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Coral reefs are ecosystems highly vulnerable to changes in seawater carbonate chemistry, including those related
to the ocean acidification and global warming. Brazilian coral reefs contains the major area of reefs coverage in
the Southwestern (SW) Atlantic Ocean, however, studies aimed at investigating the controls of seawater car-
bonate chemistry in coral reefs are still overlooked in Brazil. This study comprehends the first investigation of
complete seawater carbonate chemistry parameters in a section of the equatorial continental shelf dominated by
coral reefs in the SW Atlantic Ocean. The sampling included spatial continuous underway measurements of sea
surface CO, fugacity (fCO2sw), temperature (SST), salinity (SSS), and discrete investigations of total alkalinity
(TA), dissolved inorganic carbon (DIC), bicarbonate (HCO3), carbonate (CO%’), and saturation state of aragonite
(Qara). The study was conducted during a dry period (July-2019) in the Marine State Park of Pedra da Risca do
Meio (PRM), a marine protected area dominated by coral reef communities. Overall, the coral-reef dominated
waters presented higher values of fCO2sw (475 + 28 patm), and lower values of pHy (7.98 + 0.008), CO%’ (217
+ 5 pmol kg and Qar, (3.49 + 0.07), compared to nearshore regions without the influence of coral reef waters,
where the averages of fCO2sw, pHr, CO%’, and Q,were, respectively, 458 + 21 patm, 8.00 + 0.007, 224 + 4
umol kg?, and 3.58 + 0.05. The relationship between salinity-normalized TA (nTA) and salinity-normalized DIC
(nDIC) showed a slope higher than 1 (1.26) in the coral reef, evidencing the occurrence of calcium carbonate
(CaCO3) precipitation and prevalence of inorganic carbon metabolism. The CaCOg3 precipitation involves the
consumption of TA and DIC in a ratio 2:1, with production of CO,. This mechanism explains the higher values of
fCOgsw in the coral reef-dominated waters. The values of fCOzsw were always higher than the atmospheric
values (fCOsair), indicating a permanent source of CO; in the study area during the sampled period. The
calculated fluxes of CO, at the air-sea interface averaged 8.4 + 6.5 mmolC m2 d! in the coral reef-dominated
waters, and these data are higher than those verified in nearshore and offshore locations. These higher emis-
sions of CO; in coral reef-dominated waters evidence that the carbon budgets calculated for North and North-
eastern continental shelf of Brazil must include these environments taking into account the widespread coral reef
coverage in the region. This study also confirms that biogeochemical processes occurring in coral reefs are
modifying the seawater carbonate chemistry, with implication in the context of the current process of ocean
acidification.

1. Introduction

The anthropogenic activities, mainly the burning of fossil fuels and
land use changes, are increasing the rates of COy emissions to the at-
mosphere (IPCC, 2013). The actual atmospheric concentration of COy
surpassing 410 ppm is unprecedented over the past 3 million years
(Willeit et al., 2019). This high amount of CO5 in the atmosphere is of
global concern, because CO- is the principal anthropogenic greenhouse
gas and is associated to the increase of global atmospheric temperature
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(IPCC, 2013). Since the pre-industrial Revolution, the oceans absorbed
about 20-30% of the anthropogenic CO; emissions (Feely et al., 2004; Le
Quéré et al., 2018). When CO;, dissolves in the water, it produces car-
bonic acid (HoCO3), which ionizes releasing hydrogen ions (H") and
lowering the pH (Hoegh-Gulberg et al., 2017). The pH controls the
composition of the (DIC) species in seawater. DIC is composed of dis-
solved CO; (COzaq), and the anions HCO3 and co% (Dickson, 2010). For
very low values of pH (<5), the COqaq is the predominant specie,
however, for typical oceanic conditions (pH = ~8.10), the HCOs3 is
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predominant, followed by CO3~ and CO,aq. As more CO, hydrates, more
H' is released in the water, decreasing the pH and the concentration of
C0%", and increasing the concentrations of HCO3 and CO»aq (CO»aq is
proportional to seawater fugacity of COy; fCO2sw). These changes in the
seawater carbonate chemistry linked to the uptake of anthropogenic CO5
by the oceans are referred as the process of ocean acidification,
considered the “other CO5 problem” (Doney et al., 2009; Gattuso et al.,
2015).

Despite the fact that the oceans are a net sink of CO,, the distribu-
tions of fCO2sw and associated air-sea fluxes are highly heterogeneous in
the global surface oceans reflecting the different climate domains
(Takahashi et al., 2002, 2014). This heterogeneity is larger in coastal
zones, where the diverse sources and sinks of carbon and their in-
teractions remain poorly understood (Bauer et al., 2013). Overall, con-
tinental shelves act as a sink of CO5 of about 0.25-0.45 Pg C yr'! (Borges,
2005; Borges et al., 2005; Cai, 2011). There is a marked latitudinal in-
fluence. Continental shelves at high and temperate latitudes are sinks of
COo, in contrast to subtropical and tropical that are sources of CO5 to the
atmosphere (Borges, 2005; Borges et al., 2005). The up-scaling of
air-water CO» fluxes is still hampered not only due to the poorly reso-
lution at spatial and temporal scales, but also because continental
shelves are increasing global sink for atmospheric CO5 (Laruelle et al.,
2018). The sink of CO, promoted by the continental shelves can be
compensated by the emissions from nearshore coastal ecosystems, at
about 0.10 to 0.40 Pg C yr'l. (Borges et al., 2005; Cai, 2011; Chen et al.,
2013). These carbon exchanges at air-water interface, in addition to the
important inputs of TA and DIC from river sources, wetlands, and high
rates of primary productivity, respiration and carbon burial, indicate the
significance of this biogeochemically active region in the global CO,
cycle (Borges, 2005; Cai, 2011; Bauer et al., 2013).

The presence of coral reefs on continental shelves can affects the air-
water CO; fluxes due to the occurrence of CaCO3 precipitation in these
environments (Frankignoulle and Gattuso, 1994). The production of
carbonate-containing structures is high in warm-water coral reefs
(Hoegh-Guldberg et al., 2017). The reaction of carbonate precipitation
can be write as:

Ca®* 4+ 2HCO3™ = CaCO; + CO, + H,0 6

The precipitation of CaCO3 by marine organisms releases COz in the
water. For this reason, coral reef-dominated habitats are considered
sources of COz to the atmosphere (Gattuso et al., 1999). Coral reefs
release ~ 0.005 to 0.08 Gt C as CO; annually (Ware et al., 1992; Borges
et al., 2005), with emissions averaging 1.51 mol C m2 yr'1 (Borges et al.,
2005). However, it must be highlight that these estimates are based on
few ecosystems. Note that the reaction of carbonate precipitation also
comprises alteration in TA and DIC of seawater, i.e., TA and DIC are
changed in a ratio of 2:1 for every mole of CaCOs precipitated, consid-
ered the inorganic metabolic pulse of corals (Cyronak et al., 2018). The
concentrations of dissolved CO,, TA and DIC in coral reefs are also
altered by biogeochemical processes linked to the organic metabolic
pulse by the processes of photosynthesis and respiration (Xue et al.,
2016; Cyronak et al., 2018). High temporal resolution observations in
coral reef-dominated waters also revealed that these ecosystems can
shift from undersaturated conditions with respect to the atmosphere to
oversaturated conditions following seasonal tendencies due to a com-
bination of thermal, biological and mixing effects (Xue et al., 2016).
However, as the major part of coral reef ecosystems are net sources of
COo, the net inorganic metabolism (net community calcification, NCC)
are frequently more important than the net organic metabolism (net
community production of organic matter, NCP) (Cyronak et al., 2018).

Warm-water coral reefs are susceptible to the negative effects of
global ocean changes, particularly extreme seawater temperatures and
ocean acidification (Gattuso et al., 2015). The decrease of pH is asso-
ciated to the decrease of CaCOj3 saturation state of seawater (2), which
predicts the thermodynamic tendency to occur net precipitation of
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CaCOj3 (Q > 1) or net dissolution (Q < 1) (Dickson, 2010).The aragonite
is more important in shallow coral reef environment (Morse et al., 2007;
Mucci, 1983). This mineral is essential to many phytoplankton and
benthic species, and also abundant in coral reef habitats that are
dominated by immobile, calcifying organisms (Gattuso et al., 2015). In
addition, marine heat waves have already resulted in large-scale coral
bleaching and mortality events (Hughes et al., 2017; Hoegh-Guldberg
et al., 2017; IPCC, 2019). Indeed, recent studies have been shown that
marine heat waves combined with decline of pH could alter the global
habitat suitability for shallow coral reef ecosystem (Couce et al., 2013).
The last report of the Intergovernmental Panel on Climate Change
(IPCC) argued that coral reefs are already at high risk with “very high
confidence” at current levels of warming (IPCC, 2019). In addition, it is
“virtually certain” that the ocean pH is declining by associating CaCOs3
dissolution, leading to community changes (Agostini et al., 2018; IPCC,
2019).

Despite this extreme vulnerability of coral reef ecosystems in light of
these global changes of seawater carbonate chemistry, this thematic is
overlooked in the South Atlantic Ocean. To our best knowledge, there
are not yet studies investigating air-sea COs fluxes and carbonate
chemistry properties in coral reef-dominated waters in the South
Atlantic Ocean. The Southwestern Equatorial region of the South
Atlantic hold poorly studied coral reef-dominated waters of important
scientific interest. Large portions along the North and Northeast Bra-
zilian coast host shallow-water coral assemblages on sandstone (Knop-
pers et al., 1999; Leao et al., 2016; Soares et al., 2017), in addition to the
recent mapped Mesophotic Coral Reef Ecosystems (MECs) underneath
the Amazon River Plume (Moura et al., 2016). In this study, the air-sea
fluxes of CO, and carbonate chemistry were investigated in a marine
protected area located in the Brazilian Equatorial Northeast Shelf
(Fig. 1). The vast majority of studies investigating atmospheric CO5
exchanges in coral reef waters were conducted in very shallow ecosys-
tems (atolls, intertidal environments) (Bates et al., 2001). The coral reefs
of Pedra da Risca do Meio (PRM) are located at depths varying between
14-40 m, which is much deeper than most documented studies. Our
main hypothesis is that the presence of coral reefs at such depths will
alter the carbonate chemistry in surface waters due to the benthonic
precipitation of CaCOgs (prevalence of inorganic metabolic pulse). The
reef data will present higher concentrations and emissions of CO»
compared to adjacent and offshore waters non-dominated by coral reef
habitats.

2. Material and methods
2.1. Study area

The study area is the Marine State Park of Pedra da Risca do Meio
(PRM), a marine protected area located at 23 km off Fortaleza city
(Fig. 1). The PRM (03°33’80’- 03°36°00”S and 038°21'60’-
038°26°00"’W) has a superficial area of 33.2 Km?, with depths varying
between 18 and 25 m and sheltered by submerged tropical coral reefs
(Soares et al., 2011, 2019). The region is dominated by coral reef
communities, particularly the scleractinian or hard corals, such as
Siderastrea stellata Verrill, and low abundances of Montastraea cavernosa
Linnaeus and Mussismilia hispida Verrill (Soares et al., 2019). The sedi-
ments are composed mainly by gravel and sand, with high aggregation
of calcareous algae (Soares et al., 2011). The submerged rock formations
present between 1 and 3 m of height with linear arrangement (Soares
et al., 2011). The PRM presents 12 of these linear rock formations, with
variable length and width.

The continental shelf of the State of Ceara is shallow, has a reduced
width (60-80 km), holds high SST (25-30°C), and high SSS (30-38)
(Knoppers et al., 1999; Behling et al., 2000). Specifically for the PRM
region, the annual average of SST is about 27°C, whereas for SSS the
annual average is about 36 (Soares et al., 2019). The region presents a
semi-arid equatorial climate, with a small and sparse fluvial drainage
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Fig. 1. Location of “Parque Estadual Marinho da Pedra da Risca do Meio (PRM)” - Equatorial SW Atlantic Ocean, Brazil (red rectangle). The figure also shows the
location of discrete sampling stations (black dots), the cruise tracks of the vessel with continuous measurements (dotted lines), and Fortaleza City (red dot). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

(Marques et al., 2008). The ocean circulation in the region is dominated
by the North Brazil Current (NBC), which originates from the bifurcation
of the South Equatorial Current (SEC) between 2°S and 12°S (Silveira
et al., 1994). The narrow and open shelf is almost entirely covered by
carbonate sediments due to little freshwater input (Knoppers et al.,
1999). The seaward transport of land-derived materials in this region
can be considered minor as inferred from the relatively low sediment
yields of the watersheds, low concentrations of suspended matter, and
predominance of carbonate sediments (Knoppers et al., 1999).

2.2. Sampling strategy

The sampling was conducted between 08/07/2019 and 11/07/2019,
historically considered as the dry period. Spatial surveys were con-
ducted with transects leaving from the Mucuripe Port (Fortaleza city)
until the Marine Protected Area, covering adjacent localities (Fig. 1). A
medium size oceanographic vessel (Argo Equatorial) was used for the
spatial surveys, with departures in the morning, and arrivals in the af-
ternoon. Along the boat tracking, continuous and discrete seawater
measurements were performed. Continuous and online measurements
were conducted for date and time of geographical position, partial
pressure of COy (pCOzsw), salinity, temperature and wind velocity.
Surface seawater was sampled on discrete points distributed regularly
along the transects for TA and chlorophyll a (Chl a) concentrations
(Fig. 1).

2.3. Continuous measurements

The design and mode of operation of the semi-autonomous contin-
uous measurement system is based on Pierrot et al. (2009) and
well-described by Carvalho et al. (2017). Briefly, a water pump placed at
a depth of about 1.0 m provided continuous seawater flow (~6 L min 1)

to the vessel. One part of the water flux (~2.5 L min™") was directed to a
thermosalinograph (SeaBird Electronics®) that recorded the SST and
SSS. After passing by the thermosalinograph, the water flow was
directed to an equilibration system equipped with two equilibrators
“shower head type” and a Non-Dispersive InfraRed gas analyser (NDIR)
for COy quantification (Licor-7000®CO»/H20 gas analyser). The CO2
quantification in the gas phase was free from humidity. The molar
fraction of COz in dry air (xCOy ppm) measured in the equilibrator
(xCO2eq) was converted to the seawater partial pressure of CO5 (pCO3)
according:

pCOzeq = (P-pH,0) * (xCOzeq) (2)

where P is the pressure in the equilibrator (assumed to be the same of
atmospheric pressure) and pH,O is the pressure of water vapor (atm),
taken from Weiss and Price (1980). The fugacity of CO, (fCO5 in patm)
was calculated from the pCO, values in the headspace gas that is pro-
portional to the concentration of CO, using the temperature of the
equilibrator, atmospheric pressure and the viral coefficients for COy
(Weiss, 1974), as follows:

fCOzeq = pCOzeq * exp((B-+23)P/RT) 3)

Where B = -1636.75 + (12.0408*T) - (0.0327957*T%) +
(0.0000316528*T3), R is the gas constant, T is the equilibrator
temperature (Kelvin), and 8 = 57.7-0.118xT. The temperature
measured in the surface seawater and equilibrator were slight
different, then a correction was applied to compensate such differ-
ence. The empirical temperature dependence used was proposed by
Takahashi et al. (1993), according:

fCOssw = fCOseq * exp(0.0423x(SST-Teq)) &)

WherefCOosw represents the seawater fugacity of CO9 at in situ
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conditions. The system was calibrated within cycles of 6 h using air free
CO, by passing N3 in the NDIR followed by standard gases with nominal
concentrations of 280.6 ppm, 362.2 ppm and 500.9 ppm (White Martins
Certified Gases Concentrations). After every 6 h, atmospheric fCO,
measurements (fCOair) were also performed with air taken from the
top of the vessel at 10 m high. The accuracy of the fCO2sw measurements
was estimated at about +2 patm. The wind velocity was measured with
an anemometer model Davis S-WCF-MO003 applying corrections for the
vessel velocity and direction of navigation. The records from parameters
measured continuously, including the date and time of geographical
position, vessel velocity, SST, SSS, fCO2sw, water content in the detector
and wind velocity are averaged at a frequency of 1 min.

2.4. Discrete measurements and laboratory analysis

Discrete samples were collected at a depth of ~1 m in selected po-
sitions (Fig. 1) using the continuous water flow, and then conditioned
for further chemical analysis in laboratory (i.e. fixed and/or kept on ice
in the dark). The water was filtered with Whatman® Grade GF/F Glass
Microfiber filters (pre-combustion at 500 °C for 6 h), followed by
determination of TA and Chl a. The filters for analysis of Chl a were kept
at —18 °C prior to analysis. The TA measurements were performed with
the classical Gran (1952) titration with an automated titration system
(Metler Toledo model T50) in filtered water samples. The accuracy of
this method was +4 pmol kg~! (inferred from certified reference ma-
terial CRM, A. G. Dickson from Scripps Institution of Oceanography).
Chl a was extracted from the filters with 90% acetone and quantified by
spectrophotometry according to Strickland and Parsons (1972). The
oxygen was measured with a calibrated YSI Professional Plus multipa-
rameter probe.

2.5. Calculations

2.5.1. Carbonate system

The pHr (on the total scale), DIC, HCO3, CO%and Q,were calculated
from fCOosw, TA, SST, and SSS using the CO2calc 1.2.9 program
(Robbins et al., 2010). We used the dissociation constants for carbonic
acid proposed by Mehrbach et al. (1973) refitted by Dickson and Millero
(1987), the borate acidity constant from Lee et al. (2010), the dissoci-
ation constant for the HSO4 ions from Dickson (1990) and the CO,
solubility coefficient of Weiss (1974). The solubility product of arago-
nite in seawater was taken from Mucci (1983) and the concentrations of
calcium (Ca®") were assumed proportional to the salinity (Millero,
1979). Even taking account the occurrence of CaCOs precipitation in the
study area, the impact of this process on the Ca**/salinity ration was
considered negligible due to the large background Ca®" concentrations
in seawater (~10.5 mmol kg_1 at a salinity of 35; Gazeau et al., 2015).
The combined uncertainty for each computed carbonate chemistry
properties is estimated to be +5 pmol kg’1 for DIC, + 0.005 for pHr, and
+0.05 for saturation state of CaCO3 minerals (following the procedures
proposed by Orr et al., 2018).

2.5.2. Instantaneous diffusive air-water CO3 fluxes
Instantaneous diffusive fluxes of CO5 at the air-water interface were
calculated according to the following equation:

FCO; = kcoar * s * AfCO, ()

Where FCO, is the diffusive flux of COy, kcoor is the gas transfer
velocity of CO; at a given temperature (T), s is the solubility coefficient
of CO;, calculated from in situ SST and SSS (Weiss, 1974), and the ACO4
is the difference between the fCO5 measured in water (fCO2sw) and the
fCOomeasured in the atmosphere (fCOqair). The gas transfer velocity of
CO3 kcoz,t was computed as follows (Jahne et al., 1987):

kcoz,T = keoo * (600/Sccon, 1)" (6)
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where kg is the gas transfer velocity normalized to a Schmidt number
of 600 (Sc = 600 for CO, at 20°C), Sccoo, T is the Schmidt number of CO,
at a given temperature (Wanninkhof, 1992), and n is -0.5 inferred from
the wind speed (Jahne et al., 1987; Wanninkhof, 1992).

To compute the kgog values, we used the parameterization proposed
by Wanninkhof (2014):

keoo(W14) = 0.251 * (Ujo™?) %)

where kg is the gas transfer velocity normalized to a Schmidt number

of 600 expressed in cm h’l, and Uy is the wind speed at 10m height in m
-1

s,

2.6. Statistical analysis

We applied the Shapiro-Wilk test to investigate the normality of the
data set. As the data did not follow normal distributions, non-parametric
statistics were used. To compare the differences between averages, the
Mann-Whitney test was applied, which compares the distributions of
unmatched groups. Linear regressions were calculated to analyse the
correlations between variables, providing the best-fit slope, the intercept
and the goodness of fit (R?). All statistical analyses were based on o =
0.05. The statistical tests and calculations were performed with the
Graph Pad Prism 6 program.

3. Results

Table 1 shows averages, standard deviation, minimum and
maximum values of the main parameters measured and calculated in
this study. Nearshore region included stations with longitudes
>38°26.0" W, whereas the coral reef-dominated waters included the
stations with longitude <38°26.0" W. The SST did not present a clear
spatial variability (p > 0.05; Mann-Whitney test), instead, it was related
to the hour of sampling with a typical diurnal pattern, i.e., lower values
in the early-morning (minimum = 27.7°C) and higher values at midday-
afternoon periods (maximum = 29.3°C) (Fig. 2). The SSS presented a
slight spatial variability. Higher values were found in the nearshore
region (highest = 36.5), whereas lower values were found in the coral

Table 1

Spatial variability (mean, standard deviation, minimum and maximum values)
for the principal physicochemical and seawater carbonate chemistry parameters
analysed in this study.

Nearshore waters Coral reef-dominated waters

N=9 N=11
sss ® 36.1 + 0.14 36.0 + 0.10
36.0 /36.5 35.9 /36.2
SST (°C) * 28.2+ 0.3 28.4 + 0.3
28.0 /28.9 28.0 /29.2
0, (%sat) 97 +5 100 + 1
92 /103 98 /102
fCO,sw (patm) * 458 + 21 475 + 28
419 /530 427 /580
pHr (Total scale) 8.00 + 0.007 7.98 + 0.008
7.98 /8.01 7.96 /8.00
TA (umol kg™) 2337 + 23 2325 + 19
2325 /2374 2304 /2364
DIC(umol kg™) 2017 + 16 2019 + 16
1996 /2050 1995 /2070
HCO3(pmol kg™) 1781 + 15 1788 + 15
1758 /1808 1766 /1814
CO%(umol kg™) 224 + 4 217 +5
217 /232 213 /225
Qura 3.58 + 0.05 3.49 + 0.07
3.48 /3.69 3.41 /3.61
Chla (pg LY 0.11 + 0.09 0.16 + 0.08
0.02 /0.29 0.07 /0.33

@ SSS, SST, and fCO,sw were measured continuously at frequency of 1 min. For
these parameters, the number of samples (N) measured in nearshore and coral
reef-dominated waters were, respectively, 670 and 836.
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reef-dominated waters (minimum = 35.9). These values of SST and SSS
confirm the presence of Tropical Water (TW) in both regions, which is
characterized by temperatures higher than 26°C and salinities higher
than 36.

Overall, DIC and TA concentrations did not exhibit clear spatial
distributions. The average of DIC concentrations was 2017 + 16 pmol
kg! in the nearshore region, and 2019 =+ 16 in the coral reef waters
(Mann-Whitney test; p > 0.05). For TA, these averages were, respec-
tively, 2337 + 23 pmol kg and 2325 + 19 pmol kg’ (Mann-Whitney
test; p > 0.05). However, the two highest values of TA were found in
regions further away from the reef, with a maximum concentration of
2376 umol kgl. On the contrary, the lowest concentration of TA
occurred inside the PRM limits, with a minimum value of 2314 pmol kg
!, The HCO3concentrations followed the tendency of DIC and TA, with
no significant spatial variability (Mann-Whitney test; p > 0.05), aver-
aging 1782 + 18 pmol kg™ in the nearshore region, and 1788 + 15 pmol
kgl in the coral reef waters.

On the other hand, pHr, CO%’, fCO9sw and Qg showed clear spatial
patterns. Coral reef stations showed higher values of fCO,sw, and lower
values of pHr, CO%’, and Qg4 compared to the nearshore region (Mann-
Whitney test; p < 0.01). The values of fCOzsw showed always over-
saturated conditions compared to the fCOsair, showing that the region
was a permanent source of CO3 to the atmosphere during all sampled
periods (Table 2; Figs. 2 and 3). The fCO2sw did not present significant
relationship with SST (Fig. 2) and SSS. The average of fCO2sw values in
the nearshore region was 455 + 21patm, whereas in the coral reef this
average was 475 + 28 patm. The maximal measured fCOsw was 580
patm found close to the PRM limits (Fig. 3). For pHr, C0%~, and Qura, the
averages in the nearshore region were, respectively, 8.00 & 0.008, 223
+ 4 and 3.59 + 0.07. For the coral reef-dominated waters these averages
were, respectively, 7.97 + 0.007, 217 + 4, and 3.48 £ 0.06. The minimal
values of pHr, CO%’and Qara Were 7.97, 213, and 3.41, respectively,
found close to the PRM boundaries. The concentrations of Chl a were
low for all sampled areas, indicating oligotrophic conditions. The
maximal concentration was 0.33 pg L found inside the boundaries of
the PRM.

The calculated instantaneous fluxes of CO5 at the air-water interface
and ancillary parameters used for fluxes calculations are showed in the
Table 2. The wind speed presented averaged values of 6.9 + 1.6 m s
and 7.7 + 1.5 m s in the nearshore and coral reef-dominated waters,
respectively. The calculated gas transfer velocities using the

« fCO,sw nearshore
o fCO,sw reef-dominanted
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Table 2

Mean (+standard deviations), minimum and maximum values of the wind ve-
locity, gas transfer velocity (keoo), fugacity of CO, in surface water (fCO2sws)
and in the atmosphere (fCOair), and calculated instantaneous air-water CO5
Fluxes (FCOy), separated in nearshore and coral reef-dominated waters.

Wind Ke00 fCOqair fCOosW Instantaneous
Velocity (ecms  (patm) (patm) FCO, (mmolC m”
(ms™) Pl 2dh
Nearshore 69+1.6 13.1 406 + 3 458 + 5.0 £3.9
waters 2.9 +7.1 403 21 0.35
N =670 12.0 2.1 408 419 25.7
36.1 520
Coral reef- 7.7 +£1.5 16.1 405+ 3 475 + 8.4 +6.5
dominated 3.5 +8.1 403 28 0.52
waters 12.8 3.0 407 427 46.6
N =836 41.2 580

parameterization of Wanninkhof (2014) followed the tendency of wind
velocity, with slightly higher values in the region of coral reefs influence
(16.1 + 8.1 cm h™)) than nearshore region (13.1 + 7.0 cm hh. As
exposed above, the fCO,sw were always higher than fCOsair. The values
of fCOzair were almost constant, showing values of ~406 ptam. The
region inside the PRM and adjacent localities exhibited the highest
emissions of CO; reflecting the higher fCOsw values, averaging 8.4 +
6.5 mmolC m™ d! (Mann-Whitney test; p < 0.001). The nearshore re-
gion emitted about 5.0 + 3.9 mmolC m2 d’%.

4. Discussion
4.1. Factors controlling seawater carbonate chemistry

This study presented direct underway fCO,sw, fCOsair measure-
ments and calculated air-sea COy fluxes in a region of the Brazilian
Northeast continental shelf dominated by warm-water coral reefs. This
study also presented the results of the main carbonate chemistry pa-
rameters, including TA, DIC, HCO3, CO%_ and Q.. To our best knowl-
edge, this is the first report of these parameters in an area of coral reefs
coverage in the entire South Atlantic Ocean. This portion of the conti-
nental shelf exhibited spatial variability in the distributions of carbonate
chemistry parameters, especially for fCOssw, pH, CO3~ and Qap.
Overall, the coral-dominated reef in waters presented higher values of
fCOosw when compared to nearshore waters. These high fCO,sw in the
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Fig. 2. Continuous underway measurements of fCO,sw (y-left axis) and SST (y-right axis) plotted against time and day of sampling. The red line represents the
averaged values of atmospheric CO, fugacity (fCO.air). Filled circles represent nearshore waters. Open circles represent coral reef-dominated waters. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Composite map showing the spatial distribu-
tions of the fCO,sw values in surface waters of the

Atlantic Ocean
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coral reefs are attributed to the process of net CaCOgs precipitation (or
Net Community Calcification, NCC), as this process evolves the pro-
duction of COj, and consumption of TA and DIC in a ratio of 2:1
(equation (1)), i.e., for every mole of produced CaCOs (calcification), TA
decreases by 2 mol and DIC decreases by 1 mol (Albright et al., 2013).
Other processes could also alter the TA:DIC relationship in coral reefs.
The Net Community Production (NCP) refers to the balance between
gross primary production and community respiration, which take up or
release 1 mol of DIC for every mole of organic carbon, with an almost
negligible alteration in TA. The slope of TA:DIC approaches O in eco-
systems dominated by NCP; while the slope approaches 2 in ecosystems
dominated by NCC (Cyronak et al., 2018). Despite the fact that near-
shore waters presented lower values of fCOosw than coral-reef domi-
nated waters, it is possible to occur water mixing between these two
areas depending on the along-shore and cross-shore directions of cur-
rents (Fig. 3). This could explain some high values of fCO,sw in near-
shore waters (max. 520 patm) and the poor relationship between fCOsw
and SST during the sampled period (Fig. 2).

Fig. 4 presents the relationship between salinity-normalized TA
(nTA) and salinity-normalized DIC (nDIC) for all the sampled stations,
separated in nearshore and coral reef locations. The station used for
salinity-normalization of TA and DIC was far from the PRM boundary,
and exhibited the highest value of nTA. Overall, coral reefs showed
depletion of TA relative to adjacent open ocean waters (Bates et al.,
2001; Cyronak et al., 2018). Fig. 4 shows that the slope of the nTA-nDIC
linear regression for the coral-dominated reef area is 1.26, with data
distribution approaching the vector calculated for CaCOg3 precipitation,
whereas for nearshore locations (non-reef dominated) the slope is 1.05.
Values higher or lower than 1 indicates that the parameters of the
seawater carbonate chemistry can changes considerably because the
isolines of pH are crossed (Cyronak et al., 2018). These results reinforce
the occurrence of CaCOs precipitation in the coral-dominated reef in
waters, which presented the highest values of fCO2sw and lowest values
of pH, C0%™ and Qura. The CaCO5 precipitation decreases the concen-
tration of TA and DIC, whereas dissolution increases. This can explain
the highest concentrations of TA in nearshore locations, where
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Fig. 4. Relationship between seawater salinity-normalized TA (nTA) and
salinity-normalized DIC (nDIC) for all discrete data. TA and DIC were
normalized to an average salinity of 36.1 according to Friis et al. (2003). The
red arrows represent the slopes of the main processes affecting this relationship.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

presumably the calcification does not occur, corroborating previous
studies (Bates et al., 2001; Andersson et al., 2013; Muellenhner et al.,
2016; Cyronak et al., 2018). During all sampled period, the waters were
well oxygenated, indicating that CaCO3 dissolution and the production
of TA by hypoxic/anoxic processes are very unlikely to occur.

The DIC variability is not only driven by calcification and dissolution
of CaCOg, but also by the NCP, in addition to the influx and efflux of CO4
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at the air-water interface (Fig. 4). The processes of photosynthesis and
degassing of CO3 lead to a decrease of DIC concentrations because they
remove CO5 from the water. However, primary production seems to be
weak in the region under influence of coral reefs due to the prevalence of
oversaturated conditions of CO, with respect to the equilibrium with
atmosphere, and the slope of nTA-nDIC > 1. The higher Chl a content
(over 45%) in coral reefs compared to nearshore waters (Table 1) would
imply higher CO3 consumption and low values of f{COssw, which did not
occur. This reinforces the dominant role of inorganic metabolism (NCC)
instead of organic metabolism (NCP) as responsible for the higher
fCOgsw values observed in the coral reef region. Nevertheless, it is
important to point out that the sampling was conducted only during
daytime due to logistical imitations. Calcification in the light is signifi-
cantly higher than calcification in the dark, while photosynthesis does
not occurs in the dark (Gattuso et al., 1999). The decreasing calcification
rates during nighttime tend to decreases the production of CO3. On the
other hand, the absence of primary production during nighttime tends to
increases the production of CO5 by respiratory processes. Studies have
showed that the community gross primary production are almost
equivalent to the community respiration in coral reefs (Gattuso et al.,
1999). This implies that the net production of CO, by organic meta-
bolism (NCP) is close to zero, and the release of CO, is most driven by
CaCOg3 precipitation (NCC) (Ware et al., 1992; Gattuso et al., 1993,
1999; Frankignoulle et al., 1996). We could not find significant draw-
down of CO5 values in different hours along the day (e.g., midday, early
morning) supposedly due to low levels of photosynthesis in these
oligotrophic waters. However, these processes require further in-
vestigations at diel time scales.

Overall, studies conducted in other coral reef environments have
shown that slopes of nTA/nDIC >1 are typical of coral sampled with a
significant spatial component (>10 km?), whereas values of nTA/nDIC
< 1 are typical in corals sampled at one position (Eulerian approach)
(Cyronal et al., 2018). The values in PRM are very close to that found in
the coral reefs of FL Keys (North Atlantic), Bermuda (North Atlantic) and
Majuro (Indo Pacific) (Andersson et al., 2013; Muellenhner et al., 2016;
Cyronal et al., 2018). When the studies encompass large spatial scales,
the signal on the carbonate chemistry is integrated of several coral reef
habitats, rather than specific ones (Cyronak et al., 2018). Larger spatial
scales tend to present NCP close to zero (Gattuso et al., 1999). On the
other hand, studies with high temporal frequency tend to integrate the
organic metabolic pulse reflecting the dominance of primary production
during the day time (decreasing DIC and increasing pH), and respiration
during night-time (increasing DIC and decreasing pH) (Gattuso et al.,
1993; Frankignoulle et al., 1996; Anthony et al., 2011). We did not find
significant relationship between the levels of CO3 and dissolved oxygen
in seawater, corroborating the minor influence of photosynthesis and
respiration. The averaged values of fCOosw, CO%’ and Q,, found in the
PRM coral reefs were very similar to that found in other coral reefs,
including studies in the Pacific, Indian, and North Atlantic Oceans
(Suzuki et al., 1995; Silverman et al., 2007;Shamberger et al., 2011 ;
Albright et al., 2013; Cyronak et al., 2018). However, it is remarkable
that our ranges of values are lower than most studies, which reflects our
sampling design turned to spatial investigation (sampling across large
spatial scale; >10km?).

The biogeochemical process of net CaCOs3 precipitation could locally
exacerbate the ocean acidification (Anthony et al., 2011; Kelypas et al.,
2011; Andersson et al., 2013; Cyronak et al., 2014). It is important to
point out that the thermodynamic predicts the dissolution of CaCO3
when the value of Q,., decreases to value lower than 1. However, a
recent study showed that coral reefs could reach net dissolution at Qua
of around 2.3 with 100% living coral cover, and at Qa, > 3.5 with 30%
of living coral cover (Kline et al., 2019). This threshold between net
dissolution and calcification is affected by the proportion of living corals
on a reef, suggesting that exists a relationship between ocean acidifi-
cation and bleaching vulnerability (Kline et al., 2019). Coral bleaching
occurrences are becoming more severe and frequent in space and time,
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resulting in mass coral mortality (Hughes et al., 2017). For instance, a
recent study has reported a mass bleaching event in the scleractinian
coral (hard corals) Siderastrea stellata Verrill in the PRM colonies (Soares
et al., 2019). The authors attributed this coral bleaching to anomalies in
SST (28.5-29.5 °C; from 1 to 1.7 °C above the average), in addition to
the low turbidity, and weak winds. The IPCC predicts higher mean SST
and marine heatwaves days in the next decades (IPCC, 2019). This sit-
uation can be critical in the corals of PRM because dead corals reach net
dissolution at a Qu; = 3.5 (Kline et al., 2019), which is close to the
saturation state we found in the present study. The predicted increase
and expansion of bleaching events as the result of global warming and
marine heatwaves may cause deleterious effects on the corals of PRM
and could arrive early than thought because mortality of corals can
accelerate the skeleton dissolution. In short, the corals of the PRM can
change from net calcification to net dissolution in a near future
considering the increasing levels of atmospheric CO, and global
warming, with amplification of coral bleaching events. In other sce-
nario, considering the PRM with 100% of living corals, the net disso-
lution is predicted until the end of this century (considering the actual
growth rates of atmospheric CO, concentrations). The negative effects of
global warming, increase marine heatwaves and ocean acidification
needs urgent investigation.

4.2. fCOzsw in coral reef-dominated waters and the regional context

The fCO,w variability in the North and Northeast continental shelf of
Brazil is poorly investigated. The few studies available in these low
latitude regions in the South Atlantic showed that the fCOgzsw is
controlled mainly by biological activities in the North portion due to the
influence of the Amazon River Plume (Lefevre et al., 2017a), whereas
the thermodynamic is predominant in the Northeast portion (Araujo
et al., 2019). However, this generalization needs to be done carefully
because the North and Northeast continental shelves are themselves
heterogeneous. A recent study showed important fCOysw variability
considering the along-shore direction in the Northeast coast (Carvalho
et al., 2017). This study revealed that the CO, variability at the west-
ernmost part of the Northeast coast is mainly driven by biological ac-
tivities (despite the oligotrophic conditions), whereas the easternmost
portion was mainly controlled by temperature and salinity. Another
study conducted in a low latitude region with cross-shelf transect off the
coast of Maranhao State (North Brazil) also showed marked heteroge-
neity, with highest values of fCO2sw observed close to the land and
attributed to the inputs of organic and inorganic carbon from terrestrial
sources (Lefevre et al., 2017b). Moreover, we address here that the
presence of carbonate coral reefs in the continental shelf of Brazil could
also alter in a significant way the variability of fCOssw and the car-
bonate chemistry in surface waters. The Northeast coast of Brazil pre-
sents an extensive portion of the continental shelf covered by modern
and relict sediments in the form of bioclastic-siliciclastic sediments
associated with occurrence of coral reefs, especially on the inner shelf,
with some patches attached to the coast and others covering large dis-
tances offshore, generally oriented parallel to the coast with depths
between 5 and 10 m (Knoppers et al., 1999; Leao et al., 2016; Morais
et al., 2019). In addition, it has been recently mapped an extensive
Mesophotic Coral Ecosystem (~9500 km?) between Brazil and the
Caribbean (the Great Amazon Reef System; Moura et al., 2016; Mahi-
ques et al., 2019), with potential implications for seawater carbonate
chemistry dynamics and carbon budget calculations.

We compared our results of fCOgsw variability with the study of
Carvalho et al. (2017), which sampled a further offshore region along
the South Equatorial Atlantic Ocean (Fig. 5). Both studies presented
SST-SSS diagrams consistent with the presence of tropical waters (Dias
et al., 2013). Considering the in situ SST conditions, the values of fCO2sw
averaged 465 + 25 patm in the coral reef-dominated waters, whereas the
offshore region exhibited average of 384 + 7 patm (Fig. 5a,c) with a
statistical significance (Mann-Whitney test; p < 0.001). Comparing these
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Fig. 5. Comparison between the fCO,sw spatial variability in the coral reef-dominated waters (present study) and offshore waters with data taken from Carvalho
et al. (2017); a) spatial distributions of fCOysw at in situ SST; b) spatial distributions of fCO,sw normalized to a temperature of 27 °C (fCO2sw @27); ¢) Box plots of
fCOysw values at in situ SST presenting the median and ranges; d) Box plots of fCOzsw values normalized to a temperature of 27 °C (fCOzsw @ 27) presenting the

median and ranges. Note the different scales in the maps a) and b).

results, it is clear that the coral reef-dominated waters presented higher
averages and standard deviations of fCOosw values. We applied the
procedure of Takahashi et al. (1993) to remove the thermal effect on the
fCOgsw variability by normalizing the fCOosw at a constant SST of 27 °C
(fCO4sw at 27°C). After applying this procedure, the difference between
averages of these regions decreased, with coral reef region averaging
439 + 24 patm and offshore waters averaging 390 + 13 patm, however,
this condition remains significant at about 50 patm (Fig. 5b,d). How-
ever, the maximum values of fCO2sw are on the same order of magni-
tude, suggesting that the study of Carvalho et al. (2017) potentially
include some regions under influence of coral reefs. The comparison of
temperature-normalized fCOosw between these two localities corrobo-
rates the high influence of biological effect (CaCOs precipitation) in
waters dominated by coral reefs, showing heterogeneity in the
cross-shelf and along-shelf directions. This study corroborates previous
findings in other coral-reef ecosystems, in which seawater chemistry on
the reef showed higher values and higher variability of fCO2sw than the
adjacent offshore waters (Suzuki and Kawahata, 2003; Albright et al.,
2015).

The fCOysw variability in the studied region seemed to be also
induced by the current direction and water transport. The tidal vari-
ability potentially drives the spatial and short-term temporal variabil-
ities of fCO2sw distributions. Indeed, water circulation is one of the most
important drivers of carbon fluxes in coral reefs (Nakamori et al., 1992;
Frankignoulle et al., 1996). Some high values of fCOssw found in the
NNE position of the sampled area (Fig. 3) are consistent with the in-
fluence of cross-shelf directional transport (transverse component)
during ebb tide (Dias et al., 2018). The net water transport in the con-
tinental shelf of Ceara State presents a net NW direction, however, the
bathymetry, tidal and subtidal currents, wind velocity and direction can

cause considerable deviations from this pattern, even during periods of
wind and current reversal (Dias et al., 2018). The seawater carbonate
chemistry will incorporates the reef metabolism when the water mass is
being transported along the coral reef with the highest signal being
incorporated in downstream habitats (Frankignoulle et al., 1996; An-
thony et al., 2011). In this way, regions located front and back the coral
reef (relative to the direction of the water flow) will present differences
as the results of the coral-reef signals (Gattuso et al., 1993; Frankignoule
et al., 1996). For the PRM, this situation is even more critical due to the
relative high depths where the corals are positioned (~ 24 m depth;
Soares et al., 2019). However, even taking account these relative greater
depths, the influence of reef-metabolism was evident in surface waters
taking account the highest values of surface fCOssw in the regions under
influence and/or close to the PRM limits. The water column in the region
is well-mixed (Dias et al., 2013; Teixeira and Machado, 2013), and the
fCOysw distributions in the surface waters reflect these complex con-
figurations related to the geographical position of the coral reef com-
munities, water depths, and current direction at the moment of
sampling.

4.3. Air-sea COy fluxes and implications

The results of air-sea CO5, fluxes and parameters used for calculations
are presented in Table 2. The sampling campaign was conducted in July-
2019, which is a dry period characterized by high energy of winds, with
averages of wind velocity exceeding 7 m s. The gas transfer velocities
presented high values reflecting the high energy of the trade winds.
These results are consistent with a previous study in the region (Car-
valho et al., 2017). The trade winds in the region are generated from the
high-pressure South Atlantic cell and move the Inter-Tropical
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Convergence Zone (ITCZ) to northeastern Brazil, with higher velocities
during dry period (June to December) (Dias et al., 2013). The Tropical
Atlantic Ocean is normally characterized as a net source of CO5 to the
atmosphere (Goyet et al., 1998; Lefevre et al., 2013). Our study cor-
roborates this emitter behavior, however with stronger intensity. The
waters of the PRM and adjacent localities always presented over-
saturated conditions with respect the atmosphere CO5 concentrations,
with CO, emissions averaging 8.4 = 6.5 mmolC m™2 d! in the coral
reef-dominated waters, and nearshore regions emitting on the order of
5.0 + 3.9 mmolC m? dl. Overall, previous studies in the western
Tropical Atlantic Ocean showed different results and lower COy emis-
sions. The averaged emissions by the offshore waters of the North and
Northeast coast of Brazil were estimated at about 0.3 + 1.7 mmolC m™?
d'l, with ranges from -1.2 to 2.0 mmolC m2d?! (Araujo et al., 2019). The
authors attributed the sink behavior (negative values) to the influence of
the high productivity of the Amazon River Plume, and the source
behavior driven mainly by SST variability in the offshore regions (4°S to
12°S). Other study conducted along the Northeast coast of Brazil
calculated instantaneous fluxes ranging from 0.89 to 14.62 mmolC
m'zd'l, with higher emissions associated to the thermal effect (eastern
portion), and lower emissions associate to the increase of biological
activities and CO; uptake (western portion) (Carvalho et al., 2017).
Considering the cross-shelf direction, a study conducted in the coast of
Maranhao (North Brazil) showed annual mean flux of 1.81 + 0.84
mmolC m 2 d ! in the continental shelf, and annual mean emissions of
2.32 4 1.09 mmolC m~2 d! for further offshore waters (Lefevre et al.,
2017b). The authors found higher fCOosw values close to the land than
offshore waters, however, the calculated fluxes did not reflect this
gradient because the wind velocity were stronger in the open ocean. In
short, comparing our results with those found in these other regions of
the North and Northeastern continental shelf of Brazil, it is clear that the
presence of coral reefs can alter regionally the magnitude of CO5 emis-
sions, particularly in shallow waters.

We also compared our calculated emissions of CO5 with other coral
reef environments (Table 3). The availability of studies investigating the
emissions of COy by coral-dominated reef in waters is still scarce. In
general, all studies quantifying the CO, exchanges at the air-sea inter-
face showed a source behavior in marine ecosystems dominated by coral
reefs (Frankignoulle and Gattuso, 1994; Gattuso et al., 1999; Kawahata

Table 3

A chronologic compiled data of pCO2sw or fCOosw values, and air-sea CO, fluxes
with ranges and average values (in parenthesis) documented in coral reefs
worldwide. The compiled data include only studies that calculated air-sea CO4
exchanges.

Ecosystem fCO2sw or Air-water CO, Reference

pCOosw * fluxes (mmol
(patm) m2dh

More Reef — French 240 to 400 —2.1t06.5 Gattuso et al. (1993)
Polynesia

Yong Reef — 250 to 700 —21.6 to 43.2 Frankignoulle et al.
Australian Great (1996)

Barrier Reef

Shiraho Reef - NA (12.0) Nakamori et al. (1992)
Japan

Hog Reef Flat — 340 to 470 —0.6 to 29.0 Bates et al. (2001)
Bermuda 3.3)

Coral Reef Lagoon 386 to 755 3.8t08.9 Fagan and Mackenzie
Kaneohe Bay — (2007); Ho et al. (2018)
Hawaii

Yongle Atoll 258 to 748 (3.2) Yan et al. (2018)
Lagoon — South
China Sea

Great Barrier Reef - 227 to 633 —6.19 to 12.17 Lonborg et al. (2019)
Australia (404) (1.44)

Pedra da Risca do 427 to 581 0.4to0 12.8 This study
Meio Coral Reef (475) (8.4)

NA = not available.
 Data are presented in fCOasw or pCOosw.
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et al., 1997; Lgnborg et al., 2019). This is the result of the changes of
seawater CO; system during calcification, which removes CO%‘ or HCO3
and releases CO, in the water (Frankignoulle and Gattuso, 1994). The
fluxes calculated for the PRM coral reefs compare well with emissions
calculated in the Moorea Coral Reef (French Polynesia) and Yong Reef
(Australian Great Barrier Reef) (1.8 to 5.1 mmolC m2d?! ; Gattuso et al.,
1993; Frankignoulle et al., 1996); Shiraho Reef (Japan) (12.0 mmolC
m™> d'l; Nakamori et al., 1992); Hog Reef Flat (Bermuda) (3.3 mmol C
m2 d'!; Bates et al., 2001); Tropical Coral Reef Lagoon in Kaneohe Bay
(Hawaii) (3.9 to 8.9 mmolC m™> d'l; Fagan and Mackenzie, 2007; Ho
etal., 2018), in the Yongle Atoll (South China Sea (SCS))(3.2 mmolC m?2
d; van et al., 2018), and in the Great Barrier Reef (-6.19 to 12.17
mmolC m™ d'l; Lgnborg et al., 2019). An overall characteristic is that the
observed averages and ranges of air-sea CO5 fluxes are greater in coral
reef habitats than outside the reef influence, reflecting the most active
biological activities inside the reefs under stronger influences of organic
and inorganic metabolic pulses. Many studies incorporated the diurnal
variability on the investigations of carbonate system in coral reefs, with
estimations of NCP and NCC. Overall, the NCP presents an almost
equilibrium between the rates of primary production and respiration of
community, with an almost negligible influence on the air-sea CO; ex-
changes (Gattuso et al., 1999). This suggests that the net calcification is
higher relative to net organic production in most reef flats causing CO2
evasion to the atmosphere (Gattuso et al., 1999). The release of CO4
during calcification depends on the physicochemical properties of
seawater, including the values of fCOysw (Frankignoulle and Gattuso,
1994). This means that low values of fCOsw results in lower changes of
seawater carbonate chemistry compared to high values of fCOssw. These
accentuated changes in seawater carbonate chemistry are associated to
the changes in seawater buffering capacity under a scenario of high CO,
concentrations, and could provide a positive feedback to the global
warming (Frankignoulle and Gattuso, 1994) assuming an equilibrium
between the CO; concentrations in the oceans and atmosphere.

5. Conclusions

The results showed that seawater carbonate chemistry is signifi-
cantly altered by biogeochemical processes occurring in the coral reef-
dominated waters compared to nearshore and offshore localities in the
western Atlantic Ocean. In general, coral reef-dominated waters of the
PRM presented higher values of fCOsw, and lower values of pHr, co%,
and Q,r, compared to nearshore and offshore waters. These differences
were attributed to the process of CaCO3 precipitation occurring in coral
reefs as indicated by the relationship between nTA and nDIC showing a
slope higher than 1. This evidences that the spatial variability of car-
bonate chemistry dynamics are driven by the inorganic metabolic pulse
(precipitation of CaCO3), which seems predominant over the organic
metabolic pulse (organic carbon production and respiration). These
lower values of pHr, CO%’, and Qa4 at the region most influenced by
coral reefs corroborate previous findings showing that coral reef com-
munities could compound ocean acidification effects with associate
changes in seawater carbonate chemistry (Anthony et al., 2011). The
vulnerability of the corals face to ocean acidification can be even more
critical taking account the recent documented bleaching events in the
study area associated to positive anomalies in SST.

The high values of fCOosw in the coral-dominated reef in waters
reflect in higher CO, emissions compared to nearshore and offshore
waters. To our best knowledge, this is the first study showing influence
of coral reefs on the air-sea CO5 exchanges in the entire South Atlantic
Ocean. Brazilian coral reefs comprises the largest area of reefs in the SW
Atlantic Ocean, with reefs spreading over more than 3,000 km along-
shore the Brazilian Coast (Leao et al., 2016), including the recent
mapped Great Amazon Reef System (Moura et al., 2016; Mahiques et al.,
209). This have important implications considering the carbon budget
estimates for the North and Northeast continental shelf of Brazil.
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