg m-3 and 

0.53 ± 0.5 mg m-3 in the rainy and dry season, respectively. 

 

Figure 3 – Mean salinity (a, b) and Chl-a (c, d) distributions during the rainy (left) and dry season 

(right). 

      

Source: The author (2022). 
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DSi was the most abundant nutrient, with a general mean of 11.41 ± 15.58 µmol 

L-1 and followed the Chl-a distribution during the rainy season (rs > 0.5, P < 0.05), 

positively correlated with rainfall (rs > 0.4, P < 0.05) and negatively with salinity (rs > 

0.3, P < 0.05). DIP and DIN showed maximum values of 0.94 µmol L-1 and 5.94 µmol 

L-1 during the rainy season.  

Regarding the trophic status of the reef lagoon, the calculated TRIX index 

showed seasonal differences (P < 0.05, Figure 4a, b), increasing values shoreward 

with values generally below or equal to 4. Nevertheless, in June 2019, November 2018 

and especially July 2018 values over 5 were registered next to the Salgado River 

mouth (Apêndice A, Figure 1). 

 

Figure 4 – Mean TRIX distribution during the rainy (a) and dry season (b). 

 

Source: The author (2022). 

 

3.1.2 Carbonate system  

 

Carbonate system parameters, TA and pH, presented significant positive 

correlation with salinity (rs > 0.5, P < 0.05), following its spatial and seasonal variations. 

TA registered a mean of 2305 ± 117 µmol kg-1 in the rainy season (Figure 5a) and of 

2354 ± 82 µmol kg-1 (Figure 5b) in dry season, with the values increasing seaward. pH 

presented a general mean of 8.017 ± 0.041 (Figure 5c). 
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Figure 5 – TA mean distribution during the rainy (a) and dry season (b) and general mean of pH (c). 

 

Source: The author (2022). 

 

3.1.3 Radon in water 

 

The 222Rnexc activities presented a general mean of 26.78 ± 42.25 Bq m-3 (Figure 

6), with a maximum of 197 Bq m-3 registered shoreward during the rainy season. The 

values presented significant positive correlations with rainfall (rs = 0.33, P < 0.05) and 

Chl-a (rs = 0.30, P < 0.05) during the rainy season.  

 

Figure 6 – General mean 222Rnexc activities in the lagoon. 

 

Source: The author (2022). 
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The first two factors of the PCA employed with measured variables that 

presented significant correlations (P < 0.05) and rs > 0.7, explained 60.1% of the total 

variance (Figure 7). PCA factor 1 explained 35.9% of variation with salinity as the most 

significant variable, positively correlated with pH and TA, and negatively correlated with 

DSi. PCA factor 2 explained 24.2% with rainfall as the most significant variable, 

positively correlated with 222Rnexc and Chl-a. These results suggest that the carbonate 

system is mainly controlled by mixing processes, while nutrients and Chl-a are primarily 

linked to continental runoff and precipitation levels. 

 

Figure 7 – PCA results showing the scores of each variable along the first two factors. 

 

Source: The author (2022). 

 

3.2 Shoreline porewaters and riverine waters 

 

The seasonal mean values of the chemicals determined in the sampled rivers 

and porewaters are summarized in Table 2. 222Rnexc, salinity, DIP, TA and pH varied 

significantly between seasons in the sampled rivers (P < 0.05). The Salgado River was 

the most different in comparison with the others (P < 0.05), registering the highest 

222Rnexc activities and DIN concentrations, and the lowest salinity, TA and pH values.  

Porewater chemical parameters presented significantly higher values compared 

to the sampled rivers (P < 0.05), except for pH, DIP and DSi. The maximum values 

were found especially at the central porewater station, which recorded general 

averages of 1742.81 ± 1339.14 Bq m-3, 4183 ± 771.36 µmol kg-1 and of 7.48 ± 6.36 

µmol L-1 for 222Rnexc, TA and DIN respectively. PERMANOVA analysis showed that 
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considering the set of abiotic parameters, porewaters, rivers and reefs were 

significantly different from each other during all the studied period (P < 0.05, Apêndice 

A, Table 1), and only reefs and rivers were affected by seasonality (P < 0.05, Apêndice 

A, Table 2).  

 

Table 2 – Seasonal mean and standard deviation (±) of key parameters determined in this study in 

samples taken from rivers and porewaters. Different superscript letters mean significant seasonal 

differences (P < 0.05).  

 Rivers  Porewaters  

 Dry (n = 16) Rainy (n = 14) Dry (n = 17) Rainy (n = 17) 

222Rnexc (Bq m-

3) 

242.50 ± 

174.34a 

479.22 ± 

312.49b 

874.11 ± 

956.50a 

765.71 ± 

1143.85a 

Salinity 11.65 ± 8.98a 3.38 ± 3.50b 32.93 ± 3.11a 30.40 ± 4.94a 

TA (µmol kg-1) 1181.02 ± 

591.60a 

614.4 ± 

319.47b 

3167.08 ± 

749.52a 

3782.41 ± 

1038.41a 

pH 6.792 ± 0.35a 6.329 ± 0.29b 7.348 ± 0.150a 7.338 ± 0.102a 

DIN (µmol L-1) 2.79 ± 2.75a 2.89 ± 1.94a 3.74 ± 3.01a 5.24 ± 6.23a 

DIP (µmol L-1) 0.40 ± 0.28a 0.78 ± 0.61b 0.62 ± 0.78a 1.30 ± 1.38a 

DSi (µmol L-1) 135.85 ± 

96.23a 

153.03 ± 61a 78.61 ± 45.38a 114.52 ± 56.69a 

Source: The author (2022). 

 

The high salinity registered in most of the reef samples and their low 222Rnexc 

activities (Figure 8a) contrasted with those measured in the rivers and porewaters 

(Figure 8b). In addition, sediment porewater equilibrium 222Rn activities were 

significantly lower (P < 0.05) than those measured in the porewaters and rivers’ 

samples (Figure 8), and above all the reefs’, showing a mean of 174 ± 185 Bq m-3. 
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Figure 8 – Salinity vs 222Rnexc in the different water masses sampled. (a) Rivers (blue) and reefs 

samples (red) versus salinity, (b) and together with porewater (black). Colored ellipses mean 90% of 

the samples’ coverage. Solid horizontal line represents the sediment 222Rnexc equilibrium activities. 

 

Source: The author (2022). 

 

4 DISCUSSION 

 

Rainfall and continental runoff in tropical coastal zones can significantly 

influence regional biogeochemical cycles (RUBIO-CISNEROS et al., 2018). Rainy 

seasons are characterized by high land-ocean nutrients and OM fluxes, with high 

volumes of freshwater recharging surface and underground water transport pathways 

which, in turn, increase their discharge to adjoining reef systems (GASPAR et al., 2018; 

SILVA et al., 2009; TAILLARDAT et al., 2020).  

We observed lower shoreward salinity values, probably attributable to the 

contribution of the Salgado River (which has the highest runoff in comparison with the 

other rivers of the study site) during the wet season (CORDEIRO et al., 2018; JALES 

et al., 2012; SEMARH, 2005). This riverine input of continental water and solutes can 

influence the local primary productivity by regulating the abundance and distribution of 

the phytoplankton community (PASSOS et al. 2016), as suggested by the Chl-a 

distribution measured in the studied reef lagoon (Figure 3 c, d). 
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The strong significant correlations found between Chl-a, DSi, rainfall and salinity 

in the reef lagoon suggest that primary producers are dominated mainly by diatoms 

and fed by the continental delivery of DSi (MELO et al., 2013; SILVA et al., 2009). This 

group of microalgae is abundant in tropical coastal areas and uptake silica (Si(OH)4) 

for their cell’s walls construction, supported by continental runoff which is a significant 

source of this nutrient, especially during the rainy season (CORDEIRO et al., 2018; 

FERREIRA et al., 2015). 

Trophic status in the reef lagoon varied mainly from mesotrophic to oligotrophic 

(Figure 4), shoreward to seaward respectively, with Chl-a and nutrients concentrations 

similar to other tropical reefs considered non-impacted (BARROSO et al., 2018; JALES 

et al., 2012; PINHEIRO et al., 2016). Nevertheless, attention must be given to the area 

influenced by the Salgado River, which punctually during the rainy season presented 

eutrophic conditions, such as those registered in July 2018 (Apêndice A, Figure 1).  

In addition to the high DIN concentrations registered, the Salgado River 

presents poor water quality almost throughout the year (Apêndice A, Figure 2), 

indicating its contamination with domestic effluents (MARQUES et al., 2019; RUBIO-

CISNEROS et al., 2018; WHO, 2003). An average amount of 290 m3 d-1 of raw sewage 

and effluents from the local water treatment plants are released into the sampled rivers 

(SNIRH, 2015). Although this inflow of anthropogenic discharges represents less than 

1% of the total riverine water transport (SEMARH, 2005), they seem enough to cause 

significant impacts on the reef area near the river mouth, especially during the rainy 

and touristic seasons, by significantly increasing riverine nutrient transport (LINS, 

2017). 

This is an increasing problem representing a threat to the reef lagoon by 

enhancing inorganic nutrient concentrations and stressing the reefs’ health, promoting 

the proliferation of coral diseases, increasing their susceptibility to bleaching and rising 

the local trophic status (CARREÓN-PALAU et al., 2017; GUENTHER et al., 2015; 

MARRETO et al., 2017; SHTEREVA et al., 2015). Maragogi and Japaratinga 

municipalities present almost 50% of their land surface occupied by industrial 

agriculture, which is also associated to the input of nutrients into coastal waters due to 

the indiscriminate use of fertilizers (IBGE, 2010; KASPARY, 2012; LINS, 2017).  

TA and pH values registered in the reef lagoon indicate good conditions for the 

survival of calcifying organisms (Figure 5), similar to other tropical reefs (CYRONAK et 

al., 2018; ENOCHS et al., 2019; TAKESHITA et al., 2018). Shoreward, these 
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parameters are strongly influenced by the rainfall regime and riverine transport through 

saltwater and freshwater mixing processes, highlighted close to the Salgado River. 

Besides, the calcifying and primary producer organisms on the reefs can also influence 

the TA and/or pH values through net community calcification (NCC) and production 

(NCP), which daily regulates calcium carbonate (CaCO3) and CO2 consumption 

(MUEHLLEHNER et al., 2016; PINHEIRO et al., 2016; TAKESHITA et al., 2018).  

In addition to the rivers, SGD can also be a significant transport pathway of 

terrestrial solutes to the coast (ARANDACIREROL et al., 2006; LEOTE et al., 2008; 

LUO et al., 2014; SZYMCZYCHA et al., 2012; WU et al., 2013). In our study area, 

sampled porewaters presented mostly marine salinity and the highest recorded 

222Rnexc values (Table 2, Figure 8), especially in the central station, which were well 

above those supported by the local sediments and rivers, indicating that neither can 

explain these activities. Therefore, this suggests an external source of 222Rnexc to the 

porewaters, i.e. terrestrial groundwaters (HEISS; MICHAEL, 2014; PETERMANN et 

al., 2018).  

As commonly found elsewhere, local terrestrial groundwaters are enriched in 

222Rn compared to surface waters (> 104 Bq m-3 in the studied area; IBÁNHEZ 

unpublished data; PAIVA; NIENCHESKI, 2018). Nevertheless, periodic salt 

accumulation in intertidal permeable sediments due to evaporation (GENG et al. 2016) 

together with a relatively low continental groundwater contribution to the overall SGD 

(ROBINSON et al. 2007) can mask the continental salinity signal in the porewaters, 

which could explain the lack of a clear correlation between salinity and 222Rnexc in these 

samples. 

Within the reef lagoon, 222Rnexc values in the nearshore samples showed a 

general enrichment (Figure 6). Assuming that the lagoon is vertically well-mixed, 

222Rnexc inventories in the nearshore exceeded 103 Bq m-2. Diffusive transport of 

222Rnexc originated from the sediment, calculated after Martens et al. (1980) and using 

the diffusion coefficient of 222Rn in water presented by Schubert and Paschke (2015), 

would never exceed 12 Bq m-2 d-1 at our site. Therefore, these higher 222Rnexc 

inventories shoreward are likely originated from the advection of 222Rn-rich porewaters, 

primarily driven by positive inland hydraulic gradients and tidal pumping (SANTOS et 

al. 2012). 

The positive correlations of 222Rnexc with Chl-a and rainfall in the reef lagoon 

suggest that SGD is a potential source of nutrients to the lagoon (Figure 7), which 
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enhances the local biomass and productivity, particularly during the rainy season (LEE 

et al., 2010; LUO et al., 2014; SU et al., 2012). DSi was the nutrient with the highest 

values in the sampled porewaters, followed by DIN. The dominant form of DIN was 

NH3 + NH4
+, indicative of reducing conditions within the sediment (1.5 m depth), which 

can be originated from fertilizer and wastewater leakage, NO3
- reduction, OM 

remineralization, and the lack of oxygen would limit the nitrification process, thus 

accumulating NH3 + NH4
+ in the porewaters (CALVO-MARTIN et al. 2021; IBÁNHEZ 

et al., 2017; SLOMP; CAPPELEN, 2004;). Furthermore, under reducing conditions, 

phosphate is generally mobilized (GRIFFIOEN, 2006; SLOMP; CAPPELEN, 2004).  

The N:P mean ratio in the sampled porewaters was 13.83 ± 19.08, however, the 

central porewater station registered the highest DIN concentrations and a N:P ratio of 

27.68 ± 24.45 during the rainy season. Other studies showed that N:P ratio in 

groundwater and porewater is commonly higher than the Redfield ratios, and this is 

generally associated with highly urbanized watersheds and aquifers impacted by 

fertilizers (KIM et al., 2008; LAPOINTE et al., 1997; LIU et al., 2018; PAVLIDOU et al., 

2014). The high N:P ratios of SGD can increase the water trophic status of the reef 

lagoon and cause significant changes in the phytoplankton community composition 

there, e.g., favoring micro and nanoplankton, and harmful microalgae proliferation 

(RENGARAJAN; SARMA, 2015; SU et al., 2012). 

Besides nutrients, the reef carbonate system can also be influenced by SGD. 

Studies indicate that this source of solutes can act as positive feedback to acidification 

(CYRONAK et al., 2014; WANG et al., 2014; 2018) and/or increase the buffer capacity 

of surface waters (CYRONAK et al., 2013a, b). The local dominance of these 

antagonistic effects depends on different processes such as sediment carbonate 

dissolution rates, organic carbon concentration, rainfall, porewater residence times, 

temperature, net community production (NCP) and benthic calcification (LIU et al., 

2014).  

TA concentrations recorded in the porewaters were ~1000 µmol kg-1 higher than 

in surface waters, especially in the central site, similar to other systems (CYRONAK et 

al., 2013a; 2014; LIU et al., 2014). These values can be explained by bicarbonate 

(HCO3
-) release during OM remineralization (SANTOS et al., 2012) and mainly by 

carbonate (CO3
2-) dissolution from coastal carbonate rocks and sediments, which are 

dominant in the study area.  



39 

 

Concurrently, the low pH values registered in the sampled porewaters 

characterize an environment with high respiration and consequently high pCO2 

concentrations (WANG et al., 2018), which can decrease the Ωar of the lagoon after 

discharge, as suggested by the negative correlation of 222Rnexc and Ωar (rs = -0.28, P 

< 0.05) in the rainy season. This represents an important transport of CO2 to the reef 

system that overcomes the TA input associated with SGD, acting as a positive 

feedback to acidification (CYRONAK et al., 2014; WANG et al., 2014; 2018). 

Nevertheless, this potential harmful impact of SGD on the carbonate system of the reef 

lagoon seemed very limited as Ωar within the lagoon remained at high levels throughout 

the period of study (Apêndice A, Figure 3). Further studies aiming to evaluate the 

diurnal variations of these parameters integrated with SGD transport estimations are 

needed to verify this assumption. 

 

5 CONCLUSIONS 

 

The studied reef lagoon presents conditions that in general favor biological 

activities, such as calcification and photosynthesis, with oligotrophic to mesotrophic 

conditions throughout the year. The spatial and seasonal amplitude of surface salinity 

and its correlations with most of the analyzed parameters showed that the contribution 

of the continental runoff studied here, mainly the rivers, is a determining factor for the 

transport and distribution of solutes within the lagoon, especially during the rainy 

season. 

The rivers show an important contribution to the carbon biogeochemistry and 

primary production of the site, especially nearshore and during the rainy season, when 

their discharges are higher. However, signs of anthropogenic pressures, such as the 

high dissolved inorganic nutrients concentrations due to the release of untreated 

effluents were mainly identified in the vicinity of the Salgado River, and this is a threat 

to the health of the adjacent reefs by increasing the local trophic status.  

The 222Rnexc activities in the reef lagoon suggest that SGD has a measurable 

impact over the lagoon water’s composition near the shoreline. 222Rnexc correlations 

with rainfall and Chl-a suggest that SGD is a source of nutrients that can punctually 

drive primary production nearshore during the rainy season. Porewaters also showed 

an important spatial variability of the N:P ratio that can potentially affect the community 

structure of primary producers in surface waters and the reef metabolism.  
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The distance from the shore, low riverine discharges, and oceanographic 

factors, such as tidal dilution, coastal currents and water residence may maintain good 

conditions for the reefs throughout the year. However, current threats on a global and 

local scale, such as global warming, ocean acidification, growing urbanization and the 

flexibilization of environmental public policies, could increase the adverse impacts of 

continental runoff over the reef.  
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3 ARTIGO 2 – REEF METABOLISM AND CARBON CHEMISTRY RESPONSES 

TO AN IN SITU ARTIFICIAL ALKALINIZATION EXPERIMENT 

 

1 INTRODUCTION 

 

Coral reefs are one of the main marine ecosystems in terms of biodiversity, 

productivity, connectivity with other environments and social-economical aspects 

(ALLEMAND; OSBORN, 2019; BURKE et al., 2011; HILMI et al., 2019; HOEGH-

GULDBERG et al., 2019). However, this habitat is also extremely vulnerable to several 

kinds of impacts on multiple scales. According to the Intergovernmental Panel on 

Climate Change (IPCC) global coral reefs will be almost vanished by the end of this 

century, especially due to climate changes impacts, such as ocean acidification (OA) 

(ANDERSSON et al., 2018; HUGHES et al., 2018; IPCC, 2021; KLEYPAS et al., 2011; 

PENDLETON et al., 2016). 

The OA is characterized mainly by the decrease of the global ocean pH and 

carbonate (CO3
2-) concentration, caused by the reactivity between the high levels of 

anthropogenic CO2(atm) and seawater, which results in a disequilibrium of the marine 

carbon chemistry (FEELY et al., 2009; GRUBER et al., 1996; SABINE et al., 2004).This 

process had caused a decline in more than 0.1 of the mean ocean pH from the 

beginning of the industrial period until the present day and decreased surface calcium 

carbonate saturation (Ωar) by 1 unit from 1800 to 2002. These changes have caused a 

significant decline in the net community calcification (NCC) of coral reefs and increase 

in calcifying organisms’ mortality (ALBRIGHT et al., 2018; ANDERSSON et al., 2011; 

BATES et al., 2010; DOO et al., 2019; SHAW et al., 2015).  

With the aim to avoid catastrophic future scenarios, decreasing anthropogenic 

CO2 concentrations on the atmosphere and ocean is considered in most of the national 

and international plans for ocean and marine ecosystems health, conservation, and 

sustainability, such as the United Nations Decade of Ocean Science for Sustainable 

Development 2021-2030 and the Brazilian National Plan for Adaptation to Climate 

Change – PNA. These plans present the generation of comprehensive knowledge and 

understanding of the ocean, and the establishment of a carbon chemistry monitoring 

network among the main ways of reducing OA impacts (PNA, 2015).  

Although still very scarce, scientists have been also studying tools to reduce OA 

effects through adaptation and mitigation methods (ALBRIGHT et al., 2016; BURNS; 
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CORBETT, 2020; FENG et al., 2016; 2017; LENTON et al., 2018). Adaptation 

techniques use ecological mechanisms to increase reefs’ resilience or to adjust to the 

present impacts, such as by physical reef restoration, coral gardening, and the creation 

of a Marine Protected Area (MPA) (ALBRIGHT; COOLEY, 2019; BILLÉ et al., 2012; 

ROSADO et al., 2018). While mitigation techniques act on removing CO2 from the 

atmosphere or ocean, e.g., through phytoremediation, with the use of aquatic plants, 

and through chemical remediation, also found as artificial ocean alkalinization (AOA) 

or coastal ocean alkalinization (COA), by buffering the products from the reaction 

between CO2 and seawater (BERGSTROM et al., 2019; GONZÁLES; ILYINA, 2016).   

Modeling studies indicate that chemical remediation is a promising technique 

that could protect marine biota from OA impacts and be a considerable carbon dioxide 

removal (CDR) through alkalizing agents, e.g., olivine, calcium carbonate (CaCO3) and 

sodium hydroxide (NaOH) (FENG et al., 2016; 2017; LENTON et al., 2018). 

Nevertheless, these methods and their side effects are still poorly known, especially 

considering experimental tests with multiple variables (ALBRIGHT; COOLEY, 2019). 

There is only one case study in the world, which was done in an oceanic reef flat, that 

used a chemical remediation method in situ to quantify the net calcification responses 

to the addition of a NaOH solution, and obtained positive results, such as an increase 

in NCC and Ωar levels (ALBRIGHT et al., 2016).  

In this study we evaluated and compared the responses of the reefs’ metabolic 

pulse and carbon chemistry parameters in the present natural conditions and in a pre-

industrial pH scenario, through an in situ alkalinization experiment. This experiment 

was applied in a tropical South Atlantic coastal reef, located in an MPA, and our 

working hypothesis was that the carbonate system would be significantly different 

between the scenarios, so we expected to see an increase of Ωar and calcification 

potential in pre-industrial conditions in comparison to the present conditions.  

 

2 MATERIAL AND METHODS 

 

2.1 Study area 

The study site is a sandstone reef flat located in Japaratinga, state of Alagoas, 

Brazil (9°6'55.49"S, 35°15'28.39"W) and it is part of the Costa dos Corais MPA, which 

is Brazil’s largest coastal MPA. This reef is 1 km away from the coast and is covered 

by mollusks, zoanthids and, corals, such as Zoanthus sp. and Palythoa sp., and 
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especially by the calcareous algae Halimeda sp (AUED et al., 2018). Japaratinga’s 

reefs are one of the main sources of income for the local community through fishing 

and touristic activities (IBGE, 2010).   

 

2.2 Experimental strategy 

 

The experimental strategy followed the setup developed by Albright et al. 

(2016), which is based on the addition of an alkaline solution mixed with seawater and 

a tracer dye into the study area. The experiment was carried out from May 23rd to June 

5th, 2021 (except June 3rd and 4th), and daily, during daytime before the low tide (Table 

1), an inflatable pool with a total volume of 7 m3 (Apêndice B, Figure 4) was filled with 

seawater by using three well pumps of 5 m3 h-1 (Apêndice B, Figure 5), each connected 

to a truck battery and a current inverter, stored in a watertight box (Apêndice B, Figure 

6). 

 

Table 1 – Predicted low tide height (m) and time (hours:minutes) during the experiment period. 

Date Low tide (m) Time 

05/23/2021 0.3 07:17 

05/24/2021 0.2 08:06 

05/25/2021 0.1 08:54 

05/26/2021 0.0 09:30 

05/27/2021 0.0 10:26 

05/28/2021 0.1 11:15 

05/29/2021 0.2 12:08 

05/30/2021 0.3 13:02 

05/31/2021 0.5 14:04 

06/01/2021 0.5 15:11 

06/02/2021 0.6 16:23 

06/05/2021 0.6 06:54 

Source: The author (2022). 

 

The experiment was divided according to the treatment, on control days (n = 6), 

where only the tracer dye was added into the pool, and on alkaline days (n = 6), 

represented by the addition of the dye + a NaOH solution (Figure 1). The tracer dye 
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used was the rhodamine WT (water tracer), which is a non-reactive and non-toxic 

compound, and every day, 10 mL of the rhodamine WT concentrated solution (20%) 

was diluted in 250 mL of distilled water and added to the pool (Apêndice B, Figure 4). 

Only during alkaline days, 700 mL of a NaOH ~ 10 M solution was introduced into the 

pool and mixed for about 30 minutes with the aim to increase the pH values and 

dissolve brucite (Mg(OH)2) minerals formed by the reaction of seawater with the NaOH. 

These mixed solutions were daily sampled for further chemical analyses, and a tarp 

was used to cover the pool and avoid exchanges with the atmosphere during the 

process.   

 

Figure 1 – Experimental period, dividing control (pink) and alkaline (blue) days. 

 

Source: The author (2022). 

 

2 transects of 12 m were pre-established considering the unidirectional daily 

flow of the seawater, one upstream of the reefs’ edge and the other 18 m away, 

totalizing an area of 216 m2, and each one with 6 sampling stations defined to cover 

the dye plume gradient (Figure 2). During the predicted time of the low tide (Table 1), 

the mixed solution from the control (seawater + dye) and alkaline days (seawater + 

dye + NaOH) was pumped onto the reef system until the dye plume reached both 

transects and the pool was empty (~ 30 minutes), with the sampling starting 

immediately after it. It was taken samples for nutrients, chlorophyll-a (Chl-a), carbonate 

system, dissolved oxygen (DO) and rhodamine WT analyses, and an RBR® C.T.D was 

used for obtaining in situ temperature, salinity, and depth values.  
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Figure 2 – Study area location and experimental strategy. 

 

Source: The author (2022). 

 

2.3 Chemical analyses and metabolism estimation 

 

For the determination of carbonate system parameters, samples were poisoned 

with mercury chloride (HgCl2) 0.5 N after the sampling to prevent biological activity and 

kept in a thermostat bath at 25ºC before their analyses. TA (n = 154) was measured 

by a potentiometric titration method (DICKSON et al., 2007) with hydrochloric acid 

(HCl) 0.1 N, using the Apollo SciTech® automatic titrator in open cell with an analytical 

error of 1.15 µmol kg-1. pH (n = 154) was analyzed by a spectrophotometric 

methodology (DICKSON et al., 2007), using the indicator dye m-purple (C21H18O5S) ~ 

2 mmol L-1 with an analytical error of 0.006. Certified Reference Materials (CRM, Batch 

171), from Scripps Institution of Oceanography, San Diego (USA), were used for the 

calibration and validation of these methods. The aragonite saturation state (Ωar), 

Revelle Factor and total dissolved inorganic carbon (CT) were calculated using the 

CO2SYS v2.1 code through temperature, salinity, TA, and pH values (FEELY et al., 

2004; ZEEBE, 2012).  

The balance between net organic carbon metabolism or net community 

production (NCP) and net inorganic carbon metabolism or NCC was determined by the 

regression between TA and CT, where slopes’ values close to 0 indicate the 

predominance of NCP, ~ 1 represents the NCP:NCC equilibrium and approached to 2 
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is an NCC dominance (CYRONAK et al., 2018). The net calcification potential or TA 

anomaly (ΔTA) was estimated by using Silva et al. (2021) dataset from the offshore 

stations, considering the differences in TA concentrations between the reefs and the 

adjacent open ocean (CYRONAK et al., 2018), where negative and positive values 

represent TA depletion and repletion respectively.   

Rhodamine WT concentrations were determined by a colorimetric analysis. 

Samples were kept in a temperature-controlled water bath at 25ºC to reduce 

temperature errors in the fluorescence, and a standard of rhodamine WT 400 ppb was 

diluted to 0, 4.5, 9, 18, 36, 72, 144 ppb to create a curve for the measurement in the 

Ocean Optics® spectrophotometer. Values were then normalized to the mean salinity 

of 35.84.  

All the samples for Chl-a (n = 20) and dissolved inorganic nutrients (n = 20) were 

analyzed by colorimetric methods in the Cary 100® UV-vis spectrophotometer. Chl-a 

was analyzed according to UNESCO (1966), which is based on the pigment extraction 

from the filter by using acetone (C3H6O) 90%. Nitrate (NO3
-) and nitrite (NO2

-) were 

analyzed following García-Robledo et al. (2014), and ammonium (NH3 + NH4
+) was by 

Bower and Holm-Hansen (1980). Dissolved inorganic nitrogen (DIN) values were 

obtained from the sum of NO3
-, NO2

- and NH3 + NH4
+ concentrations. Dissolved 

inorganic phosphorus (DIP) and dissolved silicate (DSi) were measured according to 

Grasshoff et al. (1983). DO was analyzed following Winkler’s modified method 

(STRICKLAND; PARSONS, 1972). 

 

2.4 Data analysis 

 

Non-parametric tests were applied since our dataset did not present normality 

and homoscedasticity. To verify differences among treatments it was used the Kruskal-

Wallis variance analysis, by grouping all results from the sampling stations and 

comparing each analyzed parameter (TA, pH, Ωar, rhodamine WT and NCP:NCC) 

between control and alkaline days, with a significance level set at P < 0.05. 

Correlations among measured variables were determined with the Spearman test, also 

with a significance level set at P < 0.05. Golden Software Surfer® v.8 was used for 

creating the distribution maps and JMP Software® for the box plot.    
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3 RESULTS 

 

The results showed that the rhodamine WT distribution was not significantly 

different between treatments (P > 0.05), with higher values upstream of the reef, 

decreasing downstream the transect (Figure 3a, b), and positive correlations with pH 

and TA only during alkaline days (rs > 0.28, P < 0.05). In these days, pH values were 

significantly higher (P < 0.05) than in controls’, registering an average of 8.237 ± 0.095 

(Figure 3d), while in natural conditions, presented a general mean of 8.059 ± 0.059 

(Figure 3c), and positive correlations with salinity (rs = 0.78, P < 0.05) and TA (rs = 

0.25, P < 0.05). For TA, there was a significant mean increase of 205.27 µmol kg-1 

between treatments (P < 0.05), with the alkaline days registering the highest TA 

concentrations (Figure 3f).  

 

Figure 3 – Mean rhodamine WT (a, b), pH (c, d) and TA (e, f) distribution during control (left side) and 

alkaline days (right side). 

 

Source: The author (2022). 

 

The local ΔTA varied from -135.43 µmol kg-1 on the first control day to 454.95 

µmol kg-1 on alkaline days (Figure 4), based on the mean TA value of the offshore 

region adjacent to our study area, that is 2375.02 µmol kg-1 (SILVA et al., 2022). ΔTA 
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also followed the salinity values (rs = 0.68, P < 0.05), ranging values from 34.24 to 

36.90 along the days (Figure 4). 

 

Figure 4 – Salinity and ΔTA box plots variation along the days. Box plots show the mean and standard 

deviation values. Dashed line represents the ΔTA value of 0 and the colors are respective to the 

treatments, alkaline (blue) and control (red). 

 

Source: The author (2022). 

 

The NCC:NCP balance presented significant changes between control and 

alkaline days (P < 0.05). In natural conditions, the studied reef registered TA:CT slopes 

that varied from 0.39 to 1.11, with a mean of 0.87, representing an equilibrium of 

organic and inorganic carbon production, that followed the low pH variability throughout 

the days (Figure 5). While during alkaline days, the NCC metabolism was the most 

representative due to the slopes’ values > 2, which crossed the pH isolines (Figure 5). 

 

Figure 5 – TA-CT regressions according to treatment, control (circles) and alkaline days (triangles). 

Colored contour and isolines are the pH variation. 

 

Source: The author (2022). 
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Ωar followed pH and TA distribution and their correlations. During the control 

days, it was registered a general mean of 4.13 ± 0.54 (Figure 6a), significantly lower 

than on alkaline days (P < 0.05), which presented an average of 6.21 ± 1.22, with the 

values varying from 3.41 to 8.43 (Figure 6b). This represents an increase of more than 

50% between treatments. For the Revelle factor, the values significantly decreased 

between control and alkaline days, registering a respectively mean of 8.97 ± 0.58 

(Figure 6c) and 7.81 ± 0.56 (Figure 6d). 

 

Figure 6 – Mean Ωar (a, b) and Revelle factor (c, d) distribution during control (left side) and alkaline 

days (right side). 

 

Source: The author (2022). 

4 DISCUSSION 

 

The dynamic of TA is regulated by several physical, chemical and biological 

factors that can change in diel, temporal, and spatial scales, e.g., by reef metabolic 

rates, water residence time, and continental runoff influence (ALBRIGHT et al., 2013; 

PAGE et al., 2016; SHAW et al., 2015). TA concentrations registered here on the 

alkaline treatment were higher than those from Albright et al. (2016) experiment, and 

this is especially due to the latitudinal differences in meteorological and oceanographic 

factors, such as precipitation and the higher sea surface salinity and temperature in 

South Atlantic compared to South Pacific (BROULLON et al., 2019; FINE et al., 2017; 

LEE et al., 2006). While in natural conditions, pH and TA values were similar to other 

tropical reefs considered non-local impacted (BARROSO et al., 2018; PINHEIRO et 
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al., 2016; SILVA et al., 2022), and with a trophic status that varied from oligotrophic to 

mesotrophic (Apêndice B, Table 3).  

The use of ΔTA associated with other carbon chemistry parameters is an 

important indicator of reefs’ susceptibilities and resistance to future climate change 

scenarios (COURTNEY et al., 2021; CYRONAK et al., 2018; LANGDON et al., 2010; 

SHAMBERGER et al., 2011). The negative values of ΔTA observed during our first 

three control days can be attributed to the continuous land-ocean exchanges, which, 

mainly during spring tides in coastal reefs, can decrease TA concentrations through 

freshwater input (ENOCHS et al., 2019; SILVA et al., 2022).  

Moreover, the local benthic community composition also presents a significant 

influence on the uptake of CaCO3 and TA throughout the day. Costa dos Corais’ reefs 

is represented by a mixed coverage, with a dominance of fleshy algae and ~17% of 

corals and crustose coralline algae, such as Millepora alcicornis and Halimeda sp 

respectively (AUED et al., 2018; FERREIRA; MAIDA, 2006; SILVEIRA et al., 2014), 

that during the daytime, due to the high rates of NCC and CO2 consume, can result in 

a TA depletion (LONGHINI et al., 2015; MURILLO et al., 2014; PAGE et al., 2016; 

TAKESHITA et al., 2018).  

The high TA concentrations and positive ΔTA during all the alkaline days (Figure 

4) evidence that the pH increment to pre-industrial levels (Figure 4) through NaOH 

addition was indeed responsible for a significant increase in the CaCO3 production. 

Similar scenarios of ΔTA repletion are observed only in reefs influenced by an alkalinity 

input, e.g., through submarine groundwater discharge (SGD), and reefs that present a 

net dissolution state (CYRONAK et al., 2013a; 2013b; SHAW et al., 2015). Besides, 

during these days, the TA-CT slope or NCP:NCC balance evidenced that there was a 

predominance of NCC (Figure 5), which represents a significant increase in the local 

calcification pulse, a good response for calcifying organisms’ survival.   

Otherwise, during control days there was an equilibrium between NCP:NCC, as 

also found in several tropical oceanic and coastal reefs (ALBRIGHT et al., 2013; 

LANTZ et al., 2013; PAGE et al., 2016; PINHEIRO et al., 2016; SILVA et al., 2022; 

SILVERMAN et al., 2007), and this can be a consequence of the mixed benthic 

community activities. This condition can maintain a constant or less pH variability 

(Figure 5) throughout the day due to the balance between what is produced and 

consumed in the photosynthesis/respiration and calcification/dissolution processes, 
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and this can represent a resistance to the carbon chemistry’s changes caused by the 

OA (CYRONAK et al., 2018). 

Experiments in the laboratory, mesocosms, in situ observations, and global 

models describe that the reefs’ metabolic activities will keep changing significantly until 

the end of this century (DOO et al., 2019; MARANGONI et al., 2017; PRADA et al., 

2017). The calcification rates tend to decrease 11 to 34% per 1 unit of Ωar reduction 

and depending on the local distribution of calcifying and non-calcifying organisms, this 

loss is enough to cease the growth of biological reefs and prompt its dissolution 

(SILVERMAN et al., 2009). Nevertheless, modeling scenarios of chemical remediation, 

such as those in Feng et al. (2016; 2017) and Gonzáles and Ilyina (2016), indicated 

increases of 2.5 to 10 times in the Ωar levels of the surface global ocean, varying 

according to the utilized alkalinizing agent, its concentration, and the study scale.  

In the first alkalinization in situ experiment it was also found differences in the 

metabolism between treatments, registering a rise of 6.9% ± 0.9% in the NCC values 

due to the increase of 0.4 units of Ωar during the days with NaOH use (Albright et al., 

2016). Considering these estimative and the positive strong correlations between NCC 

and Ωar registered in several studies (ANDERSSON; GLEDHILL, 2013; JOKIEL, 2016; 

SHAW et al., 2015; YEAKEL et al., 2015), the mean increase of 2.8 units of Ωar 

registered here could rise the NCC activities in almost 50%. Nevertheless, a detailed 

study of the carbon chemistry diel variation in our studied reef is necessary for NCC 

quantitative information, since between day and nighttime can have significant 

differences in the metabolic activities (LONGHINI et al., 2015).  

Associated with the Ωar, Revelle factor values showed that the reefs’ buffering 

capacity was increased during alkaline days (Figure 6d) compared to natural 

conditions (Figure 6c), which is a good response to mitigating present climate changes 

conditions. Globally, the tropical zone presents the lowest values of the Revelle factor, 

which means that have a high equilibrium capacity for a given CO2 perturbation due to 

its rising emissions into the atmosphere (EGLESTON et al., 2010; SABINE et al., 

2004). However, studies around the world that use Revelle factor as an impact 

indicator describe that in future scenarios of OA this parameter will significantly 

increase on reef flats, especially those with high diel and seasonal amplitude 

(FABRICIUS et al., 2020; SHAW et al., 2012). 

Understanding how OA will impact coral reefs on a community scale, accounting 

for several environmental variables including space and time is still a challenge, but 
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extremely important for creating solutions (ALLEMAND; OSBORN, 2019; 

BAMBRIDGE et al., 2019; HOEGH-GULDBERG et al., 2019; WILLIAMSON et al., 

2020). This is the first study on Brazilian reefs and, to our knowledge, the second in 

the world to use in situ chemical remediation as a tool for understanding how the 

carbon chemistry on coastal reefs would react in pre-industrial pH conditions.  

As with any other technique, chemical remediation presents limitations 

(ALBRIGHT; COOLEY, 2019; GONZÁLEZ; ILYINA, 2016), e.g., engineering 

challenges, olive minerals rich in nickel, and the investment of millions of dollars for 

larger scales results, which is why it works better on small scales (local or regional) 

(ALBRIGHT et al., 2016; FENG et al., 2016; 2017). It is important to highlight that, for 

long time outcome, all mitigating techniques should be applied parallel to the gradual 

decrease of anthropogenic CO2 into the atmosphere, and efficient effluents treatments, 

for coastal reefs. 

Our findings suggest that the reversion of OA scenario by in situ alkalinization, 

on a local scale, could have a positive influence on the carbon chemistry dynamics of 

coastal reefs enhancing community calcification. The pH increment to pre-industrial 

values showed that there is a significant rising in the local calcification and buffering 

capacity due to the TA repletion and increased Ωar levels. Costa dos Corais’s reefs 

naturally present an equilibrium of organic and inorganic carbon production and a high 

buffer capacity but are not safe from the OA global impacts. More studies applying 

chemical remediation in laboratories and especially in situ, considering local specifics 

are necessary for the improvement and understanding of mitigating techniques, and to 

accomplish goals from international and national plans of ocean conservation. 
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4 CONSIDERAÇÕES FINAIS  

 

Observamos ampla variação sazonal dos nutrientes inorgânicos dissolvidos e 

do sistema carbonato nos recifes de Maragogi à Japaratinga e que a intervenção de 

alcalinização alterou as respostas metabólicas recifais in situ. No primeiro artigo, foi 

possível observar uma significativa mudança nos parâmetros abióticos estudados 

entre o período chuvoso e de estiagem, sendo, portanto, a sazonalidade um fator 

importante que regula a qualidade da água da região, corroborando as hipóteses 

iniciais. As águas dos recifes de Maragogi à Japaratinga foram consideradas 

oligotróficas, com boa qualidade ao longo do ano, porém, estão susceptíveis à 

influência de aportes continentais, tanto superficiais (através dos rios), como 

subterrâneos (através da SGD), que já apresentam sinais de eutrofização. Isso pode 

colocar em risco a saúde dos recifes mais costeiros, principalmente em períodos de 

elevada precipitação, onde a influência continental é praticamente dobrada.    

É importante destacar a relevância em verificar a influência da SGD sobre a 

região costeira. Embora a quantificação dos fluxos não tenha sido realizada no 

presente trabalho, os elevados valores dos nutrientes inorgânicos dissolvidos 

registrados nas águas intersticiais, significativamente maiores do que nos rios, e a 

correlação positiva entre 222Rnexc e Chl-a na zona recifal, são indicativos de uma 

grande contribuição da SGD nos ciclos biogeoquímicos e na qualidade da água dos 

recifes da APACC.   

No segundo artigo observamos que diante de um cenário de alcalinização in 

situ, haverá um aumento no potencial de calcificação, nos valores de Ωar e na 

capacidade de tamponamento dos recifes de Japaratinga, influenciando 

positivamente na saúde dos organismos calcificantes locais. Cada vez mais se faz 

necessário estudos experimentais que busquem testar formas de mitigar os efeitos da 

AO, visando subsidiar a aplicação de técnicas que protejam os recifes, agindo em 

paralelo com as reduções das emissões de CO2 na atmosfera. O estudo aqui realizado 

foi o segundo no mundo a aplicar uma forma de reversão ou redução dos impactos da 

AO, um método promissor para a proteção dos recifes costeiros em escala local. 

Os recifes estão constantemente susceptíveis à ação de estressores 

ambientais, que geralmente atuam em sinergia, independentemente da escala. A 

criação e manutenção de UCs se faz necessária visando minimizar esses impactos e 

permitir uma maior resiliência ao ecossistema recifal. Por isso, o constante 
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monitoramento dos parâmetros abióticos dessas regiões, possibilitando a 

identificação e caracterização de estressores ambientais, é uma ferramenta de 

extrema importância para a conservação dos recifes.  
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APÊNDICE A – MATERIAL SUPLEMENTAR ARTIGO 1 

 

Figure 1 – Monthly variation of the calculated TRIX index in the studied reef lagoon. 

 

Source: The author (2022). 

 

Figure 2 – Seasonal frequency of good (black bars) and poor (gray bars) water quality conditions in 

the Paus, Maragogi and Salgado rivers. 

 

Source: The author (2022). 
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Figure 3 – Monthly Ωar variations in the reef lagoon (a), together with the general mean of Ωar in the 

lagoon (b). 

 

Source: The author (2022). 

 

Table 1 – Results of the PERMANOVA tests performed with the three main groups of samples 

collected (reefs, rivers and porewaters), organized by season (rainy and dry). Significant difference is 

represented by P < 0.05. 

Rainy season R2 P value 

River x Porewaters 0.5759 0.001 

River x Reefs 0.7546 0.001 

Porewaters x Reefs 0.4981 0.001 

Dry season   

River x Porewaters 0.3657 0.001 

River x Reefs 0.5851 0.001 

Porewaters x Reefs 0.4831 0.001 

Source: The author (2022). 
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Table 2 – Seasonal differences found in each group of samples with the PERMANOVA test. 

Significant difference is represented by P < 0.05. 

 R2 P value 

Rivers   

Rainy x Dry 0.2265 0.001 

Reefs   

Rainy x Dry 0.0394 0.007 

Porewaters   

Rainy x Dry 0.0424 0.279 

Source: The author (2022). 
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APÊNDICE B – MATERIAL SUPLEMENTAR ARTIGO 2 

 

Figure 4 – Inflatable pool used during the experiment, filled with seawater mixed with rhodamine WT 

and NaOH. 

 

Source: The author (2022). 

 

Figure 5 – Well pumps used during the experiment to fill and empty the pool. 

 

Source: The author (2022). 
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Figure 6 – Well pump connected to the watertight box, which presented a truck battery and a current 

inverter inside. 

 

Source: The author (2022). 

 

Table 3 – Mean and standard deviation (±) of temperature, DIN, DIP, DSi, Chl-a, SPM and DO during 

control and alkaline days, upstream and downstream the reef. 

 Control Alkaline 

 Upstream Downstream Upstream Downstream 

Temperature (ºC) 28.54 ± 0.24 28.53 ± 0.22 29.53 ± 1.31 29.73 ± 1.27 

DIN (µmol L-1) 0.49 ± 0.45 1.11 ± 0.61 0.67 ± 0.47 1.14 ± 1.70 

DIP (µmol L-1) 0.06 ± 0.11 0.05 ± 0.03 0.05 ± 0.08 0.03 ± 0.03 

DSi (µmol L-1) 9.50 ± 10.51 11.30 ± 5.39 1.64 ± 1.98 5.45 ± 2.47 

Chl-a (µg L-1) 0.63 ± 0.18 0.82 ± 0.24 0.67 ± 0.22 0.70 ± 0.34 

SPM (mg L-1) 6.09 ± 0.36 6.93 ± 2.31 6.25 ± 0.34 6.47 ± 0.64 

DO (mL L-1) 5.73 ± 0.75 5.91 ± 0.93 6.81 ± 1.34 7.15 ± 1.48 

Source: The author (2022). 

 

 


