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Abstract 

To reduce uncertainty regarding the contribution of continental shelf areas in low latitude regions 

to the air-sea CO2 exchange, more data are required to understand the carbon turnover in these 

regions and cover gaps in coverage. For the first time, inorganic carbon and alkalinity were 

measured along a cross-shelf transect off the coast of Maranhão (North Brazil) in 9 cruises 

spawning from April 2013 to September 2014. On the last 4 transects, dissolved organic matter and 

nutrients were also measured. The highest inorganic and organic carbon concentrations are 

observed close to land. As a result of low productivity and significant remineralization, 

heterotrophy dominates along the transect throughout the year. Although the temporal variability is 

significantly reduced at the offshore station with carbon concentrations decreasing seaward, the 

fugacity of CO2 (fCO2) at this station remains significantly higher, especially during the wet season, 

than the open ocean values measured routinely by a merchant ship further west. Overall, the 

continental shelf is a weak source of CO2 to the atmosphere throughout the year with an annual 
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mean flux of 1.81 ± 0.84 mmol m
-2

d
-1

. The highest magnitudes of fCO2 are observed during the wet 

season when the winds are the weakest. As a result, the CO2 flux does not show a clear seasonal 

pattern. Further offshore, fCO2 is significantly lower than on the continental shelf. However, the 

oceanic CO2 flux, with an annual mean of 2.32 ± 1.09 mmol m
-2

d
-1

, is not statistically different 

from the CO2 flux at the continental shelf because the wind is stronger in the open ocean. 

 

 

Keywords: carbon dioxide (CO2); air-sea CO2 flux; organic matter; continental shelf of Maranhão; 

coastal Atlantic; western tropical Atlantic 

 

 

Introduction 

The continental shelf is an environment of strong biogeochemical activity due to the input of 

terrestrial material, enhanced sediment-water interactions, biological uptake and respiration and 

remineralization processes. Coastal waters receive terrestrial material from sediments, rivers, and 

groundwater discharge and as such are more affected by human activities than the open ocean. 

Nutrient loading and the decrease of turbidity when continental freshwater inputs mix with oceanic 

waters favors primary production, often leading to autotrophy. As an example, the freshwater 

discharge of the Amazon River causes large diatoms blooms (1996) and significantly decreases the 

seawater fugacity of CO2 (fCO2) (e.g. Cooley et al., 2007; Ibánhez et al., 2015; Körtzinger, 2003; 

Lefèvre et al., 2010). This mechanism is also observed with the discharge of other large rivers into 

the ocean (Cai et al., 2013). However, the rates of respiration and organic matter degradation can 

also be very high and, in some cases, they counteract the autotrophic process rates so that 

heterotrophy becomes the net result (Bauer and Bianchi, 2011). This is the case for many estuaries 

(e.g. Borges et al., 2006; Noriega and Araujo, 2014). Direct inorganic carbon input from river 

waters play an important role in enhancing fCO2 of shelf waters (Jiang et al., 2008). Tidal exchange 

with mangroves may also raise fCO2 in continental shelf waters (Borges et al., 2003) and is a source 

of dissolved inorganic carbon (Bouillon et al., 2008).  

The complexity of the carbon dynamics in coastal areas has led to uncertainty regarding the role 

of the coastal ocean as a sink or source of CO2 to the atmosphere and only recently it has been 

established that, overall, continental shelves absorb CO2 (Chen and Borges, 2009). However, 

continental shelves are spatially and functionally heterogeneous, leading Cai et al. (2006) to classify 

them into seven provinces. They show that while most shelves absorb atmospheric CO2, continental 

shelves at low latitudes are a source of CO2 to the atmosphere. For the western boundary current 

shelves, located between 30
o
S and 30

o
N, the net export of CO2 to the atmosphere is caused by the 
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large continental inputs of organic and inorganic carbon and the high sea surface temperature. In the 

tropics, mangroves are the major ecosystem at the continental margin and they are responsible for 

large material exchange at the land-sea interface. As highly productive systems, they export organic 

matter and nutrients to adjacent coastal waters and therefore exert significant control over the 

biogeochemical carbon cycle in the coastal region (Dittmar et al., 2006; Tait et al., 2016).  

Using data from 165 estuaries and 87 continental shelf areas, Chen et al. (2013) determined the 

source or sink nature of CO2 turnover and classified the resultant data according to salinity and 

latitudinal ranges. Although low latitude regions are less studied in comparison to coastal areas in 

temperate regions, some estimates were still available. For the continental shelf 0
o
-23.5

o
S, they 

estimate an annual CO2 flux of 0.22 ± 0.42 mmol C m
-2

d
-1

 (n=5). The large uncertainty of the CO2 

flux at low latitudes is due to the very sparse data coverage (Bauer et al., 2013). In order to reduce 

the uncertainty regarding the contribution of continental shelf areas in low latitude regions to the 

air-sea CO2 exchange flux on a global scale, a more complete understanding of carbon turnover in 

these shelf regions has to be developed, and this requires more data to cover gaps in coverage. 

Here we present carbon data for the Maranhense continental shelf (Gulf of Maranhão), located at 

about 2
o
30’S, south of the Amazon delta (equator), in a region affected by large mangroves and 

continental freshwater discharge. For the first time, the alkalinity (TA) and inorganic carbon 

(TCO2) concentrations were measured along a transect perpendicular to the coast between 2013 and 

2014. The 9 months of sampling allow a seasonal description of this continental shelf from the point 

of view of carbon turnover. This dataset is completed by dissolved organic carbon (DOC), 

Fluorescent Dissolved Organic Matter (FDOM) and nutrient concentrations measured on the last 

four transects of 2014, which provide a deeper insight on the processes at play on the continental 

shelf. The spatial variability of the carbon parameters is assessed by comparing the coastal carbon 

data to measurements made in the open ocean by a merchant ship equipped with an underway fCO2 

system and during a cruise in 2014. Our work therefore contributes to improve our knowledge of 

the continental shelf carbon cycle at low latitudes and provides carbon data in a region of the coast 

of Brazil never sampled before.  

 

Material and methods  

Study site 

The Amazonian coast, comprised by the Brazilian states of Maranhão, Pará and Amapá, contains 

the largest continuous mangrove system in the world, covering an area of 8900 km
2
 (Kjerfve et al., 

2002). The state of Maranhão is located in the north coast of Brazil and it contains about 750,000 ha 

of mangroves (Kjerfve and Lacerda, 1993). The macrotidal coast of Maranhão contains 500,000 ha 

of these mangroves, more than 30% of the total for all Brazil (Mochel and Ponzoni, 2007). Biomass 
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may reach 280 ton/ha. According to Dittmar et al. (2001), carbon export from mangroves may play 

a more important role than that supplied by rivers for the marine carbon system along the Brazilian 

coast south of the Amazon estuary. 

According to the Köppen climate classification, the westernmost part of the northeastern 

Brazilian coast is an Am (tropical wet climate) region. The São Marcos Bay and the São José Bay 

form the Maranhense Gulf which includes estuaries, straits, many islands and a large mangrove 

forest that covers about 5414 km
2
 (Souza-Filho, 2005).  

The two main rivers draining the catchment area (0.09 x 10
6
 km

2
) into the system are the Pindaré 

and Mearim. They flow into the Bay of São Marcos with a discharge rate of 10 km
3
yr

-1
 (Jennerjahn 

et al., 2010). The maximum discharge occurs in March-April at the peak of the wet season that 

takes place from January to July. The tidal range can reach 8 m. During the period of sampling, the 

tidal height varied between 3.6 m in November 2013 and 6 m in March 2014. 

A transect from the Bay of São Marcos comprising 7 stations (Figure 1a) was sampled in April, 

August, October, November 2013, and January, March, May, July and September 2014. The 

westernmost longitude corresponds to station 1 in the bay of São Marcos, close to the city of São 

Luis, while the last station (Station 7, 97 km from station 1) is located on the continental shelf 

before the isobath of 50 m.  

During 2013, two oceanographic cruises (April and November) were conducted in the Bay of 

São Marcos during the rainy and dry seasons, respectively. Each cruise lasted an average of 2 days 

and consisted of a total of 20 hydrographic stations distributed in four transects. CTD data (pressure, 

temperature and conductivity) were collected along each transect. Based on calibration data, the 

final precisions of the CTD data were   0.05 in salinity and   0.02 
o
C in temperature. The 

sampling rate of the CTD was 15 Hz. The data for the fluvial contribution were obtained according 

to Dias et al. (2011), (2013). 

In order to compare the carbon system of the Gulf of Maranhão to the one operating in the open 

ocean, underway data on fCO2 measured with an automated infrared system on board the Volunteer 

Observing Ship (VOS) line France-Brazil are used. The CO2 system is similar to the one described 

by Pierrot et al. (2009) and some of the voyages of the VOS line have been described by Lefèvre et 

al. (2013). A total of 27 cruises were carried out between 2008 and 2014 (Figure 1b). 

The coastal region off Maranhão and the oceanic region covered by the VOS cruises are 

delimited by rectangles in Figure 1b and hence represent two regions where the seasonal cycle of 

fCO2 may be determined and compared. The selected oceanic region is 1241 km from the coastal 

region. 

The ocean circulation pattern in the tropical Atlantic is mainly zonal with the South Equatorial 

Current (SEC) flowing westward from the coast of Africa to the coast of Brazil. Close to 14
o
S, the 
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southern branch of the SEC (sSEC) splits into northern and southern components when reaching the 

coast of Brazil. The northern flow forms the North Brazil Undercurrent - North Brazil Current 

(NBUC-NBC) system, which is also fed by the central SEC (cSEC) whereas the southern flow 

forms the Brazil Current (Silva et al., 2009; Stramma and Schott, 1999). Studies conducted over the 

northern and northeastern Brazilian continental shelf have shown the existence of space-time 

variability in the North Brazil Current (NBC) caused by trade winds variability and the anticyclonic 

vortex that meanders along the adjacent ocean towards the continental shelf (Dias et al., 2013). 

The Maranhense Gulf is bordered seaward by the western boundary current NBC. The NBC is a 

strong alongshore current that intensifies from July to August when the south-eastern trade winds 

blowing towards the Intertropical Convergence Zone (ITCZ), located north of the equator, become 

stronger. As a consequence the NBC reaches its weakest intensity during April-May (Johns et al., 

1998). From November to April, the southeastern winds are weaker and the ITCZ migrates south of 

the equator. Within the area defined by the oceanic box in Figure 1b, the SEC and, as the ship gets 

closer to the coast, the NBC are present. 

 

Carbonate chemistry 

Surface seawater samples, taken at a depth of 0.5 m, were analyzed for TCO2 and TA. 

Unfortunately, several flasks were broken during transport and data are missing at some stations 

(Table 1). Upon collection, samples were poisoned with a saturated HgCl2 solution and measured 

using an open-cell potentiometric titration following the method of Edmond (1970). Equivalent 

points were determined using a non-linear regression method (DOE, 1994). Certified Reference 

Materials (CRMs) provided by Prof. A. Dickson (Scripps Institution of Oceanography, San Diego, 

USA) were used for calibration. The accuracy of TCO2 and TA is estimated at ±3 mol kg
-1

. Using 

the CO2SYS program (Pierrot et al., 2006) and the dissociation constants of Mehrbach et al. (1973) 

refit by Dickson and Millero (1987), pH on the total scale and fCO2 were calculated from TA, 

TCO2, in situ temperature and salinity data. 

Sea-air fluxes of CO2 were calculated using the gas exchange coefficient (k) of Sweeney et al. 

(2007) and the solubility (KW) of Weiss (1974): 

F = k Kw (fCO2 sw – fCO2 atm)     (1) 

Seawater fCO2 (fCO2sw) was calculated from TA and TCO2 for the analysis of the carbon 

system on the continental shelf of Maranhão. To determine atmospheric fCO2 (fCO2atm), we use the 

monthly molar fraction of CO2 (xCO2atm) recorded at the atmospheric station of the NOAA/ESRL 

Global Monitoring Division (http://www.esrl.noaa.gov/gmd/ccgg/iadv/) located at Maxaranguape, 

Brazil (5.515
o
S, 35.260

o
W). The xCO2 record was available until December 2013 and exhibited an 

increase of 2.3 ppm.yr
-1

 over the period Sep 2010-Dec 2013. In order to obtain xCO2 for 2014, the 
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value of 2.3 ppm was added to the 2013 xCO2 values. The fCO2atm from 2013 to 2014 was then 

calculated from xCO2 with the atmospheric pressure and sea surface temperature (SST) available at 

the NCEP/NCAR (National Centers for Environmental Prediction/ National Center for Atmospheric 

Research) reanalysis project (Kalnay et al., 1996). The monthly wind speed available from the 

NCEP/NCAR database was converted to an altitude of 10 m to calculate the CO2 flux. An 

outgassing of CO2 is observed when the difference fCO2 = fCO2 sw – fCO2 atm is positive. 

For the calculation of oceanic fluxes, oceanic and atmospheric fCO2 measured on the VOS line 

were used for the region defined in Figure 1b (oceanic box). The wind speed corresponding to this 

oceanic region was taken from the NCEP/NCAR database. 

 

Dissolved nutrients, DOC, FDOM 

During the sampling campaigns performed between March and September 2014 additional 

surface water samples were collected for nutrient and Dissolved Organic Matter (DOM) 

determination. These were filtered on-site with GF/F filters (Whatman, 0.7 m average pore size) 

and placed on acid-washed, amber glass containers. Samples were protected from light inside a 

cooler box until arrival at the laboratory. There, samples were kept frozen (-20ºC) until analysis. 

Phosphate (PO4
3-

) and ammonium (NH4
+
) concentrations were determined by standard colorimetric 

methods (Grasshoff, 1983). Determination of nitrate (NO3
-
) plus nitrite (NO2

-
) followed the method 

described by Garcia-Robledo et al. (2014). Dissolved organic carbon (DOC) was determined with a 

Vario TOC Cube elemental analyzer after acidification of the aliquots (2M HCl) to remove 

dissolved inorganic carbon.  

Three-dimensional emission-excitation matrix (EEM) fluorescence of the FDOM (i.e. the 

DOM fraction with fluorescent properties) was measured on a Cary Varian Eclipse fluorescence 

spectrophotometer. Samples were first conditioned in a temperature-controlled bath at 20
o
C to 

avoid changes to spectral intensities caused by temperature differences. Absorbance scans of the 

samples were used to correct the EEM spectra and thus avoid inner filter effects (Kothawala et al., 

2013). The fluorescence intensity was normalized to the integrated area of Milli-Q water Raman 

peak and reported in Raman units (r.u.). Parallel factor (PARAFAC) analysis of the dataset obtained 

from different water samples obtained from the vicinity (65 samples) and including the results 

presented here (24 samples) was performed with the DOMFluor Toolbox for MATLAB (Stedmon 

and Bro, 2008). The adequacy of the selected number of components and the uniqueness of the 

solution was tested by Split Half Analysis and Tucker’s congruence coefficients (Stedmon and Bro, 

2008). 

 

Remote sensing data 
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Data from the Global Precipitation Climatology Project (GPCP) (Adler et al., 2003; Xie et al., 

2003) is used to characterize the regional precipitation regime. INMET (Brazilian Meteorological 

Institute) data are used for the precipitation close to the coast of Maranhão. The station for the 

INMET precipitation is located in São Luis. Climatologies employed were calculated over the 

period 1984-2014. Anomalies were calculated as the difference between observed values and the 

climatology. 

Chlorophyll a concentrations obtained from MODIS Aqua at 4x4 km resolution are used to 

determine the primary production in the region. The relevant climatology is calculated from 2003 to 

2014. 

The SST data from MODIS Terra at 4x4 km resolution are used for calculating ocean and coastal 

temperature climatologies over the period 2003-2014. 

 

Statistics 

The Jarque-Bera test is used to check the normality of the data sets. When the data sets follow a 

normal distribution, the t-test is performed to determine whether the data sets come from 

distributions with equal means. When the normality is not verified, the Wilcoxon rank sum test 

(equivalent to the Mann-Whitney U test) is used instead. All tests are made at the 5% level. 

A principal component analysis (PCA) was performed using seawater fCO2, TCO2, TA, pH, in 

situ SST, salinity and MODIS chlorophyll a data at each station of the nine transects to identify the 

main modes of variability. Data gaps were filled by linear interpolation with longitude. When 

station 1 or station 7 is missing, the difference between stations 1-2, or stations 6-7 calculated along 

the other transects is used to extrapolate the values. A matrix of 63 observations of the 7 variables is 

used for the analysis. 

 

Results 

Hydrological and biological conditions 

Figure 2 shows the seasonal climatology of precipitation (1984-2014), SST (2003-2014) and 

chlorophyll a (2003-2014) for the coastal and oceanic boxes defined in Figure 1 as well as the mean 

values for each transect realized in 2013-2014. In the oceanic region, the precipitation follows the 

same seasonal cycle compared to the coastal region, with usually slightly lower accumulated 

rainfall values (Figure 2a). The INMET data give higher rainfall during the wet season compared to 

the GPCP coastal data. The distributions are statistically different (paired t-test, p=0.004). The wet 

season is associated with the presence of the ITCZ located at its southernmost position in March-

April (Fonseca et al., 2004). This region forms a band of high precipitation and high SST from the 

coast of Africa to the coast of Brazil. However, there is significantly higher precipitation at the 
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coast of Maranhão than further east in the open ocean. The GPCP data at the coast and in the 

oceanic box are significantly different (paired t-test, p=0.03). During the sampling period, the 

precipitation is much lower than the climatology in the wet season except for the transect realized in 

May 2014.  

The seasonal cycle of SST follows the seasonal cycle of precipitation with maximum 

temperatures (>29
o
C) observed at the peak of the wet season (Figure 2b). The SST in the coastal 

region is significantly higher than further east in the open ocean (paired t-test, p<0.001). The 

difference is close to 1
o
C except from January to June. The SST measured during the cruises is 

close to the climatology except in April 2013 when the temperature is about 1
o
C higher that the 

climatology. April 2013 is also characterized by the most reduced precipitation compared to the 

climatology. The biological activity is stronger in the coastal region than in the open region (paired 

t-test, p<0.001) but remain quite low with concentrations of chlorophyll a ranging from 1 to 2 mg 

m
-3

 (Figure 2c). 

 

Sea Surface Temperature, salinity and water masses 

Temperature and salinity data measured inside the Bay of São Marcos in 2014 during the dry and 

wet seasons explain the main characteristics of the water masses in this region. More saline and 

colder waters are present during the dry season whereas, during the wet season, the water is fresher 

and warmer (Figure 3). The freshwater endmember (S=0) is not encountered during the sampling in 

the Bay. The isohaline 30, corresponding to the transition between the estuary and the continental 

shelf, is observed 12 km further north during the wet season, close to station 1.  

Sea surface salinity (SSS) and SST measured along the 9 transects are plotted as a function of 

longitude between April 2013 and September 2014, along with TA, TCO2, chlorophyll and fCO2 

(Figure 4).  

The salinity is highly variable close to the bay of São Marcos (station 1) ranging from 25.95 to 

35.95 (Figure 4a). Over the sampling period (April 2013 to September 2014), the lowest salinities 

were observed in May 2014 associated with precipitation higher than climatological values. In May 

and July 2014 the low salinity water (S<29) associated with high SST (>28.7
o
C) characterizes the 

mixing between estuarine water and continental shelf water. For stations 5, 6, 7 and transects 

realized when precipitation was low, salinity is higher (>36.2) with lower SST (<28
o
C), which 

corresponds to the tropical water mass. During the wet season, in the middle of the transect (stations 

2-4), salinity varies between 30-35.5 and SST between 28
o
C-29.5

o
C. No correlation is observed 

between salinity and tidal height. The salinity data do not follow a dilution curve between 

freshwater and seawater along the transect, where the lowest salinity would be at station 1 and the 

highest salinity at station 7. Instead, the highest salinities can occur in the middle of the transect. 
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For example, in November 2013, the highest salinity is observed at station 3 (37.35) and then it 

decreases slightly offshore to reach 36.59 at station 7. 

The SST decreases seaward with a stronger temperature gradient from September to November. 

At the peak of the wet season (Mar-May), the SST difference between the first station and the last 

one is smaller (<0.5
o
C). As shown by the SST climatology, the seasonal SST variations are slightly 

lower in the coastal area. At station 1, the SST ranges from 28.49
o
C to 29.41

o
C while SST varies 

from 27.66
o
C to 29.17

o
C at station 7. Taking into account all the transects, the mean SST is 28.52 ± 

0.54
o
C. 

 

Alkalinity and inorganic carbon 

The alkalinity distribution follows the salinity variations with a general increase from the bay of 

São Marcos towards the ocean and large alkalinity variations (>330 mol kg
-1

) at station 1 (Figure 

4c). Alkalinity concentrations range from 2082 to 2444 mol kg
-1

 with the lowest alkalinities 

associated with the lowest salinities. Nearshore values are usually smaller than at the open ocean 

station 7 except in November 2013 when nearshore alkalinity is higher (Table 2). A strong 

alkalinity-salinity correlation is observed at the first 3 stations (r
2
>0.92). Over the whole transect, 

the correlation is slightly lower (r
2
= 0.85). 

The TCO2 variability exhibits similar patterns to alkalinity with higher variability closer to the 

coast and variations lower than 50 mol kg
-1

 at station 7 (Figure 4d, Table 2). The values range 

from 1875 to 2132 mol kg
-1

. The lowest TCO2 concentrations are observed from May to August at 

stations 1 and 2 and are associated with the lowest salinities and TA. At the first three stations, 

TCO2 is strongly correlated with TA (r
2
 ranging from 0.94 to 0.97) and less with salinity (r

2
 ranging 

from 0.86 to 0.90). 

 

Chlorophyll a, dissolved nutrients and seawater fugacity of CO2 

Following the sampling transect, chlorophyll a concentrations are higher nearshore and decrease 

offshore (Figure 4e). The highest value was observed in July 2014 at station 1 and is associated with 

the lowest salinity measured. Nearshore concentrations range from 3.25 to 4.71 mg m
-3

 whereas, at 

station 7, the chlorophyll a exhibits much lower concentrations and smaller variability with values 

between 0.22 and 0.51 mg m
-3

. The highest concentrations of DIN and PO4
3-

 are measured 

nearshore and decrease seaward, following the same pattern as the chlorophyll. NH4
+
 concentrations 

are zero except in September 2014 at station 1 (0.14 M) and in May 2014 at station 2 (1.5 M). 

The fugacity of CO2 in seawater decreases from the coast to the open ocean and exhibits a larger 

variability nearshore (Figure 4f). The highest fCO2 value (686 atm) is observed in March 2014 
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close to the city of São Luis (station 1). The range of fCO2 is over 200 atm at this location. Further 

offshore, the variability is much lower but still quite large with a range of about 80 atm at station 7. 

Higher fCO2 tend to occur during the wettest months (Mar-Apr) whereas the dry season is usually 

characterized by lower fCO2 values.  

 

FDOM and DOC 

FDOM and DOC were measured during the last 4 transects of March, May, July and 

September 2014. Four FDOM components were identified: Components 1 and 2 (C1, C2) have 

characteristic emission (excitation) wavelengths (i.e. the wavelength where the maximum 

fluorescence intensity occurs) of 474 (<250/360) nm and 410 (<250/325) nm respectively, typical 

of humic-like FDOM components (Coble, 1996). Components 3 and 4 (C3, C4) have emission 

(excitation) wavelengths of 342 (<250/300) and 302 (<275) nm respectively, similar to pure 

Tryptophan (340 nm emission, 278 nm excitation; Kowalczuk et al. 2003) and Tyrosine (310 nm 

emission, 275 nm excitation; Kowalczuk et al. 2003) amino acids (Figure S1).  

The sum of the fluorescence intensity of the four FDOM components is correlated with DOC 

(r
2
=0.56) and shows a decrease seaward. 

The FDOM and DOC distributions show higher values nearshore and are associated with lower 

salinity (Figure 5). DOC concentrations range from 113 to 210 M. Along the transect, the highest 

DOC concentrations are systematically observed in May 2014 concurrently with the strong positive 

anomaly of rainfall registered in the area (Figure 3a). DOC and the humic-like components of the 

FDOM pool appeared significantly correlated to SSS and NO3
-
 during the four sampling campaigns 

(r
2
>0.57; p<0.005; n=24). The two humic-like FDOM components were also significantly 

correlated with fCO2 (C1: r
2
=0.83, p<0.001; C2: r

2
=0.81, p<0.001). The protein-like FDOM 

components also showed correlation with NO3
-
 (r

2
 >0.19; p<0.05; n=24) but not with salinity 

(p>0.05). 

 

Sea-air CO2 flux 

Using monthly atmospheric fCO2 and wind data, the monthly flux of CO2 is calculated for each 

of the 9 transects and compared to the open ocean CO2 flux (Figure 6). Seawater fCO2 tends to be 

higher during the wet season and this pattern is also observed on fCO2 as atmospheric fCO2 has a 

much smaller variability (~ 4 atm) than oceanic fCO2 (Figure 6a). It results in a large variability of 

fCO2 ranging from 50 atm (October) to 130 atm (March). Further offshore, fCO2 exhibits 

significantly smaller values than those on the continental shelf on a monthly basis (unpaired t-test, 
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p<0.001). Averaging all the values leads to a fCO2 of 33 ± 9 atm whereas a mean of 85 ± 27 

atm is observed on the continental shelf. 

The wind speed in the open ocean is stronger than on the continental shelf (unpaired t-test, 

p<0.001) with values over 6 m s
-1

 (Figure 6b) and an annual mean of 5.7 ± 1.4 m s
-1

 versus 3.20 ± 

0.96 m s
-1

 on the continental shelf. 

The continental shelf is a source of CO2 to the atmosphere (Figure 6c) with outgassing occurring 

throughout the year as fCO2 is always positive. No relation is found between the CO2 flux and 

fCO2 but the sea-air CO2 flux is strongly correlated with the wind speed (r
2
 = 0.72). Offshore, the 

strongest outgassing is observed in September-October when the wind is stronger (Figure 6c). The 

annual mean of the sea-air CO2 flux (2.32 ± 1.09 mmol m
-2

d
-1

) is not statistically different from the 

annual mean of the CO2 flux of the continental shelf (1.81 ± 0.84 mmol m
-2

d
-1

), which suggests that 

the stronger wind counterbalances the lower fCO2 measured offshore. 

 

Principal components analysis 

The PCA identifies 3 leading modes that account for 97% of the variability encountered. The 

first mode (57%) opposes fCO2, chlorophyll and SST to pH, TCO2, TA and salinity as shown by the 

bi-plot of the first two factors (Figure 7a). The three principal components (PC) are plotted as a 

function of the seven stations of each transect from January to November (Figures 7b, 7c, 7d). The 

factor loadings of the first three modes are given in Table S1. The first principal component (PC1) 

highlights the cross-shelf variability with strong differences observed at stations 1 and 2 compared 

to stations 3 to 7 (Figure 7b). The second mode represents 29% and is dominated by the May, July 

and August transects (Figure 7c) that are characterized by lower TCO2 throughout the whole 

transect (Figure 4b). PC3 (11%) is characterized by the opposition between the March-May period 

and the July-January period (Figure 7d). The SST dominates this mode, with higher SST during the 

wet season and a stronger SST in April compared to the climatology and other months (Figure 2b). 

 

Discussion 

Processes affecting the spatial variability on the continental shelf 

The Maranhense Gulf receives inputs of organic and inorganic carbon from terrestrial sources 

(river, estuary, mangrove, pore-water and groundwater) and the relatively high salinity (>25) 

throughout the year suggests a strong influence of open ocean waters in mixing, as usually observed 

in continental shelves (Chen et al., 2013). Each transect exhibits the highest values of fCO2, 

chlorophyll a, DOC, FDOM, DIN, PO4
3-

 and SST nearshore (at station 1) with a decrease seaward 

(station 7), pointing at the continental influence over these parameters. Overall, the PCA highlights 
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the difference between the nearshore stations 1 and 2 and the other stations. The cross-shelf 

variability of the carbon parameters is therefore the dominant mode of variability along the transect. 

The chlorophyll a decrease offshore is strongly correlated to an increase of TCO2 from May to 

August (r
2
 between 0.85 and 0.99). However, primary production is not strong enough to drawdown 

CO2 below atmospheric levels. On the contrary, very high fCO2 are observed with high chlorophyll 

concentrations. The positive correlation of fCO2 with chlorophyll a clearly suggests that 

photosynthesis is not the dominant process underpinning the fCO2 variations. Even in May 2014 

and August 2013, when TCO2 and chlorophyll a are inversely correlated, fCO2 and chlorophyll a 

are not. In the other months, no correlation was found except in November when TCO2 and 

chlorophyll a both decrease seaward (r
2
=0.87). With the exception of the Amazon River mouth, in 

northern Brazil, due to low river discharge and nutrient-poor oceanic waters, the productivity is low 

and relies on recycling of nutrients from resuspension of sediments (Jennerjahn et al., 2010).  

According to Jiang et al. (2008); (2013), on the continental shelf, the large oceanic TCO2 pool 

may mask the inputs from terrestrial sources whereas inputs of organic carbon from terrestrial 

sources can be readily detected on the seaward end.  

Fluorescence spectra are used to identify the source of dissolved organic matter. Both humic-like 

FDOM components identified by PARAFAC modeling (C1 and C2) present characteristics similar 

to components commonly identified in natural waters. C2 is similar to the so-called peak M (Coble, 

1996), a freshly produced humic-like FDOM compound associated with microbial metabolism in 

both freshwater and marine environments (Parlanti et al., 2000; Zhang et al., 2009), while C1 has a 

more complex structure (higher characteristic emission wavelength compared to C2, associated to 

higher aromaticity (Coble, 1996)) and is related to terrestrial organic matter inputs to the sea (Clark 

et al., 2002; Murphy et al., 2008). Although they can be produced by organic matter mineralization 

(e.g. Parlanti et al., 2000) or consumed by benthic metabolism under certain circumstances such as 

DIN pollution of pore water (Ibánhez and Rocha, 2014), both humic-like components are generally 

considered refractory compounds. In the Maranhão shelf waters, both FDOM components co-varied 

with salinity and NO3
-
, strongly suggesting its conservative distribution and terrestrial origin. In 

contrast to C1 and C2, the protein-like FDOM (C3 and C4) components did not show evidence of a 

conservative distribution as denoted by the lack of correlation with salinity. These components 

correspond to a low molecular weight, highly labile DOM fraction with short residence times in 

aquatic ecosystems (Stubbins et al., 2014), previously related to the amino acid content in marine 

waters (Yamashita and Tanoue, 2003). Protein-like FDOM components showed their highest 

concentrations nearshore but a significant enrichment is observed in the middle of the transect 

coincident with the measured salinity maximum. Both primary production and microbial 

mineralization of organic matter can produce protein-like FDOM (Wada and Hama, 2013). 
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Although some correlation of these components is observed with chlorophyll a (r
2
=0.52 for C3, 

r
2
=0.31 for C4), as oligotrophic conditions are found in the outer sampling stations, mineralization 

of organic matter seems to be the dominant process for the production of FDOM in the middle of 

the transect, justifying its localized enrichment by comparison to surrounding waters. Benthic 

metabolism could also contribute to the high concentrations of DOC and FDOM nearshore, at 

shallow depths. 

Following the rapid decrease of organic carbon and fCO2 values from station 1 to station 7, about 

97 km from station 1, we examine whether oceanic conditions are reached at the most offshore 

station of the transect. 

 

Continental shelf – open ocean variability 

As fCO2 was measured on board a merchant ship further offshore (France-Brazil line), the fCO2 

at station 7 is compared to oceanic fCO2 values obtained over several seasons and years. The SST in 

the continental shelf is slightly higher than the SST in the open ocean. In order to remove the effect 

of SST on fCO2, fCO2 was normalized at a constant temperature of 28
o
C to compare the coastal and 

open ocean values. Despite the significant decrease in fCO2 observed from station 1 to 7, the values 

at the latter remain above the oceanic fCO2 (Figure 8, Wilcoxon rank sum test, p<0.01).  

Although the concentrations of DOC decrease seaward, all the 4 transects have levels of DOC 

higher than 120 M (Figure 5e). For comparison, Hanssell et al. (2009) give a typical DOC range of 

concentration of 60-80 M for marine waters, which indicates enrichment of DOC occurs on the 

continental shelf of Maranhão. Southeast of the Amazon estuary, Dittmar et al. (2006) measured 

DOC concentrations decreasing from 196 M nearshore, in the mangrove-fringed estuaries, to 64 

M offshore. The concentrations observed here are slightly higher with a maximum of 210 M at 

station 1 to a minimum of 110 M at station 7 (Figure 5e). The mean DOC at station 7 is 131 ± 15 

M and is well above the typical open ocean values.  

The production and accumulation of protein-like FDOM components in the middle of the 

transect, where chlorophyll a remained at very low levels, suggest autochthonous processing of 

organic matter. Mangroves are considered the main sources of terrigenous DOC to the ocean and 

have a known influence on the North Brazilian shelf (Dittmar et al., 2006). The complex matrix of 

animal burrowing together with tidal pumping, advection and convection promote extensive pore-

water exchange in mangrove sediments and revealed these as a highly relevant DIC and DOC 

export vector to the continental shelf (Tait et al., 2016). Due to the low depth of the sampled shelf 

waters (<50 m), benthic metabolism could act also as a significant source of DOC and DIC to the 
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studied area, enhanced by the large tidal range and the strong alongshore currents (e.g. Chipman et 

al., 2010; Holcombe et al., 2001). 

 

Drivers of the carbonate system on temporal scale 

During the wet season, the SST is higher (unpaired t-test, p<0.001) and the salinity is lower 

(Wilcoxon rank sum test, p<0.05) than during the dry season. The highest fCO2 values are observed 

during the wet season and even after normalizing to a constant temperature, fCO2 is still higher than 

during the dry season (Wilcoxon rank sum test, p<0.05). However, because the winds are weaker 

during this season (unpaired t-test, p<0.001), the CO2 flux is not significantly different between wet 

and dry seasons (unpaired t-test, p=0.24). The continental shelf is a weak source of CO2 to the 

atmosphere throughout the year. Our sea-air flux estimate is higher than the 0.22 ± 0.42 mmol m
-2

d
-

1 
reported by Chen et al. (2013) for 5 continental shelves in the latitudinal band 0

o
-23.5

o
S with only 

one in Brazil at 25
o
S. Cai et al. (2006) who divided the continental shelves into provinces give an 

estimate of 12 g C m
-2

a
-1

 for the western boundary currents shelves. This corresponds to a source of 

2.7 mmol m
-2

d
-1

, which is closer to our estimate of 1.81 ± 0.84 mmol m
-2

d
-1

. 

Both TA and TCO2 have seasonal variations opposite to fCO2 variations with significantly lower 

concentrations during the wet season (Wilcoxon rank sum test, p<0.05). Alkalinity is strongly 

correlated with salinity (r
2
=0.84). However, the biological activity as inferred from the chlorophyll 

a concentrations is not different between the two seasons (unpaired t-test, p=0.9) and is relatively 

low. The Northeast is known to be the least productive region of the Brazilian coast with primary 

production of the NBC beyond the shelf between <0.1 and 0.2 gCm
-2

d
-1

 (Jennerjahn et al., 2010). 

Overall fCO2 is weakly correlated with TA (r
2
=0.21) and not at all with TCO2 while TCO2 and TA 

are correlated (r
2
=0.75). This suggests that low TA and high SST explain the high fCO2 during the 

wet season. 

The effect of precipitation on carbon parameters can be seen in May 2014 compared to April 

2013 (figures 4 and 5). April 2013 is characterized by a strong deficit of rainfall compared to the 

climatology (Figure 3a), which explains why salinity remains above 35 along the whole transect. 

On the contrary, higher precipitation in May 2014 explains the lowest salinities observed and the 

strongest enrichment in DOC found. However, no correlation is observed between salinity and tides 

or river discharge, which suggests that river inputs are limited and do not control this region. 

Moreover, as oceanic circulation is dominated by NBC, no Amazon River influence is observed on 

the continental shelf of Maranhão. The impact of a strong alongshore current was also observed on 

the export of material from mangroves along the coast of Brazil but further south (8
o
S-24

o
S) where 

the Brazil Current (BC) southward flow is dominant (Jennerjahn and Ittekkot, 2002). Like the coast 

of Maranhão, this region is characterized by dense mangrove vegetation and small rivers. Because 
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of the alongshore currents, mangrove-derived organic matter is restricted to the vicinity of the 

source.  

 

Conclusions 

The continental shelf of Maranhão was sampled for the first time with analyses of TA, TCO2, 

fCO2, chlorophyll, DOC, FDOM and nutrients on a cross-shelf transect between 2013 and 2014. 

Terrestrial inputs are evidenced by the higher concentrations observed nearshore, close to the city of 

São Luis. The highest chlorophyll a values were observed close to the coast, but are relatively low 

(3-4 mg/m
3
) and decrease rapidly seaward. The same pattern is observed with fCO2 but the values 

observed at the offshore station are higher than further west in the open ocean. The freshwater 

supply to the continental shelf was quite limited, as revealed by the salinity data. This is explained 

by the reduced precipitation in 2013-2014 compared to the climatological mean and the presence of 

the strong alongshore North Brazil Current. However, despite the reduced freshwater supply in 

2013-2014, both inorganic and organic carbon enrichment is evidenced on the continental shelf 

compared to the open ocean. A strong correlation is observed between fCO2 and the two humic-like 

FDOM components, indicating terrestrial influence over the carbon system in these waters. The low 

productivity and the organic and inorganic carbon supply explain the heterotrophy observed 

throughout the year. The shelf is a weak source of CO2 without clear seasonality because of high 

fCO2 during the wet season when the winds are weaker. The CO2 flux of 1.81 ± 0.84 mmol m
-2

d
-1

 

for this region is within the published range of values for low latitudes and western boundary 

current shelves.  
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Fig 1. a) Positions of the 7 stations sampled along the transect of the continental shelf of Maranhão 

(“coastal box”) and voyages of the VOS line (rectangle corresponding to the oceanic box). b) Zoom 

on the continental shelf of Maranhão. 

Fig 2. Seasonal climatology of a) precipitation, b) SST and c) chlorophyll a for the coastal and 

oceanic regions. The squares correspond to the data for each transect realized in the Gulf of 

Maranhão in 2013-2014 (precipitation from GPCP, in situ SST, chlorophyll from MODIS Aqua). 

Fig 3. Distribution of temperature and salinity of the São Marcos Bay for the wet and dry seasons in 

2014. 

Fig 4. Distribution of a) SSS, b) SST, c) TA, d) TCO2, e) chlorophyll a and f) seawater fCO2 as a 

function of longitude for each cruise off the coast of Maranhão, Brazil. 

Fig 5. Components a) C1, b) C2, c) C3 and d) C4 of FDOM, and e) DOC as a function of longitude. 

Fig 6. a) Monthly distributions of fCO2, b) wind speed and c) CO2 flux. The vertical bars represent 

the data on the continental shelf of Maranhão and the line with the standard deviation corresponds 

to the mean of the VOS data for each voyage. 

Fig 7. Principal Component (PC) Analysis results. a) Bi-plot of the first two factors, b) PC1, c) PC2, 

d) PC3 as a function of the 63 observations (7 stations per transect). 

Fig 8. Comparison of seawater fCO2 between station 7 and the mean offshore values (VOS line 

France-Brazil) at a constant temperature of 28
o
C. 

Figure S1. Spectra of excitation and emission for the 4 components of the FDOM. 

 

Table 1. List of cruises with parameters sampled in the Gulf of Maranhão. 

 

Transects Dates Sampled parameters Sampled stations 

Ma01 28-29 January 2014 TCO2, TA 1,2,3,6,7 
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Ma03 27-28 March 2014 TCO2, TA 

DOC, FDOM, nutrients 

1,4,5,6,7 

1,2,3,4,5,6 

Ma04 11-12 April 2013 TCO2, TA 1,2,3,4,5,6,7 

Ma05 27 May 2014 TCO2, TA 

DOC, FDOM, nutrients 

2,3,6,7 

1,2,3,4,5,6,7 

Ma07 22-23 July 2014 TCO2, TA 

DOC, FDOM, nutrients 

1,2,3,4,5,6,7 

2,3,4,6 

Ma08 6-7 August 2013 TCO2, TA 1,2,3,4,5,6,7 

Ma09 23-24 September 2014 TCO2, TA 

DOC, FDOM, nutrients 

1,2,3,4,5,6 

1,2,3,4,5,6,7 

Ma10 1-2 October 2013 TCO2, TA 1,2,3,4,5,6,7 

Ma11 26-27 November 2013 TCO2, TA 1,2,3,4,5,6,7 

 

 

Table 2. Nearshore (station 1) and open ocean (station 7) end-members of salinity (S), alkalinity 

(TA in mol kg
-1

) and inorganic carbon (TCO2 in mol kg
-1

). 

 

Month Nearshore end-members Open ocean end-members 

S TA TCO2 fCO2 S TA TCO2 fCO2 

Jan 2014 35.84 2389 2132 617 36.14 2394 2069 444 

Mar 2014 31.55 2237 2038 686 36.37 2339 2036 486 

Apr 2013 35.00 2282 2041 620 36.94 2353 2021 445 

May 2014     35.36 2361 2033 435 

Jul 2014 28.98 2082 1895 596 36.23 2357 2029 429 

Aug 2013 31.75 2206 1978 554 36.42 2360 2021 411 

Sep 2014 33.22 2284 2033 544     

Oct 2013 34.54 2344 2048 476 36.41 2394 2057 418 

Nov 2013 35.95 2417 2124 528 36.59 2394 2052 412 

 

Highlights:  

 High DOC and fCO2 are observed on the continental shelf of Maranhão  

 Heterotrophy dominates the continental shelf of Maranhão 

 The seawater fCO2 is higher on the shelf compared to the open ocean 

 Shelf and open ocean air-sea CO2 fluxes are not significantly different 
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Fig. 1a 

 
Fig. 1b 
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Fig. 2 
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Fig. 3 
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Fig. 4ab 
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Fig. 4cd 

 
Fig. 4ef 
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Fig. 5 
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Fig. 6 
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Fig. 7 

 
 

Fig. 8 

 




