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The dynamics of the aragonite saturation state (Ωarag) were investigated in the eutrophic coastal waters of
Guanabara Bay (RJ-Brazil). Large phytoplankton blooms stimulated by a high nutrient enrichment promoted the
production of organic matter with strong uptake of dissolved inorganic carbon (DIC) in surface waters, lowering
the concentrations of dissolved carbon dioxide (CO2aq), and increasing the pH, Ωarag and carbonate ion (CO32 −),
especially during summer. The increase of Ωarag related to biological activity was also evident comparing the
negative relationship between the Ωarag and the apparent utilization of oxygen (AOU), with a very close behavior
between the slopes of the linear regression and the Redﬁeld ratio. The lowest values of Ωarag were found at lowbuﬀered waters in regions that receive direct discharges from domestic eﬄuents and polluted rivers, with
episodic evidences of corrosive waters (Ωarag < 1). This study showed that the eutrophication controlled the
variations of Ωarag in Guanabara Bay.

1. Introduction
The human activities are altering the biogeochemical cycles of essential elements at unprecedented levels (Howarth et al., 2011). The
burning of fossil fuels and land-use-change activities have been altering
the global cycle of carbon by increasing the emissions of carbon dioxide
(CO2) to the atmosphere (IPCC, 2013). The global average atmospheric
CO2 has increased from 277 ppmv in 1750 to approximately 400 ppmv
in 2015, and, together with the increase of other greenhouse gases, are
driving important environmental changes (Gattuso et al., 2015; Le
Quéré et al., 2016). Taking account the global CO2 budget calculated
for the period between 2006 and 2015, approximately 43% of the total
anthropogenic CO2 emissions remained in the atmosphere
(4.5 ± 0.1 Gt C yr− 1), whereas the oceans sequestered approximately
25% (2.6 ± 0.5 Gt C yr− 1) (Le Quéré et al., 2016).
When the CO2 dissolves in the water, a series of reactions and
processes takes place, producing non-ionic and ionic compounds
(Millero, 2007; Dickson, 2010). The dissolved CO2 (CO2aq) is the

dominant carbon dioxide species when the pH is lower than 5, however,
at higher pH, the CO2aq ionizes to form bicarbonate (HCO3−) and
carbonate (CO32 −) anions (Dickson, 2010). The sum of CO2aq, HCO3–
and CO32– comprehends the dissolved inorganic carbon (DIC). The
CO2aq is proportional to the partial pressure of CO2 (pCO2) in the water.
When CO2 hydrates and/or ionizes, it releases hydrogen ions (H+),
lowering the pH. Therefore, the absorption of CO2 by the oceans results
in a decrease in pH and CO32– concentrations. Low pH values can inhibit and/or hinder the ability of many marine organisms to form calcium carbonate (CaCO3) skeletons and shells (Gattuso et al., 2015). In
extreme scenarios, this can promote dissolution of CaCO3 because the
water becomes undersatuated with respect to CaCO3 minerals (Feely
et al., 2008; Zhai et al., 2015). However, studies also showed that some
organisms could be resistant to ocean acidiﬁcation eﬀects. A study
conducted in an Arctic coastal region showed that the taxonomic
composition of zooplankton species remained unaﬀected by changes in
pCO2/pH (Aberle et al., 2013). In addition, the abundance of some
species of zooplankton from the Bay of Bengal were found to be
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Fig. 1. Map of Guanabara Bay. The bay was divided into ﬁve sectors
(S1 to S5). The red triangles represent the sampling stations. (For
interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

CO2, with the increase of CO2aq, and decrease of pH, CO32, Ω and the
buﬀer capacity of seawater (Doney et al., 2009). This problem has recently taken attention from the scientiﬁc community due to projected
threats that could aﬀect marine species, communities and ecosystems
(Doney et al., 2009; Kroeker et al., 2010; Gattuso et al., 2015).
In coastal waters, the variations of carbonate parameters are also
strongly aﬀected by the mixing processes between freshwater and
seawater, upwelling and eutrophication, and the controlling mechanisms of Ωarag are more complex than in the open ocean (Salisbury et al.,
2008; Cai et al., 2011; Duarte et al., 2013; Zhai et al., 2015; Xue et al.,
2016; Hu et al., 2017). The coastal ocean responds diﬀerently from the
open ocean to CO2 inputs, and can be more vulnerable to negative effects of ocean and coastal acidiﬁcation (Zhai et al., 2015). This vulnerability was described in some coastal zones due to the inﬂuence of
metabolic processes adding high CO2 into the waters, and associated
with low values of pH and Ωarag < 1 in sub-surface and bottom waters
(Feely et al., 2008, 2010; Cai et al., 2011; Zhai et al., 2015). This occurs
because the anthropogenic inputs of organic matter and nutrients associated with strong eutrophication processes have fueled massive algal
blooms, which deplete the oxygen and release CO2 when the organic
matter is respired (Cai et al., 2011; Sunda and Cai, 2012; Wallace et al.,
2014). Previous studies on eutrophication in coastal waters have been
focused on the investigation of the nutrient, chlorophyll a (Chl a) and
oxygen levels (hypoxia and anoxia) in the waters (Nixon, 1995; Bricker

signiﬁcantly higher under elevated CO2 levels (Biswas et al., 2012). In
this way, the eﬀects of ocean acidiﬁcation seem to be speciﬁc considering diﬀerent organisms and ecosystems, with winners and losers
under high CO2 conditions.
The CaCO3 saturation state of seawater (Ω) with respect to a particular CaCO3 mineral can be calculated to infer the tendency of precipitation or dissolution (Dickson, 2010). The aragonite is usually the
principal form of CaCO3 in shallow waters and is approximately 50%
more soluble than calcite (Morse et al., 2007; Mucci, 1983). This mineral is essential to many phytoplanktonic and benthonic species
(Gattuso et al., 2015). Due to this, the studies of saturation state of
aragonite (Ωarag) have received attention in the last 10 years, especially
in coastal environments (Feely et al., 2010; Zhai et al., 2015; Hu et al.,
2017; Xue et al., 2017). The Ωarag can be deﬁned by the formula:

Ωararg = [Ca2 +] [CO32 −]/K sp (arag)

where, [Ca2 +] [CO32 −] is the observed ion product between calcium
and carbonate concentration and Ksp(arag) is the solubility product of
aragonite in seawater. Ωarag > 1 indicates that the precipitation of
aragonite is favored and the minerals are stable; Ωarag < 1 indicates
that aragonite minerals are unstable in the water and can dissolve;
Ωarag = 1 indicates equilibrium between precipitation and dissolution.
The ocean acidiﬁcation is commonly referred to the modiﬁcations in
marine carbonate chemistry, driven by the increase of atmospheric
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cyanobacterias 2.8%, euglenophyceans 1.5%, and others 1.5% (Villac
and Tenenbaum, 2010).
Despite the fact that this system is heavily impacted by anthropogenic activities, there are important calcifying organisms that could
be found at the benthic environment, including calcareous benthic
foraminifera and ostracod (Vilela et al., 2003; Clemente et al., 2014).
Benthic foraminifera and ostracod answer to changes in environmental
parameters and have important uses in ecology and paleoecology studies (Vilela et al., 2003; Murray, 2006). The benthic foraminifera assemblage found in Guanabara presented weak and fragile tests, with
various types of deformities (Vilela et al., 2003; Clemente et al., 2014).
Morphological variations in the benthic foraminifera tests have been
related to a combination of several parameters, including the carbonate
solubility (Boltovskoy et al., 1991). There are also species of echinoderms, as sea urchins and starﬁshes (Meniconi et al., 2012), which
needs CaCO3 to construct the skeletons (Miles et al., 2007). In addition,
there are important species of mollusks and crustaceans found in consolidate substrates of Guanabara Bay (Meniconi et al., 2012), including
oysters and mussels that biomineralizes CaCO3 to build the shells
(Fitzer et al., 2016). In general, the diversity of mollusks and crustaceans follows the concentrations of dissolved oxygen in bottom waters
of Guanabara Bay (Meniconi et al., 2012).
Due to the spatial heterogeneity in the hydrological and geomorphological characteristics, and the diﬀerential anthropogenic occupation of the watershed, we compartmentalized the bay in ﬁve domains
(sectors 1, 2, 3, 4 and 5; Fig. 1), which are well described in Cotovicz
et al. (2015, 2016).

et al., 2003; Rabalais et al., 2009; Ferreira et al., 2011). However, recent studies have been reported that eutrophication can also contributes to the coastal acidiﬁcation (Provoost et al., 2010; Cai et al.,
2011; Wallace et al., 2014). It is important to point, therefore, that the
ocean acidiﬁcation in open ocean waters is driven by external loading
of CO2 (atmospheric inputs), whereas in coastal zones this loading is
mainly driven by internal processes related to microbial respiration
(Wallace et al., 2014). Moreover, it must be keep in mind that the
coastal eutrophication can also drawdown the levels of aquatic CO2 due
to the stimulation of primary production, with uptake of atmospheric
CO2 (Borges and Gypens, 2010; Cotovicz et al., 2015; Kubo et al.,
2017).
The carbonate system responses in face to these CO2 changes (uptake and/or emission) driven by eutrophication remains largely unknown and especially overlooked in ecosystems located at tropical regions. Hereby, we present the spatio-temporal results of Ωarag and
buﬀer capacity in the productive waters of Guanabara Bay (RJ, Brazil),
a highly eutrophic and densely populated tropical estuary. Our results
showed that phytoplankton blooms control the values of Ωarag and pH,
which were positively correlated with the concentrations of Chl a,
dissolved oxygen (DO), and water temperature. The results suggest that
the variation of pH related to eutrophication is more important than the
changes in carbonate chemistry predicted by the increase of atmospheric CO2 concentrations.
2. Material and methods
2.1. Study area

2.2. Sampling strategy

Guanabara Bay (22°41–22°58 S and 43°02–43°18 W) is a marinedominated estuary located at the Southeastern coast of Brazil (Fig. 1).
This estuary is the second largest bay in Brazil, occupying an area of
384 km2. It is one extreme example of a polluted bay where about 16
millions of inhabitants live on its surroundings and watershed (Fistarol
et al., 2015). The drainage basin of Guanabara Bay covers an area of
4081 km2, which is composed of 16 municipalities, 50 rivers and
streams (Kjerfve et al., 1997). However, only 6 rivers abide to > 80% of
the total mean annual freshwater discharge, which was estimated at
about 125 m3 s− 1 (Kjerfve et al., 1997). This relative low input of
freshwater compared to the water volume of Guanabara Bay contributes to salinities normally higher than 25 (Kjerfve et al., 1997;
Cotovicz et al., 2015). The climate pattern in the region presents two
distinct periods: a warm and rainy summer (October to Abril) and a dry
and colder winter (May to September).
The sewage and water treatment plants are very limited in the
watershed (Fistarol et al., 2015), causing discharge of large amounts of
both domestic and industrial eﬄuents “in natura” into the bay at about
25m3 s− 1 (Kjerfve et al., 1997). These large inputs of eﬄuents translate
in a high eutrophication process. The organic carbon load to the sediment increased 10 times in the last 50 years (Carreira et al., 2002), and
the sedimentation increased up to 14-times over the last 50 years
(Godoy et al., 2012). Large phytoplankton blooms dominate the surface
waters, with high contribution of autochthonous source to the particulate and sedimentary organic carbon (Carreira et al., 2002; Kalas
et al., 2009). In addition, the bay is a strong annual sink of CO2 due to
the high uptake of inorganic carbon by large phytoplankton blooms
(Cotovicz et al., 2015).
The driving phytoplankton assemblages of Guanabara Bay are typical for eutrophic to hypertrophic systems, largely dominated by nanoplankton (ﬂagellates and diatoms, < 20 μm) and ﬁlamentous cyanobacteria (Valentin et al., 1999; Santos et al., 2007; Villac and
Tenenbaum, 2010). The most prominent species of phytoplankton in
Guanabara Bay are the dinoﬂagellate Scrippsiella trochoidea and diatoms
from the Skeletonema costatum complex (Villac and Tenenbaum, 2010).
Considering the relative number of taxa within various taxonomic
groups, the diatoms represents 62%, dinoﬂagelates 42%,

Nine sampling campaigns were conducted between 2014 and 2015,
with intervals of 30–45 days between each one. The winter period was
covered by the months of Apr.2013, Jul.2013, Ago.2013 and Apr.2014,
and the summer period was covered by the months of Sep.2013,
Oct.2013, Dec.2013 and Jan.2014 represent the summer period. The
measurements were conducted with a boat that covered all the sectors
of Guanabara Bay (Fig. 1). Along the track of the boat, continuous and
discrete samplings were performed. Continuous measurements were
carried out for water temperature, salinity, ﬂuorescence, DO and pCO2.
The discrete samples were taken at sub-surface with a Niskin bottle for
Chl a, pheo-pigments, total alkalinity (TA) and pH. Vertical proﬁles of
temperature, salinity, and DO were performed at all discrete stations
with a calibrated multiparameter probe model YSI® 6600 V2.
2.3. Continuous measurements
The continuous measurement system is well described in Cotovicz
et al. (2015, 2016). Brieﬂy, a submersible water pump was attached at
the side of the boat at a depth of about 0.5 m, providing continuous
water ﬂux at 6 L min− 1. One part of this water ﬂux (3 L min− 1) was
directed to an equilibration system to measure the aquatic pCO2
(marble equilibrator type; Frankignoulle et al., 2001). The marble exchanger consists of an acrylic tube (100 cm long; 8 cm diameter), ﬁlled
with glass marbles. The marbles increase the exchange area inside the
tube to about 1.4 m2, and reduces the internal tube volume to 0.6 L. The
marble equilibrator is connected to a non-dispersive infrared gas detection (NDIR, LI-COR® type LI-820). The air in the equilibrator was
dried before passing to the gas analyzer. The LICOR® was calibrated
before and after each sampling camping with certiﬁed material with air
pCO2 values of 410, 1007 and 5035 ppmv (White Martins Certiﬁed
Material, RJ, Brazil). The fresh soda lime was used to set the zero and
the standard at 1007 ppmv to set the span. The accuracy of pCO2
measurements was about ± 5 ppmv. The temperature, salinity, ﬂuorescence and DO were measured on-line with a calibrated YSI 6600 V2
multiparameter sonde.
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calculate three buﬀer factors related to the resistance to change of the
pH (βDIC), CO2 (γDIC) and Ω (ωDIC), when DIC changes at constant alkalinity (Egleston et al., 2010). These three buﬀers can be calculated as
follow:

2.4. Laboratory analysis
The water samples were ﬁltered with Whatman GF/F ﬁlters and
then conditioned (kept in dark and on ice) until the analysis in laboratory. The ﬁlters for analysis of Chl a and pheo-pigments were kept
at − 18 °C in a freezer prior to analysis. The TA measurements were
performed with the classical Gran (1952) titration method with an
automated titration system (Metler Toledo model T50). The accuracy of
this method was ± 7 μmol kg− 1 and inferred using certiﬁed reference
material (CRM, A. G. Dickson from Scripps Institution of Oceanography,
San Diego). Chl a and pheo-pigments were measured in the Whatman
GF/F ﬁlters following Strickland and Parsons (1972). The pH was
measured with a WTW 3310 pH meter equipped with a Sentix 41
electrode, which was calibrated with a three-point standard (pH 4.01,
pH 7.00 and pH 10.01) according to the National Institute of Standards
and Technology (NIST), before and after each sampling campaign. The
precision of the pH measurements was 0.01 (after seven veriﬁcations
against standards before and after each sampling campaign). The differences between surface and bottom water values in terms of Ωarag and
other parameters were only performed at some stations, during the
summer period, and during conditions of maximal thermo-haline stratiﬁcation in sectors 3, 4 and 5. The total number of concomitant surface
and bottom water samples was 48, covering the period from Oct.2013
to Feb.2014.

βDIC = −(∂ln[H+]/ ∂ [DIC]) − 1

γDIC = −(∂ln[CO2]/∂ [DIC]) − 1

ωDIC = −(∂lnΩ/∂ [DIC]) − 1

βDIC quantiﬁes how much hydrogen ion would change in accordance to the change in DIC concentration, γDIC quantiﬁes how much
aqueous CO2 would change, and ωDIC quantiﬁes how much Ω will
change, all considering a constant alkalinity. The ωDIC gives negative
values, and henceforth the results we reported as absolute values (ωDIC
abs). These buﬀer factors were calculated using DIC, TA, salinity and
temperature data based on the equations derived by Egleston et al.
(2010).
2.6. Statistical analysis
We applied the Shapiro-Wilk test to verify the normality of data
distributions. As the data presented non-parametric distributions, we
used the nonparametric paired Wilcoxon test to compare diﬀerences
between surface and bottom waters averages. Simple linear regressions
were calculated to compare the distributions and correlations between
variables. All statistical analysis were based on α = 0.05. The statistical
tests were performed with the GraphPad Prism 6 program.

2.5. Calculations
DIC and Ωarag were calculated from pCO2, TA, seawater temperature, and salinity using the CO2calc 1.2.9 program (Robbins et al.,
2010). The dissociation constants for carbonic acid were those proposed
by Mehrbach et al. (1973) reﬁtted by Dickson and Millero (1987), the
borate acidity constant from Lee et al. (2010), the dissociation constant
for the HSO4− ion from Dickson (1990) and the CO2 solubility coeﬃcient of Weiss (1974). The Ksp values for aragonite were taken from
Mucci (1983) and the concentrations of calcium (Ca2 +) were assumed
proportional to the salinity variations according to Millero (1979).
To calculate the Ωarag for bottom waters we used the data from pH
and TA, using also the CO2calc 1.2.9 program, and following the same
procedures described above. We compare the DIC concentrations calculated from the pCO2-TA and pH-TA pairs, and the results showed an
excellent agreement (slope: 1.008; R2 = 0.995). The slope was not
statistically diﬀerent from 1 (p = 0.20) and the intercept was not signiﬁcantly diﬀerent from 0 (p = 0.86).
The excess of DIC (E-DIC, μmol kg− 1) was calculated as follows
(Abril et al., 2003):

3. Results and discussion
3.1. Spatial variations of TA and DIC
Table 1 shows the average, standard deviation, minimum and
maximum values for all the water parameters analyzed in this study,
separated for the sectors. Fig. 2 shows the seasonal behavior for pH,
DIC, CO2aq, HCO3−, CO32– and Ωarag. Guanabara Bay presents a marked
spatio-temporal variability related to the marine carbonate chemistry.
It follows the patterns of biological activities related to photoautotrophic primary production and microbial respiration. Due to the
high anthropogenic disturbances along the watershed and surrounding
areas, Guanabara Bay presented a large variation of freshwater endmembers associated to the multiplicity of point and non-point terrestrial sources, including polluted rivers, sewage discharges and urban
runoﬀ (Ribeiro and Kjerfve, 2002; Cotovicz et al., 2015, 2016). Considering this, it was not possible to apply the mixing curves to infer gain
or losses of material along the salinity gradient, that is an usual approach to study the carbonate parameters in estuaries and coastal zones
(Jiang et al., 2013), especially to investigate the TA and DIC variability.
Even not applying the mixing curves, it was clear that the bay
produces considerable amounts of TA especially at the most polluted
regions (Fig. 3). The highest deviations above the linear regression
between the salinity and TA occurred in sector 2 (maximum TA = 2489 μmol kg− 1) and in the sector 5 (maximum TA = 2314 μmol kg− 1). These sectors receive high inputs of allochthones sources (domestic eﬄuents) and hypoxia and anoxia events
occur (Ribeiro and Kjerfve, 2002; Cotovicz et al., 2015). Diverse processes can contributes with production of anaerobic alkalinity in coastal
waters, including ammoniﬁcation, denitriﬁcation and sulphate reduction (Abril and Frankignoulle, 2001; Hu and Cai, 2011). The signiﬁcantly higher ammonium concentrations in bottom waters compared to surface waters indicates signiﬁcant diﬀusion of ammonium
from anoxic sediments and conﬁrms the occurrence of anaerobic processes in the sector 2 and parts of sector 4 and 5 (Cotovicz et al., 2016).
The other sectors 1, 3 and 4 showed the distributions of TA approaching
the conservative behavior, indicating higher dependence to the mixing

E − DIC = DICin situ –DICequilibrium

where, DICin situ is the concentration of DIC at in situ conditions and
DICequilibrium represents the DIC calculated from the observed TA and
pCO2 values assuming an equilibrium between the aquatic and atmospheric CO2 concentrations.
The apparent oxygen utilization (AOU, μmol kg− 1) was calculated
according to Benson and Krause (1984), as following:

AOU = DOequilibrium –DOin situ

where, DOequilibrium represents the value of saturation of oxygen concentration (concentration of oxygen in equilibrium with the atmosphere
but corrected according to its in situ values of salinity, temperature and
pressure) and DOin situ represent the concentration of DO at in situ
conditions.
Various buﬀer factors can be used to quantify the changes in the
buﬀer capacity of seawater (Frankignoulle, 1994; Egleston et al., 2010).
These buﬀers measure the resistance of seawater to change at a given
perturbation, such as increases/decreases of the hydrogen ion concentration (or activity) when DIC changes at constant alkalinity, or
vice-versa (Egleston et al., 2010; Wang et al., 2016). In this study, we
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Table 1
Mean, standard deviation, minimum and maximum values of the main physico-chemical and carbonate chemistry parameters analyzed in this study in the waters of Guanabara Bay,
separated by sectors.

Temperature
(°C)
Salinity
pH
(NBS)
DO
(%)
Chl-a
(μg·L− 1)
TA
(μmol·kg− 1)
DIC
(μmol·kg− 1)
CO2aq
(μmol·kg− 1)
HCO3–
(μmol·kg− 1)
CO32–
(μmol·kg− 1)
Ωarag

Sector 1

Sector 2

Sector 3

Sector 4

Sector 5

23.8 ± 1.7
(21.0–29.3)
32.2 ± 2.1
(25.4–34.9)
8.20 ± 0.16
(7.90–8.71)
103 ± 29
(48–221)
19.1 ± 22.0
(2.0–128.0)
2240 ± 92
(1942–2320)
1985 ± 120
(1720–2127)
13.7 ± 4.6
3.8–20.0
1770 ± 148
1347–1952
189 ± 56
122–361
3.0 ± 0.9
2.0–5.8

25.5 ± 2.2
(22.1–32.4)
30.3 ± 2.4
(17.7–33.7)
8.15 ± 0.32
(7.33–8.96)
97 ± 59
(2–263)
46.2 ± 51.4
(3.3–212.9)
2291 ± 99
(1890–2489)
2044 ± 268
(1526–2523)
23.5 ± 21.0
1.7–83.0
1817 ± 362
1048–2385
195 ± 132
45–478
3.2 ± 2.2
0.8–8.2

25.4 ± 2.1
(22.1–31.5)
29.8 ± 3.0
(15.1–33.8)
8.35 ± 0.23
(7.88–8.96)
138 ± 51
(56–357)
57.6 ± 90.0
(1.6–537.2)
2168 ± 177
(1507–2344)
1847 ± 257
(1332–2290)
10.9 ± 6.8
1.1–26.2
1597 ± 322
857–2101
232 ± 99
105–470
3.8 ± 1.7
1.7–7.9

26.8 ± 2.6
(22.0–32.3)
27.0 ± 4.3
(14.6–33.2)
8.34 ± 0.29
(7.39–9.01)
142 ± 62
(30–361)
69.2 ± 60.2
(13.1–288.8)
2045 ± 369
(1290–2269)
1658 ± 259
(1095–2118)
9.6 ± 10.4
1.3–53.5
1404 ± 306
893–1961
233 ± 102
34–476
3.9 ± 1.7
0.8–7.8

26.7 ± 2.2
(22.6–33.9)
27.2 ± 3.5
(16.6–32.9)
8.44 ± 0.31
(7.51–9.23)
160 ± 69
(46–370)
107.7 ± 101.8
(1.5–822.1)
2137 ± 166
(1479–2314)
1758 ± 264
(1198–2190)
8.7 ± 7.2
0.6–29.9
1468 ± 340
669–2046
270 ± 112
69–531
4.4 ± 1.9
1.1–9.4

above the linear regression; Fig. 4). These high DIC concentrations associated to the sewage and urban runoﬀ was related in the highly urbanized Changjiang River Estuary (Zhai et al., 2007). Sectors 3, 5 and
partially the sector 4 presented some distributions below the linear
regression and related to biological uptake (the minimum value of DIC
was 1095 μmol kg− 1). As expected, the sector 1, near the bay entrance,
showed the lowest variations compared to the regression line indicating
that this sector have minor inﬂuence from the highly productive midupper shallow waters. Previous study showed that the bay is a strong
sink of CO2 (Cotovicz et al., 2015), corroborating the fact that the
primary production consumes high amounts of DIC from the water

processes. Normally, the TA concentrations follow a conservative
mixing pattern in estuaries, however non-conservative behavior was
also found in other ecosystems (Borges and Abril, 2011).
A marked non-conservative behavior was also observed for the
distributions of DIC against salinity (Fig. 4). This indicates that the
mixing patterns have minor inﬂuence compared to the biological processes of consumption and production of organic matter, since biological production consumes DIC, whereas microbial respiration produces. The most polluted area of the bay (sector 2) receives and
produces large amounts of DIC related to the organic carbon inputs
sustaining heterotrophic processes (DIC concentrations were highly

Fig. 2. Box plots (maximum, percentile 75%, median, percentile 25% and minimum) including the annual variations for the following parameters: a) pH; b) DIC; c) CO2aq; d) HCO3−; e)
CO32 −; f) Ωarag values for all sampling campaigns.
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Fig. 3. Relationships between the Ωarag and the total alkalinity concentrations for: a) entire bay; b) sector 1; c) sector
2; d) sector 3; e) sector 4; f) sector 5. The black lines represent the linear regressions.

is strongest at sector 3, and parts of sectors 4 and 5 under direct inﬂuence of phytoplankton blooms.
The strong inﬂuence of biological activity over carbonate chemistry
for Guanabara Bay can also be noted considering the relationships between pH and AOU, and between Ωararg (normalized at temperature of
25.5 °C; Ωarag@25.5) and AOU (Fig. 5). The Ωararg was normalized to an
average temperature to eliminate the thermal eﬀect over Ωararg variations (Xue et al., 2017). Both pH and Ωarag@25.5 were highly negatively
correlated to AOU, supporting the hypothesis that high primary production rates contributes with high DO production and increases the
Ωarag@25.5. In this way, the variations of pH and Ωarag@25.5 were not
related to the increase of atmospheric CO2 concentrations, but rather
related to the phytoplankton autotrophic production. In the graph b of
Fig. 5 we included a theoretical line representing the Redﬁeld slope
calculated according Xue et al. (2017) (see the ﬁgure caption for more
details). In this graph, it was possible to see the changes in Ωarag@25.5
only due to biological activity (orange dashed line represents the
Redﬁeld slope) and that was very close to the slope of the regression
line (black line represents the linear regression). Previous study also
showed a good correlation between AOU and E-DIC in Guanabara Bay
(Winde et al., 2014), where the quotient between CO2 and O2 during
planktonic primary production and community respiration were close
to 1 due to the coupling between gross primary production and total
respiration.
The higher inﬂuence of primary production was more evident at

column, decreasing the levels of CO2aq. This enhanced biological production fueled by nutrient was found in several estuaries, for example,
at the Changjiang estuary (Chou et al., 2013) and the Mississippi river
plume (Huang et al., 2012), among others. Overall, the DIC concentrations in Guanabara Bay were lower than that found in other
coastal embayments, including the subtropical Florida Bay (Zhang and
Fischer, 2014), the urbanized Jiaozhou Bay (Zhang et al., 2012) and the
temperate Jade Bay at the North Sea (Winde et al., 2014).
3.2. The biological control of Ωarag
The lowest concentrations of DIC were coincident with the highest
concentrations of CO32– and vice versa (Fig. 1). This can be explained
by the speciation of DIC concentrations according to the pH of the
seawater (Dickson, 2010), which is in turn controlled by the processes
of primary production and respiration. Considering the high DIC scenario (maximum DIC = 2523 μmol kg− 1), the high concentrations are
driven by strong heterotrophic activities that produces large amounts of
CO2aq (maximum CO2aq = 83 μmol kg− 1) by the microbial respiration,
increasing the HCO3– and decreasing the pH, Ωarag, and CO32– concentrations. In the case of the low DIC scenario (minimum
DIC = 1095 μmol kg− 1), the low concentrations are driven by the high
rates of primary production, with the uptake of CO2aq (minimum
CO2aq = 0.6 μmol kg− 1), and increase of pH, CO32– and Ωarag. The high
DIC scenario can be observed in sector 2, whereas the low DIC scenario
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Fig. 4. Relationships between the Ωarag and the DIC concentrations, for: a) entire bay; b) sector 1; c) sector 2; d)
sector 3; e) sector 4; f) sector 5. The black lines represent
the linear regressions.

the Ωarag. The Fig. 6 shows the positive correlations between the
Ωara@25.5 and the seawater temperature, for all the sectors. These
graphs indicate that the high water temperature favors the autochthonous primary production in the bay when the CO2 is converted to
biomass. The highest correlation coeﬃcients were in sectors 3 and 5,
with values of R2 = 0.72 and R2 = 0.63, respectively, that are the most
productive regions of the bay. The lowest values of DO, pH, CO32– and
Ωarag were observed in winter (Fig. 1). During this period, the primary
production is lower and the respiration processes can takes places,

inner-mid shallow regions of the bay (sectors 3, 4 and 5), as these regions
presented
the
highest
concentrations
of
Chl
a
(max. = 822 μg L− 1), with marked seasonality. During summer, the
photosynthetically active radiation is higher, promoting the appearance
of thermo-haline stratiﬁcation and favoring the development of large
phytoplankton blooms associated with the high availability of inorganic
nutrients (Rebello et al., 1988; Cotovicz et al., 2015). This high primary
productivity leads to the uptake of CO2 (Cotovicz et al., 2015), increasing the pH of the water and consequently increasing the CO32– and

Fig. 5. Relationships between: a) the pH and the AOU
concentrations; b) the Ωarag@25.5 and the AOU concentrations. The black lines represent the linear regressions, and
the orange line represents the Redﬁeld slope calculated according to Xue et al. (2017). The initial conditions for the
calculations were: mean temperature of 25.5 °C, salinity
and
DIC
(= 30),
TA
(= 2096 μmol kg− 1)
at
the
minimum
AOU
of
(= 1328 μmol kg− 1),
−490 μmol kg− 1. The temperature and salinity were
maintained constants, and the TA and DIC changed according to AOU. The changes of biological activity on TA
and DIC and thus Ωarag are quantiﬁed based on the classic
Redﬁeld, that was ΔDIC: ΔTA: ΔDO = −106:17:138 (Xue
et al., 2017). The Ωarag was normalized to the temperature
of 25.5 °C (Ωarag@25.5) to eliminate the thermal eﬀect.
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Fig. 6. Relationships between the Ωarag@25.5 and the seawater temperature, for: a) entire bay; b) sector 1; c) sector
2; d) sector 3; e) sector 4; f) sector 5. The black lines represent the linear regressions. The Ωarag was normalized to
the temperature of 25.5 °C (Ωarag@25.5) to eliminate the
thermal eﬀect.

possible dissolution of CaCO3 minerals and the organisms that must use
the CaCO3 to construct the skeletons could be especially aﬀected
(Doney et al., 2009; Gattuso et al., 2015). Our main hypothesis is that
the allochthones sources represent the principal inputs of waters with
low values of Ωarag. However, the respiration of autochthonous organic
matter during the settlement to the bottom waters can also contributes
with low values of Ωarag. For example, during summer, bottom samples
were taken to investigate the vertical stratiﬁcation of the water column.
The Wilcoxon test showed signiﬁcant vertical diﬀerences of Ωarag with
bottom waters presenting lower values than superﬁcial waters
(averages of 2.4 ± 0.4 and 4.1 ± 1.4, respectively, Fig. 7). The
bottom waters presented also higher values of pCO2 and lower values of
DO, indicating prevalence of microbial respiration below the pycnocline. In this way, during summer, the formation of vertical stratiﬁcation can prevent the mixing between the ventilated surface waters with
the poorly oxygenated bottom waters, contributing with the formation
of bottom hypoxia and acidiﬁcation. The diﬀerence between surface
and bottom water for Ωarag, pCO2 and AOU reached a maximum of 4.7,
705 ppmv and 331 μmol kg− 1, respectively. This represents a functioning as a “two-layer” system during summer for the highly productive mid-upper regions of the bay, with production processes prevailing

especially at the locations of the bay that receive direct inputs of nutrients and organic matter. However, it must be highlighted that the
phytoplankton blooms are present even during winter, but with low
spatial coverage (Cotovicz et al., 2015). The nutrient enrichment in
Guanabara Bay contributes with the excess of organic matter produced
by the phytoplankton blooms. This is a process well described in other
coastal areas worldwide (Diaz and Rosenberg, 2008); however, for
Guanabara Bay this process is exacerbated (extreme high concentrations of Chl a, that reached a maximum of 822 μg L− 1). Previous studies showed that the high productive surface waters can both depressed
the CO2aq and elevated the concentrations of Chl a, DO, pH, Ωarag and
DIC/TA ratio values (Mathis et al., 2010; Wallace et al., 2014; DeJong
et al., 2015; Xue et al., 2016; Hu et al., 2017; Cai et al., 2017). As
pointed by Borges and Gypens (2010), in eutrophicated coastal waters
the increase in pH can be highly signiﬁcant and can override the signals
of carbonate chemistry related to the increase of atmospheric CO2
concentrations.
The regions of the bay under direct inﬂuence of sewage and polluted
rivers discharges presented low values of Ωarag during all the year. The
values of Ωarag were < 1 in sector 2 and 4 (in two and one time, respectively) and near 1 at sector 5. The values of Ωarag < 1 indicate a
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Fig. 7. Comparison between the concentrations of surface
and bottom waters for the following parameters: a) Ωarag;
b) pCO2; c) pH; d) DO.

waters and higher buﬀered surface waters. This means that the microbial respiration at bottom waters can contributes to decrease the
buﬀer capacity, decreasing the TA/DIC ratio. The marine carbonate
system has a minimum buﬀering capacity when DIC equals to that of TA
and with this condition any addition or removal of CO2 will result in a
maximum pH decrease or increase (Egleston et al., 2010). The Fig. 8
shows that the buﬀering capacity changes according to the speciﬁc
buﬀer factors. However, the buﬀer factors have similar absolute values
and similar qualitative behaviors (Egleston et al., 2010). Because these
buﬀers change in a similar magnitude, the contribution to acidiﬁcation
or “basiﬁcation” are largely related to physical (mixing) and biogeochemical processes (Cai et al., 2017).
A recent study conducted in the Cheasapeake Bay showed that the
waters inside the bay were more vulnerable to anthropogenic and
biological acidiﬁcation due to the lower buﬀering capacity than oﬀshore waters (Cai et al., 2017). For Guanabara Bay, however, we found
an inverse trend. The intermediate waters of Guanabara Bay presented
the highest buﬀering capacity because sector 3, the most productive
region of the bay, presented higher aragonite saturation state than
sector 1, closest to oﬀshore waters. In this way, Guanabara Bay presented a behavior similar to that found in the Northern Gulf of Mexico,
where the βDIC spanned from 0.16 to 0.36 mmol kg− 1 (Hu et al., 2017),
very close to Guanabara Bay values ranging between 0.10 and
0.33 mmol kg− 1. These values are higher than for the entire global

in the upper layer and respiration processes in the lower layer. The
development of hypoxia and acidiﬁcation of subsurface waters due to
additional CO2 was observed in the Gulf of Triest (North Adriatic Sea;
Cantoni et al., 2012), Northern Gulf of Mexico (Cai et al., 2011; Sunda
and Cai, 2012), East China Sea (Cai et al., 2011), North Yellow Sea
(Zhai et al., 2015), among others.

3.3. The buﬀering capacity of Guanabara Bay
The buﬀer factors calculated for the bay also presented spatiotemporal variabilities, following the same patterns described for the
values of Ωarag, as expected. The Fig. 8 presents the relationship between the buﬀers calculated in the bay against the E-DIC, AOU and TA/
DIC ratio. The lowest values of E-DIC, AOU and TA/DIC were related to
the highest buﬀer capacity in Guanabara and associated with phytoplankton blooms (the buﬀers were positively correlated to Chl a concentrations). The maximum values for the buﬀers γDIC, βDIC and ωDIC
abs were 0.22 mmol kg− 1, 0.33 mmol kg− 1 and 0.65 mmol kg− 1, respectively. As discussed by Hu et al. (2017), the high buﬀer capacity
can be attributed to diﬀerent reasons, including the high primary productivity and the warm waters. The lowest buﬀered waters were prevalent in sector 2, the most polluted region. In addition, as discussed
above for the Ωarag variations, Guanabara Bay showed signiﬁcant vertical diﬀerences in the buﬀering capacity, with lower buﬀered bottom

Fig. 8. Relationships between the buﬀer factors (βDIC, γDIC, ωDIC) and the concentrations of: a) E-DIC, b) AOU, c) TA/DIC, for all the data in Guanabara Bay.
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surface ocean, which had a βDIC range of 0.16–0.28 mmol kg− 1
(Egleston et al., 2010; Hu et al., 2017). However, again, it must keep in
mind that in Guanabara Bay the higher buﬀering capacity in surface
waters can be counteracted by the lower buﬀering capacity in bottom
waters and in the polluted sector 2.
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4. Conclusions
Guanabara Bay showed a high spatio-temporal variability of Ωarag
related to the processes of production and respiration of organic matter
that are intense due to the high eutrophication in the bay. The nutrient
enrichment can amplify both production and respiration and can reduce or exacerbate the biological-induced acidiﬁcation in coastal waters (Nixon et al., 2015) and this seems the case for Guanabara Bay. The
highest values of Ωarag were found at mid-upper surface waters, which
are stratiﬁed, highly productive and dominated by phytoplankton
blooms, with high buﬀering capacity. The lowest values of Ωarag were
found in well-mixed waters of the most polluted region of the bay that
receives large amounts of eﬄuent discharges, with strong heterotrophic
activities and low buﬀering capacity, with episodic events of corrosive
waters (Ωarag < 1). The lower values of Ωarag at bottom waters compared to surface waters suggest a bottom acidiﬁcation induced by microbial respiration during the settlement of autochthonous organic
matter, especially at summer period. The eutrophication in Guanabara
Bay is driving important environmental changes and acting to both
increase or decrease the Ωarag depending on the physical mixing and
biogeochemical processes, despite the anthropogenic inﬂuence at the
surroundings and watershed. In this sense, the biological metabolism in
Guanabara Bay seems to be more important to produces changes in the
aquatic carbonate chemistry than the changes related to the increase of
atmospheric CO2 concentrations.
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