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RESUMO

As intensas emissdes de didéxido de carbono (CO2) na atmosfera, oriundas de
atividades antrépicas, vém causando grandes impactos em diversos ecossistemas
oceanicos a partir da acidificacdo oceanica (AO). Ambientes recifais sdo um dos
mais impactados diante da AO, tendo uma significativa reducéo da saturagdo do
carbonato de calcio (CaCOg) local, um composto essencial para a formacédo das
estruturas calcarias. No Atlantico Sul Ocidental, localiza-se a reserva biolégica do
Atol das Rocas (REBIO Atol das Rocas), uma Area Marinha Protegida reconhecida
cientificamente por sua importancia na compreensao dos efeitos das mudancgas
climaticas e por sua relevancia biolégica. O principal objetivo deste estudo foi
analisar a estrutura do sistema carbonato da regi&do interna e externa do atol. Além
disso, o estudo visou identificar fatores que indiquem a influéncia do aumento das
emissdes antropicas de CO2 na quimica do carbonato nesta REBIO. Na area interna
do atol, foram realizados monitoramentos continuos de pH e temperatura, além de
amostragens periddicas para a caracterizagdo da quimica do carbonato. Para area
externa do atol, foram utilizados os dados obtidos em 2012 durante o cruzeiro
Camadas Finas Il, abrangendo desde a superficie até 500 m de profundidade. A
regido interna do atol apresentou alta variabilidade diaria de pH, H* e temperatura,
com médias de 0,29 + 0,08 unidades de pH, 4,72 + 1,41 nmol kg™ e 1,34 + 0,43 °C,
respectivamente. As variacdes ocorreram em periodicidades de aproximadamente
24 horas, relacionadas ao ciclo diario de luz, e de aproximadamente 12 horas,
associadas aos ciclos de marés semi-diurnas do local. A quimica do carbonato foi
modulada principalmente pelo balango entre a fotossintese e respiragcéo (produgao
liguida da comunidade - NCP). A coluna de agua no entorno do atol foi caracterizada
por uma forte estratificacdo vertical, ndo sendo observadas diferencgas significativas
entre os lados do atol. Entretanto, o efeito ilha alterou a distribuigdo de clorofila a no
lado sudoeste do atol, sem causar influéncias significativas nos parametros do
sistema carbonato. Desde a era pré-industrial (~1750) até 2012, as massas de agua
das camadas subsuperficial (Agua Subsuperficial Subtropical: ASS) e de fundo
(Agua Central do Atlantico Sul: ACAS) apresentaram altas concentracdes de
carbono antropogénico (Cant) com concentragées médias de 94,87 + 2,57 ymol kg™ e
54,94 + 8,16 ymol kg™, respectivamente. O armazenamento de Cant Nna ASS e ACAS



resultou em reducdes de pH de 0,156 + 0,003 e -0,141 £ 0,005 unidade de pH,
respectivamente. Os resultados desta pesquisa destacam a importancia de realizar
registros continuos para elucidar os principais processos que afetam o equilibrio do

sistema carbonato nessa regido da REBIO Atol das Rocas.

Palavras-chave: acidificagdo oceanica; carbono antropogénico; ambiente recifal;

carbono inorganico dissolvido; alcalinidade; monitoramento continuo.



ABSTRACT

Intense emissions of carbon dioxide (CO2) into the atmosphere from anthropogenic
activities have significantly affected several marine ecosystems through ocean
acidification (OA). Reef environments are among the most affected, experiencing a
significant reduction in the calcium carbonate saturation state, an essential
compound for forming of calcareous structures. The oceanic region of the Western
South Atlantic is an oligotrophic region, mainly subject to oceanic and atmospheric
processes. The Rocas Atoll Biological Reserve (Rocas Atoll REBIO), a marine
protected area scientifically recognized for its importance in understanding the effects
of climate change and for its biological relevance, is located in this area. The main
objective of this study was to analyze the structure of the carbonate system both
inside and outside of the atoll. Additionally, the study aims to identify factors that
indicate the influence of increased anthropogenic CO2 emissions on the carbonate
chemistry in this REBIO. In the area inside the atoll, continuous monitoring of pH and
temperature and periodic sampling to characterize the carbonate chemistry were
performed. For the area outside the atoll, data collected during the “Camadas Finas
II” cruise in 2012, which covered the surface to a depth of 500 m, were used. The
inside of the atoll showed high daily variability in pH, H* and temperature, with mean
values of 0.29 + 0.08 pH units, 4.72 + 1.41 nmol kg™' and 1.34 £ 0.43 °C, respectively.
Variations occurred mainly at intervals of about 24 h, associated with the daily light
cycle, and about 12 h, associated with the semi-diurnal tidal cycles of the site.
Carbonate chemistry was mainly modulated by the balance between photosynthesis
and respiration (net community production - NCP). The water column around the atoll
was characterized by strong vertical stratification, and no significant differences were
observed between the sides of the atoll. However, the island effect altered the
distribution of chlorophyll a on the southwestern side of the atoll without causing
significant effects on the parameters of the carbonate system. From the pre-industrial
era (~1750) to 2012, the water masses of the subsurface (Subtropical Underwater:
SUW) and bottom layers (South Atlantic Central Water: SACW) showed high
concentrations of anthropogenic carbon (Cant) with average concentrations of 94.87 +
2.57 umol kg and 54.94 + 8.16 umol kg™, respectively. Storage of Cant in the SUW
and SACW resulted in pH decreases of -0.156 + 0.003 and -0.141 = 0.005 pH units,



respectively. The results of this research highlight the importance of carrying out
continuous records to elucidate the main processes affecting the balance of the

carbonate system in this region of the Rocas Atoll REBIO.

Keywords: ocean acidification; anthropogenic carbon; reef environment; dissolved

inorganic carbon; alkalinity; continuous monitoring.
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1 INTRODUGAO GERAL

A presente tese esta dividida em trés capitulos. Este primeiro capitulo
apresenta uma introdugdo geral, o segundo contém o artigo 2 e no terceiro capitulo

traz as consideracdes finais.

O artigo 1, intitulado “Propriedades do sistema carbonato na regido do Atol das
Rocas, Atlantico Sul Ocidental: CO2 antropico e estimativa de acidificacdo”, utiliza
dados coletados no projeto Camadas Finas Il, durante os cruzeiros oceanograficos
realizados em 2012, em parceria com a Marinha do Brasil. Esses dados séao
essenciais para caracterizar o sistema carbonato e o estado de acidificagao
oceanica no entorno do Atol das Rocas. O Apéndice A apresenta o material

suplementar desse artigo, contendo tabelas e figura suplementares.

O Apéndice B traz o artigo “Daily variability of pH and temperature in seawater
from a near-pristine oceanic atoll, Southwest Atlantic”, publicado na Marine Pollution
Bulletin. Este artigo discute dados de alta frequéncia do monitoramento continuo de
pH e temperatura, juntamente com dados de baixa frequéncia do sistema carbonato
na area interna do Atol das Rocas. O foco principal deste artigo € a variabilidade
diaria desses parametros e a identificagdo dos processos responsaveis por essa
variabilidade. Este estudo fornece dados inéditos de monitoramento continuo de alta
frequéncia do pH em um ambiente recifal, informacao crucial para a gestédo futura
dessa reserva bioldgica, considerando as mudangas climaticas e a acidificagéo

oceanica.

Por fim, o Apéndice C apresenta o material suplementar desse artigo,
contendo textos, tabelas e figuras suplementares.



1.1 CENARIO DE MUDANGCAS CLIMATICAS E ACIDIFICAGAO OCEANICA

O aumento da concentracdo de diéxido de carbono (CO2) na atmosfera
devido as atividades antropicas, como a queima de combustiveis fosseis, produgao
de cimento e o desmatamento, € uma preocupacdo central no contexto das
mudancgas climaticas (Painel Intergovernamental sobre Mudangas Climaticas: IPCC,
2023). Desde a Revolugao Industrial, a pressao parcial de CO, (pCO2) na atmosfera
aumentou de 280 + 10 ppm (PRENTICE et al., 2001) para o nivel atual de ~420 ppm
(NOAA, 2024; http:www.esrl.noaa.gov/gmd/ccgg/trends/), representando um
aumento de mais de 40%. Os oceanos tém absorvido cerca de 30% do carbono
antropogénico (Cant) em excesso na atmosfera, sendo um importante sumidouro do
Cant com uma absorgédo liquida de 29 £ 5 Pg C entre 1994 e 2007 (GRUBER et al.,
2019). Esse sumidouro de Cant € governado pelo sistema carbonato, que € composto
pelas variaveis pH (ou ion hidrogénio, H*), alcalinidade total (TA), ions carbonato
(C03™), bicarbonato (HCO3 ), pCO2 e carbono inorganico dissolvido (DIC) (ZEEBE;
WOLF-GLADROW, 2001). Embora os oceanos desempenhem um papel crucial na
mitigacdo das emissdes de Cant, issO tem provocado mudangas no sistema
carbonato marinho (KLEYPAS et al., 2006; RIEBESELL; GATTUSO, 2015).

Quando o CO2 reage com a agua do mar, causa um aumento na
concentragéo de ions H* e HCO3, e uma diminuig&o na concentragdo de C0O3™. Estas
reagdes levam a uma diminuicdo do pH (expressa como log negativo das
concentragdes de ions H*) e o estado de saturagdo da agua do mar em relagéo aos
( CO3™ ), o que resulta num processo conhecido como acidificagdo oceanica
(CALDEIRA; WICKETT, 2005) . A absor¢ao de Cant pelos oceanos ja causou uma
queda de 0,1 unidade do pH médio da superficie oceanica, representando um

aumento de aproximadamente 30% na concentracao de H* (RAVEN et al., 2005).

Desde o final da década de 1980, o pH das aguas superficiais do oceano
aberto estdo acidificando-se continuamente em intervalos de 0,017 a 0,027 unidades
de pH por década (BINDOFF et al., 2022) . Estas alteragbes diminuirdo
significativamente a capacidade de tamponamento dos oceanos. Uma outra
consequéncia do Cant € 0 aquecimento dos oceanos causado pela absor¢ao de calor
pela agua do mar, ocasionando o aumento de sua temperatura interna (KLEYPAS et



al., 2006) . Estima-se que de 2005 a 2017 as camadas do oceano entre 0-700 m e
700-2000 m aqueceram a taxas de 0,33 + 0,03 e 0,25 + 0,06 W m2, respectivamente
(BINDOFF et al., 2022).

O ecossistema recifal esta entre os mais ameagados do mundo (BINDOFF et
al., 2022; HUGHES et al., 2017) . O aumento da dissolugdo e bioerosdo nesses
ambientes tem impactado a distribuicdo das espécies de coral e tem levado a
mudangas na comunidade (AGOSTINI et al.,, 2018) , ndo apenas devido a
acidificagdo do oceano (JIANG, L. et al., 2018), mas também devido ao aumento da
temperatura superficial do mar decorrente do aquecimento global (KAO et al., 2018).
Isso ocorre porque os organismos calcificadores mobilizam o calcio (Ca?') e
carbonatos ( CO5~ ) presentes na agua do mar para formar seus esqueletos e
estruturas calcarias (Equagéao 4) (SREEUSH et al., 2019). A concentragdo desses
elementos na agua do mar € um fator crucial para o metabolismo e calcificagao nos
recifes. No entanto, os ambientes recifais em diversas partes do mundo tém sido
afetados por episddios recorrentes de branqueamento e mortalidade apés exposigao
a temperatura extremamente quente da superficie do mar, que persistem por dias
durante eventos de ondas de calor marinhas (MHW) (GASPAR et al., 2021;
HUGHES et al., 2017).

Desta forma, torna-se de suma importancia quantificar os parametros do
sistema carbonato por meio de monitoramentos de séries temporais, tanto discretas
guanto continuas em alta resolugéo. O estado do sistema carbonato da agua do mar
desempenha um papel crucial na regulacdo da acidez dos oceanos e & um
indicador-chave das alteragdes climaticas. Sua condi¢do pode ser avaliada mediante
monitoramento e/ou obtengado indireta de variaveis, incluindo carbono inorganico
dissolvido (DIC), alcalinidade total (TA), pH, estado de saturagao da aragonita (Qar) €
calcita (Qca), fator Revelle (RF) e pressao parcial de diéxido de carbono (pCO2) e
parametros auxiliares, como temperatura e salinidade. O monitoramento destes
parametros fornece informacgdes valiosas sobre o estado geral do sistema carbonato,
permitindo avaliar os impactos da acidificacdo dos oceanos e prever mudancgas

futuras.



1.1.1 Sistema carbonato nos oceanos

O sistema carbonato marinho € uma parte importante do ciclo biogeoquimico
do carbono, pois fornece a capacidade tamp&o acido-base para a agua do mar
(RAVEN et al., 2005) , o que mantém o pH das aguas oceénicas superficiais
ligeiramente alcalino, com um pH global médio de 8,07 £ 0,02 (JIANG et al., 2019),
além de controlar o fluxo de CO2 entre a biosfera, a litosfera, a atmosfera e os
oceanos (DEVRIES, 2022).

O sistema carbonato é regido pelo equilibrio termodinamico de uma série de
reagcdes quimicas que se iniciam com a dissolugao do diéxido de carbono (CO2)) na
agua do mar, formando uma mistura de diéxido de carbono aquoso (COzaq) € de
acido carbdnico (H2CO3) (Equagao 1). A soma das concentragbes de [CO2zaq)] €
[H2COs] € representada pela concentragéo da espécie hipotética [CO3 4], devido a
dificuldade analitica de diferencia-las (ZEEBE; WOLF-GLADROW, 2001). A rapida
dissociacado do H,CO3 resulta na liberacdo do ion bicarbonato (HCO3) e um proéton
(H") (Equacéo 2). Em seguida, o HCO3 se dissocia, liberando o ion carbonato (C03™)
e H* (Equacéo 3) (MILLERO, 2007). O ion carbonato (C03~) pode ainda reagir com

o ion calcio (Ca?*) formando o carbonato de calcio (CaCO5 (s)) (Equacéo 4).

Ko . .

CO2(g) < €03 (aq) (1)
* K — +

COZ(aq) + H,0 «—> HCO3 +H (2)

- K 2— +

HCO; «— (05 + H (3)
2 2— Kos

Ca + + C03 d CGCO3(S) (4)

Onde, Ko é o coeficiente de solubilidade do CO. na agua do mar (Equacgao 5),
K1 e K2 (Equagdes 6 e 7) sao constantes de equilibrio estequiométrico e Kps € a
solubilidade aparente na agua do mar (Equacéo 8). As constantes de equilibrio s&o



influenciadas pela temperatura, salinidade e pressdo (MILLERO, 1995, 2007;
ZEEBE; WOLF-GLADROW, 2001).

__[co31]
Ko = 7o, (5)
[HCOZ1[H™]
Kq = HCOs 7] (6)
C0,
_ [CO571+ [H*]
Kz = HCO3 (7)
_ [ca*t]
Kes = feo ®)

Onde as quantidades entre colchetes séo concentragcbes em mol por kg de
solugéo (mol kg, ). f(CO2) representa a fugacidade do didxido de carbono na fase

gasosa em patm.

O estado de saturacédo do CaCOs (Q) na agua do mar é expresso por

(Equacéo 9):

Q= a—’ (9)

onde [Ca?*] e [CO3"] s&o as concentragdes dos ions de célcio e carbonato
dissolvidos na agua do mar, respectivamente, e Kys refere-se a solubilidade aparente
na agua do mar. Os estados de saturacdo de CaCOs (Q) na agua do mar com
relagcdo as formas minerais da aragonita e calcita podem estar supersaturados (Q >
1), favorecendo a precipitagdo de CaCOs, subsaturados (Q < 1), o que promove a
dissolugdo de CaCOs, e estando em equilibrio quando Q = 1 (ZEEBE; WOLF-
GLADROW, 2001).

Para caracterizar os parametros do sistema carbonato na agua do mar, isto é,
carbono inorganico dissolvido (DIC), alcalinidade (TA), pH, pCO., [CO2], [HCO3] e
[CO%7], é necessario a medigdo de pelo menos dois pardmetros para uma dada
temperatura, salinidade e pressdo (ZEEBE; WOLF-GLADROW, 2001) . Assim,
utilizando programas como o Excel CO2SYS (PIERROT; WALLACE, 2006) e pacote



Seacarb em R (RIEBESELL; GATTUSO, 2015) , entre outros (ORR; EPITALON;
GATTUSO, 2015).

O carbono inorgéanico dissolvido (DIC; também denotado como TCO: ou Cr,
por exemplo) € o somatério de todas as formas do carbono inorganico: o CO:
aquoso ou dissolvido, acido carbdnico (H,C03), bicarbonatos (HCO3) e carbonatos
(C03™) (Equagéo 10) (ZEEBE; WOLF-GLADROW, 2001).

DIC =[C0,] + [H,CO4] + [HCO3] + [CO%7] (10)

Em aguas marinhas com um pH tipico de 8,2, a especiagéo entre [CO3 (4],
[HCO3] e [CO37] é de 0,5%, 89% e 10,5%, respetivamente (ZEEBE, 2012). Assim, a
Equacéao 10 pode ser simplificada como indicado por Libes (2009) (Equacgao 11):

DIC = [HCO3] + [CO37] (11)

A alcalinidade total (TA) € outro parametro importante na descricdo do
sistema carbonato. Ela esta relacionada com o balan¢o de cargas na agua do mar,
sendo definida como a concentracdo de todas as bases que podem aceitar H* ou
capazes de realizar o efeito de tamponamento da agua do mar (ZEEBE; WOLF-
GLADROW, 2001). A TA pode ser expressa pela seguinte equagao:

TA = [HCO3]+ 2 [CO57] + [B(OH);] + [B(OH);] + [HPO; ]+ 2 [PO3 ]+
[H3Si07] + 2 [H,Si0% ]+ [NH5] — [H] + [OH7] +
[outras bases conjugadas de acidos fracos] (12)

Cerca de 96% da TA é contribuida pela alcalinidade carbonatica (CA),
representada pelo HCO; e C0% (LIBES, 2009) . TA e DIC sdo quantidades
relativamente conservativas, ou seja, as suas concentragdes (umol-kg~') ndo sao

afetadas por alteragdes de pressao ou temperatura em um sistema fechado, por



exemplo, e obedecem a lei da mistura linear (ZEEBE, 2012) . Isso implica, por
exemplo, que DIC e TA nao sdo afetadas pelo processo de mistura de diferentes
massas de agua (WOLF-GLADROW et al., 2007).

Os principais processos responsaveis pela entrada do CO2 no oceano séo as
bombas biolégica e de solubilidade (LIBES, 2009; MILLERO, 2013) . A bomba
biolégica pode ser subdividida em bomba de carbono organico (Equacdes 13 e 14),
que é regida pela producdo de matéria organica particulada (POM) durante a
fotossintese nas aguas superficiais da camada foética e pela matéria orgéanica
dissolvida (DOM) durante a respiragao (remineralizagdo) em toda a coluna de agua,
e pela bomba de carbonato de calcio (Equagbes 15 e 16), que é governada pela
incorporagao biolégica de carbono nas conchas de carbonato de célcio e sua
subsequente dissolugédo. A bomba biologica sequestra o carbono para o interior dos
oceanos em escalas que variam de meses a séculos. A bomba de solubilidade, por
sua vez, esta relacionada a entrada de CO2 nos oceanos por meio de processos
fisicos que transportam CO- entre a atmosfera e oceano e entre as massas de agua.
Sua eficiéncia depende da temperatura, que afeta a solubilidade do CO2, das
reagdes quimicas envolvendo o CO2 na agua do mar e da estratificagdo térmica do
oceano (LIBES, 2009).

COZ + H20 - CH20
+ 0, (fotossitese) (13)

CH,0 + 0, - CO, + H,0 (respiracao) (14)
CO3™ + Ca** - CaC05 ou 2HCO3 + Ca*" — CaC05 + CO, + H,0 (calcificacio)(15)

CaCO; » CO3™ + Ca’* (dissolugio) (16)

No ambiente recifal o sistema carbonato marinho pode ser afetado por
diversos processos de origem abiotica, como variagbes de maré e aportes
continentais, bem como por processos de origem biolégica, como a fotossintese,
respiragao, calcificagao e dissolugdo de CaCOs. A fotossintese (durante o dia) e a

dissolugdo do carbonato de CaCOgs (durante a noite) aumentam o pH da agua do



mar, enquanto a respiragao (durante a noite) e a precipitagdo do carbonato de calcio
(durante o dia) diminuem o pH da agua do mar. Assim, o equilibrio relativo do
metabolismo liquido do carbono organico (producgao liquida da comunidade; NCP:
fotossintese menos respiracédo) e do metabolismo liquido do carbono inorganico
(calcificagao liquida da comunidade; NCC: calcificagdo menos dissolugédo de CaCO3)
sd0 0s principais processos biolégicos que definem a variabilidade diaria do pH
(ALBRIGHT; LANGDON; ANTHONY, 2013; CYRONAK et al., 2018, 2020; PAGE et
al., 2016; SHAW et al., 2015). Na NCP o balango entre fotossintese (Equacgéo 1) e
respiracdo (Equacao 2) o DIC varia +1 para cada mol de carbono organico (CH,0)
produzido ou consumido, sem alteragdes significativas na alcalinidade total (TA).
Enquanto que no NCC, o balango entre a calcificagdo (Equacao 3) e a dissolugéo de
CaCOs (Equacéo 4) o DIC varia £1 e a AT varia £2 (CYRONAK et al., 2018; SHAW
et al., 2015; ZEEBE; WOLF-GLADROW, 2001).

1.2 RESERVA BIOLOGICA DO ATOL DAS ROCAS

Reconhecido pela Unesco como um patriménio da humanidade e unico atol
do Oceano Atlantico Sul, o recife biogénico de Atol das Rocas pode ser considerado
um atol oceanico, pois possui uma plataforma eliptica e circular, tem um anel recifal
constituido com a predominancia de algas calcarias € moluscos vermetideos, além
dos corais escleractinios (KIKUCHI, 1994). Esse atol se desenvolveu no topo de
montes vulcanicos submersos cuja base encontra-se a mais de 4000 metros de
profundidade no assoalho oceénico, possui uma laguna rasa e ilhas arenosas no
lado do platd recifal oposto ao que recebe o vento predominante (como nos atois
caribenhos) e uma maior largura do anel recifal na porgdo barlavento (SOARES et
al., 2009). Transformado em uma unidade de conservagdo da categoria Reserva
Biologica (REBIO) em 1979, cujo objetivo é proteger integralmente o Atol e aguas
circundantes de até 1.000 metros de profundidade, a REBIO n&o é aberta ao publico,
sendo permitido apenas o monitoramento ambiental, o patrulhamento e estudos

cientificos.



1.3

OBJETIVO GERAL

O principal objetivo deste trabalho foi analisar a estrutura (interna e externa)

do sistema carbonato na Reserva Bioldgica Atol das Rocas (REBIO), Atlantico

tropical, e identificar fatores que indiquem a influéncia do aumento das emissdes

antrépicas de CO2 no equilibrio do ecossistema desta REBIO.

1.31

Objetivos especificos

Observar processos de calcificagdo através da variagao temporal (diurna) da

saturacao de aragonita e variagao do pH;

Identificar os principais processos que afetem o equilibrio do sistema
carbonato em ambiente recifal oceéanico;

Identificar processos bidticos e abidticos que influenciem na dinamica diurna
do sistema carbonato na area interna do Atol das Rocas;

Caracterizar a distribuicdo do sistema carbonato em aguas do entorno do atol;
Estimar o carbono antrépico (Cant) € identificar um provavel processo de
acidificagdo nas massas de aguada regidao do Atol das Rocas, desde a era
pré-industrial (~1750) até 2012;

Contribuir para a disponibilizagdo e ampliagcdo de base dados sobre a
dindmica do sistema carbonato em recifes oceanicos, visando subsidiar

estudos futuros e agdes de conservagao.



2 ARTIGO 1 - PROPRIEDADES DO SISTEMA CARBONATO NA RE@IAO DO
ATOL DAS ROCAS, ATLANTICO SUL OCIDENTAL: CO2 ANTROPICO E
ESTIMATIVA DE ACIDIFICACAO

2.1 INTRODUGCAO

O oceano é um importante sumidouro das emissbes antropogénicas de
dioxido de carbono ( CO, ). De acordo com Friedlingstein et al. (2022),
aproximadamente 170 + 20 Gt de carbono foram absorvidos pelos oceanos desde
1850, equivalente a 26% das emissdes de carbono antropogénico ( C,,: ). Esse
sumidouro global de carbono é resultado dos fluxos de CO, na interface ar-mar.
Assim, uma série de reagdes quimicas se iniciam com a dissolugdo de €0, na
agua do mar, formando uma mistura contendo dioxido de carbono aquoso (CO2¢q)) €

acido carbénico (H2COs) (€03 (4 )- O €03,y se dissocia rapidamente em ion
bicarbonato ( HCO3(,,) ) € um préton (Hg“aq) ), € em seguida, se dissocia em ion

carbonato (CO%(aq)) e mais um proéton (H{aq)) (MILLERO , 2007).

Essas reacdes quimicas sao responsaveis pelo equilibrio quimico do sistema
carbonato marinho, sendo fundamentais para manutengcdo do pH da agua do mar
com caracteristicas ligeiramente alcalinas (ZEEBE; WOLF-GLADROW, 2001), com
uma média global de 8,07 + 0,02 (JIANG et al., 2019). No entanto, a absorgao
continua de Cant tem levado a uma diminui¢do do pH da agua do mar (ou aumento
das concentracdes de H*), reduzindo as concentragdes de CO3~ e os estados de
saturacédo do carbonato de calcio (Qa). Desde a Revolugdo Industrial (~1750),
estima-se que o pH da superficie dos oceanos tenha diminuido em ~0,1 unidades de
pH (DONEY et al., 2009; GATTUSO et al., 2015), um processo conhecido como
acidificacdo oceéanica (CALDEIRA; WICKETT, 2005).

Essas mudancas afetam a capacidade de tamponamento do CO2 nos
oceanos (RIEBESELL; KORTZINGER; OSCHLIES, 2009), frequentemente medida
pelo fator Revelle (RF) (REVELLE; SUESS, 1957). O RF mede a mudanga na
pressdo parcial de CO2 na agua do mar devido a uma mudanga no carbono
inorganico total (DIC), sendo inversamente proporcional a capacidade de

tamponamento da agua do mar. Nas aguas tropicais quentes de baixa latitude, o RF



e tipicamente em torno de 9, enquanto no Oceano Antartico pode chegar até 15,
diminuindo com a profundidade. A média global do RF & aproximadamente 10, e
seus valores atuais sdo cerca de uma unidade mais altos do que no oceano pré-
industrial (SABINE et al., 2004).

Os esforgcos da comunidade cientifica para caracterizar o sistema carbonato
tém aumentado diante do atual cenario de mudancas climaticas e acidificagao
oceanica (CARVALHO-BORGES et al., 2018; GOYET; GONCALVES; TOURATIER,
2009). Melhorar a compreensdo dos processos que afetam as distribuicbes de
carbono inorganico dissolvido (DIC) e alcalinidade (TA) é particularmente importante,
principalmente, para estimar Cant que € uma pequena parte da composi¢gao do DIC.
O Cant ndo pode ser medido diretamente, com isso diversos métodos tém sido
aplicados para quantifica-lo (por exemplo, RIOS et al., 2012; TOURATIER; AZOUZI;
GOYET, 2007; WAUGH et al., 2006; WAUGH; HAINE; HALL, 2004). Cada um dos
meétodos tera pontos fortes e fracos. No presente estudo, utilizamos o método
TrOCA (TOURATIER; AzZOUZI; GOYET, 2007), que é conhecido por sua
simplicidade e robustez com aplicagdo fiavel em varias regides oceénicas (por
exemplo, CARVALHO-BORGES et al., 2018; GOYET; GONCALVES; TOURATIER,
2009; HASSOUN et al., 2015; NADIA et al., 2023).

A regido do Atol das Rocas € uma area marinha protegida (MPA) no Atlantico
Sul Ocidental. Estudos indicam que esta area atua como fonte de CO2 para a
atmosfera (por exemplo, ARAUJO et al, 2019; CARVALHO et al., 2017;
GUIMARAES; MONTES; LEFEVRE, 2024). Contudo, o sistema carbonato e
processo de acidificagdo oceanica nessa regiao do atol ainda sdo poucos estudados.
Desta forma, este trabalho visou investigar o sistema carbonato marinho com base
em dados coletados durante um cruzeiro oceanografico do projeto Camadas Finas
(CF11-2012), realizado em 2012, desde a superficie até 500 m de profundidade no
entorno do Atol das Rocas. Assim, os principais objetivos desta pesquisa foram (i)
caracterizar o sistema carbonatico marinho, (ii) quantificar o carbono antropogénico
(Cant) através do tragador TrOCA e (iii) avaliar o estado de acidificacdo desde a era

pré-industrial até 2012.



2.2 MATERIAIS E METODOS

2.2.1 Area de estudo

A éarea de estudo esta localizada na Reserva Biologica do Atol das Rocas,
Atlantico Sul Ocidental (3°51' S, 33°49' W, Figura 1). O atol fica localizado na Zona
Econdmica Exclusiva (ZEE) em aguas oligotréficas. A regido é influenciada pelos
ventos alisios de sudeste. As aguas superficiais do atol sdo influenciadas pelo fluxo
para oeste do ramo central da Corrente Sul Equatorial (cSEC) e, em subsuperficie,
pelo fluxo para leste da Subcorrente Sul Equatorial (SEUC) (COSTA DA SILVA et al.,
2021; TCHAMABI et al., 2017). A cSEC apresenta sua maxima intensidade entre
margo e julho, com velocidades em torno de 0,35 m s™', enfraquecendo entre agosto
e fevereiro (TCHAMABI et al., 2017). A SEUC possui uma extensao vertical de 200 a
500 m (SCHOTT et al.,, 2003), transportando agua rica em oxigénio para o oeste
(STRAMMA; SCHOTT, 1999). A regido do entorno do atol, principalmente em seu
lado oeste, é caracterizada pela ocorréncia do “efeito ilha”, onde é notada uma
elevada produtividade primaria nas aguas em subsuperficie (JALES et al., 2015;
TCHAMABI et al., 2017).

Figura 1 — (a) Localizagdo do Atol das Rocas (retangulo aberto) com as setas indicando as diregbes
das correntes oceéanicas: cSEC, Corrente Equatorial Sul Central; SEUC, Subcorrente Equatorial Sul.
(b) Localizacao das estagdes de amostragem nos transectos sudoeste (SW; S12R, S13, S14R e
S16R) e nordeste (NE; S17, S18, S20 e S21R) como parte do projeto “Camadas Finas II” (CFIl —
2012)
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Fonte: Adaptado de Almeida et al. (2023).



De acordo com as propriedades ternohalinas, sdo descritas trés massas de
agua entre 0 e ~500 m de profundidade para essa regiao do Atlantico Sul Ocidental:
a Agua Tropical Superficial (ATS), a Agua Subtropical Subsuperficial (ASS), Agua
Central do Atlantico Sul (ACAS) (NADW) (COSTA DA SILVA et al., 2021; SCHOTT;
FISCHER; STRAMMA, 1998; STRAMMA; SCHOTT, 1999). Na camada superficial
encontra-se a ATS com temperaturas em cerca de 27 °C. Em subsuperficie, abaixo
da ATS, esta a ASS, que é caracterizada por um maximo de salinidade, localizada a
cerca 100 m de profundidade. A ASS é formada na regido de alta evaporagao na
transicdo tropicos/subtropicos por subducgcdo (STRAMMA; ENGLAND, 1999). A
ACAS ¢é caracterizada pela relagdo quase linear entre temperatura e salinidade,
provavelmente, tem origem a partir do Atlantico Sul meridional e do Oceano indico
Sul, fluindo para o norte com a Corrente de Benguela e depois para o oeste em
diregao ao Atlantico tropical transportada pela cSEC (STRAMMA; SCHOTT, 1999).

2.3.2 Amostragem e analises

A amostragem foi conduzida entre 17 de setembro a 1° de outubro de 2012,
durante a estacdo seca, a bordo do navio de pesquisa Cruzeiro do Sul (navio
hidroceanografico NHoH-38), em oito estagbes distribuidas ao longo de dois
transectos (sudoeste, SW; e nordeste, NE) no entorno do Atol das Rocas (3°51' S,
33°49" W), localizado no Atlantico Sul Ocidental (Figura 1). Os transectos foram
definidos de acordo com a dire¢do e intensidade da cSEC no local. Esse cruzeiro foi
realizado como parte do Projeto Camadas Finas (CFIl-2012), uma parceria entre o
Departamento de Oceanografia da Universidade Federal de Pernambuco (DOCEAN
— UFPE) e da Diretoria de Hidrografia e Navegacao da Marinha do Brasil (DHN).

Perfis verticais dos parametros fisico-quimicos (isto €, temperatura, salinidade,
oxigénio dissolvido e fluorescéncia) foram realizados desde a superficie até
aproximadamente 500 m de profundidade usando uma sonda CTD (condutividade,
temperatura e profundidade) Seabird SBE911plus com sensores auxiliares de
oxigénio dissolvido (DO; umol kg™) e fluorescéncia para determinagao de clorofila a
(Chl-a; mg m -3). Durante o cruzeiro CFII-2012, para calibrar os sensores CTD para o
DO e determinar as concentragdes de alcalinidade total (TA) e carbono inorganico

dissolvido (DIC) foram coletadas amostras de agua in situ utilizando uma roseta com



garrafas Niskin de 5 L na superficie, na profundidade maxima de Chl-a (PMC), no
topo, no meio e na base da termoclina e na zona de minimo de oxigénio (ZMO).

As amostras para determinacao de DO foram analisadas no laboratério do
navio hidroceanografico NHoH-38, de acordo com o método de Winkler, modificado
por Strickland e Parsons (1972).

Para a determinagdo da TA e DIC, as amostras foram preservadas com
cloreto de mercurio (HgCl2) e analisadas posteriormente. As medigbes foram
realizadas por titulagdo potenciométrica em uma célula fechada (Edmond 1970),
seguindo o método descrito por Dickson e Goyet (1994). A precisdo de TA e DIC foi
avaliada utilizando material de referéncia certificado (CRM, Scripps Institution of
Oceanography, San Diego, CA, EUA), sendo de + 2,53 umol kg ' e + 1,0 umol kg ~,

respectivamente.

Para estimar os valores de TA ao longo da coluna de agua até 500 m de
profundidade no entorno do Atol das Rocas, foi utilizada a equagao descrita por Silva
et al. (2019) (Equacéao 2.1). Além disso, para estimar os valores de DIC, foi gerada
uma esquacao de regressao linear com base em dados de temperatura, salinidade e
oxigénio dissolvido, obtidos durante o Cruzeiro CFIl-2012, nas regides do Atol das
Rocas e Fernando de Noronha (n= 12).

TA =193,18 + (60,42 x salinidade) + (-1,63 x temperatura) + (0,20 x DO)
(2.1),

onde a temperatura € medida em graus Celsius (°C) e oxigénio dissolvido (DO) é
medida em micromoles por quilograma (umol kg™'). Os erros associados a TA
(Equacéo 2.1) é + 0,06.



2.3.4 Calculo do sistema carbonato

Para o célculo do sistema carbonato na regido do Atol das Rocas foram
utiizados os dados estimados de TA e DIC, além dos dados medidos de
temperatura e salinidade utilizando programa Excel CO2SYS (PIERROT; WALLACE,
2006). Foram empregas as constantes de dissociacdo do acido carbdnico K1 e K2
de Mehrbach et al. (1973) reajustadas por Dickson e Millero (1987) e o K2SO4 para o
ion bissulfato de Dickson (1990). Assim, foram obtidos os valores do fator Revelle,
estado de saturagdo da aragonita (Qar), estado de saturagéo da calcita (Qca), ions
bicarbonato (HCO3) e carbonato (C0%™), fugacidade do CO: (fCO2: equivale a pCO2

corrigida para o comportamento nao ideal do gas; PFEIL et al., 2013) e pH.

2.3.5 Outros parametros derivados

Utilizando o software Ocean Data View® (SCHLITZER, 2018), foram
derivados 0s seguintes parametros acessoérios: uso aparente de oxigénio (AOU,
umol kg™), saturagéo de oxigénio (%DQ), temperatura potencial (8, °C) e anomalia
de densidade potencial (0s, kg m™). Os dados de AOU e %DO foram gerados
utilizando o conjunto de dados de profundidade (m), temperatura (°C), salinidade
(PSU) e oxigénio dissolvido (umol kg'). Os valores de 6 (°C) e 06 (kg m™3) foram
derivados a partir das equagdes termodinamicas TEOS-10 da agua do mar.

2.3.6 Identificacao das massas de agua

Para identificar as massas de agua entre 0-500 m de profundidade baseou-se
na temperatura conservativa da massa de agua (©) e salinidade absoluta (Sa)
(SCHOTT; FISCHER; STRAMMA, 1998; STRAMMA; SCHOTT, 1999). Para geragao
dos perfis, tanto verticais quanto superficiais, empregou-se o software Ocean Data
View® (SCHLITZER, 2018). Os conjuntos de dados foram interpolados usando a
grade de Analise Variacional de Interpolagcdo de Dados (DIVA).



2.3.7 Método TrOCA

O carbono antropogénico (Cant) na agua do mar pode ser calculado usando o
método TrOCA (Tragador combinando oxigénio, carbono e alcalinidade total)
proposto por Touratier e Goyet (2004a) e Touratier e Goyet (2004b), e atualizado por
Touratier et al. (2007). O conceito de determinagéo de C!79¢ baseia-se nas razdes
de Redfield, isto &, C:N:P:0=106:16:1:—138 (REDFIELD, 1934, 1958). O TrOCA
consiste na definicho de um tracador quase conservativo que combina as
concentragbes de oxigénio dissolvido (DO), carbono inorganico dissolvido (DIC) e
alcalinidade (TA). Esse método parte do principio que DO e TA nao sao afetados
pela penetragdo do carbono antropogénico. Assim, segundo Touratier et al., 2007, a

concentracdo Cr9¢* pode ser estimada utilizando a equacéo 2.2:

5
D 7,511—(0,01087+6)— (%)]

CTroca 0+1,279%(DIC—0,5«TA)— e " .
ant — — ( | )’

onde 0 é a temperatura potencial. DO, DIC e TA s&o expressos em umol kg~'. De
acordo com Touratier et al. (2007), a incerteza estimada para este método € de

aproximadamente 6 umol kg™'.

A camada superficial do oceano nao foi incluida na estimativa do Cant, pois 0
conteudo de carbono dessas aguas é influenciado por processos biolégicos e trocas
de CO2 na interface mar-ar (TOURATIER et al., 2007; TOURATIER et al., 2016).

2.3.8 Avaliacao de acidificagao

Para calcular o estado de acidificacdo da agua do mar desde o periodo pré-
industrial (~1750) até 2012 foi calculado primeiro o DICpreind. Ele foi obtido subtraindo
a fracado antropogénica calculada (Cant) do DIC estimado para o ano de 2012 (DIC
2012) @o longo da coluna de agua (Eq. 3.3). Em seguida, assumindo que TA esta em
condicdo de estado estacionario (TOURATIER; GOYET, 2004b) e substituindo os
valores do DIC 2012 por DIC preind NOS parametros de entrada do programa Excel
CO2SYS (PIERROT; WALLACE, 2006) foi possivel determinar os parametros do



sistema carbonato referente ao periodo pré-industrial, isto €, pHpreind, Q(ca ou Ar)preind,

RFpreind € fFCO2preind (Equacgdes 2.4, 2.5, 2.6 e 2.7, respectivamente).

DIC preind = DIC 3012 — Cane (2.3)

ApH = pHp12 — PHpreing) (2.4)
AQ caouar) = Qcaouar) 2012 — L (Ca ou ar) preind (2.9)
ARF = RF3012 — RFpreing (2.6)
AfCO; = fCO; 3012 — fCO, preind (2.7)

2.3.8 Analises dos dados

Foi realizada a analise de variancia permutacional multivarida (PERMANQOVA),
em um nivel de significancia de 5% com 999 permutagcbées. A PERMANOVA foi
utilizada para testar as diferengas entre as massas de agua e/ou lados do atol com
relacdo aos parametros ambientais, como clorofila a, temperatura, salinidade,
oxigénio dissolvido, uso aparente do oxigénio (AOU), carbono inorganico dissolvido
(DIC), alcalinidade (TA), estados de saturagédo da aragonita (Qar) e calcita (Qca), pH,
fator Revelle, CO2 e fCO2. As analises foram realizadas usando o R Studio (R Core
Team, 2022).



24 RESULTADOS

241 Equacao empirica para estimativa de valores de carbono inorganico
dissolvido

Os valores de DIC medidos in situ durante o Cruzeiro CFIl-2012 na regido do
Atol das Rocas e Fernando de Noronha (n= 12) apresentaram correlagdes
significativas com salinidade (R?= 0,84), temperatura (R?>= 0,98) e oxigénio dissolvido
(R2= 0,97). Desta forma, foi gerada uma equacgao para o DIC ao longo da coluna de
agua (Equacao 2.8; R?= 0,989).

DIC = 497,05 + (54,15 x salinidade) + (-11,82 x Temperatura) +(-0,41 x DO)
(2.8),

onde a temperatura € medida em graus Celsius (°C) e oxigénio dissolvido (DO) é
medida em micromoles por quilograma (umol kg'). Os erros associados a DIC

(Equacgdo 2.8) é + 6,81 umol kg™.

2.4.2 Distribuicao das propriedades oceanograficas (temperatura, salinidade,

oxigénio dissolvido e clorofila a)

De acordo com as propriedades termohalinas descritas anteriormente para a
regidao, foram identificadas trés massas de agua entre 0 e 500 m de profundidade: a
Agua Tropical Superficial (ATS), Agua Subtropical Subsuperficial (ASS) e Agua
Central do Atlantico Sul (ACAS). O diagrama 8 — Sa (temperatura potencial 6 —
salinidade absoluta Sa) com a identificacdo da ATS, ASS e ACAS é apresentado na
Figura 2. Uma forte estratificacdo vertical € observada na regido e com a presenca
da termoclina e haloclina entre aproximadamente 95 e 110 m de profundidade
(Figura 3). Resultados similares foram descritos por Silva et al. (2019) para a regiao
do Arquipélago de Fernando de Noronha, que fica localizado no mesmo conjunto de
ilhas.



A ATS estava situada acima da isopicnal oo = 24,5 kg m=3, a uma
profundidade maxima de aproximadamente 100 m, apresentando caracteristicas
oceanograficas relativamente homogéneas, com salinidades superiores a 36,0 e
temperaturas superiores a 25 °C. A ASS encontra-se logo abaixo da ATS,
caracterizada por apresentar uma salinidade maxima local (~36,5), entre as
isopicnais ge = 24,5 kg m= e 0p = 25,5 kg m=3, em uma faixa de profundidade entre
aproximadamente 94 a 112 m. Apresentou valores de temperatura entre 20,33 e
25,69 °C. Finalmente, abaixo da ASS encontra-se a ACAS, identificada pelo trecho
linear no diagrama © — Sa, situada entre as isopicnais os = 25,5 a 26,5 kg m=3,
abrangendo profundidades de aproximadamente 103 a 500 m. Esta massa de agua
exibiu uma ampla faixa de temperatura, entre aproximadamente 7 e 21 °C, e

salinidade variando entre 34,6 e 36,4 (Figura 2).

As concentragbes de oxigénio dissolvido (DO) apresentaram valores mais
elevados na camada superficial, variando entre 186,6 e 203,5 umol kg (ATS; 201,9
+ 2,0 umol kg), com valores relativamente menores em subsuperficie, variando
entre 159,3 e 193,9 ymol kg™ (ASS; ~ 175,6 £ 9,0 umol kg'), e mais baixos no fundo,
variando entre 103,3 e 167,1 ymol kg (ACAS; 122,0 + 12,3 umol kg'). O uso
aparente do oxigénio (AOU) apresentou baixos valores na ATS, variando entre -3,9
e 18,9 umol kg (-1,6 £ 2,6 ymol kg™'), maiores na ASS, variando entre 10,1 e 62,0
umol kg™ (36,7 £ 13,8 umol kg™, e valores maximos na ACAS, variando entre 51,0 e
186,4 umol kg' (145,7 £ 18,0 umol kg'). A clorofila a apresentou valores
intermediarios na ATS, variando entre ~0,1 e 0,9 mg m? (~0,2 + 0,1 mg m3),
concentragcdo maxima na ASS na profundidade de clorofila maxima (DCM), com
valores entre 0,4 e 1,0 mg m= (0,6 + 0,1 mg m3), e concentragées minima na ACAS,
variando entre ~0 e 0,6 mg m= (~0,1 + 0,1 mg m?3) (Figura 4; Tabela S01 no
Apéndice A).



Figura 2 - Diagrama 6 — Sa dos dados de temperatura conservativa 6 e salinidade absoluta SA
obtidos durante a campanha oceanogréfica do Projeto Camadas Finas em 2012 (CFIl-2012) nos
transectos SW e NE na regido do Atol das Rocas. As linhas cinzas indicam as isopicnais de
densidade potencial (gs, kg m=3) referenciados a pressao na superficie estéo indicadas
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Fonte: O autor (2024).



Figura 3 - Variagdes longitudinais em (a) salinidade e (b) temperatura (°C) ao longo do transectos
SW e NE entre a superficie e 500 m de profundidade. Perfis verticais de (c) salinidade e (d)
temperatura (°C). Os transectos SW e NE s&o plotadas ao longo da distancia (em km) de S12R a S17
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Fonte: O autor (2024).



Figura 4 - Variagdes longitudinais em (a) DO (umol kg™), (b) AOU (umol kg') e (c) clorofila a (mg m-3)
ao longo do transectos SW e NE entre a superficie e 500 m de profundidade. Perfis verticais de (d)
DO (umol kg™), (€) AOU (umol kg™) e (f) clorofila a (mg m™)
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Fonte: O autor (2024).

2.4.3 Parametros do sistema carbonato

A distribuigao vertical dos parametros TA, pH, Qar, Qca € CO%™ apresentou os
maiores valores na camada superficial, exceto para a TA que apresentou maiores
valores em subsuperficie, e menores nas maiores profundidades (500 m). Por outro
lado, o DIC, fator Revelle e fCO. foram menores na superficie e aumentaram com o
aumento da profundidade (Figuras 5 e 6; Tabela S2 no Apéndice A). A TA variou
entre 2.296,32 e 2.399,13 umol kg™', apresentando um perfil similar ao da salinidade
(R*=0,99). O valor médio da TA na camada superficial (ATS) foi de 2.377,71 + 1,43
umol kg, com um gradiente vertical relativamente baixo (13,03 ymol kg™'). Na zona
de salinidade maxima, em subsuperficie (ASS), a concentracdo média foi de

2.391,40 + 4,33 ymol kg', com um maximo coincidindo com a base da camada



fotica (topo da termoclina) e um gradiente vertical ligeiramente maior que na
superficie (18,27 umol kg'). Abaixo da termoclina, na ACAS, a concentragdo média
da TA foi de 2.319,12 + 16,26 umol kg™', com um gradiente vertical de concentragao
relativamente alto (93,91 umol kg') (Figura 5-a e 5-d). O DIC apresentou um
gradiente vertical de concentragcdo crescente, variando entre 2.059,71 e 2.240,26
umol kg™'. A ATS apresentou a concentragdo média mais baixa (2.063,06 + 4,28
umol kg™), com rapido aumento médio na ASS (2.128,31 + 18,66 umol kg') e
atingindo concentragdo média mais elevada na ACAS (2.211,42 + 13,44 uymol kg')
(Figuras 5-b e 5-e). As concentragbes de DIC apresentaram uma alta correlagdo
com o AOU ao longo da coluna de agua (R?*= 0,99). O fator Revelle (RF) apresentou
valores médios menores na ATS (9,50 £ 0,05), levemente maiores na ASS (10,50 +

0,41) e mais elevados na ACAS (15,70 + 1,23, respectivamente) (Figuras 5-c e 5-f).

Figura 5 - Variagdes longitudinais em (a) TA, (b) DIC e (c) fator Revelle ao longo do transectos SW e
NE entre a superficie e 500 m de profundidade. Perfis verticais de (d) TA, (e) DIC e (f) fator Revelle
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Fonte: O autor (2024).



Na camada superficial (ATS), os valores da fCO> variaram entre 426,7 e 457,9
patm (média = 429,2 + 3,4 yatm). Na camada subsuperficial (ASS), os valores da
fCO2 foram maiores que na ATS, variando entre 444,1 a 519,5 yatm (média = 483,3
+ 19,2 patm). A camada de fundo apresentou os valores mais elevados, com fCO;
variando de 502,3 a 857,2 pyatm (média = 704,1 £ 49,7 yatm). O pH apresentou
perfis opostos a fCO2, com maiores valores na ATS (8,01 £ 0,00), com leve
diminuicdo na ASS (7,97 £ 0,01) e menores na ACAS (7,81 + 0,04) (Figuras 6-b e 6-
f). As aguas superficiais (ATS) e em subsuperficie (ASS) estdo supersaturadas
(Q >1) em relagdao as formas dos minerais do carbonato de calcio (CaCOs3),
apresentando valores elevados de Qar (3,54 £ 0,04 e 2,95 + 0,21 respectivamente) e
Qca (5,33 £ 0,06 e 4,48 £ 0,30, respectivamente), enquanto no fundo (ACAS) esta
mais proximo do ponto de saturagéo (Qar = 1,34 + 0,29; Qca = 2,09 * 0,45) (Figuras
6-c-g e 6-d-h).



Figura 6 - Variagbes longitudinais em (a) fCOz, (b) pH, (c) Qar e (d) Qca ao longo do transectos SW e
NE entre a superficie e 500 m de profundidade. Perfis verticais de (e) fCOz, (f) pH, (g) Qar € (h) Qca
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Fonte: O autor (2024).

2.4.4 Analise multivariada

A analise PERMANOVA do conjunto de dados (salinidade, temperatura, AOU,
clorofila a, TA, DIC, RF, pH, Qca, Qar HCO3 , CO%3~ ,e fCO2) apontou diferengas
significativas entre as massas de agua (p<0,05). No entanto, ndo foram observadas
diferengas significativas entre os lados sudoeste (SW) e nordeste (NE) do atol A
analise de componente principal 1 e 2 (PCA1 e PCA2) explicaram 98,7%
variabilidade dos dados. A PCA1 explicou 93,9% da variancia, sendo definida pelas



variaveis do sistema carbonato e parametros fisico-quimico. A PCA2 explicou 4,8%
e foi definida principalmente pela clorofila a, sendo essa componente associada a

produtividade bioldgica (Figura 7; Tabela S3 no Apéndice A).

Figura 7 - Analise de componentes principais (PCA) de temperatura (°C), salinidade, uso aparente do
oxigénio (AOU, umol kg ™), clorofila a (mg m ~3), pH, fator Revelle, estados de saturag&o da aragonita
(Qar) e calcita (Qca), alcalinidade (TA, pmol kg =) e carbono inorganico dissolvido (DIC, umol kg =) ao
longo dos transectos SW-NE no entorno do Atol das Rocas durante o cruzeiro Camadas Finas Il no
ano de 2012 durante o periodo de estiagem
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Fonte: O autor (2024).

2.4.5 Carbono antropogénico (Cant) € estado de acidificagcao oceanica

2.4.5.1 Distribui¢do vertical do Carbono Antropogénico Dissolvido (Cant)

A distribuicdo vertical de Cant da subsuperficie (ASS; 294 m) até o fundo
(ACAS; =500 m) é apresentada na Figura 8 e Tabela S2 no Apéndice A. O Cant ja se
distribuiu por toda a extensdao das massas de agua estudadas. A camada
subsuperficial (ASS) apresentou as maiores concentragdes de Cant (94,87 £ 2,57

pumol kg™), atingindo as menores concentragdes nas aguas mais profundas (ACAS=



54,94 + 8,16 umol kg'). O Cant apresentou uma correlagdo negativa com o fator
Revelle, com coeficiente de determinagao (R?) igual a 0,68 e 0,97 na ASS e ACAS,

respectivamente.

Figura 8 — Variagdes longitudinais em (a) CO2 antropogénico (Cant), (b) ApH, (¢) ARF e (d) AC0%™ ao
longo do transectos SW e NE entre a ~95 e 500 m de profundidade desde a era pré-industrial (~1750)
até o ano de 2012, regido do Atol das Rocas, Atlantico Sul Ocidental. Perfis verticais de () Cant, (f)
ApH, (g) ARF e (h) ACO3™
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2.4.5.2 Estado de acidificagdo da agua do mar

Valores de ApH (ApH=pH 2012 — pH Preind) yvariaram entre aproximadamente -
0,16 e -0,12 unidade de pH. A camada subsuperficial (ASS) apresentou a maior
diminuicdo no pH (ApH=pH 2012 —_pH pr¢ind)  com um decréscimo de —0,156 + 0,003
unidade de pH (~ —-0,0006 unidade de pH ano '), enquanto, no fundo (ACAS) a ApH
foi menor, com um decréscimo de —0,141 + 0,005 unidade de pH (~ —0,0005 unidade
de pH ano ') (Tabela 2). As concentragdes de ions carbonato diminuiram em média
—61,1+£ 1,9 ymol kg' e —30,8 £ 6,3 uymol kg™ na ASS e ACAS, respectivamente. Isso
representa uma redugéo de cerca de 24% e 25% nas concentragbes de C0%3 na ASS
e ACAS, respectivamente. O valor da ARF (ARF= RF 2012 — RF preing’) aumentou em
1,57 £ 0,13 e 2,12 + 0,11 na ASS e ACAS, respectivamente, em comparagcao aos
valores pré-industriais (Tabela S3 no Apéndice A), resultando em uma menor

capacidade de tamponamento da agua mar.



2.5 DISCUSSAO

2.5.1 Dinamica dos fatores que influenciam a variabilidade do sistema
carbonato

Essa regido oceénica do Atlantico Sul tropical é caracterizada por apresentar
aguas superficiais oligotroficas, com baixas concentragdes de nutrientes e clorofila a
(CORDEIRO et al., 2013; JALES et al., 2015; SILVA et al., 2019). No entanto, foi
observado um aumento nas concentracdes de clorofila a superficial no lado SW do
atol (Figura 4-c e 4-f), relacionado a ocorréncia do “Efeito massa ilha” (IME). Esse
fendbmeno foi relatado anteriormente na regido em 2010 (JALES et al., 2015). Apesar
da ocorréncia do IME, as concentrages de clorofila a foram baixas (< 1,0 mg m3),

conforme relatado em estudos anteriores (< 1,1 mg m3) (JALES et al., 2015).

A ocorréncia do IME ndo causou alteragdes significativas nos parametros do
sistema carbonato no entorno do atol, semelhante ao observado no entorno do
Arquipélago de Fernando de Noronha (AFN) (SILVA et al., 2019). A distribuicdo de
TA e DIC ao longo da coluna de agua apresentou padrées muito similares aos
descritos por Silva et al. (2019) para a AFN. As maiores concentragdes observadas
em subsuperficie podem ser explicadas pela origem dessa massa de agua que é
formada na regido de alta evaporagcéo no giro subtropical do Atlantico Sul, sendo
assim caracterizada pela alta salinidade (STRAMMA; ENGLAND, 1999). No Atlantico
Tropical, a TA é altamente correlacionada com a salinidade (ARAUJO et al., 2019;
BONOU et al., 2016; LEFEVRE; DIVERRES; GALLOIS, 2010; SILVA et al., 2019),
resultando em perfis similares de TA e salinidade ao longo da coluna de agua
(Figuras 3 e 5). De acordo com Millero et al. (1998), no oceano aberto tropical e
subtropical a distribuicdo de TA geralmente corresponde a da salinidade, pois, as
variagdes da TA na superficie associadas as mudancas induzidas pelo balango

hidrico na salinidade s&o responsaveis por mais de 80% da variabilidade total da TA.

Os valores de DIC apresentaram perfis inversos ao da TA, com menores
concentragbes em superficie e aumentando com a profundidade (Figura 5). Isso
ocorre porque, em massas de agua mais antigas, como a Agua Central do Atlantico

Sul (ACAS), o processo de remineralizagdo da matéria organica libera CO2, que



reage com C0%™, deslocando o equilibrio da reagéo estequiométrica em direcéo ao
HCO5 . Desta forma, o estado de subsaturacdo em relagdo ao mineral carbonato de
célcio aumenta (LIBES, 2009), contribuindo para a diminuigdo observada em TA e

aumento em DIC.

Tanto o DIC quanto a TA sao afetados pela temperatura que influencia na
solubilidade do CO2 e as concentragbes de ions carbonato, além dos processos
fotossintéticos que ocorrem na superficie (LIBES, 2009). A alta correlagao entre as
concentragdes de DIC e AOU ao longo da coluna de agua séao indicativos dos efeitos
da absorgcdo pela produtividade biolégica nas aguas superficiais e da
remineralizagdo em aguas mais profundas, com consumo de oxigénio e liberacéo de
CO2. No entanto, devido a baixa produgao primaria nessa regido, as propriedades
fisicas e quimicas da massa de agua exercem uma maior influéncia na variabilidade
do sistema carbonato. Isso é evidente na analise de componentes principais, onde a
maior variabilidade é explicada pelos parametros fisicos e quimicos (PCA1= 93,9%)
e a menor pelo bioldgico (Chl a) (PCA2= 4,8) (Figura 8), ou seja, os fatores abioticos

tém uma influéncia maior.

A fugacidade do CO2 na agua do mar (fCO2) apresentou valores meédios
acima da concentragdo global média de CO, atmosférico (~390,6 + 0,1 patm,
Observatorio Mauna Loa NOAA). Estudos anteriores vém indicando essa regiao do
Atlantico Sul tropical funciona como uma fonte de CO, para a atmosfera (ARAUJO et
al., 2019; BONOU et al., 2016; LEFEVRE, Nathalie; DIVERRES; GALLOIS, 2010).

A pesar disso, o fator Revelle, juntamente com a razdo DIC:TA (Figura S1 do
Apéndice A), indicou que aguas superficiais do entorno do atol ainda apresentam
alta capacidade de tamponamento. Além disso, a regido encontra-se em estado de

supersaturagcado em relagcdo aos minerais aragonita e calcita (>1).

2.5.2 Estado de acidificagao

Nossos resultados indicam que as massas de agua no entorno do Atol das
Rocas, Atlantico Sul Sudoeste, estdo em processo de acidificacdo. Desde o periodo
pré-industrial até o ano de 2012, o pH diminuiu, em média, —0,156 £ 0,003 e 0,141

t+ 0,005 unidade de pH na ASS e ACAS, respectivamente. Esses resultados séo



semelhantes aos descritos por Carvalho-Borges et al. (2018) para as plataformas
continentais e taludes do sudeste e sul do Brasil entre as ~24°S e ~32°S, onde a
ApH na ACAS foi de -0,17 £ 0,07 unidade de pH do periodo pré-industrial até 2014.
Valores similares foram encontrados por Hassoun et al. (2015) na coluna de agua do
Mar Mediterraneo, onde a acidificacdo variou entre -0,055 e -0,156 unidades de pH
desde o periodo pré-industrial até 2013.

A acidificacao relativamente menor observada na ACAS pode ser atribuida a
menor concentragdo de Cant Nessa massa de agua mais profunda, que é mais antiga,
resultando em processos de mistura mais lentos em comparagdo a camada logo
acima (SABINE et al., 2004). Durante a subducg¢ao da ACAS, na regido do Atlantico
Sul meridional e Oceano indico Sul, essa massa de agua esteve em contato com
uma atmosfera com fCO2 mais baixa do que a condigdo de fCO2 da massa de agua
mais jovem logo acima (ASS). Além disso, nas aguas mais profundas, a
remineralizagdo da matéria organica € mais intensa resultando em valores mais
elevados do RF (e razdo DIC:TA, Figura S1 do Apéndice A). Desta forma, uma
diminui¢ao do pH resulta em diminui¢do da capacidade tamp&o e aumento do RF na
agua do mar (SANTANA-CASIANO; GONZALEZ-DAVILA, 2011). Assim, & medida
que o RF aumenta com a profundidade, observa-se também um perfil decrescente

de Cant € da ApH na regido.



2.6 CONCLUSAO

Existem indicadores do estabelecimento de um processo de acidificacdo
oceanica no entorno do Atol das Rocas, Atlantico Sul Ocidental. Devido a area ser
oligotrofica, a atividade bioldgica apresentou pouca influéncia na variabilidade dos
parametros do sistema carbonato. O efeito massa ilha (IME), em pequena escala, foi
observado no lado sudoeste do atol, alterando a distribuigdo da clorofila a, mas nao
foi suficiente para causar mudancgas significativas no sistema carbonato. Por outro
lado, o processo de remineralizagdo da matéria organica acumulada abaixo da
camada fotica, exerceu grande influéncia na variabilidade desses parametros nas
camadas mais profundas. Os dados de fCO. na camada superficial, na interface
oceano-atmosfera, estavam acima do valor atmosférico, indicando que essa regido
oceanica atua como potencial fonte de CO2 para a atmosfera.

Os valores de carbono antropogénico (Cant), estimados pelo tragador TrOCA
(Tragcador combinando oxigénio, carbono e alcalinidade total), mostram que as
camadas subsuperficial (ASS) e fundo (ACAS; ~55 umol kg'') apresentam altas

concentragdes de Cant armazenada (~95 ymol kg-'e ~55 umol kg, respectivamente).
Esse acumulo de Cant desde a era pré-industrial até 2012 resultou no processo de
acidificagcado dessa regido oceénica. A maior parte da coluna de agua estudada, no

Atol das Rocas, ainda esta supersaturada em relacdo aos minerais calcita e

aragonita. Entretanto, a regido mais profunda nessa regiao (> ~430 m) ja se

encontra subsaturada em relagéo a aragonita. Registros continuos s&o essenciais
para avaliar as mudangas no equilibrio do sistema carbonato neste local de grande
importancia biolégica. Compreender a dinamica oceéanica da area é importantissimo

para tomada de decisdes sobre a preservagao desta reserva bioldgica.
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3 CONSIDERAGOES FINAIS

O presente estudo investigou o sistema carbonato na regido do Atol das
Rocas, Oceano Atlantico Sul Ocidental. Os estudos apresentados nos artigos 1 e 2
fornecem insights valiosos sobre a dindmica ambiental complexa do Atol das Rocas
e sobre o processo de acidificagdo oceanica nas aguas circundantes do unico atol
do Atlantico Sul.

Na area interna do atol, observou-se uma alta variabilidade diaria dos
parametros ambientais, como pH, concentragdo de ions hidrogénio ([H*]) e
temperatura, impulsionada principalmente pelo ciclo diario de luz e pelas marés.
Esses fatores desempenham papéis cruciais no metabolismo liquido do carbono
organico do recife e consequente modulagdo diaria do pH. Apesar da forte
correlagao entre a temperatura e o pH da agua do mar, a bomba biolégica tem um
papel mais significativo na variabilidade diaria do sistema carbonato no interior do
atol.

Na area externa do atol, os parametros do sistema carbonato sao
influenciados principalmente pelas propriedades termohalinas, isto é, pela bomba de
solubilidade e, em menor grau, pela produtividade primaria (bomba biolégica) na
camada superficial. Nas camadas mais profundas a remineralizagdo da matéria
organica é o fator crucial na variabilidade do sistema carbonato. O acumulo de
carbono antropogénico (Cant) desde a era pré-industrial resultou no processo de
acidificagdo oceéanica na regidao, com a camada profunda (> ~430 m) ja estando
subsaturada em relagédo a aragonita. Embora a maior parte da coluna de agua ainda
esteja supersaturada em relagdo a calcita e aragonita, seus estados de saturagéo
estdo diminuido em resposta ao processo de acidificagao instalado, representando

um risco significativo para o equilibrio do ecossistema a longo prazo.

Os resultados destes estudos destacam a necessidade de pesquisas mais
detalhadas e monitoramento continuo na regido, tanto na area interna quanto na
externa do atol. Os efeitos das mudancas climaticas ja estdo sendo observados
mesmo em um ambiente oceanico quase pristino, que € influenciado,
predominantemente, por processos oceanicos e atmosféricos. Portanto, &

recomendavel realizar estudos integrados que incluam pardmetros ambientais (como



pH, temperatura e alcalinidade) e as respostas das comunidades bioldgicas (como
metabolismo do recife) considerando os cenarios de mudangas climaticas atuais e

projetados para o final do século.
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APENDICE A - PROPRIEDADES DO SISTEMA CARBONATO NA REGIAO DO
ATOL DAS ROCAS, ATLANTICO SUL OCIDENTAL: CO, ANTROPICO E
ESTIMATIVA DE ACIDIFICAGAO

MATERIAL SUPLEMENTAR

Tabelas suplementares

Tabela S 1 - Média, desvio padrédo (DP), mediana, intervalo (minimo € maximo) dos parédmetros
fisico-quimico nas massas de 4gua no entorno do Atol das Rocas

AOU
i Profun. S T DO Clorofila a
Massa de agua . . (nmol kg- s
(m)  (PSU) (°C) (umolkg™) 1 (mg m~)
Geral 1-99 - - - - -
Média - 36,20 26,26 201,87 -1,57 0,24
*DP - 0,02 0,19 1,97 2,56 0,14
ATS
Mediana - 36,19 26,29 202,27 -2,05 0,20
Min. - 36,18 24,69 186,62 -3,91 0,06
Max. - 36,38 26,48 203,56 18,86 0,86
Geral 94-112 - - - -
Média - 36,42 22,84 175,60 36,66 0,64
ASS *DP - 0,07 1,31 9,03 13,81 0,12
Mediana - 36,42 22,74 174,85 37,22 0,63
Min. - 36,27 20,33 159,26 10,09 0,40
Max. - 36,54 25,69 193,94 61,97 0,99
Geral 103-500 - - - -
Média - 35,09 11,45 121,97 145,71 0,08
*DP. - 0,34 2,67 12,30 18,00 0,08
ACAS
Mediana - 35,04 11,29 120,31 149,22 0,05
Min. - 3459 7,13 103,25 50,96 0,04
Max. - 36,40 21,33 167,07 186,40 0,56

Legenda: T = temperatura em °C; S= salinidade em unidade pratica de salinidade (PSU); ATS= Agua
Tropical Superficial; ASS = Agua Subtropical Subsuperficial; ACAS = Agua Central do Atlantico Sul.

Fonte: O autor (2024).
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Tabela S2 - Média, desvio padr&o (DP), mediana, intervalo minimo e maximo para para TA (umol kg™),
DIC, raz&o DIC:TA, fator Revelle (RF), fCO; (uatm), pH, Qare Qcae ion carbonato (C03™) (umol kg™) e
carbono antropogénico (Cant) (umol kg-')nas massas de agua no entorno do Atol das Rocas

Massa Profun. TA DIC Razdo RF fCO2 pH QAr QCa (03 Cant
de (m) DIC:TA
agua
Geral 1-99 - - - - -
Média - 2377,71  2063,06 0,87 9,50 429,20 8,01 3,54 533 22484 .
+DP - 1,43 4,28 0,00 0,05 3,44 0,00 004 006 197 -
ATS Mediana - 2377,55 2062,19 0,87 9,49 42841 8,01 3,54 534 22513 -
Min. - 2376,54 2059,71 0,87 9,44 42665 7,99 3,24 490 20894 .
Max. - 2389,57 2098,33 0,88 995 457,86 8,02 359 542 227,04 -
Geral 94-112 - - - -
Média - 2391,40 2126,31 0,89 10,50 483,28 7,97 295 449 19210 94,87
+DP - 4,33 18,66 0,01 0,41 19,24 0,01 021 030 1247 257
ASS Mediana - 2391,11  2129,27 0,89 10,50 485,13 7,97 294 448 19212 94,71
Min. - 2380,86 2077,59 0,87 9,70 44412 7,95 257 393 169,03 89,73
Max. - 2399,13  2155,59 0,90 11,30 519,47 8,00 3,38 511 217,26 99,02
Geral 103-
500
Média - 2.319,12 2.211,42 0,95 15,70 704,06 7,81 134 2,09 9212 54,94
ACAS *DP. - 16,26 13,44 0,01 1,23 49,70 0,04 029 045 1798 816
Mediana - 2.312,46 2.216,16 0,96 16,16 711,20 7,80 122 1,91 8523 51,73
Min. - 2.296,32 2.144,07 0,90 10,96 50229 7,71 089 1,39 6388 39,71
Max. - 2.390,23 2.240,26 0,98 17,95 857,17 7,96 272 4,15 17810 91,98

Legenda: ATS= Agua Tropical Superficial; ASS = Agua Subtropical Subsuperficial; ACAS = Agua
Central do Atlantico Sul.

Fonte: O autor (2024).



Tabela S3 — Carbono antropogénico (Can; pmol kg™'), as variagdes do pH (ApH'), dos estados de
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saturacéo da agua do mar em relagéo a calcita (AQca) € aragonita (AQar), ion carbonato (A) e fator

Revelle (RF; ARF) desde a era pré-industrial (~1750; calculado pelo TrOCA) e 0 ano de 2012

(contemporaneo) na ASS e ACAS

Massa de Cant ApH AQCa AQAr ACO3~ ARF

agua

ASS Média 94,872 -0,156 -1,426 -0,937 -61,05 1,566
xSD 2,569 0,003 0,047 0,034 1,92 0,127
Min 89,728 -0,157 -1,499 -0,989 -64,07 1,28
Max. 99,018 -0,146 -1,329 -0,868 -57,11 1,798

ACAS Média 54,94 -0,141 -0,698 -0,448 -30,83 2,122
xSD 8,16 0,005 0,156 0,103 6,31 0,115
Min. 39,71 -0,159 -1,372 -0,897 -58,85 1,593
Max. 91,98 -0,123 -0,416 -0,265 -19,13 2,281

Legenda: Asz pH 2012 __ pH preind; AQCa = QCa 2012 __ QCa preind; AQAr = QAr 2012 _ QAr preind;

ACO§_= Cog— 2012 _ co%— preind e ARF = RF 2012 _ RF preind_

Fonte: O autor (2024).



Tabela S4 - Analise de componentes principais realizada com dados do sistema carbonato e

variaveis fisico quimicas da regido do Atol das Rocas

59

Variaveis PCA 1 PCA 2

Temperatura 0,29623 0,078752
Clorofila a 0,212168 -0,91105
Salinidade 0,290209 -0,14816
TA 0,293279 -0,1451

DIC -0,29106 -0,22449
Fator Revelle -0,29743 -0,04182
fCO2 -0,29502 -0,09086
Qca 0,296094 0,121774
Qar 0,295867 0,126616
CO: -0,29589 -0,03263
pH 0,296753 0,083641
AOU -0,29319 -0,14648

Fonte: O autor (2024).



Figura Suplementar

Figura S1 - Variagao longitudinal (a) e perfil vertical (b) da razdo DIC:TA ao longo do
transectos SW e NE entre a superficie e 500 m de profundidade
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Fonte: O autor (2024).
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Koywonds:

Combinuous manitaring
Rocas Atoll

Reef ecorystems
Ocean acidification
Carbomate sysiem
Diaily variahbility

The study of pH and temperanire variabilisy in reef environmenta, and the undeslying procemses that control thin
wariability, iz of great importance for ocean acidification research. Therefore, in the reef environment of Rocas
Atoll, we condwcted continnous monitoring of pH and temperature and periodic sampling of carbonate chem-
iztry, and we hypotheaize that seawater temperanire i not the determining factor in the daily variabiliog of pH at
thiz atoll. Chur results chowed that the seawater of the atoll precanted a high daily variability in pH, [H7], and
temperature. The cyclez of variations occurred primarily with a periodicity of —24 k, related to the daily light

cycle, and zecondarily with a periodicity of —12 h, associated with the semi-divrmal tidal cycles of the atoll. The
reqults indicate that the relative balance of net organic carhbon metabolizm iz the main process modulating
carbonate chemintry on the atoll throughout the day.

1. Intreduction

Oeeanie and coastal reef environments are among the most vulner-
able marine ecosystems, as local and global stressors have intensified in
recent decades (Hoegh-Guldberg et al., 2007; Hughes et al., 2017). Ona
local zecale, pollution and predatory fishing are some of the factors
aszociated with the degradation of reef enviromments (Hughes et al,
2003; Dutra et al_, 2021). On a global seale, continuous inrreases in sea
surface temperature {55T), and decreaszes in seawater pH are some of the
most significant contemporary threats to these ecosystems (Hughe:s
et al | 2017; Cyronak et al . 2020). Projections indicate that, by the end
of the century (2100}, 55T will have increased by an average of 2.58°C
and pH will have decreased by 0.32 units (The Intergovernmental Panel
on Climate Change - IPCC, 2019). Anthropogenic activitiez hawve
increased the pressure of carbon dioxide (COy) in the atmosphere from
280 partz per million (ppm) zince the beginning of the industrial revo-
lution to the current level of 419 ppm (US Deparmment of Commerce,
MOAA 2022, an increase of =40 %. The aceans have been responsible
for absorbing about 25 % of all this CO; released by human activities
(IPCC, 2019). The dizrolution of thiz CO; in seawater has altered the
marine carbonate syztem, leading to a decrease in the pH (or increases in

* Corresponding athor.
E-mail address: marcosalmeida mdsifhotmail com (M. de Almeida).

hitpe //doi.org/10.101 6, marpolbul 2023115670

the concentration of H™ ions) and zaturation state of calcium carbonate
(12}, resulting in the proces: known as ocean acidification (Caldeira
and Wickett, 2003). The surface of the oceans has had its pH deereased
by 0.1 unit, rezulting in a ~ 30 % increaze in hydrogen ion concentration
([H"]) and a ~20 % decreaze in carbonate ion concentration [Cﬂg ]
(Doney et al, 2009). The excess H™ readily combines with CO§ to form
more bicarbonate jons (HCO; ), which reduces the availability of 003
in seawater (Feely et al., 2009). Coralzs, cruztoze coralline algae, and
other marine crganisms use caleium (Ca™ ) and carbonate (C03) to
form their skeletons and caleareous structures (ie, caleium carbonate:
CaC0y,, ). However, at low concentrations of Cﬂg ionz in zeawater, the
caleification rates of these organizms may be hindered (Fesly et al |
2009; Meyer and Riebesell, 2015).

The 55T and pH are two important envirommental parameters
monitored at high-frequeney rezolution in the reef environment. The
diurmal 55T in theze environments can range from < 1°C to =6°C (e.g.,
Eline et al., 2015; Cyronak et al., 2020) and iz influenced by solar
heating and cloud cover variations (Pereira et al., 201 7). The diornal pH
in reef environments can range from < 1.0 pH units to > 1.0 pH units (e.
g, Comeau et al., 2014; Fline et al , 2015; DeCarlo et al., 2017). These
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diurnal cecillations are mainly influenced by the net metabolic balance
ocowring in these ecocystems, ie net commumnity production (NCP) and
net community caleification (MCC). Where MCP iz given by the diffar-
ence between primary production and respiration, and MCC iz given by
the difference between calcification amd CaCO0: dissoluton

The development of pH sensarz over the last decade haz allowed
scientists to monitor in situ pH and temperature in reef enviromments
with high-frequency resolution (Shaw et al, 2012; Fline et al, 2015;
Reid et al, 201%; Cyronak et al, 2020; Pezner et al., 2021). High-
frequency continuous monitoring provide: a valuable management
tool for characterizing pH, temperature, and other environmental pa-
rameters, particularly in reef environments that are logistically difficult
to access. These high-frequency data can provide zpatial and temporal
information on the variability of the physicochemical parameters of
seawater. Furthermore, they can be uzed to identify the processes that
influence these variations in a reef environment.

Rocas Atoll iz a biolegical reserve located about 266 km of the
Northeast eoast of Brazil. Thiz atoll has an average benthic cower similar
to other reef environments in the Brazilian Provinee. In general, the
coverage of coastline and offshore reef-building corals in the provinces is
low, with a mean of 4.38 % (=8.17), and is dominated by massive
species, mainly colonies of the genera Siderastres, Montostraea, and
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Mussismilia (Aued er al, 2015). This atoll is a relatively pristine reef
complex, considered a natural laboratcry with minimal local direct
anthropogenic impacts, i.e., there are no direct impacts from tourizm,
fishing, or pollution, and it is generally subject to oceanic and ammo-
spheric processes. Therefore, thiz ecosystem provides a suitable oppor-
ity to investigate in situ the natural wariabilicy of physicochemical
parameters of seawater. Previous studies monitoring seawater envi-
ronmental parameters in thiz atoll were based on low-frequency obser-
vations (periodic sampling, e.g., Pinheiro, 2016), with the exception of
temperature, which was previously momnitored at high frequency in
studies by Pereira et al. (2017) and Evangelista et al. (2012). Here we
present high-frequency (continuous monitoring) and low-frequency
(pariodic sampling) data of seawater pH and temperature from the
reef environment of Rocas Atoll, aiming to (1) capture the daily vari-
ability and the dominant frequencies (periodicity) and how tdes influ-
ence pH, [H"], and temperamre; (2) verify the occurrence of days with
extreme diumal varability (peak-to-peak); and (3) identify the main
processes that modulate carbonate chemistry throughout the day (ie.,
net community production: MCP or net community caleification: MCC)L
Therefore, we hypothesize that seawater temperature is not the deter-
mining factor in the daily variabilicy of pH in the reef environment of
Rocas Atoll
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Fig. L (a) Stodied zite location at Rocas Atoll, and NOAA Coral Reef Watch monitoring area and Femando de Moronha kland, West South Atlantic, Brazil; (k)
sampling and monitoring area at Rocag Atoll (F501, 502, #3503, 7504, #505 and #506); () HOBO Dat logger with pH and temperature sencocs at the Faloa Bamreta
open pool; (d) HOBO Data logger with pH and temperature sensors fixed 2t —1.0 m above the rubotrate and —1.5 m deep in relation to the low water level

Legend: (#501) - Pal:a Barreta open pool; (#502) - Barretao Channel: {#503) - Tartaruges closed pool; (F504) - Cemiterio cloged pool; (#505) - tide pook; (F506) -

outzide area of the awall
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2, Materlals and methods
2. 1. Study site

This smudy was conducted in the Roecas Atoll Biological Reserve, the
only atoll in the Western South Atlantic (3°51'5, 33749 W, Fig. 1. Iewas
established in 1979 az a Marine Biological Reserve and then az a Marine
Protected Area (MPA) (De Oliveira Soares, 201 8). Since 2001 it has been
considered a World MNatural Heritage Site. Thiz atoll has an area of
approximately 6.56 kJII.!, its dimenszions being 3.35 lm in itz major axis
(E-W orientation) and 2.49 km in itz minor portion (N-5 orentation; De
Oliveira Soares et al., 2011; Pereira et al., 2010). Itz reefs are built pri-
marily by encrustng coralline red algae, and the secondary framewaork
bailders are composed of vermetid gastropods, encrusting foraminifera,
polychaete tubes, and coralz. The three main habitats found in the inmer
reef area of the atoll are a shallow permanent lagoon, and closed and
open pools (Longo et al., 2015)

The tidal regime in the atoll is semidiumal and meso-tidal, with a
range of 2.3 m. Salinity ranges from 36 to 37 (Gherardi and Bozence,
1924}, while outer the atoll Jales et al. (2015) found values between 36
and 36.43. Seasonality iz defined by the dry (August to February) and
rainy (March to July) easons. The Focas Atoll region has itz dynamics
influenced by the Intertropical Convergence Zone (ITCZ). During the
auziral summer (February to March), the ITCZ reaches itz southernmost
latinude, near the equator, in responze to warming S5T (Walizer and
Gautier, 1993). This atoll iz under the influence of the central branch of
the South Equatorial Current (¢SEC), with a constant westward How
(Tchamahi et al , 2017)

This study was conducted at six sampling stations on the atoll. These
stations were located at an open pool (Falza Bameta: #501), in the
lagoon (Bamretao Channel: #502), at two closed pools (Tartarugas:
#503; and Cemitério: #504), at a tidal pool (#505), and at the outer area
of the atoll near the Falsa Bamreta open pool (#306) (Fig. 1). The
monthly climarological sea surface temperature dataset for the Rocas
Atoll region was dovwnloaded from the NOAA Coral Reef Watch pro-
gram This monitoring station iz located benween Rocas Atoll and Fer-
nando de Moromha Island (Fig. la; for more detailz comsult the
Supplementary material Text 51). The HOBO data logger equipment
with pH and temperamure sensors (HOBO MX2501, Omset Computer,
Bourne, MA, USA) was anchored at #501 (F51'37" 5, 3349847 W,
Fig. 1. Thiz open pool has a depth ranging from 1 to 7 m (Aued et al.,
2019). Information about the benthie cower of #5301 iz deserbed in
Supplementary material Text 52

22 Discrete zample collection and sample analysis

To characterize the carbonate system of the Rocas Atoll reef envi-
ronment, discrete seawater zamples were collected during owo zampling
expeditions (Fig. 1b and Table 51). During the frst expedition, con-
ducted berween September 30 and October 13, 2019, discrete zamples
were collected at stationz #3501, #5302, #5303, #5304, #5056, and #5306
(Table 351). During the second expedition, conducted between
September 10 amd September 25, 2020, dizerete zamples weare collected
only at stations #8501, #502, #505, and #8506 (Table 51). To assess the
diurnal varation of the carbonate system in the atoll discrete seawatar
samples were collected ower one day at station #3505 during high and
low tides periods. Sampling intervals occurred every 5 h during the first
expedition (n = 4) and every 3 h during the second expedition (n = 7).
Samplez were also collected on the outzide of the atoll (#306, n= 2) o
werify the environmental conditdons of the seawater before entering the
nterior of the atoll. Due to logisteal difficulties in accessing Rocas Atoll,
mainly due to QOVID-19, the discrete sampling regime of the presant
soudy was sporadic. In addition, in some sampling stations, it was onby
sampled during low tide (#5301 and #504; Table 51), while others only
sampled during high dde (#5302, #503, and #506; Table 51). Therefore,
the discrete zample data from the owo sampling campaigns were
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combined into two groups for stadstical analyzes. The first group con-
sisted of samples collected in open pools (OP) (#5301, #502_ and #506;n
= 22}, while the second group consizted of zamples from clozed pools
(CP) (#503, #504, and #505; n = 15). Thiz design is similar to the
strategy used in a previous study at this atoll by Pinheiro et al. (20016).
Thus, it allows us to include zamples collected at both high and low tide
within the zame natural pool type (i.e, open pools and closed pools)
(Table 51).

Ta validate the measurements of the pH senzor deployed at the Falsa
Barreta open pool in Rocas Atoll (#301), seawater zamples were
collected for pH analysiz using specomophotometric methods. These
samplez were collected daily (near the HOBO darta logger) during low
dde for the first 13 days of environmental monitoring (October 1 to
October 13, 2019, n = 13). All zamples were collected using a Miskin
bottle and stored in 300 ml amber glass bottles to analyze the enwvi-
ronmental parameters of total alkalinity (TA) and pH. To inhibit bio-
logical activity, these samples (TA and pH) were fxed with 200 pL of
saturated mercure chlodde (HgClz) soluton immediately after collec-
don. During zampling, seawater temperature was measured uzing a
thermometer with a resolution of 0.1 and zalinity was measured using a
multi-parameter probe (AKSD, AKSE) with a resclution of 0.1, appro-
priately calibrated and checked with standard zalinity samples.

TA and pH discrete zamples were analyzed by potentiometric titra-
don with 0.1 N hydrochloric acid (HCI) in an open cell and zpectro-
photometric method, rezpectively, according to Dickson et al (2007
The details of the analyses are deseribed in Supplementary material Text
55, Dizerete pH zamples collected daily to validate the measurements of
the pH zencor (HOBO data logger) were analyzed immediately after
collection at the laboratory at the base of the Rocas Atoll Biological
Beserve. Dizerete pH samples (preserved with HgCly) for characteriza-
don of the reef environment were analyzed at the Chemical Oceanog-
raphy Laboratory of the Federal University of Pﬂ'nambm:{u.

2.3, Emvironmental monitoring

The equipment with pH and temperamre sensors (HOBO MX2501,
Oncet Computer, Boume, MA, USA), waz anchored ~1.0 m above the
subsrate and ~1.5 m deep from the low tide level at the Falsa Bamreta
open pool (#501; F51'37 5, 33498 W, Fig. 1). The positon of the
HOBO data logger varied approximately between 1.5 and 4.0 m depth
conzidering the tidal variation during the monitoring perod at the atoll
High-frequency data acquisition cecurred between October 1, 2019 and
May 31, 2020 for the temperature data, while the pH sensor recorded
data in the period from October 1, 2019 to February 29, 2020. The
measurement cycle of the senzors was in 30 min interval: in order to
capoure variability and daily cycles on the reef (pH, n = 7296; temper-
amre, n= 11,712). The pH senzor (reported on the total hydrogen scale)
has an aceuracy of +£0.10 pH unitz and a resolution of 0.01 pH. The
temperature sensor (*C) had an accuracy of +0.2 °C and a resolution of
0.024 =C. Before anchoring the HOBO data logger, its pH sensor was
calibrated using three standards: (pH = 4.01, 7.00, and 10.01) according
to the manufacturer’s protocols. More detail: about the eguipment
HOBO MX2501 and the calibration consult the Supplementary material
Text 53.

2.4 Satellite sea surface temperature (55T date

Ta compare the monthly mean 55T recorded by the Hobo equipment
in the atoll reef environment with the monthly 35T climatology,
monthly 35T climatology data were downloaded from the MOAA Coral
Beef Watch (CRW) program for the area covering Rocas Atoll (Fig. 1a;
for more details consult the Supplementary material Text 510

2.5 Predicted tide data

Ta werify the possible influence of the semi-divrmal tidal regime cn
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the variability of pH, [H™], and temperature in the reef anvironment of
the atoll, predicted tidal height data were generated every 30 min using
SISBAHIA zoftware. Thiz estimation was performed for Femando de
Moronha Island, which is the nearest tide gauge station to Focas Atoll

2.6. Data analysis

261 Discrete dmta

For characterization of the carbonate system, diserete data of total
alkalinity (TA), hydrogen potentdal (pH), salinity, and temparature were
uwzad to caleulate diszolved inorganic carbon (DIC), partial pressure of
carbon dioxide (pCO,), aragonite saturation state (£2.), Revelle factor
and concentrations of bicarbonate [HOO; ] and carbonate [cog-] ions
using the Bxecel program CO28YS (Pierrot and D W. B. Wallace, 2006),
employing the CO; acidity constants K; and F; from Mehrbach et al
(1973) az readjusted by Dickson amd Millero (1987) and the K80, for
the bisulfate ion from Dickson (1990). The Rewvelle factor was also
caleulated to assess the buffering capacity of the meawater on the atoll
The nonparametric Mann-Whimey test was used for statstical com-
parisons benween two zites (clozed pool and open poal).

All total alkalinity (TA) and dissolved inorganie carbon (DIC) data
from dizerete zamples collected at the atoll between the years 2019 and
2020 (n = 37) were subjected to type II linear regression analyziz in
Matlab using the least squares fitting code leqfitma m MODEL-2 (hop
- Swwew mbari org/staff fetp3/regress_him). The slope valoe of the TA-
DIC regression indicates the dominant process in reef net metabolizm.
The percentage of relative influence of MCP on DIC changes (%MNCP) was
also caleulated according to Eq. (1) (Crronak et al | 2018):

%.W'CF:[.I—@] « 100 [

where My, g iz the slope of the TA-DIC regression Another useful
expreszion iz the MCOC:NCP ratio which ean be caleulated indirectly using
the slope of the TA-DIC relationship (my,_ ). To caleulate this ratio, it
was assumed that NCC (calcification-dizzolution) and NCP (photosyn-
thesiz-respiration) affect TA and DIC in different proportions. That iz, in
MNCC, each male of CaC0s precipitated (or dizssolwed) alter TA and DIC in
a ratio of 2:1; whereas, in NCP, each maole of organic carbon produced
(or decomposed), 1 mol of DIC iz consumed (or released), with litde
change in TA_ Therafore, the NCC:NCP ratio was caleulated according to
the following Bq. (2} (Albright et al., 2013; Koweek et al, 2015)

NOC AL (2
NCP — \2—mp puc)”

26.2 Continuous data

The high-frequency datasets monitored continuously in the present
snudy were temperature and pH. In addition, hydrogen ion concantra-
dons {[H™]) were calculated in an Exeel spreadsheet uzing the pH
datazets. Basic descriptive statiztics analyzes (mean, standard deviaton,
median, maximum, minimum values, and frequency of cccurrence), as
well as regression analyzes, were performed. The diumal peak-to-peak
amplitudes (daily maximum - minimum} of pH, [H"], and tempara-
mure were computed. These diumal amplitudes were used to caleulate
dayz with extreme diumal variabilicy according to Frolicher et al. (2018)
and Torres et al (2021) who thus defined them as days with a daily
amplitude greater than the 9%th percentile. The correladon between
high-frequency pH amd temperature datasets measured in zitu at Rocas
Atoll by pH and temperamure senzors (HOBO data logger) was akso
checked. In the present study, the high-frequency pH datasets are alwo
prezented in terms of [H*]. According to Fassbender et al. (2021), this
ope of approach is important because changes in pH reflect a relative
change in [H"] (for more details consult the Supplementary material
Text 54). The pH, [H'], and temperature datasetz were analyzad for
normality and homoscedasticity uzing the Shapiro-Wilk (p = 0.05) and
Bartlett tests (p < 0.05), rezpectively. The datasets did not satisfy the
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assumptions of the parametric analysis. Therefore, non-parametrie
Fruzkal-Walliz and post hoc tests (Wilcox test) were performed to
determine the significance of differences. These statiztical analyzes were
performed using R Studio (R Core Team, 2022).

To determine the dominant frequencies (periodicity) of the vari-
ability of the pH, temperature, and tide time zeries, Lomb-Scargle
periodograms were generated using the plomb function in Matlab. The
frequency range was 0.25-5 day ! in 0.001 day ! intervals as described
by Cyronak etal. (2020) and Pezner et al. (2021). We alzo used wavelet
analyziz which allows us to analyze both the frequency (periodicity) and
the timing of fuctiations (Cazelles et al, 2008; Torrence and Compao,
1998). The statstical significance of the periodicities revealed by the
wavelet analysis was tested at a 95 % confidence level

3. Results
3.1. Emvironmental condifons

Measured (temperamure, salinity, pH, and TA) and caleulated ([H™],
DIC, f_'li}g”, pCOg, f2ar, and Revelle factor) environmental parameters
over the course of two discrete seawater zampling expeditions in the
Buizeas Atoll are shown in Fig. 51, Tables 51, amd 52 in the Supplementary
material Clozed pools generally showed greater environmental vari-
ability of parameter: than open pools. However, these differences were
not found to be significant (Mann-Whitmey test; p = 0.05), with the
exception of temperature variability in closed pools, which was signif-
icantly higher than in open pools (Mann-Whimey test; p < 0L05). More
detailed data on the environmental parameters of the Rocas Atoll
seawater are presented in Fig. 51, Tables 51, and 52 in the Supple-
mentary material

The overall mean buffer capacity of Rocas Atoll, as indicated by the
Bevelle factor, was 5.7 + 1.1, with a minimum of 6.7 and a maximum of
11.8, and a total amplitude of 5.1 (n = 37; Table 51). Considering the
type of reef environment (open or closed pools), the Revelle factor
averaged 8.6 + 0.8, with a minimum of 6.7 and a maximum of 10.4 (n =
22: total amplitude = 3.7) in the open pool, while it averaged 8.9 + 1.5,
with a minimum of 5.9 and a maximum of 11.5 {n = 15; total amplinsde
= 4.9] in the closed pool (Table 52, and Fig. 510

The diurnal variation of the carbonate system in the atoll (collected
over one day at Rocas Atoll; #305) showed profiles with the same
wariability trends for TA, DIC, pCO;z, Revelle factor, and [H™]. The
lowest values gecurred during the afternoon and the highest in the early
moming hours (Fig. 2(al, (e, (e), (g), and (f) dght y-adz; Table 511
Temperature, {2, pH, and C03 also chowed similar diumal variations.
The lowest value: ocewred in the early moming hours (except for
temperature, which had itz lowest values in the late evening), and the
highest values occwred in the afternoon (Fig. 20b), (d), (F) left y-axis,
and (h); Table S1).

3.1.1. TA-DIC regression and NCC:NCP ratio

Seawater zamples collected from the reef environment of Rocas Atoll
exhibited a TA-DIC slope (my,_gpy) of 0,698 £ 0.055 (n= 37, Fig. 52).
According to thiz slope, the percentage of relatve influence of NCP on
DIC changes (%NCP, Eq. (1)) waz 65.1 %. The NCC:NCP ratio was 0.54
(Eq. (2)). The TA-DIC slope (mra—_psc) was higher in open poolz (0.813 +
0.089; n = 22, Fig. 53) than in closed pools (0.593 + 0.066; n = 15,
Fig. 54). The %NCP on DIC changes waz higher in closed pools (70.4 9)
than in open pools (59.4 %). Compared to open pools (0.68), closed
pools had a lower NCC:MNCP ratio (0.42). The TA-DIC slope and NCOC:NCP
ratio results indicate that photosynthesis and respiration (MCP) are the
main processes modulating carbonate chemiztry throughout the day in
the Rocas Atoll reef environment (Figs. 52, 53, and 54).
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3.2, Dailly wariability of seawater pH, hydrogen ion concentration ([H™ ]}
and temperakire

The high-frequency data recorded by the pH senzor (HOBO data
logger) chowed a high correlation with the pH data of the dizerete
samples collected in the Falsa Barreta open pool swrounding the
equipment (r*= 0.9504, p < 0.05, n = 13, Fig. 55, Table 53). This chows
that the high-frequency data recorded by the HOBO data logger had a
good] consistency.

321 pH

The pH had a mean value of 8.15 + 0.11 and a median of 8.14 (n =
7206). The pH amplitude was 0.70, with minimum and maximum values
of 7.82 and B.52, respectively. Thiz environment showed a high daily
variability of pH (ApH gy} with 2 mean of 0.20 + 0.08 (n = 152) and
with minimum daily amplitodes of 0.08 (3.08 to 8.16; December 19,
2019, n = 31) and a maximum of 0.48 (8.03 to 8.51; February 12, 2020;
n = 29 Table 1). Extreme diwrnal variability (defined here as 99th
percentile) was observed two tdmes during the monitoring with values of
0.45 (Detober 04, 2019, n= 31) and 048 (February 12, 2020, n = 29).
The variability observed on days with extreme diumal pH variability
represented a varability of up to 69 % if compared to the total ampli-
tude (0.70 pH units) obeerved during the entire monitoring period. The
variability obeerved in the daily pH cyeles shows, on average, maximum
valoes between 13:00 and 15:00 (8.27 + 0.09 o 8.27 + 0.08), when
they begin to decrease umtil sunrize around 5:00 (2.06 + 0.05 to 8.06 =
0.07]), remaining approximately constant untl the beginning of the cycle
of increase around 7:00 (B.07 + 0.07; Fig. 4al.

Mean monthly pH values increazed steadily during the monitoring
period from October 2019 (8.07 + 0.10, n = 1488) to February 2020
(8.23 + 0.09, n= 1392; Table 1; Fig. 4a). This trend followed the sea-
sonal pattern of the dry period, which begins in August and ends in
February in this region of the southem Atantic Ovean The differances

Table 1
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between the months were statistically significant (p < 0.05).

Frequency analysiz on the time series of the high-frequency data
showed that the pH of the atoll zeawater showed strong oscillations with
a frequency of ance a day (1 day ]]andwithsmaﬂerunlenafmagni-
tude of twice a dav (2 day ') and three times a day (3 day "1 (Fiz. 5b). In
Fig. fa, wavelet analyziz revealed areaz of significant and consistent
wvariability in pH equivalent to a perodicity of ~24 h (e, 1 day '), as
weell 2= smaller intermitrent peaks at periods of ~12 h (Le., 2 day~ ') and
~8h(ie, 3 day ')

322 Hydrogen ion concentration ([H J}

The mean hydrogen ion concentration ([H ™ ]) during the deployment
waz 7.31 + 1.75 nmol kg~ ! (n= 7206), with a median of 7.18 nmol kg’
and a total amplitude of 12.01, with 2 minimuom amplitude of 3.00 nmol
kg ! and a maximum of 15.01 nmol kg~ !. The daily varability of
hydrogen ion concentration (A[H™] 4wy} averaged 4.72 = 1.4]1 nmol
kg !, with a minimum of 1.38 (December 19, 2019) and a maximum of
9.55m1kg'1 (Oerober 04, 2019) (n= 152). Only one day showed an
extreme daily variability of [H™] with a value of 9.55 nmol kg 1
(October 04, 2019). The variability observed on only one day with
extreme diurnal variability represented a wariabilicy of up to 80 %
compared to the total amplitude of [H™] observed during the entire

The [H"] showed minimum values around mid-aftemoon (5.44 +
1.06 nmal kg '), when it then begins to inerease until mid-moming and
remaings approcdmately constant until dawn (~8.8 = 1.6 to ~BE5 = 1.5
nmol kg 1], when it begins to decrease (Fig. 4b). Monthly mean values
of [H"] showed a dovwmward pattern, with the highest mean concen-
tration in October 2019 (8.76 = 1.95) and the lowest in February 2020
(599 + 1.17) (Fig. 5b). Howevar, if these time series were to continue,
for example, through May, as zeen in the temperature time series
(Fiz. 5¢), a decrease in [H™] would be expected through March and April
before beginning to inereaze again. The differences across the months

Variability of pH and temperature (*C) of seawaters in the reef envisronment of Rocas Atoll: monthly mean (4 500; daily mean minimem and maxizum (4 500; and daily

variztion of pH (ApHuwsy) and temperature (A tempaaiy, “CL

Parameters Dctober Havember December January February March April Moy Al study
period
200% parr ) 0192020
pH Mean = S[x A.07 = 0.10 BE11 = e H15= 09 B1% = D08 B.13 = 0.09 - B15=10.11
Median H.00 BO9 413 BB B2 B14
Minimum 7.E2 7N 7.95 L) | Bz THa2
Maximum a3y B3g 247 B a5 B52 B5Z
A pHany Mean = S[x 0.31 = 0.07 030 = 0LoT 0.28= 01D 027 = 0u07 0.30 = 0.0 029 = 008
Median 0. 031 0.73 0I7 (eB:) | 031
Minimum 019 oar 0.08 1z 014 noa
Maxizum .45 041 .44 038 0.48 a8
[H*] {nmeal Mean = 500 ATo = 1.95 FA5 = 1.60 T.28= 1.42 G.82 = 1.18 599 = 1.17 731=1.78
ls-l:l Median am Boe 724 bGE BT 7.8
Minimum 418 413 3. 356 200 300
Maximum 1501 1231 1124 985 .44 15.01
"s[u-ldl.l.h Mean = 5[x 5.92= 1.40 El18=1.13 4.57 = 1.43 3857 = 05T 404 = .07 4.72= 141
Median .00 550 4,95 198 4.18 456
Minimum 3.E0 209 1.28 1.84 1.4 - 138
Maxizum AE5 ¥53 672 53 B33 955
Temperature Mean = S[x 2094 = ¥EIx 2B0Z = 848 = ZB9% = 29467 = G906 = = I[.H= 1.03
[ 0.8 nAs 0.43 (.44 [EB:.} 0.43 D47 4%
Median 206 I7.44 796 1846 2893 29,60 ool o) .05 IH.60
Minimum [B37 6,27 2693 T 44 2836 2as8 oL ITBh IB[.I7
Maximum LT a5 29483 1995 3051 3104 .19 3014 n.a9
APempaysy Mean = 500 1.72= 045 143 = 040 1.36= 053 107 =037 1M =04 128 = 128 = l128= 134 =043
.34 034 030
Median 179 149 1.43 1.0% 1z 1.z0 1=2r 1.3z 135
Minimum 0.98 ns9 L1 v kb X i) Q.40 D50 0Ty nar
Maximum 248 200 1M 1.74 235 1.91 1., 192 a8
Temperature Historic 2644 3485 260 T Il 2800 | 57 37.35= 057
[ ] mean”

Ao, and ApHiog, are the differences betwesn the mavimom and minimum values of pH, [H7] and temperasore in a 24 h grele.

* Hiztorical monthly average downloaded from NOAA Coral Beef Watch.
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were statiztically significant (p < 0.05).

The [H"] of the seawarter from the atoll showed strong oscillations at
a frequency of 1 day'l. In addition, smaller peaks at the frequency of 2
day ! and 3 day ! also influenced the variability of [H*] (Fig. 5d).

3.2.3. Temperalure

The mean temperature during the deployment was 28.54 + 1.03°C
(n=11,712) with a median of 23.66 °C and a total amplitude of 5.24°C
with a minimum of 2527 *C (October 05, 2019) and a maximum of
31.19 °C (April 24, 2020). Daily temperature variability (Atempdaity)
averaged 1.34 + 0.43 °C with a minimum of 0.37 °C (December 19,
2019) and a madmum of 2.43 °C (October 19, 2019) (o = 244)
(Table 1). Three days chowed extreme temperature variability with
values of 2.44°C, 2.45°C, and 2 43 °C on October 04, 05, and 19, 2019,
respectively. The maximum daily temperature variability observed on a
single day accounted for almost half (47 %) of the total variability
recorded during the deployment period.

The daily variability of temperature showed higher daily values
oecurring on average around mid-afternoon (mean temperature = 2912
+ 0.94 °C), during the period of higher solar irradiation, when it then
starts a downward end towards the lower ranges untl dawn (mean
temperature = 28.16 + 1.00°C) (Fig. 4c), thus showing a similar profile
to the pH profile. Thiz daily variability was related to the daily light
cycle in the atoll region
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The mean monthly temperatre records showed a seasonality char-
acteriztic of the tropical region. The lowest monthly mean temperature
occurred at the beginning of the present study monitoring in October
2019 (2694 + 058 °C, n = 1488). The monthly mean temperature
reached its maximum between March 2020 (20.67 + 0.43, n= 1488)
and April 2020 (2966 + 0.47, n = 1440), when then a downward mend
iz begun (Table 1 and Fig. S5c). This seasonality was consistent with the
hiztorical monthly mean 55T (r* = 0.968), as recorded by the NOAA
Coral Reef Watch program. Pereira et al. (2017) also reported the zame
pattern in a continuous monitoring study conducted between 2012 and
2013 at two sites in Rocas Atoll (a closed pool and an open pool). In this
study, the differences across the months were statistically significant (p
< 0.05), except between March and Aprdl (p = 0.648).

Frequency analyziz of the teamperature time series alzo indicated that
the daily light cyele, at a frequency of 1 day~! was the primary driver of
the observed daily temperature variability in the atall reef environment
Minor order-of-magnimsde oseilladons also influenced the temperatura
wvariability in the reef environment ar a frequency 2 day ' and 3 day
(Fig. 5d).

4, Dilzcusslon

Diata from dizerete samples and high-frequency monitoring showed
that the reef environment of Rocas Atoll experenced a high diwrnal
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Mote 1: The pH and [H™] datasets include the period from October 1, 2019, to Pebruary 29, 2020, and the temperature datcets incdude the pesiod from October 1,

2019, to May 31, 2020,
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variation of itz environmental parameters, such az pH, [H"]. and tem-
perature (Figz. 2, 3, Table 1). Two days showed extreme diurmal vari-
ability for pH (0.45 and 0.48 pH units), one day for [H™] (9.55 nmol
kg 1), and three days for temperature {244 °C, 2.45°C, and 248 °C),
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representing variabilities of up to 69 %, 47 %, and 80 %, respectively, of
the total amplitude observed during the entire monitoring period (o=
152). According to Fwiatkowski and Orr (2018), the amplitude of
diurnal variations of [H™] is likely to increase by the end of thiz centry
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due to the ocean acidification proeess. Global warming has been
recognized as the main driver of the duration, frequency and intensity of
extreme events, increasing the rizk of negative impacts on marine eco-
syztems (Frolicher et al, 2018; IPCC, 2019). Since 2016, monitoring
studies of coral bleaching (disruption of symbiotic relationshipes between
corals and dinoflagellates) in Rocas Atoll found bleaching rates ranging
from 1.52 % (+1.89 5D) in 2017 to 58.01 % (+8.97 5D) in 2019, but
with low coral mortality rates (<4 %; Gaspar et al., 2021), indicating
greater resilience with natural recovery capacity in thiz tropical
ecocystem. This severe bleaching in 2019 was linked with larger and
more frequent thermal anomalies and more intense marine heatwaves
(MHW) that reached the atoll (Gazpar et al, 2021).

The TA-DIC slopes (Rocas Atoll = 0.698 + (.055; open pool = 0.813
+ 0.08%; closed pool = 0.593 + 0.066; Figs. 52, 53, and 54) and the ratio
between net community caleification and net community production
(NCC:NCP; Rocaz Atoll = 0.54; open pool = 0.65; closed pool = 0.42),
similar to Pinheiro et al. (2016), showed that photosynthesiz and
rezpiration (NCP) were the main proceszes modulating COz chemiztry
during the day in the seawater of the Rocas Atoll reef environment. This
explains the daily cycles during the day, between 13:00 and 15:00, of pH
with higher values and [H™] with lower values, ie CO, consumption by
photosynthesiz. At night, berween 2:00 and 6:00, the opposite iz
obzerved, i.e. lower pH and higher [H"] (Fig. 4a). MCC iz another pro-
cess atributed to changes in seawater pH (or [H™ 1), i.e., during the day,
calcium carbonate precipitation decreases pH (or increazes [H]),
whereas, during the night, caleium carbonate dissolution increases pH
(or decreases [H™ ]) (Albright et al., 2013; Shaw et al., 2015; Page et al.,
2016; Cyronak et al,, 2018, 2020). Howewer, the relative percentage

O Ny Dec Jan Feb Mur
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=
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influence of WCP (65.01 %) was generally more important for pH (o H™)
changes, particularly in closed pools (70.4 %) compared to open pools
(59.4 %3). The lower NCC:MCP ratio with a higher relative percentage
influence of MCP over MCC may be related to the low coral cover and
algal dominance in Rocas Atoll (Hoegh-Guldberg et al., 2007; Enochs
et al., 2015; Takeszhita et al, 2018). In thiz sense, the differences
observed between closed and open pools can be mainly actributed to the
dominanee of non-caleified algal turf (51 %) in clozed pools, while open
pools are dominated by articulated caleareous algae (33 %), In additon,
caral cover has bean deseribed as significantly lower in closed pools than
in open peols (Longo et al., 2015).

The time zeries of pH, [H'], and temperature showed a dominant
frequency of variability of onee a day (1 day~'; solar irradiation)
(Figz. Sb, d, £, and &). Thiz frequency of 1 day ! has been commonly
linked to the daily light cycle and itz effects on temperature and primary
produection in reef environments (Cyronak et al, 2020; Kekoewa et al.,
2021; Pemer st al , 2021). The secondary variations (2 day ), but with
a zmaller order of magnitude, are coincident with the semi-diumal tdal
frequencies of the atoll (Figs. Sh and &¢) and also influence the vari-
ability of pH, [H"], and temperature (Figs. 5d and 6). Variability at the
frequency of 1 day ! and 2 day ! was further reported by Pezner et al
(2021} at Hog Beef, Bermuda, to cause variability in the parameters of
the carbonate system. Hannan et al. (2020, soudying the Great Barrer
Beef, indicated that the dme of day was the most important factor in
predicting pH fuctuations throughout the day, compared to other fac-
tors such as ddes and temperamire.

As diseussed above, the semi-diumal tides alzo influenced the daily
varability of pH, [H '], and temperature in the atoll reef environment
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Wavelet power at Rocas Atoll: pH

(a)

Pariod

2048 B2 L

1040172019 1073172019 11/3002019

Date

Wavelet power at Rocas Atoll: Temperature (°C)

Peric

Period

1273172019 011312020 02/28/2020

01/31/2020

02/28y2020

11302019

1000172018 1043172018

Date

12/31/2019

01/31/2020

02/28/2020

Fig. 6. Wavelet analyziz of pH, temperature and tide betwesn October 2019 and Pebruany 2020 at Rocaz Atoll The wavelats in (a) (b)) and {c) are presentad az
contour plotz, whers the y-axiz represents the periodicities in the time series and the r-axiz represants how thece periodicities change over time. The colar code for
poveer ranges from blue (low power) to red (high power). Red areaz surrounded by black contour lines encloss significant regions in the wavelat povwer cpectra (e,
regions with =95 % confidence that the local wavelet power sxceeds the red noise). The cone of influence in {2} (b) and {c) iz reprecented by the chaded areas to the
left and right of the two thick black lines, which indicates the region affected by adge effect. The period acale iz squivalent to 48 measurements per day (ie, one
meamurement every 30 min). (For imterpretation of the references to color in this fgure legend, the resder iz referred to the web vemion of thiz article.)

Fig 7 shows the influence of the tides. Under low tide conditions during
the insolation period, with the shallower tide pool, there waz an
amplifieation of the effects of zolar heating (higher temperature) and
reef metabolizm (higher pH, period of photosynthetic activity). Lower
values of pH (respiration process) and temperature (heat loss) were
obzerved during night low tides. Thus, tidal variability acted on the reef
environment of Rocas Atoll in such a way that changes in pH and tem-
peramure valoes were amplified during low tides and diluted during high
dides. Similar pattems were observed on Uva reef, easterm Pacifie, Pan-
ama (Manzello, 2010), cn a reef fat, in Coroa Vermelha, northeastern
Brazil (Longhini et al, 2015), on reefs of the Great Barrier Beef,
Ausmalia, at Lady Elliot Island (Shaw et al, 2012) and Lizard Izland
(Hannan et al, 2020). Furthermore, these patterns are alzo observed in
atoll reefs such as Palmyra Atoll (Cyronak et al , 20200, Dongsha Atoll in
the northern South China Sea (Reid et al., 201%), and the Scott Reef atoll
system in Australia (Green et al. | 2019). This tidal effect was probably

the main cause of the differences in diumal pH variation betwean the
dizerete rample data (#505 = 0.51 pH unitz) and the high-frequency
data (#501 = 0.33 pH umitz). That iz, the low water condition in the
dde pool (#505) during the day coincided with the favorable period for
primary produetivity. This must have amplifiad the pH signal at the site.
In parallel, the Falza Barreta open pool where the Hobo equipment was
anchored (#501) had greater depth and wolume, which must have
diluted the pH =zignal.

The pH and temperature of Bocas Atoll showed a significant corre-
lation (r* = 0.70, n = 7296). Thiz cormrelation iz probably due to the daily
light eyele (solar irradiation). During the day, solar radiation influences
both the increase in pH due to photosynthesiz and the temperature due
to the warming of the sea surface. At night, in the lack of light, pH
(respiration) and temperamre (coolingd decreasze. In other words, the
daily cycle of pH and zeawater temperature in the atoll, oscillatng
mainky at a frequency of 1 day : (daily light eycle), supported this
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correlation. According to Fline et al (2015), temperature shows mini-
mal contributions to the daily variability of pH compared to the changes
driven by DMC amd TA. This could be observed if only the seawater
temperature data were changed by +1 = C, given the initial conditions of
temperature (~30 “C), salinity (~36), TA (~2329 pmol kg~'), and DIC
{~1706 pmol kg~ ') at Rocas Atoll. Under these conditions, the effect of
remperature would cauze a change of only —0.015 in the pH range. In
thiz way, the daily varabilicy of pH (mean = 0.29 + 0.08) obsarved in
the atoll reef environment cannot be explained by the daily variabilicy of
temperature (mean = 1.34 + 0.43). Therefore, thiz supports that the net
metabolizsm (photosynthesiz and respiration; caleification and dissolu-
don of CaC0;) was mainly responsible for the pH variability ebserved in
this tropical acoll.

The pH, [H"] and temperature datazets were significanty different
between their respective monthly means (p < 0.05), except between
March and April for temperamre (p = 0.644), showing a zeasonal mend
(Figz. 4, 5). This seasonality observed in the high-frequency time zeries
of pH, with an increasing mend from October to February, is consistent
with the seazonal pattern observed in a previous study that performed
diserete zampling in the atoll. In that soudy, it was observed that pH
ranged from 791 to 8.70 (mean pH = 8.31 + 0.15) between October
2013 and January 2014 (dry season) and from 8.08 to 8.87 (mean pH =
8.42 + 0.18) between February and May 2014 (wet season) (Pinheiro,
2016; Pinheiro et al., 2016). Whereas in the high-frequency data of the
present study, the pH ranged from 7.82 to 8.47 between October 2019
and January 2020 (mean pH = 8.07 + 0.10, 511 + 0.0%, 8.15 + 0.09,
and 8.1% + 0.08 from Oetober to January, respectivaly) and from 3.01 to
8.52 in February 2020 (mean pH = 5.23 + 0.09). Therefore, the sea-
sonality showed a similar pattern with a trend of increasing mean pH
and rising minimum and maximum pH from approximately the begin-
ning to the end of the dry season, ie., starting from a less alkaline to a

rentz in the SISBAHIA softvrare for Femande de Moronha Toland.

more alkaline eondition of the seawater in the atoll. The seazonal mend
observed in the temperature data during the monitoring period (October
2019 to May 2020) was consistent with a previous study on the atoll
(Pereira et al, 2017). In addition, all monthly averages showed walues
abowve the historical means for the region, ranging from 0.50 =C
(October) to 1.67 °C (March) above climatology (Table 1)

5. Coneluzlons

The present study showed that the reef environment of Rocas Atoll
presented a high diumal variability of environmental parameters such as
pH, hydrogen ion concentration ([H™]), and temperamure. The present
rezearch calls the attention to the importance of performing continuous
monitoring of environmental parameters, uch as pH and temperature,
in reef anvironments, and precenting data on the daily variabilicy of the
pH az a function of ([H"]). In thiz regard, it highlighted thar the initial
condition of the pH for the same range of varabilicy influences the
magnitude of the perturbation. Thiz research indicated that the ranges of
daily wvariability of environmental parameters observed in the reef
environment of Rocas Atoll were influenced mainly by the daily light
cyde (1 day ) and semidiumal tidal variations {2 day ). The average
daily pH cycles experienced in the coral reef ecosystem of Rocas Atoll
were up to ~0.5 pH units with averages of ~~0.3. Seawater temperature
was not the main determinant of daily pH variabilicy, although it was
highly correlated with pH. This daily pH variability wazs primarily driven
by net reaf metabolism, with net commumity production (WCP) being the
dominant procesz. Although the high-frequency temperature data indi-
cated little influence on the daily variability of pH, it i= worth noting that
extreme temperature events, such as marine heat waves (MHWS:), have
been gecurring more frequently in several reef environments around the
woorld, including Rocas Atoll, which may put at nizk the balance of these
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ecosystems. During the prezent study, the benthic cover of the reef
environment was not monitored, but we emphasize that to better un-
derstand the effects of climate change and ocean acidification on the
ecosyztem, future studies in thiz region should consider joint monitoring
of both phyzicochemical parameters and benthic cower. Pinally, the re-
sultz of this research constitute an important high-frequancy database
for future studies in reef environments of the western mopical Atlantie
and are alzo the first high-frequency pH data for the atoll region.
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APENDICE C - DAILY VARIABILITY OF PH AND TEMPERATURE IN SEAWATER
FROM A NEAR-PRISTINE OCEANIC ATOLL, SOUTHWEST ATLANTIC

Supplementary material

Contents of this Supplementary material

Text S1 to S5
Tables S1 to S3

Figures S1 to S5

INTRODUCTION

This supplementary material provides additional information on the benthic
cover of the Falsa Barreta open pool where the pH and temperature sensor
equipment were anchored, the NOAA Coral Reef Watch (CRW) satellite database of
sea surface temperature (SST), and the analysis of discrete alkalinity (AT) samples.
Additional information about the calibration and use of the HOBO MX2501 data
logger (pH and temperature sensors) is provided. Information is also provided on

reporting pH data as a function of H* ion concentration.

Text S1. Satellite Sea Surface Temperature (SST) data

The NOAA Coral Reef Watch (CRW) program generates satellite data for sea
surface temperature (SST) from 1985 to the present. These data have a resolution of
5 km. CRW provides monthly SST climatology data generated with 28 years of data
(1985 to 2012). Monthly SST climatology data were downloaded for the area
covering Rocas Atoll. This CRW station is located between Fernando de Noronha
Island and Rocas Atoll, southern hemisphere, Brazil (Polygon Middle Latitude:
3°50,100' S; Polygon Middle Longitude: 33°6,000' W) (Figure 1 a).
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Text S2. Benthic cover of the Falsa Barreta open pool, Rocas Atoll

According to Aued et al. (2019, 2018) the Falsa Barreta open pool, Rocas Atoll,
has a mean (x 1 SD) benthic cover of 59.13 + 5.15% of turf algae, 20.25 + 5.14% of
macroalgae, 7.93 £ 1.94% of zoanthid, 6.48 £ 2.13% of sand, 4.28 + 1.09% of coral,
0.91 £ 0.38% of crustose coralline algae, 0.79 + 0.53% of Cyanobacteria and 0.23 +

0.14% of Suspension/ filter feeders.

Text S3. HOBO data logger: pH and temperature sensors

The pH sensor (HOBO MX2501) used in this investigation was calibrated
according to the equipment manual. Briefly, the pH 7.00, 4.01, and 10.00 calibration
solutions were kept at 25°C, then calibration was initiated with each buffer solution.
The slope (96.7%) and offset (-29.36 mV) values of the calibration indicated good
functioning of the electrode. According to the equipment manual, a healthy electrode

has a slope between 85% and 100% and an offset between +30 mv.

An anti-fouling accessory was installed on the equipment to reduce biofouling.
In addition, during the monitoring period cleaning was performed keeping the sensors
free of biofouling. Factory calibrations were used for the temperature sensors. The

reported time accuracy was + 1 minute month-'.

The pH and temperature sensors (HOBO MX2501) used in this research have
been deployed for continuous monitoring in other reef environments. The data have
shown good precision and accuracy, and long-term stability (Johnson et al., 2021;
Lucey et al., 2020; Murie and Bourdeau, 2020). Its use under experimental laboratory

conditions has also been reported (Duarte et al., 2022).
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Text S4. pH data reporting as [H*]

The daily variability of seawater pH, reported as [H*], provides further clarity to
the perturbation observed in the reef environment. This approach has been
increasingly used in recent studies (e.g., J. Fassbender et al., 2021; Zhou et al., 2021;
Evans et al., 2022; Fransner et al., 2022). Taking as an example a diurnal variability
of 0.31 pH units recorded at different times in the present study at the atoll, one
observes a very different magnitude of perturbation concerning [H*]. In this regard,
given a first initial pH condition of 8.08 and a final pH of 8.39 (October 1, 2019), and
a second condition with the same variability in pH units, but with an initial pH of 7.82
and a final pH of 8.13 (February 17, 2020), we have that the absolute change in [H*]
in the first initial pH condition was 4.24 nmol kg, while in the second initial pH
condition, it was 7.72 nmol kg'. Therefore, the initial pH condition influenced the
magnitude of the perturbation, a variation of about 80% in the concentration of [H*] in

the water for the same daily pH variability.

Text S5. Discrete sample analysis

TA samples were analyzed according to Dickson et al. (2007), by
potentiometric titration with 0.1N hydrochloric acid (HCI) in an open cell (Apollo
SciTech, model AS-ALK2). The quality of the measurements was confirmed by
analysis of certified reference materials (CRM) provided by Andrew Dickson (Scripps
Institutions of Oceanography, San Diego, USA). The CRM samples were always
analyzed before and after each batch of discrete samples. Discrete pH samples were
analyzed using the spectrophotometric method (Ocean Optics spectrophotometer,
USB2000+) described by Dickson et al. (2007) and the indicator dye meta-cresol
purple (C21H1805S) ~2 mmol L.
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Table S1 — Environmental parameter data from discrete samples collected in the reef environment of Rocas Atoll during two expeditions
conducted at the site between September 30, 2019, to October 9, 2019 (expedition 1) and between September 10, 2020, to September 25,
2020 (expedition 2) (n =37). Summary statistics of the environmental data, including mean, standard deviation, and the minimum and maximum

range for each parameter.

: _ -
Station | Expedition Envirommenta! Tide (m) Date Time | (o) | Salinity | pH Er—:r;]ol L”r‘n ol k") a'rgol k) {ﬁgfn) f&?r;) (I.}’Jf?l());i (p%)gl 8;1o| fr‘;‘z‘t’;"e Qca | Qa
g-1) kg") kg™) kg")

#5071 1 Open Low(0.23) | 2019-09-30 | 13:00 | 27.9  36.2 8166  6.82 2626.90 2168.28 3132 3142 18290 3310 116 8.312 793 528
#s02 | 1 Open High (1.81) | 2019-10-01 | 09:00 | 268  36.1 8185  6.53 2593.85 2177.71 4080  409.3 19040 2627 84 9.187 628 447
#503 | 1 Closed High (1.51) | 20191001 | 09:30 | 27.0  36.1 8179  6.62 2451.80 2035.90 3380 3391 17535 2733 95 8.615 652 433
#s04 | 1 Closed Low (0.16) | 2019-10-01 | 13:00 | 285  36.1 8.066  8.59 2539.95 2018.31 3386  339.7 17287 2808 108 8.467 673 4.49
#S01 1 Open Low(0.22) | 2019-10-01 | 13:30 | 281  36.5 8112 7.73 242245 2004.86 280.0  280.9 16823 3152 122 8.077 756 5.04
#S01 1 Open Low (0.56) | 2019-10-03 | 15:00 | 282  36.3 8109  7.78 2415.85 2122.00 2017 2026 17759 3386 125 8.139 812 541
#505* | 1 Closed Low(0.73) | 2019-10-05 | 05:00 | 24.8  36.2 7873 1340 265335 2417.99 7312 7335 22145 1828 45 11792 436 2.87
#505* | 1 Closed High (1.81) | 20191005 | 10:00 | 258  36.0 8026 9.42 2593.08 2263.05 4689 4704 20069 2431 7.0 9.787 581 385
#s05* | 1 Closed Low (1.05) | 2019-10-05 | 1500 | 30.0  36.0 8387 4.0 232005 1714.20 134.8 135.2 12036 4172 23.1 6.897 1005  6.74
#505* | 1 Closec High(1.41) | 20191005 | 20:00 | 256 36.3 8170 676 2611.95 2177.75 3107 3116 1856.0 3131 96 8.532 746 4.94
#5071 1 Open Low (0.93) | 2019-10-10 | 11:30 | 276  36.1 8097  8.00 2478.05 2092.87 323 3635 1807.7 2755 97 8.756 660  4.39
#s02 | 1 Open High (1.89) | 20191010 | 14:00 | 280  36.1 8118 7.62 2401.00 2005.86 3289 3300 17184 2788 105 8.472 6.68 445
#503 | 1 Closed High(2.02) | 20191010 | 14:30 | 27.3  36.1 8274 532 2708.80 2158.04 2335 2342 17542 3977 14.1 7.794 952 633
#s04 | 1 Closed Low(0.77) | 2019-10-10 | 11:00 | 27.3  36.2 8071  8.49 2482.35 2116.86 3916 3028 1843.9 2625 89 9.006 628  4.18
#506 | 1 Open High (2.38) | 2019-10-13 | 17:00 | 276  36.2 8083  8.26 2567.85 2181.68 3915 3027 18915 2798 9.4 8.936 670  4.46
#s02 | 2 Open High (1.99) | 20200910 | 10:30 | 27.3  36.1 8121 7.57 2454.15 2057.96 3346 3357 17673 2817 99 8.584 6.74 448
#S01 2 Open Low (0.65) | 20200910 | 17:00 | 28.3 36.4 8451  3.54 2158.00 1542.36 101.1 101.4 11360 4037 233 6664 966  6.44
#S05* | 2 Closed Low (0.70) | 2020-09-11 | 05:30 | 245 36.2 7900 1259 272530 2472.54 6989  701.1 22565 1961 47 11577 467  3.08
#S05* | 2 Closed Low(1.07) | 20200911 | 08:30 | 253 36.2 8019 957 261135 2287.45 4814 4830 20346 2393 66 9.929 571 377
#S05* | 2 Closed High (1.88) | 20200911 | 11:30 | 268  36.3 8188  6.49 2382.00 1950.16 2655  266.3 16417 3013 11.1 8.079 719 478
#505* | 2 Closed High (1.58) | 20200911 | 14:30 | 208  36.3 8265 543 2355.85 1834.75 2027 2033 14714 3583  17.2 7.349 860 577
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Envirommental

[H+]

HCO;

cor

OH

Station | Expedition Tide (m) Date Time 2:,0) Salinity | pH f(nmol Eﬁn ol k") a’gol ) {ngn) ﬁf:a?r;) (umol (umol | (umol Revele | e | Qu
g-1) kg") kg™") kg™)
#305* | 2 Closec Low (0.81) | 2020-09-11 | 17:30 | 26.3 36.9 8380 4.17 2266.40 1705.22 137.1 137.5 13248 3767  16.7 7.026 894 593
#305* | 2 Closed Low (1.02) | 2020-09-11 | 20:30 | 253 36.3 8154  7.01 2432.05 2034.49 302.6 303.5 17453 2808 9.0 8.539 669 442
#305* | 2 Closed High (1.89) | 2020-09-11 | 23:30 | 241 36.7 8079 834 2574.40 222217 399.5 400.8 19550 2557 69 9.420 6.06  3.99
#3501 2 Open Low (0.82) | 2020-09-12 | 08:30 | 256 36.3 8.007 9.84 2535.75 2222.67 482.3 483.8 19798 2295 66 9.917 547 362
#3501 2 Open Low (0.85) | 2020-09-13 | 10:00 | 26.1  36.1 8.044 904 2628.65 2279.53 451.2 452.7 20100  257.1 75 9.577 6.14 407
#3501 2 Open Low (0.89) | 2020-09-14 | 11:30 | 284  36.1 8.086 820 2398.70 2021.89 360.5 361.6 17457 2668  10.1 8.668 6.40 427
#3502 2 Open High (1.93) | 2020-09-14 | 16:00 | 27.6  36.0 8114  7.69 2554.05 2148.92 356.2 357.3 18473 2922 100 8.697 700 466
#3501 2 Open Low (0.59) | 2020-09-15 | 11:30 | 27.3  36.1 8096 802 2676.90 2273.34 3945 395.7 19669 2959 94 8.970 708 471
#3501 2 Open Low (0.44) | 2020-09-16 | 12:00 | 27.7  36.1 8167 681 242330 1993.45 2874 288.2 16833 3025 114 8.176 725 483
#3501 2 Open Low (0.32) | 2020-09-17 | 12:00 | 27.8  36.1 8192 643 2566.35 2097.51 283.0 283.8 17548 3352 122 8.117 803 535
#3501 2 Open Low (0.34) | 2020-09-18 | 12:00 | 281  36.0 8192 643 2516.25 2051.68 277.0 2778 17142 3302 125 8.056 792 528
#3502 2 Open High (1.82) | 2020-09-18 | 17:00 | 27.1  36.0 8077 838 2615.25 2235.19 4075 408.8 19465 2777 88 9.124 665 442
#3501 2 Open Low (0.25) | 2020-09-19 | 13:00 | 28.7 36.2 8188  6.49 2830.25 2316.63 315.7 316.7 19305 3780  13.1 8.222 906  6.06
#3501 2 Open Low (0.27) | 2020-09-20 | 13:30 | 289 36.2 8227 593 2268.20 1801.23 221.0 221.7 14770 3186 146 7.548 764 511
#3501 2 Open Low (0.24) | 2020-09-21 | 14:30 | 285  36.2 8271 536 2564.40 2022.16 220.2 220.9 16322 3842 156 7.597 921  6.15
#3506 2 Open High(1.82) | 2020-09-25 | 13:00 | 27.3  36.1 7934 1164 2467.25 2190.56 574.0 575.8 1971.0 2042 65 10373 489 325
Mean 272 | 36.2 8.137 | 7.58 2510.30 2092.36 34802 34911 17852  297.78  11.0 87 7.1 47
Sandard deviation 14 | 02 0123 | 2.1 140.09 193.90 13436 13479 2323 57.44 42 1.1 14 0.9
Minimurm 241 | 36.0 7.873 | 354 2158.00 1542.36 10110 10142 11360 18280 45 6.7 44 29
Maximum 300 | 369 8.451 | 13.40 2830.25 2472.54 73117 73352 22565 41722 233 118 100 67
Total amplitude 59 | 09 058 | 9.86 672.3 930.2 630.1 632.1 11205 2344 188 5.1 57 39

#5* : The lines marked in gray, station 5, indicate the results of the diurnal variation of the carbonate system in the atoll over one

day in the years 2019 and 2020; Stations: (#S01) - Falsa Barreta open pool; (#S502) - Barretdo Channel; (#S03) - Tartarugas

closed pool; (#504) - Cemitério closed pool; (#S05) - tide pool; (#S06) - outside area of the atoll.
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Table S2 - Summary statistics of the environmental data from the discrete samples (open pool and closed pool), including the mean, standard

deviation, and minimum and maximum range for each parameter separated by type of sampling environment.

Reef Environment

Open pool (n=22)

Closed pool (n=15)

Type
Parameter Mean San_da_rd Media Minimum  Maximum  Amplitute | Mean San_da_rd Media Minimum  Maximum  Amplitute
deviation n deviation n
Temperature (°C) 27.7 0.8 27.8 256 28.9 3.3 26.6 1.8 26.3 241 30.0 5.9
Salinity 36.2 0.1 36.10 36.0 36.5 0.5 36.3 0.2 36.20 36.0 36.9 0.9
pH 8.14 0.10 8.12 7.93 8.45 0.52 8.14 0.15 8.15 7.87 8.39 0.51
[H*] (nmol kg') 7.46 1.62 7.66 3.54 11.64 8.10 775 274 7.01 4.10 13.40 9.29
TA (umol kg™') 2507.4 142.2 2526.0 2158.0 2830.3 672.3 2514' 141.7 2540.0 2266.4 2725.3 458.9
DIC (umol kg™') 2091.3 1711 2109.8 15424 2316.6 774.3 3093' 229.6 2116.9 1705.2 24725 767.3
fCO2 (patm) 338.3 99.1 331.8 101.1 574.0 472.9 3623 177.0 338.0 134.8 731.2 596.4
pCO2 (uatm) 339.3 99.4 332.9 101.4 575.8 4744 363.5 177.5 339.1 135.2 733.5 598.3
HCO3 (umol kg™") 1780.5 196.1 1791.8 1136.0 2010.0 874.0 (1)792' 284.6 17542 1293.6 2256.5 962.9
€03~ (umol kg™) 301.8 48.7 2941 204.2 403.7 199.5 2919 69.7 280.8 182.8 417.2 234.4
OH (umol kg-1) 11.2 3.6 10.3 6.5 23.3 16.8 10.6 52 6.5 4.5 231 18.6
Revelle factor 8.6 0.8 8.5 6.7 10.4 3.7 8.9 1.5 8.5 6.9 11.8 4.9
Qca 7.2 1.2 7.0 4.9 9.7 4.8 7.0 1.7 6.7 4.4 10.1 5.7
Qar 4.8 0.8 4.7 3.3 6.4 3.2 4.6 1.1 4.4 29 6.7 3.9
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Table S3 — Results from measurements of discrete samples of seawater pH and the Hobo

data logger pH sensor moored at station #01, Falsa Barreta pool, Rocas Atoll

Day Discrete samples Hobo data logger
pH pH
1 8.12 8.11
2 8.19 8.14
3 8.31 8.27
4 8.26 8.23
5 8.14 8.14
6 8.02 8.00
7 7.95 7.95
8 7.99 8.00
9 8.33 8.33
10 8.22 8.24
11 8.27 8.29
12 8.18 8.13
13 8.10 8.10
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Supplementary Figures

Figure S1 - Overall variability of physicochemical parameters of discrete seawater
samples collected from the closed pools (n=15) and open pools (n=22) of the Rocas
Atoll reef environment during two expeditions conducted in 2019 and 2020: (a)
temperature (°C), (b) salinity, (c) pH, (d) [H*] (nmol kg™), (e) total alkalinity (TA)
(umol kg™), (f) dissolved inorganic carbon (DIC) (umol kg™), (g) carbonate ion
(C037) (umol kg™"), (h) aragonite saturation state (Qar), (i) partial pressure of CO,
(pCO2) (uatm), and (j) Revelle factor.
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Figure S2 - In situ total alkalinity (TA) and dissolved inorganic carbon (DIC)
data with pH isolines, and TA and DIC regression analysis on discrete samples
collected at Rocas Atoll (during day and night; n=37). The white line is m r4_p;c =
0.698 from a type Il linear regression of the data. Black lines show the organic
(photosynthesis and respiration) and inorganic (calcification and dissolution)
metabolic pathways
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Figure S3 - TA and DIC regression analysis on discrete samples collected in the
open pools at Rocas Atoll (during day and night; n=22). The blue line is m r4_p;c =
0.813 from a type |l linear regression of the data.
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Figure S4 - TA and DIC regression analysis on discrete samples collected in the
closed pools at Rocas Atoll (during day and night; n=15). The blue line is m r4_p;c =
0.593 from a type |l linear regression of the data.
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Figure S5 — Linear regression between pH of Hobo Onset and pH of discrete
samples in Rocas Atoll (n=13).
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