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Spatial and temporal variability of carbon dioxide
and methane fluxes in an Amazonian estuary
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Despite scarce information in the Amazon regions, aquatic environments in tropical
mangroves are important carbon deposits, and little is known about the exchange of carbon
dioxide (CO2) and methane (CH4) with the atmosphere. We used a dynamic floating chamber
to measure CO2 and CH4 fluxes in different aquatic surfaces (river, bore, and stream) on a
monthly basis. Water physical-chemical parameters were also measured. Daily tide level
variations have influenced CH4 flux in the rainy season. The water surface in the studied
Amazonian estuary was a source of CO2 and CH4 to the atmosphere, and the CO2 output
was much greater in the rainy season. Their seasonal flux did not present differences among
rivers, bore, and streams in the two assessed seasons, but there was monthly variation in
their fluxes, which were much higher than in other studies carried out in the tropics (mean
production of 3.35 Gg CO2-e y-1).
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Introduction
In this paper, we will try to focus on the scarce information related
to the tropical mangrove environment. Mangroves are dynamic
ecosystems that, in relation to the carbon cycle, make a connection
between terrestrial, fluvial, oceanic, and atmospheric compartments.1
The estuarine area in northern Brazil has the largest coastal mangrove
in the world, with an extension of approximately 1,200 km.2
Amazonian mangrove presents an extensive channels network, where
streams are formed by the macro-tides movement, and rivers are
interconnected by bores. Mangroves are highly productive ecosystems
that store significant amounts of carbon (blue carbon) at global level,
and it explains their importance for the coastal carbon biogeochemical
cycle.3
Between 46% to 100% of organic carbon (DOC) and inorganic
carbon (DIC) dissolved in waters of mangrove streams comes from
the porewater, with variations between seasons and tidal amplitudes.4
Underground inorganic carbon is partially exported to adjacent water
courses due to the (re)circulation of tidal water, which involves
infiltration of sediments during high tides and porewater discharge
during low tides via advection.5,6 It is established that most of the
carbon being tidally exported from mangroves is DIC, a result of
organic matter mineralization and the porewater inlet. The inorganic
materials come from groundwater (rich in dissolved carbon)
transported by rivers, from carbon coming from humid zones such
as coastal beach vegetation, mangrove forest and the ocean.7,8 Due
to the high turbidity, supply of particulate organic material (POC),
reducing environment, intense change in salinity, and low export of
labile organic carbon, estuarine waters act as a net source of CO2
and CH4 to the atmosphere.9 However, mangrove forests are natural
carbon sinks that remove CO2 from the atmosphere and store it in their
biomass for decades.10
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The global estimate for CO2 emissions in tropical estuaries (between
latitudes 0 to 23.5°S) was approximately 52.0 mmol m-2 d-1,1 15%
higher than previous estimates for this zone.11 Similarly, CH4 emission
resulting from the exposure of water and mangrove sediments can
compensate the blue carbon sedimentation rates in mangrove areas by
20%.12 Recent estimates set for the Amazonian estuary regarding CO2
and CH4 fluxes in the water/atmosphere interface ranged from 174.0
mmol CO2 m-2 d-1 to 855.0 µmol CH4 m-2 d-1, respectively,13 much
more higher than those previously found in the tropical region.
According to measurements taken by Call et al. (2019) in the
Amazonian estuary, spring tides presented 1.64 and 1.74 times
higher concentration of CO2 and CH4, respectively, than the neap
tides. They found that pCO2 and CH4 concentrations were 2.0 and
1.5 times, respectively, higher at ebb tides than at flood tides. The
rainfall variations in Amazonian mangroves, influenced by the lunar
phases and seasonality, are also responsible for changes in nutrient
contents and chemical properties (pH, redox potential, and salinity)
of surface and interstitial waters,14 which factors can influence the
gases concentrations, and consequently in their fluxes. Considering
the lack of information on the CO2 and CH4 exchange between water
and atmosphere in tropical estuaries, this work aims to evaluate the
influence of tide, seasonality, and water physical-chemical parameters
in the CO2 and CH4 fluxes.

Materials and methods
Study site
The study was carried out in Mojuim River estuary (Figure 1),
within the Mocapajuba Marine Extractive Reserve (21,029 ha), at São
Caetano de Odivelas County, Pará State – Brazil. This estuary belongs
to the largest continuous mangrove line on the planet, with 7,591 km2,
which 2,177 km2 are concentrated in the Pará State, and represents
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16% of the Brazilian mangrove.2 Freshwater input in this estuary
comes from the basins of Mojuim and Mocupajuba rivers, with a
mean bathymetric quota of 4.5m (0.3 a 14.5 m), reaching a height of
4.9 m during the flood tide, and 3.2 m during ebb tide – these values
are based on the mean tide level. The estuary has two arms in Mojuim
River (Ra and Rb); they are interconnected by a bore (Fa and Fb) that
divides Macaca Island into two parts (Figure 1). Mojuim River also
has intermittent streams (Ca; Cb) formed by tide movement (Figure 1).

Climatological data
The study site has humid tropical climate, of the Am type,15
short dry season and mean annual precipitation of 2,850 mm.16
Climatological data (1981-2010) were collected in the Automated
Surface Observation Meteorological Station of the National
Institute of Meteorology (INMET, 2019), located in Soure County
(00°43’40.18” S, 48°30’56.86” W)–71.5 km Northwest the study
site. Precipitation data, during the measurements (2017-2018), were
collected in an automated micrometeorological station located on
the edge of the Mojuim River, on the outskirts of São Caetano de
Odivelas. Two climatic seasons feature the region, namely: dry and
rainy seasons. Precipitation influence on estuary decreases in the dry
season (July to December) and leads to slight water stratification.14

Gas flux determination
Gases fluxes were performed in two different experiments. In the
first experiment measurements were taken throughout a tide cycle in
the dry (November 2017) and rainy seasons (March 2018). Samplings
were performed within 1-hour intervals (ebb and flood tide) at the
neap tide (Square), both in the river (Rb) and in the stream (Cb)
(Figure 1). Night measurements were not made, because monthly
measurements (second experiment) happened during daylight. The
second experiment lied on measuring gas flux at the neap tide on a
monthly basis, in three different locations: river (Ra;b), bore (Fa;b) and
stream (Ca;b) (Fig. 1). Monthly measurements were taken at daylight,
along a fixed route: from stream (Ca and Cb), to the river (Ra and Rb)
and lastly in the bore (Fa and Fb), for one year (2017-2018). In the
second experiment, measurements started in the morning and ended
in the afternoon, so the first experiment can show the size of the error
when comparing the places at different tides.
Flux determination was conducted in a dynamic floating chamber
(804.0 cm2 and 9.650 cm3), the same as described by Jacotot17 which
was connected to a gas analyzer coupled to the automated system
Ultra-portable Greenhouse Gas Analyzer (model 915-0011-1000),
Los Gatos Research.18 The equipment was previously calibrated
for CO2 (0.395 and 1.510 ppm) and CH4 (0.94 and 3.15 ppm) gas
standards. Each measurement took 4–min period-of-time, with the
automated and simultaneous measurement of the gases concentration
(ppm), at a frequency of 2 Hz. Collections were conducted with the
aid of an aluminum boat, which was moored in position equidistant
to the riversides.
Air-water exchanges in the field are difficult to measure, and
difficult to interpret because the gas exchange coefficient depends on
many environmental factors, the main ones being wind speed, air and
sea turbulence, presence of organic matter or hydrocarbon at the airsea, bubble formation.19,20 It is known that floating chambers can induce
an overestimation of fluxes results in intense windy conditions or with
strong river flowing, which induces turbulence.21-23 However, in low
turbulence environments, such as stream and bore, where the wind is
almost zero and the water flow is slow, the floating chamber technique
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can be a powerful method.24-26 Also, to reduce the error, we choose
the moments at the neap tide when the river has less turbulence.17,27
Thus, we are sure of the credibility of our measurements. In addition,
floating chambers have the ability to capture boiling events that can
account for a large proportion of the gas transferred to the atmosphere,
particularly CH4.28 The CO2 and CH4 flux through the water surface
was calculated according to the difference in concentration within the
chamber, over three minutes.17,19 In the present study, only regressions
that showed an inclination line whit R2 ≥ 0.3 were considered flux,
otherwise, the fluxes were considered zero (Sundqvist et al., 2014).

Environmental parameters
Manual Thermo-Higro-Anemometer device (model AK821) was
used (at height 1.0m from the top of the water column) to measure
air temperature (Ta; °C), relative air humidity (RH; %) and wind
speed (Ws; m s-1). Horiba multiparametric probe (model – U50G) was
applied to register water temperature (Tw; °C), pH, redox potential
(ORP, mV), dissolved oxygen (DO, mg L-1), electric conductivity (EC,
μS cm-1), turbidity (Tur; NTU), salinity (S; PPT), and total dissolved
solids (TDS, g L-1). All environmental variables were carried out
simultaneously with gas flux measurements.

Statistical Analysis
Normal distribution data found based on the Shapiro-Wilks
adjustment method were compared through analysis of variance
(ANOVA) and tested through Fisher Method (LSD), at significance
difference higher than 95%. Non-normal data distributions were
subjected to Kruskal-Wallis test, at significance difference higher
than 95%, or, yet, to normalization carried out through logarithmic
transformation. Pearson’s correlation coefficient was used to assess
correlations between environmental features and CO2 and CH4 flux.
The analyses were performed in InfoStat ® software (free version).

Results
Precipitation and tide seasonality
The study site was featured by dry season (less rainy) from July
to December and rainy season from January to June, which are in
agreement with local climatology (Figure 2). Total precipitation in
the dry season was 1,016.0 mm, and 2,155.0 mm in the rainy season.
When compared to climatological data, the rainy season registered
553.2 mm less, and the dry season presented 589.1 mm more than the
Climatological Normal. The lowest tide was observed in July 2017,
whereas the highest tide was observed in May 2018 (Figure 2). Such
different water volumes resulted in current speed in the rainy season,
which reached 1.6 m s-1 at the high tide and 1.9 m s-1 in the low tide,
whereas currents in the dry season reached 1.2 m s-1 at the ebb tide and
1.6 m s-1 at the high tide.14

Gas flux based on tide moves and environmental
parameters
These results are only one day of sampling (in the rainy and
dry season), as explained above, and were collected to calculate
the contribution of tide height in the gases fluxes and in the water
physicochemical parameters. The assessed sites behaved as CO2 and
CH4 source to the atmosphere (Figure 3). Mean CO2 flux in the dry
season at the ebb tide did not differ (LSD=151.3, p = 0.40) between
river (114.00 ± 48.01 mmol CO2 m-2 d-1) and stream (175.39±48.01
mmol CO2 m-2 d-1). Similarly, CO2 fluxes at the flood tide, in the dry
season, were 119.22±20.61 mmol CO2 m-2 d-1 and 42.47±38.55 mmol
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CO2 m-2 d-1, in the river and in the stream, respectively – there was
no statistically significant difference between the assessed sites (LSD:
103.4; p=0.12). CH4 fluxes in this same season, at the ebb tide, did not
differ (LSD: 2.5; p=0.83) between river (1.76±0.29 mmol CH4 m-2 d-1)
and stream (2.00 ± 0.78 mmol CH4 m-2 d-1) - the same outcome was
observed in the flood tide, when mean CH4 fluxes recorded 2.35 ±
0.60 mmol CH4 m-2 d-1 and 2.00 ± 1.13 mmol CH4 m-2 d-1, in the river
and stream, respectively (LSD: 3.0; p = 0.79). Based on the results,
the dry season did not present gas flux variation due to water column
height; in other words, tide moves did not influence CO2 and Ch4 flux
Figure 3. The rainy season did not show significant difference (LSD:
389.7; p=0.37) between CO2 flux in the river, between the ebb tide
(213.4±129.9 mmol CO2 m-2 d-1) and the flood tides (377.7±120.3
mmol CO2 m-2 d-1) (Figure 4). However, CH4 flux in the river was
significantly higher (LSD: 2.3; p=0.02) at the ebb tide (4.3±1.0 mmol
CH4 m-2 d-1) than at the flood tide (1.4±0.7 mmol CH4 m-2 d-1) Figure 4.
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differ (LSD=231.8; p=0.80) between locations (Table 1). CO2 flux
comparison between the assessed locations, within each season,
showed no difference in the dry season (LSD=201.2; p=0.61), or in
the rainy season (LSD=335.5; p=0.82), and the same happened with
CH4 (p=0.73 and 0.67, respectively) Figure 5, Table 1. In seasonal
terms, CO2 and CH4 flux in the assessed locations was higher in the
rainy season than in the dry season - such difference was significant
for CO2 and CO2-e (Table 1). With respect to CH4 flux, although it was
higher in the rainy season, there was no significant seasonal variation
in the river (LSD=1.66; p=0.573), bore (LSD =1.52; p=0.965) and
stream (LSD = 4.43; p=0.470).

Monthly gas flux
Carbon dioxide flux in the river was higher in January
(1,031.1±254.8 mmol CO2 m-2 d-1) and lower in October (782.8±437.4
mmol CO2 m-2 d-1) (Figure 6). This flux in bores was higher in April
(1,111.3±336.2 mmol CO2 m-2 d-1) and lower in May (695.5 ± 170.2
mmol CO2 m-2 d-1). Gas flux in the stream was higher in January
(1973.9±163.8 mmol CO2 m-2 d-1) and lower in February (1007.9 ±
291.0 mmol CO2 m-2 d-1). When CO2 flux between river and stream per
month was compared, it was possible observing significant differences
in January (1,973.9±163.8 mmol CO2 m-2 d-1) August (LSD: 144.79,
p=0.00) and September - in other words, at the beginning of the rainy
and dry seasons Figure 6 or Figure 5.

Gas flux seasonality
The results presented here refer to the monthly sampling the CO2
and CH4 fluxes at the water/atmosphere interface throughout the
hydrological year, in which the water was source for two studied
gases (Figure 5). The river recorded higher mean annual equivalent
CO2 (CO2-e) flux of 542.5 mmol CO2-e m-2 d-1, which was followed
by the stream (531.3 mmol CO2-e m-2 d-1) and the bore (413.0 mmol
CO2-e m-2 d-1) (Table 1). However, these results did not significantly

Table 1 Mean CO2, CH4 flux, and mean annual CO2-e* from the river, bore and stream in the dry and rainy seasons in Mojuim River estuary. Lowercase letters
compare locations in each period, capital letters compare climatic periods. When letters are different, significance is greater than 95%
Season

CO2 (mmol m-2 d-1)

CH4 (mmol m-2 d-1)

CO2-e (mmol m-2 d-1)

River

Bore

Stream

Mean

River

Bore

Stream

Mean

River

Bore

Stream

Mean

Dry

272.1±87.9aB

170.4±54.1aB

239.8±60.8aB

230.8±40.7B

2.1±0.5aA

2.7±0.5aA

2.5±0.6aA

2.4±0.3A

320.7aB

233.3aB

297.6aB

286.8B

Rainy

705.0±88. 9aA

601.0±115.1aA

670.3±145.9aA

658.8±67.9A

2.6±0.6aA

2.8±0.6aA

4.1±2.1aA

3.2±0.8A

764.3aA

562.9aA

764.9aA

731.3A

Mean

488.5±69.4

405.3±74.3

455.0±84.2

450.9±43.9

2.4±0.4

2.75±0.4

3.3±1.1

2.8±0.4

542.5

413.0

531.3

515.4

a

a

a

a

a

a

a

a

a

*
Global warming potential from 23 for CH4 was used to convert CH4 emission into CO2-e in order to compare its impacts on the greenhouse effect.(IPCC,
2013).

Table 2 Monthly and seasonal values of CO2 (mmol m-2 d-1), CH4 (mmol m-2 d-1), water temperature (Tw; °C), pH, Dissolved Oxygen (DO; mg L-1),Turbidity (Tur;
NTU), Electric Conductivity (EC; µS cm-1), Salinity (S; PPT), and Total Dissolved Solids (TDS; g L-1). The numbers correspond to means and standard error. The
symbols * and # represents significant correlation (p <0.05) between CO2 and CH4 and the variables assessed through Pearson’s analysis
Month

CO2

CH4

Tw

pH

DO

EC

Tur

S

TDS

Jul-17

163.2(106.3)

4.8(0.9)

28.5(0.1)

7.2(0.2)#

4.3(0.5)

28.9(0.5)

25.4(1.8)

1.8(0.0)

17.9(0.3)

August

183.9(38.6)

2.2(0.5)

29.7 (0.1)

7.3(0.1)

4.4(0.8)

37.0(1.5)

19.4(1.3)

2.4(0.1)#

22.6(0.9)#

September

255.4(57.5)

3.2(0.8)

29.8(0.2)

7.7(0.1)

6.1(0.6)

42.1(1.0)

47.9(17.4)

2.7(0.1)

25.7(0.6)

October

468.5(169.8)

1.0(0.8)

30.4(0.1)

7.3(0.5)

3.0(0.5)

46.8(0.7)

8.5(0.5)

3.1(0.1)

28.6(0.4)

November

108.9(16.8)

2.0(0.9)

29.0(0.2)

7.8(0.2)

2.4(1.0)

23.2(6.0)#

26.0(4.3)

1.9(0.1)

14.3(3.5)#

December

164.3(70.6)

1.3(0.4)

30.5(0.1)

7.9(0.5)

4.4(0.9)

55.8(5.0)

6.9(0.6)

3.3(0.0)

30.7(0.2)

Dry Season

230.8(40.7)

2.4(0.3)

29.7(0.2)#

7.5(0.1)

4.2(0.3)

39.9(2.1)

22.1(3.8)

2.6(0.1)

23.8(1.0)

Jan-18

1,248.9(188.1)

1.3(0.2)

29.6(0.1)

*;#

6.6(0.5)

*

4.1(0.4)

34.2(0.5)

*;#

8.1 (1.3)

2.3(0.1)

February

567.8(154.8)

7.6(4.1)

29.2(0.2)

#

8.6(0.9)

*

3.2(0.4)

16.7(1.5)

#

36.8(12.0)

1.0(0.1)

March

251.4(87.1)

1.6(0.4)

29.6(0.1)

8.1(0.3)

12.7(1.3)

12.0(0.8)

29.6(18.9)

0.7(0.1)

7.5(0.5)

April

738.6(164.8)

1.7(0.7)

29.3(0.2)

7.2(0.4)

9.2(1.8)

11.2(0.6)

15.6(2.7)

0.6(0.0)

7.1(0.3)

May

772.6(127.5)

1.9(0.4)

28.9(0.0)

7.7(0.3)

7.2(1.2)

13.2(0.7)

16.2(2.8)

0.8(0.1)

8.2(0.5)

June

373.1(106.8)

4.9(1.3)

29.0(0.3)

7.5(0.1)

3.6(0.6)

36.6(11.3)

15.5(2.0)

1.6(0.1)

Rainy Season

658.8 (67.9)

3.2(0.8)

29.3(0.1)

7.6(0.2)

6.8(0.7)

20.6(2.5)

20.3(3.9)

*

#

#

*;#

#

*

#

1.2(0.1)

20.9(0.3)*;#
#

10.4(0.9)#

16.7(1.1)
*

11.8(0.9)*
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Table 3 Maximum (Max), minimum (Min) and mean±stander error (Mean) of values recorded for environmental variables: Air temperature (Tar, °C), Water
temperature (Tw °C), Redox potential (ORP, mV), Dissolved oxygen (DO, mg L-1), Electrical conductivity (EC, µS cm-1), Turbidity (Tur, NTU), and Salinity (S, PPT),
in the dry and rainy season, at the ebb tides and floods, in Mojuim River estuary
Variable
Tar

Tw

pH

ORP

DO

EC

Tur

S

Range
Max
Min
Mean
Max
Min
Mean
Max
Min
Mean
Max
Min
Mean
Max
Min
Mean
Max
Min
Mean
Max
Min
Mean
Max
Min
Mean

Dry Season
Ebb tide
32.1
30.5
31.33±0.27
30.05
29.3
29.58±0.12
8.06
7.94
8.00±0.02
158
140
149.00±2.66
1.53
0.65
1.03±0.14
46.9
29.2
40.73±2.61
88.9
82.5
85.67±1.15
3.04
1.38
2.36±0.27

Flood tide
33
31
32.01±0.25
30.16
29.82
29.98±0.05
8.07
7.96
8.00±0.01
175
152
165.57±3,15
2.55
1.32
2.00±0.16
47.7
38.8
44.73±1.24
88.4
29.2
76.33±7.91
3.11
2.45
2.90±0.09

Mean CH4 flux in the river and bore was significantly higher in
June (river = 7.1 ± 2.9 mmol CH4 m-2 d-1; bore= 5.1 ± 2.6 mmol CH4
m-2 d-1) and lower in September (river = 5.6 ± 1.0 mmol CH4 m-2 d-1;
bore= 3.8 ± 0.7 mmol CH4 m-2 d-1). It was possible observing high
values in the stream in February (19.4 ± 10.4 mmol CH4 m-2 d-1)
and July (Figure 6). The comparison between river and stream flux
showed significant difference in CH4 flux in January (LSD: 0.63, p =
0.010), May (LSD: 0.86, p < 0.000) and September (LSD: 2.38, p <
0.00). Gas flux in the water/atmosphere interface was always higher in
the rainy season than in the dry season, except for CH4 flux in the bore
(Table 1). Annual CO2 emissions from the river were 6.9% and 21.1%
higher than flux in the stream and bore, respectively. Annual mean
CH4 flux was higher in the stream, it was 17.0% and 29.2% higher
than that recorded for the bore and river, respectively. Based on the
assessed Amazonian estuary, Mojuim River estuary releases 7.241 kg
CO2 m-2 yr-1 and 0.016 kg CH4 m-2 yr-1 into the atmosphere.
Despite the low monthly Tw variation (Table 2), it was significantly
higher (LSD =0.43; p < 0.000) in December (30.5 °C) and October
(30.4 °C), and lower in July (28.5 °C). There was positive correlation
to CO2 in August and January, and to CH4 in January and February
(Table 2). The pH was only significantly higher in February (LSD =
1.15; p = 0.010) than the lowest pH recorded in January, which was
negatively correlated to CO2 in January (Pearson = -0.83; p = 0.040)
and February (Pearson = -0.84; p = 0.030). Correlation between CH4
and pH was positive in July (Pearson = 0.87; p = 0.030) and October
(Pearson = 0.93; p < 0.000), and negative in August (Pearson = -0.84;
p = 0.040) (Table 2). Alkaline water pH (Table 2) indicated the strong
influence of tide cycle on the study site.
DO was significantly (LSD = 2.66; p < 0.000) higher in March

Rainy Season
Ebb tide
32.1
30.6
31.48±0.27
29.42
28.37
29.19±0.16
9.38
8.09
8.54±0.20
260
184
210.33±10.68
9.38
4.97
7.89±0.62
15.6
12.7
13.80±0.49
266
123
174.23±19.75
0.91
0.73
0.80±0.03

Flood tide
33.1
31.7
32.29±0.19
29.59
29.28
29.39±0.05
9.49
7.73
8.26±0.28
254
137
199.00±19,67
9.5
5.72
7.65±0.47
12.5
11.5
12.00±0.13
195.9
127.3
175.07±9.21
0.76
0.65
0.69±0.01

(12.7 mg L-1) and lower in February (3.2 mg L-1), October (3.0 mg L-1)
and November (2.4 mg L-1). It did not present monthly correlation to
CO2 and CH4 (Table 2). ORP was significantly higher (LSD = 37.78;
p < 0.000) in April (256.7 mV), May (251.0 mV), August (250.2
mV) and January (243.8 mV), and lower in February (243.8 mV). It
presented significant correlation to CH4 only in December (Pearson
= 0.83; p = 0.040). Tur was significantly higher (LSD = 24.53; p =
0.030) in November (47.9 NTU) and lower in October (8.5 NTU),
January (8.1 NTU) and December (6.9 NTU). It only presented
positive correlation to CO2 in January (Pearson = 0.92; p = 0.009).
EC was significantly (LSD = 11.22; p < 0.000) higher in December
(55.8 μS cm-1) and lower in February (16.7 μS cm-1), May (13.2 μS cm1
), March (12.0 μS cm-1) and April (11.2 μS cm-1). There was negative
EC correlation to CO2 in January (Pearson = -0.83; p = 0.04). CH4 flux
had positive correlation to EC in January (Pearson = 0.94; p = 0.010),
February (Pearson = 0.87; p = 0.02) and November (Pearson = 0.99;
p = 0.01), and negative correlation to it in August (Pearson = -0.90; p
= 0.020) (Table 2). S was significantly (LSD = 0.24; p < 0.000) higher
in December (3.3 PPT) and lower in March (0.7 PPT) and April (0.6
PPT). It was negatively correlated to CH4 in August (Pearson = -0.90;
p = 0.019) and positively correlated to it in February (Pearson = 0.87;
p = 0.016). The amount of TDS was significantly (LSD = 2.50; p <
0.000) higher in December (30.7 g L-1) and October (28.6 g L-1), and
lower in March (7.5 g L-1) and April (7.1 g L-1). There was negative
correlation between TDS and CO2 in January (Pearson = -0.85; p =
0.025), and the correlation to CH4 was negative in August (Pearson
= -0.90; p = 0.023) and positive in November (Pearson = 0.96; p =
0.042), January (Pearson = 0.94; p = 0.012) and February (Pearson =
0.87; p = 0.034).
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surface through a tidal cycle in a mangrove stream, in the dry season
Call et al., 2019 However, based on our results, a high CO2 and CH4
concentration in the water column, at the low tides, may not result in
a greatest gas flux (Figure 4).

Figure 3 Mean CO2 (mmol m-2 d-1) and CH4 (mmol m-2 d-1) flux on water
surface in comparison to tide level variation, at different times of the day. (A)
CO2 and CH4 flux in the river and stream in the dry season.

Figure 1 São Caetano de Odivelas County location, with emphasis on Macaca
Island, and Mojuim River estuary. The respective sampling points are Ca;b in
the stream, Fa;b in the bore and Ra;b in the river.

Figure 4 (B) CO2 and CH4 flux during the rainy and dry season in the river,
only. The bars indicate the mean standard error.

Figure 2 Climatological Normal (1981-2010) in Soure County, and
precipitation (mm) and maximum tide height (m), in 2017 and 2018, in São
Caetano de Odivelas County.

Discussion
Some studies have shown reverse association between CO2 and
CH4 emission magnitude due to water column thickness on mangrove
soil.31,32 The water column has only influenced CH4 flux in the rainy
season, in the present study - this finding corroborates results in other
studies.33 However, different from the above mentioned studies,
CO2 flux was not influenced by tide moves, in the current research.
Gas flux into the atmosphere can occur due to upward diffusion34
and gas microbubbles, mainly when it comes to CH4, given its
lower solubility.35,36 The influence of gas bubbles seems to be more
important on CH4 flux when measured in the river, mainly in the
ebb, as fluxes variations were greater than when the tide was rising.36
Based on our study, the influence of the microbubbles was only on the
CO2 flux, increasing the concentration of more than a thousand times
inside the chamber. In the few times that this happened, a lot of noise
was observed in the flux, leaving the slope line in the accumulation
curve R2 <0.3, and therefore the fluxes were considered zero.37 A study
carried out in Bragantina’s region, Amazonian estuary, has shown
variation in concentration of CO2 and CH4 dissolved in the water

Some previous research that have assessed the link between tidal
movement and CO2 and CH4 flux have shown flux of 116 ± 103 mmol
CO2 m-2 d-1 (mean ± SD) and 800 ± 419 µmol CH4 m-2 d-1 at the high
tide, and of 214 ± 130 mmol CO2 m-2 d-1 and 895 ± 391 µmol CH4 m-2
d-1 at the ebb tide.38 Similarly, results concerning the river have shown
that CO2 flux at the flood tide was higher than at the ebb tide either in
the dry or in the rainy seasons. However, CH4 flux has behaved in the
reverse way, when the two climatic periods were compared to each
other. Accordingly, as shown by Costa et al. (2018) about water speed
move, CO2 flux is higher when water is less rough - the opposite has
happened with CH4.
Mean flux was 1,813 ± 623 µmol CH4 m-2 d-1 at the ebb tide and
2,579 ± 1,077 µmol CH4 m-2 d-1 at the flood tide, in the rainy season,
3,956 ± 673 µmol CH4 m-2 d-1 (ebb tide) and 734 ± 559 µmol CH4 m-2
d-1 (flood tide), in the rainy season. The CO2 and CH4 flux, mainly CH4
flux, in Mojuim River estuary was higher than that recorded in previous
studies carried out in tropical regions, as shown in details below.
Organic matter decomposition in the aquatic environment depends
on a set of factors, including microbial community composition,39
redox state, and sorption/desorption of organic molecules on mineral
surfaces.40,41 The release of CO2 dissolved in water released into the
atmosphere can be influenced by greater agitation caused by tide
moves.42 Carbon oxide flux in the study site, in the two evaluated
seasons, was higher at the high tide than at the low tide - this outcome
evidences that ocean water entrance in the estuary has strong influence
on CO2 and CH4 flux. This seemed to have been the response to the
difference in Tw and S, as discussed below. However, CH4 flux in the
dry season was higher at the flood tide, whereas, it was five times
higher at the ebb tide, in the rainy period, as shown above.
The herein presented water physical-chemical parameters only
concern the river, because the stream did not show water blade in the
dry season, and also because one of the used devices was broken in
the rainy season. The highest and lowest air thermal amplitudes were
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recorded at the flood tide, either in the dry or in the rainy season. Tar
amplitude in the dry season was 2.00°C, whereas it was 1.40 °C in
the rainy season. Tar was significantly higher at the flood tide than at
the ebb tide (LSD = 0.71, p = 0.03). On the other hand, Tw presented
higher amplitude at the ebb tide (1.05 °C) and lower at the flood
tide (0.31 °C), in the rainy season (Table 3) - there was significant
variation (H = 5.224, p = 0.02) between tides only in the dry season.
Although water pH did not statistically vary between different tides,
in the two seasons, it presented higher amplitude in the rainy season,
mainly in the flood tide (Table 3). This profile may have resulted
from river’s photosynthetic activity increase due to consumption of
CO2 dissolved in water, which shifts the balance of the carbonate
system and, consequently, increases organic productivity.43,44 This
result can be observed in DO saturation values, which have evidenced
low saturation in the dry season (10%-40%), whereas there was DO
oversaturation (78%-148%) in the rainy season. In addition, ORP
values were positive (4.9 to 6.9 mg L-1) in the dry season and negative
(-1.9 to 2.8 mg L-1) in the rainy season - this outcome is indicative
of higher photosynthetic yield in the dry season. ORP and DO have
shown significant differences between tide stages in the dry season
(ORP; LSD = 9.25; p = 0.002 and DO; LSD = 0.473; p = 0.000) higher values were recorded in the flood tide (Table 3).
EC and S recorded the highest values and amplitude in the dry
season, when the influence of ocean water was more intense, as
proven by the higher S values observed in this season (Table 3).
However, when variations between tides were compared, EC (LSD
= 1.05; p = 0.003) and S (LSD = 0.07; p = 0.007) were significantly
higher at the ebb tide, in the rainy season. Although Tur was higher in
the rainy season than in the dry one, there was no significant variation
(p > 0.05) between tides in both seasons (Table 3).
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higher carbon input could be observed through progressive higher
CO2 flux in the stream at the ebb tide, during sampling throughout the
dry season (Figure 3).
Our study has shown that EC and S were important for CO2 flux
in the rainy season at the ebb tide, whereas we have observed Tw
and S as the main CO2 flux at the flood tide. On the other hand, only
Tar has influenced CO2 flux in the dry season at the flood tide.39
Factors influencing CO2 and CH4 flux have varied due to tide height
and seasonality, therefore, it is not possible stating that one important
factor alone is relevant for CO2 and CH4 flux in the assessed macrotide estuary, but a combination of water chemistry factors related to
tide move. Moreover, these factors can be different in each climatic
period.
Our results agree with those obtained by Chuang29, there were no
differences in CO2 and CH4 flux between assessed locations, both in
the dry and rainy seasons, although CO2 flux was higher in the river
and CH4 flux was higher in the stream (Figure 5). We have shown that
the mean CO2 flux reached 450.9 mmol m-2 day-1, was expressively
higher than that recorded in other studies carried out in tropical areas
(Borges et al., 2004; Linto et al., 2014; Rosentreter et al., 2018b;
Taillardat et al., 2018a; Smith &Atkinson, 1983, Bouillon et al., 2007;
Kristensen et al., 2008; Ralison et al., 2008).51 This outcome may have
resulted from the high temperatures along the year, in combination to
high concentrations of suspended and dissolved organic matter52 and
nutrients dissolved in water.53 Similar to what we have found in other
studies,54-56 there was huge seasonality in CO2 flux in Mojuim River
estuary - flow is almost three times higher in the rainy season than in
the dry period (Table 1).

Different from other studies performed in Eastern Amazonian
estuary,45 we did not find significant Tur variation between tides
(flood and ebb) either in the dry or in the rainy seasons. Pamplona et
al. (2013) only found significant tide pH variation in the Amazonian
estuary due to tides, but it was not observed in the current study. Taici
bore (Bragança-PA, Brazil) did not show significant differences in
physical-chemical parameters, although it presented different values
between the ebb and flood tides, in the dry and rainy seasons.47
We have observed significant negative correlation between CO2
flux and variables EC (Pearson = -0.88; p = 0.022) and S (Pearson
= -0.902; p = 0.014) at the ebb tide in the rainy season. We have
observed positive correlation between CO2 flux and Tw (Pearson =
0.77; p = 0.042) and S (Pearson = 0.87; p = 0.011) at the flood tide.
Tar presented negative correlation to CO2 flux (Pearson = -0.77; p =
0.041), but CH4 flux has significant negative correlation to pH (Pearson
= -0.91; p = 0.011) and DO (Pearson = -0.88; p = 0.006) in the rainy
season, only at the ebb tide, consequently, they are important CO2 flux
control factors. CH4 flux presented significant negative correlation to
Tur at the flood tide in the dry season (Pearson = -0.88; p = 0.010).
Studies carried out in the Amazonian estuary have shown that DO
concentrations were higher at the high tide and decreased as water
level reduced in the dry season.45 A set of previous research conducted
in Australia have evidenced that CO2 concentration in water, in the dry
and rainy seasons, was higher at the low tide than at the high tide, and
that such a concentration was positively correlated to DO and pH.38
Our results have shown positive correlation between DO and CO2 flux
in the dry season, as well as negative correlation between CH4 flux
and DO concentration in the same season. Streams are enriched by
particulate organic carbon, dissolved organic carbon and dissolved
inorganic carbon resulting from surface flow, sediment resuspension
and, most of all, by groundwater discharge, at the ebb tide.6,13,46 This

Figure 5 CO2 and CH4 flux (mmol m-2 d-1) in the river, bore and stream, in
the dry and rainy seasons, in Mojuim River estuary.The bars indicate the mean
standard error.
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The marginal areas of Mojuim River are fully flooded in the lunar
square period (spring tides, mainly in the equinox), and it resulted in
higher rainy season flux. We have observed greater inorganic carbon
input from the river to the estuary in the rainy season, in addition
to soil leachate, which led to high CO2 flux into the atmosphere.50
Higher CO2 flux in the rainy season is likely a combination of carbon
source from the mangrove and upstream areas, to mineral carbonate
dissolution in the soil and groundwater.57,4 However, different from
what was previously published,38 the higher concentration of CO2
dissolved in water in the dry season seemed not to result in CO2 output
into the atmosphere in comparison to the rainy season (Figure 5).
CO2 flux was significantly correlated to pH (Pearson = -0.51; p =
0.001), ORP (Pearson = 0.37; p = 0.025), TDS (Pearson = 0.36; p =
0.032) and S (Pearson = 0.44; p = 0.007) in the rainy season. However,
it was not correlated to the assessed environmental variables in the
dry season. Increased fluvial discharge in most Amazonian estuaries
is observed in the rainy season and it reduces coastal water salinity
in the region46 and makes water more alkaline and oxygenated, with
higher concentrations of nutrients and chlorophyll.58,59 It is necessary
having nitrogen input to achieve the decomposition of organic matter.
Such a greater contribution was observed in a study conducted in the
Amazonian estuary during the rainy season.58
Mojuim River estuary has presented mean CH4 flux of 2.8 mmol
m-2 day-1, which was numerically higher in the rainy season, however,
it did not statistically differ (LSD = 1.65; p = 0.39) from the dry
season (Table 1). The few existing studies on this topics that have
assessed water seasonality in CH4 flux between water and atmosphere
have shown greater flux through the rainy season than in the dry
season.59-62 Some studies carried out in the estuary have shown that
CH4 concentrations in water are driven by different side entrances - it
is possible having intense spatial and seasonal variability.63 We did
not measure CH4 concentration in estuary water, but if such a seasonal
and spatial variation in the concentrations is actually real, it was not
supported by gas flux.
Although CH4 flux did not show seasonal difference, it was
correlated to pH (Pearson = -0.36; p = 0.030) and Tur (Pearson = 0.41;
p = 0.013) in the rainy season, and to Tw (Pearson = -0.427; p = 0.012)
in the dry season. Physical processes such as temperature gradient and
salinity, water depth and groundwater discharge mix, and microbial
processes (like organic matter respiration rate) are factors controlling
CH4 production and oxidation in estuaries.57 Between 50-90% of the
methane produced in wet mangrove areas, strongly influenced by
the tide, is oxidized upwards in sediment by methanotrophs before
reaching the atmosphere.64,65 Accordingly, it seems that CH4 oxidation
in the Mojuim River estuary was not enough to stop methane from
escaping to the atmosphere, as observed by Chuang28. Our results
have shown that CH4 flux was numerically higher in the stream than
in the river, where one observes greater oceanic influence. Thus, CH4
production in estuaries often decreases as water flows to the ocean.
This process is motivated by the action of sulfate-reducing bacteria,
which surpass the methanogenic ones.66,67
Water temperature fluctuation affects CO2 solubility,7 primary
production and organic carbon decomposition.68 Although Tw increase
was not significant in all months in the dry season, temperature increase
led to higher water CO2 flux into the atmosphere. However, the same
finding was not observed in the rainy period (Table 2). Methane is
the final product of organic material anaerobic decomposition by
different microorganisms - methanogenic bacteria are much more
reactive to temperature than methanotrophic bacteria69 - and the
ideal temperatures for CH4 production and oxidation are close to
25°C.70 CH4 flux in the dry season was negatively correlated to Tw
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(Pearson = -0.427, p = 0.012), in the present study. CH4 emissions are
often reported to have linear or exponential relation to soil or water
temperatures.70,71
CO2 and CH4 flux was negatively correlated to pH (Pearson =
-0.51, p = 0.001, and Pearson = -0.36, p = 0.030, respectively) in the
rainy season. The pH was below 6.0 only at the beginning of the rainy
season (Table 2), it may be the consequence of free and dissolved
CO2 reduced acidifying effect, as well as of the presence of organic
acids transported to the estuary by rainwater.53 The pCO2 and CO2
flux is negatively correlated to pH in reservoir surface.72,73 Critical
pH values between CO2 absorption and emission through water are
often reported as 7.9 at 8.5 , respectively.74,75 Our results have shown
that sometimes water becomes alkaline, either in the dry or in the
rainy season (Table 2). Alkaline pH favors bicarbonate formation and
promotes atmosphere CO2 absorption,76,75 however, CO2 production
for the atmosphere was only observed during data collection.
Although DO was not correlated to CO2 production in the rainy
season, increased DO concentration in water has reduced CO2 flux to
the atmosphere - the same was not observed in the dry season. Based
on such a finding, autotrophic organisms consume dissolved CO2
from the water column and produce oxygen in the rainy season21,71
- rain can oxygenate surface water. CH4 was not correlated to DO in
water, but it was not observed between these two parameters in the
two seasons, in any trend. The highest DO concentrations observed
in the rainiest months have allowed classifying water in the Mojuim
River estuary as saturated, however, it did not happen in the dry
season (Table 2). Fluvial component and tide intensity in the rainy
season produces mixtures through swirling in the dry season, when
the fluvial component diminishes due to low precipitation – this
process increases saline intrusion and makes water column slightly
stratified.14 Such stratification can be important for the lowest CO2
flux in the dry season because the heaviest water column can retain
gas in layers below the surface and reduce gas flux.
CO2 and CH4 flux between water and atmosphere in the estuary,
as well as the flux of other gases, has passive diffusion and is the
prevailing process.38 However, there are other non-diffusible processes
induced by subsurface entrainment, such as the flux of microbubbles
formed in oversaturated environments.77,78 This process can influence
gas flux. It was possible observing positive correlation between CO2
and CH4 flux (Pearson = 0.287, p = 0.001), which suggests a common
source of the both gases. A recent study38 has shown close association
between 222Rn and CH4 concentrations in the estuary, and this finding
suggests the entrance of CH4 in highly enriched groundwater. This
process induces the understanding of continental CH4 formation.
The gas concentration gradient between water and the atmosphere,
as well as turbulent energy at the aqueous surface limit, are the two
decisive factors for gas exchange between water and the atmosphere.79
CO2 concentration in water is driven by the consumption and
production of autotrophic organisms and by the production of
heterotrophic organisms, as well as by salinity, temperature and water
alkalinity.51,80,81 However, lack of correlation between DO, and CO2
and CH4 flux, suggests no biological control over the flux of these two
gases. DO concentration in water in low precipitation months (dry
season) is very low, but in September it is above 5.0 mg L-1 (Table 2).
DO in the rainy season, between March and May, is above 5.0 mg L-1,
on average. The significant increase in CO2 flux between December
and January could have been caused by organic matter input, given
the start of the rainy season and the sudden drop in pH value (Table 2
and Figure 6). This process could have taken humic acids to the water
and reduced pH values. It seems that pH can influence CH4 flux in the
dry season and CO2 flux in the rainy season.
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and tropical estuaries.86 Methane flux was almost four times higher
in Mojuim River estuary than the 200 mmol CH4 m-2 yr-1 estimated
by Rosentreter18 and the 266 mmol CH4 m-2 yr-1 estimated by Borges
and Abril (2011). Accordingly, water CO2 and CH4 emissions in the
mangrove area of the Amazonian biome are much higher than those
recorded in other tropical areas. The annual estimate of water CO2-e
production for the atmosphere was 3.35 Gg CO2-e yr-1 when the area
of the Mojuim River basin (45.5 ha) is taken into consideration.87–99
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