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Abstract. Tropical mangrove forests are important carbon
sinks, the soil being the main carbon reservoir. Understand-
ing the variability and the key factors that control fluxes
is critical to accounting for greenhouse gas (GHG) emis-
sions, particularly in the current scenario of global cli-
mate change. This study is the first to quantify carbon
dioxide (CO;) and methane (CH4) emissions using a dy-
namic chamber in natural mangrove soil of the Amazon.
The plots for the trace gases study were allocated at con-
trasting topographic heights. The results showed that the
mangrove soil of the Amazon estuary is a source of CO,
(6.662CO, m~2d~!) and CHy (0.13gCH4sm~2d~!) to the
atmosphere. The CO;, flux was higher in the high topog-
raphy (7.86gCO; m~2d~!) than in the low topography
4.73gCO, m~2d~1) in the rainy season, and CH4 was
higher in the low topography (0.13 g CH;m~2d~!) than in
the high topography (0.01 gCH4sm~2d™!) in the dry sea-
son. However, in the dry period, the low topography soil
produced more CHy. Soil organic matter, carbon and ni-
trogen ratio (C/N), and redox potential influenced the an-
nual and seasonal variation of CO; emissions; however, they
did not affect CH4 fluxes. The mangrove soil of the Ama-
zon estuary produced 35.40 Mg CO3q. ha=!yr~!. A total of
2.16kg CO, m~2yr~! needs to be sequestered by the man-
grove ecosystem to counterbalance CHy emissions.

1 Introduction

Mangrove areas are estimated to be the main contributors
to greenhouse gas emissions in marine ecosystems (Allen
et al., 2011; Chen et al., 2012). However, mangrove forests
are highly productive due to a high nutrient turnover rate
(Robertson et al., 1992), and have mechanisms that maximize
carbon gain and minimize water loss through plant transpira-
tion (Alongi and Mukhopadhyay, 2015). A study conducted
in 25 mangrove forests (between 30° latitude and 73° longi-
tude) revealed that these forests are the richest in carbon (C)
storage in the tropics, containing on average 1023 Mg Cha~!
of which 49 % to 98 % is present in the soil (Donato et al.,
2011).

The estimated soil CO, flux in tropical estuarine areas
is 16.2TgCyr~! (Alongi, 2009). However, soil efflux mea-
surements from tropical mangroves revealed emissions rang-
ing from 2.9 to 11.0gCO, m~2d~! (Castillo et al., 2017,
Chen et al., 2014; Shiau and Chiu, 2020). In situ CO; pro-
duction is related to the water input of terrestrial, ripar-
ian, and groundwater brought by rainfall (Rosentreter et
al., 2018b). Due to the periodic tidal movement, the man-
grove ecosystem is flooded daily, leaving the soil anoxic
and consequently reduced, favoring methanogenesis (Dutta
et al., 2013). Thus, estuaries are considered hotspots for CHy
production and emission (Bastviken et al., 2011; Borges et
al., 2015). Organic material decomposition by methanogenic
bacteria in anoxic environments, such as sediments, in-
ner suspended particles, zooplankton gut (Reeburgh, 2007;
Valentine, 2011), and the impact of freshwater should change
the electron flow from sulfate-reducing bacteria to methano-
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genesis (Purvaja et al., 2004), which also results in CHy for-
mation. On the other hand, high salinity levels, above 18 ppt,
may result in an absence of CHs emissions (Poffenbarger et
al., 2011), since CHy dissolved in pores is typically oxidized
anaerobically by sulfate (Chuang et al., 2016). Currently the
uncertainty in emitted CH4 values in vegetated coastal wet-
lands is approximately 30 % (EPA, 2017). Soil flux mea-
surements from tropical mangroves revealed emissions range
from 0.3 to 4.4mg CH; m~2d~! (Castillo et al., 2017; Chen
et al., 2014; Kreuzwieser et al., 2003).

The production of greenhouse gases from soils is mainly
driven by biogeochemical processes. Microbial activities and
gas production are related to soil properties, including total
carbon and nitrogen concentrations, moisture, porosity, salin-
ity, and redox potential (Bouillon et al., 2008; Chen et al.,
2012). Due to the dynamics of tidal movements, mangrove
soils may become saturated and present reduced oxygen
availability, or suffer total aeration caused by the ebb tide.
Studies attribute soil carbon flux responses to moisture per-
turbations because of seasonality and flooding events (Baner-
jee et al., 2016), with fluxes being dependent on tidal ex-
tremes (high tide and low tide), and flood duration (Chowd-
hury et al., 2018). In addition, phenolic compounds inhibit
microbial activity and help keep organic carbon intact, thus
leading to the accumulation of organic matter in mangrove
forest soils (Friesen et al., 2018).

The Amazonian coastal areas in the state of Para (Brazil)
cover 2176.8km? where mangroves develop under the
macro-tide regime, representing approximately 85 % of the
entire area of Brazilian mangroves (Souza Filho, 2005). The
objective of this study is to investigate the monthly flux of
CO; and CHy4 from the soil, at two topographic heights, in
a pristine mangrove area in the Mojuim River estuary, be-
longing to the Amazon biome. The gas fluxes were studied
together with the analysis of the vegetation structure and soil
physical-chemical parameters.

2 Material and methods
2.1 Study site

This study was conducted in the Amazonian coastal zone,
Macaca Island (—0.746491 latitude and —47.997219 longi-
tude), located in the Mojuim River estuary, at the Mocapa-
juba Marine Extractive Reserve, municipality of Sao Cae-
tano de Odivelas (Fig. 1), state of Pard (Brazil). The Macaca
island has an area of 1322 ha of pristine mangroves, and be-
longs to a mangrove area of 2177 km? in the state of Pard
(Souza Filho, 2005). The climate is type Am (tropical mon-
soon) according to the Koppen classification (Peel et al.,
2007). The climatological data were obtained from the Me-
teorological Database for Teaching and Research of the Na-
tional Institute of Meteorology (INMET). The area has a
rainy season from January to June (2296 mm of precipitation)
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and a dry season from July to December (687 mm). March
and April were the rainiest months with 505 and 453 mm of
precipitation, while October and November were the driest
(53 and 61 mm, respectively). The minimum temperatures
occur in the rainy period (26 °C) and the maximum in the dry
period (29 °C). The Mojuim estuary has a macrotidal regime,
with an average amplitude of 4.9 m during spring tide and
3.2m during low tide (Rollnic et al., 2018). During the wet
season, the Mojuim River has a flow velocity of 1.8 ms™!
at the ebb tide and 1.3ms~! at the flood tide, whereas in
the dry season, the maximum currents reach 1.9 m s~ ! at the
flood and 1.67 ms~! at the ebb tide (Rocha, 2015). The an-
nual mean salinity of the river water is 26.95 PSU (Valentim
etal., 2018).

The Mojuim River region is geomorphologically formed
by partially submerged river basins consequent of the in-
crease in the relative sea level during the Holocene (Prost et
al., 2001) associated with the formation of mangroves, dunes,
and beaches (El-Robrini et al., 2006). Before reaching the es-
tuary, the Mojuim River crosses an area of a dryland forest
highly fragmented by family farming, forming remnants of
secondary forest (<5.0ha) of various ages (Fernandes and
Pimentel, 2019). The population economically exploited the
estuary, primarily by artisanal fishing, crab (Ucides cordatus
L.) extraction, and oyster farms.

The flora of the mangrove area of Macaca Island is lit-
tle anthropized and comprises the plant genera Rhizophora,
Avicennia, Laguncularia, and Acrostichum (Ferreira, 2017,
Franca et al., 2016). The estuarine plains are influenced by
macro-tide dynamics and can be physiographically divided
into four sectors according to the different vegetation covers,
associated with the landforms distribution, topographic gra-
dient, tidal inundation, and levels of anthropic transformation
(Franca et al., 2016). The Macaca Island is ranked as being
from the fourth sector, which implies having woods of adult
trees of the genus Rhizophora with an average height of 10
to 25 m, being located at an elevation of 0 to 5 m, and having
silt—clay soil (Franga et al., 2016).

Four sampling plots were selected in the Macaca Island
(Fig. 1) on 19 May 2017, when the moon was in the wan-
ing quarter phase: two plots where flooding occurs every day
(plots B1 and B2; Fig. 1), called low topography (Top_Low),
and two plots where flooding occurs only at high tides during
the solstice and on the high tides of the rainy season of the
new and full moons (plots Al and A2; Fig. 1), called high
topography (Top_High).

2.2 Greenhouse gas flux measurements

In each plot, eight polyvinyl chloride rings with 0.20 m di-
ameter and 0.12 m height were randomly installed within a
circumference with a diameter of 20 m. The rings had an
area of 0.028 m~2 (volume of 3.47 L), were fixed 0.05 m into
the ground, and remained in place until the study was com-
pleted. Once a month, gas fluxes were measured during peri-
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Figure 1. The Macaca Island located in the mangrove coast of northern Brazil, municipality of Sdo Caetano de Odivelas (state of Pard), with
sampling points at low (plot B1 and plot B2) and high (plot A1 and plot A2) topographies. Image source: © Google Earth.

ods of waning or crescent moon, as these are the times when
the soil in the low topography is more exposed. To avoid
the influence of mangrove roots on the gas fluxes, the rings
were placed in locations without any seedlings or above-
ground mangrove roots. The CO, and CHy4 concentrations
(ppm) were measured using the dynamic chamber methodol-
ogy (Norman et al., 1997; Verchot et al., 2000), sequentially
connected to a Los Gatos Research portable gas analyzer
(Mahesh et al., 2015). The device was calibrated monthly
with a high quality standard gas (500 ppm CO3; 5 ppm CHy).
The rings were sequentially closed for 3 min with a PVC
cap, being connected to the analyzer through two 12.0m
polyethylene hoses. The gas concentration was measured ev-
ery 2s and automatically stored by the analyzer. CO;, and
CH4 fluxes were calculated from the linear regression of in-
creasing/decreasing CO, and CHy4 concentrations within the
chamber, usually between 1 and 3 min after the ring cover
was placed (Frankignoulle, 1988; McEwing et al., 2015). The
flux is considered zero when the linear regression reaches an
R%2<0.30 (Sundgqyvist et al., 2014). However, in our analyses,
most regressions reached R%>0.70, and the regressions were
weak and considered zero in only 6 % of the samples. At the
end of each flux measurement, the height of the ring above
ground was measured at four equidistant points with a ruler.
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The seasonal data were analyzed by comparing the average
monthly fluxes in the wet season and dry season separately.

2.3 Vegetation structure and biomass

The floristic survey was conducted in October 2017 us-
ing circular 1256.6m? plots (Kauffman et al., 2013) di-
vided into four 314.15m? subplots, which is the equivalent
to 0.38 ha, at the same topographies as the gas flux anal-
ysis (Fig. 1). We recorded the diameter above the aerial
roots, the diameter of the stem, and total height of all trees
with DBH (diameter at breast height; m) greater than 0.05 m.
The allometric equations (Howard et al., 2014) to calculate
tree biomass (aboveground biomass; AGB) were the fol-
lowing: AGB =0.1282* DBH>®; (R? =0.92) for R. man-
gle; AGB =0.140* DBH>* (R*>=0.97) for A. germinans;,
and total AGB=0.168 x p * DBH**" (R?>=0.99), where
PR. mangle = 0.87; pA. germinans =0.72 (p = wood density).

2.4 Soil sampling and environmental characterization

Four soil samples were collected with an auger at a depth
of 0.10m in all the studied plots for gas flux measurements
(Fig. 1) in July 2017 (beginning of the dry season) and Jan-
vary 2018 (beginning of the rainy season). Before the soil
samples were removed, pH and redox potential (Eh; mV)
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were measured with a Metrohm 744 equipment by inserting
the platinum probe directly into the intact soil at a depth of
0.10 m (Bauza et al., 2002). The soil samples collected in the
field were transported to the laboratory (chemical analysis
laboratory of the Museu Paraense Emilio Goeldi) in thermal
boxes containing ice. The soil samples were analyzed on the
day after collection at the laboratory, and the samples were
kept in a freezer. Salinity (Sal; ppt) was measured with PCE-
0100, and soil moisture (Sm; %) by the residual gravimetric
method (EMBRAPA, 1997).

Organic matter (OM; gkg™!), total carbon (Tc; gkg™"),
and total nitrogen (7x; gkg™') were calculated by vol-
umetry (oxidoreduction) using the Walkley—Black method
(Kalembasa and Jenkinson, 1973). Microbial carbon (Cpyic;
mgkg~!) and microbial nitrogen (Npic; mgkg™!) were
determined through the 2.0min of irradiation—extraction
method of soil by microwave technique (Islam and Weil,
1998). Microwave heated soil extraction proved to be a sim-
ple, fast, accurate, reliable, and safe method to measure soil
microbial biomass (de Araujo, 2010; Ferreira et al., 1999;
Monz et al., 1991). The Cp;. was determined by dichro-
mate oxidation (Kalembasa and Jenkinson, 1973; Vance et
al., 1987). The Np,ic was analyzed following the method de-
scribed by Brookes et al. (1985), changing fumigation to irra-
diation, which uses the difference between the amount of Ty
in irradiated and non-irradiated soil. We used the flux con-
version factor of 0.33 (Sparling and West, 1988) and 0.54
(Almeida et al., 2019; Brookes et al., 1985), for carbon and
nitrogen, respectively. Particle size analysis was performed
separately on four soil samples collected at each flux plot, in
the two seasons (October 2017 and March 2018), according
to EMBRAPA (1997).

At each gas flux measurement, environmental variables
such as air temperature (7, °C), relative humidity (RH, %),
and wind speed (Ws, ms~!) were quantified with a portable
thermo-hygrometer (model AK821) at the height of 2.0m
above the soil surface. Soil temperature (75, °C) was mea-
sured with a portable digital thermometer (model TP101) af-
ter each gas flux measurement. Daily precipitation was ob-
tained from an automatic precipitation station installed at a
pier on the banks of the Mojuim River in Sdo Caetano das
QOdivelas (coordinates: —0.738333 latitude; —48.013056 lon-
gitude).

2.5 Statistical analyses

On the Macaca Island, two treatments were allocated (low
and high topography), with two plots in either treatment. In
each plot, eight chambers were randomly distributed, which
were considered sample repetitions. The normality of the
data of CH4 and FCO; flux, and soil physicochemical param-
eters was evaluated using the Shapiro—Wilks method. The
soil CO, and CHy flux showed a non-normal distribution.
Therefore, we used the non-parametric ANOVA (Kruskal-
Wallis, p<0.05) to test the differences between the two
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treatments among months and seasons. The physicochemi-
cal parameters were normally distributed. Therefore, a para-
metric ANOVA was used to test the statistical differences
(p<0.05) between the two treatments among months and
seasons. Pearson correlation coefficients were calculated to
determine the relationships between soil properties and gas
fluxes in the months (dry and wet season) when the chemical
properties of the soil were analyzed at the same time as gas
fluxes were measured. Statistical analyses were performed
with the free statistical software Infostat 2015®.

3 Results
3.1 Carbon dioxide and methane fluxes

CO, fluxes differed significantly between topographies
only in January (H =3.915; p=0.048), July (H =9.091;
p =0.003), and November (H = 11.294; p<0.001) (Fig. 2;
Supplement S1), with generally higher fluxes at the high to-
pography than at the low topography. At the high topog-
raphy, CO, fluxes were significantly higher (H =24.510;
p=0.011) in July compared to August and December,
March, October, and May, not differing from the other
months of the year. Similarly, at the low topography, CO»
fluxes were statistically significantly higher (H =19.912;
p=0.046) in September and February when compared to
January and November, not differing from the other months.
We found a mean monthly flux of 7.940.7gCO, m~2d~!
(mean = standard error) and 5.4+ 0.5 gCO, m~2d~! at the
high and low topographies, respectively.

The CH4 fluxes were statistically different between to-
pographies only in November (H =9.276; p =0.002) and
December (H =4.945; p =0.005), with higher fluxes at the
low topography (Fig. 2, Supplement S1). At the high topog-
raphy, CHy fluxes were significantly (H = 40.073; p<0.001)
higher in April and July compared to the other months stud-
ied, and in November CHy was consumed from the atmo-
sphere (Fig. 2; Supplement S1). Similarly, CH4 fluxes at
the low topography did not vary significantly among months
(H =10.114; p=0.407).

Greenhouse gas fluxes (Fig. 2) were only significantly
different between topographies in the dry season (Fig. 3), the
period when CO; fluxes were higher (H = 7.378; p = 0.006)
at the high topography and CHy4 fluxes at the low topography
(H =8.229; p<0.001). In Macaca Island, the mean annual
fluxes of CO, and CHy4 were 6.659 +0.419 g CO» m—2d-!
and 0.13240.053gCHym~2d~!, respectively. Dur-
ing the study year, the CO, flux from the mangrove
soil ranged from —5.06 to 68.96gCO>m>d~! (mean
6.66 gCO, m~2d-1), while the CHs flux ranged from
—5.07 to 11.08 gCH; m2d~! (mean 0.13 gCH; m2d ™),
resulting in a total carbon efflux rate of 1.92gCm~2d~! or
7.00Mg Cha~!yr~! (Fig. 2).
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Figure 2. CO; (a) and CHy (b) fluxes (g CO; or CHy m—2 d_l) monthly (July 2018 to June 2019) (n = 16). Seasonal (dry and rainy) and
annual fluxes of CO; (¢) and CHy (d), at high (Top_High) and low (Top_Low) topographies (n = 96), in a mangrove forest soil compared to
tide level (tide level). The bars represent the standard error of the mean.

3.2 Weather data

There was a marked seasonality during the study period
(Fig. 2), with 2155.0 mm of precipitation during the rainy pe-
riod and 1016.5 mm during the dry period. The highest tides
occurred in the period of greater precipitation (Fig. 3) due
to the rains. However, the rainfall distribution was different
from the climatological normal (Fig. 3). The precipitation in
the rainy season was 553.2mm below and in the dry sea-
son was 589.1 mm above the climatological normal. Thus, in
the period studied, the dry season was rainier and the rainy
season drier than the climatological normal, which may be a
consequence of the La Nifia event (Wang et al., 2019).

T,ir was significantly higher (LSD=0.72, p=0.01)
at the high (31.24+0.26°C) than at the low topogra-
phy (30.30£0.25°C) only in the rainy season (Fig. 4a).
No significant variation in 7g was found between to-
pographies in either season (Fig. 4b). RH was signif-
icantly higher (LSD=2.55, p=0.01) at the high to-
pography (70.54 +0.97 %) than at the low topography

https://doi.org/10.5194/bg-19-5483-2022

(66.85£0.87 %) only in the rainy season (Fig. 4c). Wi
(Fig. 4d) was significantly higher (LSD =0.15, p<0.00)
at the low (0.5440.06ms~!) than at the high topography
(0.24+0.04ms ™) also in the rainy season.

3.3 Soil characteristics

Silt concentration was higher at the low topography (LSD:
14.763; p =0.007) and clay concentration was higher at the
high topography plots (LSD: 12.463; p =0.005), in both sea-
sons studied (Table 1). Soil particle size analysis did not dif-
fer statistically (p>0.05) between the two seasons (Table 1).
Soil moisture did not vary significantly (p>0.05) between
topographies at each season, or between seasonal periods at
the same topography (Table 1). The pH varied statistically
(LSD: 5.950; p=0.006) only at the low topography when
the two seasons were compared, being more acidic in the
dry period (Table 1). The pH values were significantly (LSD:
0.559; p =0.008) higher in the dry season (Table 1). No vari-
ation in Eh was identified between topographies and seasons

Biogeosciences, 19, 5483-5497, 2022
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height (m) from 2017-2018, in the municipality of Sdo Caetano de Odivelas (PA).

(Table 1), although it was higher in the dry season than in the
rainy season. However, Sal values were higher (LSD: 3.444;
p =0.010) at the high topography than at the low topography
in the dry season (Table 1). In addition, Sal was significantly
higher in the dry season than in the rainy season, in both high
(LSD: 2.916; p<0.001) and low (L.SD: 3.003; p<0.001) to-
pographies (Table 1).

The Cpjc did not differ between topographies in the two
seasons (Table 2). However, T¢ was significantly higher in
the low topography in the dry season (LSD: 5.589; p<0.000)
and in the rainy season (LSD: 5.777; p =0.024). In addition,
Chmic was higher in the dry season in both the high (LSD:
11.325; p<0.010) and low (LSD: 9.345; p<0.000) topogra-
phies (Table 2). Nyy;c did not vary between topographies sea-
sonally. However, Npjc in the high (LSD: 9.059; p =0.013)
and low topographies (LSD: 4.447; p =0.001) was higher
during the dry season (Table 2). The C/N ratio (Table 2) was
higher in the low than in the high topography in both the
dry (LSD: 3.142; p<0.000) and rainy seasons (LSD: 3.675;
p =0.033). However, only in the low topography was the
C/N ratio higher (LSD: 1.863; p<0.000) in the dry season
than in the rainy season (Table 2). Soil OM was higher at
the low topography in the rainy (LSD: 9.950; p = 0.024) and
in the dry seasons (LSD: 9.630; p<0.000). Only in the low-
land topography was the OM concentration higher in the dry
season than in the rainy season (Table 2).

Biogeosciences, 19, 5483-5497, 2022

3.4 Vegetation structure and biomass

Only the species R. mangle and A. germinans were found in
the floristic survey carried out. The DBH did not vary signif-
icantly between the topographies for either species (Table 3).
However, R. mangle had a higher DBH than A. germinaris at
both high (LSD: 139.304; p =0.037) and low topographies
(LSD: 131.307; p=0.001). The basal area (BA) and AGB
did not show significant variation (Table 3). A total above-
ground biomass of 322.1 +49.6 Mgha~! was estimated.

3.5 Drivers of greenhouse gas fluxes

In the rainy season, CO, efflux was correlated with Ty; (Pear-
son=0.23, p=0.03), RH (Pearson = —0.32, p<0.00), and
T; (Pearson=0.21, p=0.04) only at the low topography.
In the dry season, CO, flux was correlated with 7 (Pear-
son=10.39, p<0.00) at the low topography. The dry season
was the period in which we found the greatest amount of sig-
nificant correlations between CO, efflux and soil chemical
parameters, while the C/N ratio, OM, and Eh were corre-
lated with CO, efflux in both seasons (Table 4). The negative
correlation between Tc, N1, C/N, and OM, along with the
positive correlation of Ny with soil CO, flux, in the dry
period, indicates that microbial activity is a decisive factor
for CO, efflux (Table 4). Soil moisture in the Mojuim River
mangrove forest negatively influenced CO; flux in both sea-
sons (Table 4). However, soil moisture was not correlated
with CHy4 flux. No significant correlations were found be-
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Table 1. Analysis of sand (%), silt (%), clay (%), moisture (%), pH, redox potential (Eh, mV), and salinity (Sal; ppt) in the mangrove
soil of high and low topographies, and in the rainy and dry seasons (Macaca island, Sdo Caetano das Odivelas). Numbers represent the
mean =+ standard error of the mean. Lowercase letters compare topographies in each seasonal period and uppercase letters compare the same
topography between seasonal periods. Different letters indicate statistical difference (LSD, p<0.05).

Season  Topography Sand Silt Clay Moisture pH Eh Sal
(%) (%) (%) (%) (mV) (ppt)

Dry High 12141438 418+£33%  461+26™ 731466 55+£02%A 190254455324 3525+1.11%A
Low 9.7+25  63.6+6.1%A 26.6+52P4 86943424 534038 106.38+£53.7684  30.13+1.16°A

Mean 109+144 527+448 3644384  80.0+4.0% 544024 14831435714 32694 1.024

Rainy  High 123+£1.024 3934214 48441624 889+£35" 49+04*A 92504562024  7.50+0.78%B
Low 784148 634+£528A 288+42bA 886437 444018 3625+4997*A  8.13+0.79%B

Mean 101+ 114 514+£417  386+347  887+258  46+028 64.38 +37.04A 7.81+£0.54B

tween CHy efflux and the chemical properties of the soil in
the mangrove of the Mojuim River estuary (Table 4).

4 Discussion

4.1 Carbon dioxide and methane flux

It is important to consider that the year under study was
rainier in the dry season (2017) and less rainy in the wet

https://doi.org/10.5194/bg-19-5483-2022

season (2018) when the climatological average is concerned
(1981-2010) (Fig. 3). Perhaps this variation is related to the
La Nifia effects (extreme event), taking into account that
the intensification and higher frequency of extreme events
result from climate change (Barichivich et al., 2018). Un-
der these conditions, negative and positive fluxes of the two
greenhouse gases were found (negative values represented
gas consumption). The negative CO; flux is apparently a con-
sequence of the increased CO, solubility in tidal waters or

Biogeosciences, 19, 5483-5497, 2022
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Table 2. Seasonal and topographic variation in microbial carbon (Cpjc; mg kg_l), microbial nitrogen (Npjc, mg kg_l), total carbon (7¢;
gkgfl), total nitrogen (NT; gkgfl), carbon/nitrogen ratio (C/N), and soil organic matter (OM; gkgfl). Numbers represent the mean
(&£ standard error). Lowercase letters compare topographies at each season, and uppercase letters compare the topography between seasons.

Season  Topography Chic Nmic Tc Ty , C/N OM
mgkg~! mgkg~! gkg™! gkg™! gkg™!

Dry High 2212452288 1276442024  14.124+223PA  1434£0.06**  9.60+1.20°A  24.35+3.84PA
Low 263444232 10344205 2644+13538  1.56+£0.04*A 1698 +£0.843A 4559 4+2323A

Mean 2423+£3294 115542288 2028+2.03%  1.494+0.04%  13.29+£1.194 3497 +£3.50A

Rainy  High 740407988 075404128  1146+248°A  132+0.0484  842+£1.70PA 1975442704
Low 595+1.068B 123+£028B 1827+1.06°B 1.46+0.0684 12.47+0222B  31.51+1.832B

Mean 6.68 +0.678 09940258  1486+1.578  1.39+0.04% 10444+098%  2563+2.71B

Table 3. Summed diameter at breast height (DBH; cm), basal area (BA; m? ha_l), and aboveground biomass (AGB; Mg ha_l) at high and
low topographies in the mangrove forest of the Mojuim River estuary. Numbers represent the mean = standard error of the mean. Lowercase
letters compare topographic height for each species, and uppercase letters compare species at each topographic height, using Tukey’s test

(p<0.05).

Species Topography Nha~! DBH BA AGB

(cm) (m2ha~ 1) (Mgha~1)

Rhizophora mangle ~ High 3024+£205 2388424984  [73+£20%4  219.3+25.7%4

Low 3104+£37.6  283.5+45.0% 24244324 3387462924

Avicennia germinans  High 4774205  86.8+£51.28B 13849224  1353+94.72A

Low 159492 46142933  11.8+£88A  136.0+108.33A

Total High 3502+184 325643362  31.14+7.5° 304.5 +£99.82

Low 3462+41.0  296.0+23.7F  30.0+4.12 330.8 £ 60.42

The equations for biomass estimates (AGB) were the following: R. mangle =0.1282* DBHZ9; A, germinans =0.14* DBH?2#; and
Total =0.168 * p * DBH?7, where pg_mangle = 0-87: pa. germinans = 0.72 (Howard et al., 2014).

of the increased sulfate reduction, as described in the litera-
ture (Borges et al., 2018; Chowdhury et al., 2018; Nébrega
et al., 2016). Fluctuations in redox potential altered the avail-
ability of the terminal electron acceptor and donor, and the
forces of recovery of their concentrations in the soil, such
that a disproportionate release of CO; can result from the
alternative anaerobic degradation processes such as sulfate
and iron reduction (Chowdhury et al., 2018). The soil car-
bon flux in the mangrove area in the Amazon region was
within the range of findings for other tropical mangrove areas
(2.6 to 11.0gCO>, m~2d~!; Shiau and Chiu, 2020). How-
ever, the mean flux of 6.2 mmol CO, m~2h~! recorded in
this Amazonian mangrove was much higher than the mean
efflux of 2.9 mmol CO>» m~2h~! recorded in 75 mangroves
during low tide periods (Alongi, 2009).

An emission of 0.01 TgCHyyr~!, 0.6gCHym2d~!
(Rosentreter et al., 2018a), or 26.7 mg CHy m~2 h~!, has
been reported for tropical latitudes (0 and 5°). In our study,
the monthly average of CH4 flux was higher at the low
(7.3+8.0 mg CHym 2h~!) than at the high topography
(0.9+0.6mgCm~2h~"), resulting in 0.1 gCHy;m2d~! or
0.5Mg CH4ha=! yr=! (Fig. 2). Therefore, the CH4-C fluxes
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from the mangrove soil in the Mojuim River estuary were
much lower than expected. It is known that there is a micro-
bial functional module for CH4 production and consumption
(Xu et al., 2015) and diffusibility of CHy4 (Sihi et al., 2018),
and this module considers three key mechanisms: acetoclas-
tic methanogenesis (acetate production), hydrogenotrophic
methanogenesis (H, and CO, production), and aerobic
methanotrophy (CHy4 oxidation and O, reduction). The av-
erage emission from the soil of 8.4 mmol CHym~2d~! was
well below the fluxes recorded in the Bay of Bengal, with
18.4mmol CH; m~2d~! (Biswas et al., 2007). In the Ama-
zonian mangrove studied, the mean annual carbon equiv-
alent efflux was 429.6 mg COzeq m~2h~!. This value
was very low compared to the projected erosion losses of
103.5TgCOz¢q, ha=!yr~! for the next century in tropical
mangrove forests (Adame et al., 2021). These higher CO,
flux concomitantly with lower CH, flux in this Amazonian
estuary are probably a consequence of changes in the rainfall
pattern already underway, where the dry season was wetter
and the rainy season drier when compared to the climato-
logical normal. The most recent estimate between latitude 0
to 23.5°S shows an emission of 2.3 gCO, m~2d~! (Rosen-
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Table 4. Correlation coefficient (Pearson) of CO, and CHy fluxes with chemical parameters of the soil in a mangrove area in the Mojuim

River estuary.

Gas flux Season Tc ™~ Chic Nmic C/N oM Sal Eh pH Moisture
(gm=2d71h ekg™h (gkg7!) (mgkg™!) (mgkg™!) (gkg™) (ppt) (mV) (%)
CO, Dry —0.68**  —0.59* 0.18NS 0.61%*  —0.66™  —0.67* —0.07NS 051  021NS  _(.49%
Rainy  —044NS  —020NS  —0.15NS  _032NS  _050*  —0.63**  —0.54* 0.53*  047NS  _0.54*
Annual  —0.50%*  —035%*  —0.18NS 0.00NS  —0.53%*  _048* —0.30NS 0.39* 0.23NS  _0.56%*
CHy4 Dry 030N 0.07NS  _0.14NS  _024NS 034NS 0 02NS  _oaNS  _038NS  0.26NS 026N
Rainy 0.05NS  _0.09NS 0.44N8 02788 009NS 0. 1INS 0. 04NS  _0.13NS  _00o7NS  .04NS
Annual 00488 —0.10NS  _001NS  _—0.18NS  0.08NS  _—0.0INS  _0a7NS  _021NS  _0.08NS  .02NS
total carbon (T¢; gkg_l); total nitrogen (7; gkg_l); microbial carbon (Cmic, gkg_l); microbial nitrogen (Nypic, g kg_l); carbon and nitrogen ratio (C/N); organic matter (OM; gkg_l); salinity

(Sal; ppt); redox potential (Eh; mV); soil moisture (moisture, %). NS represents not significant; * significant effects at p < 0.05; ** significant effects at p <0.01.
pp! p P! gl g g

treter et al., 2018b). However, the efflux in the mangrove of
the Mojuim River estuary was 6.7 gCO, m~2d~!. For the
same latitudinal range, Rosentreter et al. (2018c) estimated
an emission of 0.6 g CHy m~2d~!, and we found an efflux of
0.1gCHym=2d"!.

4.2 Drivers of greenhouse gas fluxes

Mangrove areas are periodically flooded, with a larger flood
volume during the syzygy tides, especially in the rainy sea-
son. The hydrological condition of the soil is determined by
the microtopography and can regulate the respiration of mi-
croorganisms (aerobic or anaerobic), being a decisive fac-
tor in controlling the CO, efflux (Dai et al., 2012; David-
son et al., 2000; Ehrenfeld, 1995). No significant influ-
ence on CO, flux was observed due to the low variation
in high tide level throughout the year (0.19 m) (Fig. 2), al-
though it was numerically higher at the high topography.
However, tidal height and the rainy season resulted in a
higher CO, flux (rate high/low =1.7) at the high topogra-
phy (7.8640.04gCO, m~2d~!) than at the low topogra-
phy (4.734+0.34gCO, m~2d~") (Fig. 2; Supplement SI).
This result may be due to the root systems of most flood-
tolerant plants remaining active when flooded (Angelov et
al., 1996). Still, the high topography has longer flood-free
periods, which only happens when the tides are syzygy or
when the rains are torrential.

CO; efflux was higher in the high topography than in
the low topography in the rainy season (when soils are
more subject to inundation), i.e., 39.8 % lower in the for-
est soil exposed to the atmosphere for less time. Measure-
ments performed on mangrove forest soils showed an av-
erage flux of 2.87mmolCO,; m~2h~! when the soil was
exposed to the atmosphere (dry soil), while results on
flooded mangrove forest soils showed an average emission of
2.06 mmol CO> m~2h~! (Alongi, 2007, 2009), i.e., 28.2%
less than for the dry soil. This reflects the increased facil-
ity gases have for molecular diffusion than fluids, and the
increased surface area available for aerobic respiration and
chemical oxidation during air exposure (Chen et al., 2010).

https://doi.org/10.5194/bg-19-5483-2022

Some studies attribute this variation to the temperature of the
soil when it is exposed to tropical air (Alongi, 2009), which
increases the export of dissolved inorganic carbon (Maher et
al., 2018). However, despite the lack of significant variation
in soil temperature between topographies at each time of year
(Fig. 4b), there was a positive correlation (Pearson =0.15,
p =0.05) between CO; efflux and soil temperature at the low
topography.

Some studies show that CHy efflux is a consequence of the
seasonal temperature variation in mangrove forest under tem-
perate/monsoon climates (Chauhan et al., 2015; Purvaja and
Ramesh, 2001; Whalen, 2005). However, in our study, CHy
efflux was correlated with Ta (Pearson =—0.33, p<0.00)
and RH (Pearson=0.28, p =0.01) only in the dry season
and at the low topography. The results show that the physi-
cal parameters do not affect the fluxes in a standardized way,
and their greater or lesser influence depends on the topogra-
phy and seasonality.

A compilation of several studies showed that the to-
tal CH4 emissions from the soil in a mangrove ecosys-
tem range from 0 to 23.68mgCm~2h~! (Shiau and
Chiu, 2020), and our study showed a range of —0.01 to
31.88mgCm2h~! (mean of 4.70+5.00mgCm~2h~1).
The monthly CHy fluxes were generally higher at
the low (0.232+0.256gCH;m~2d~!) than at the high
(0.026 +0.018 g CH; m~2d~!) topography, especially dur-
ing the rainy season when the tides were higher (Fig. 2). Only
in the dry season was there a significantly higher produc-
tion at the low than at the high topography (Fig. 2; Supple-
ment S1). The low topography produced 0.0249 gCm~2h~!
more to the atmosphere in the rainy season than in the dry
season (Fig. 2), and a similar seasonal pattern was recorded
in other studies (Cameron et al., 2021).

The mangrove soil in the Mojuim River estuary is rich
in silt and clay (Table 1), which reduces sediment porosity
and fosters the formation and maintenance of anoxic condi-
tions (Dutta et al., 2013). In addition, the lack of oxygen in
the flooded mangrove soil favors microbial processes such
as denitrification, sulfate reduction, methanogenesis, and re-
dox reactions (Alongi and Christoffersen, 1992). A signif-
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icant amount of CHy4 produced in wetlands is dissolved in
the pore water due to high pressure, causing supersaturation,
which allows CHy to be released by diffusion from the sedi-
ment to the atmosphere and by boiling through the formation
of bubbles.

Studies show that the CO, flux tends to be lower with
high soil saturation (Chanda et al., 2014; Kristensen et al.,
2008). A total of 395 Mg C ha~! was found at the soil surface
(0.15 m) in the mangrove of the Mojuim River estuary, which
was slightly higher than the 340 Mg Cha~! found in other
mangroves in the Amazon (Kauffman et al., 2018), however
being significantly 1.8 times greater at the low topography
(Table 2). The finer soil texture at the low topography (Ta-
ble 1) reduces groundwater drainage which facilitates the ac-
cumulation of C in the soil (Schmidt et al., 2011).

4.3 Mangrove biomass

Only the species R. mangle and A. germinans were found
in the floristic survey carried out, which is aligned with the
results of other studies in the same region (Menezes et al.,
2008). Thus, the variations found in the flux between the to-
pographies in the Mojuim River estuary are not related to the
mangrove forest structure, because there was no difference
in the aboveground biomass. Since there was no difference
in the species composition, the belowground biomass is not
expected to differ either (Table 3).

Assuming that the amount of carbon stored is 42.0 % of
the total biomass (Sahu and Kathiresan, 2019), the mangrove
forest biomass of the Mojuim River estuary stores 127.9 and
138.9MgCha~! at the high and low topographies, respec-
tively. This result is lower than the 507.8 MgCha~! esti-
mated for Brazilian mangroves (Hamilton and Friess, 2018),
but is near the 103.7 Mg C ha~! estimated for a mangrove at
Guard’s island (Salum et al., 2020), 108.4 Mg C ha~! for the
Bragantina region (Gardunho, 2017), and 132.3MgCha™!
in French Guiana (Fromard et al., 1998). Thus, the biomass
found in the Mojuim estuary does not differ from the
biomass found in other Amazonian mangroves. The esti-
mated primary production for tropical mangrove forests is
218 +72Tg C yr~! (Bouillon et al., 2008).

4.4 Biogeochemical parameters

During the seasonal and annual periods, CHs efflux was
not significantly correlated with chemical parameters (Ta-
ble 4), similar as observed in another study (Chen et al.,
2010). Flooded soils present reduced gas diffusion rates,
which directly affects the physiological state and activity of
microbes, by limiting the supply of the dominant electron
acceptors (e.g., oxygen), and gases (e.g., CHa) (Blagodatsky
and Smith, 2012). The importance of soil can be reflected
in bacterial richness and diversity compared to pore spaces
filled with water (Banerjee et al., 2016). On the other hand,
increasing soil moisture provides the microorganisms with
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essential substrates such as ammonium, nitrate, and soluble
organic carbon, and increases gas diffusion rates in the water
(Blagodatsky and Smith, 2012). Biologically available nitro-
gen often limits marine productivity (Bertics et al., 2010),
and thus can affect CO, fluxes to the atmosphere. However,
a mangrove fertilization experiment showed that CH4 emis-
sion rates were not affected by N addition (Kreuzwieser et
al., 2003). A higher concentration of Cpjc and Ny in the
dry period (Table 2), both in the high and low topographies,
indicated that microorganisms are more active when the soil
spends more time aerated in the dry period (Table 2), time
when only the high tides produce anoxia in the mangrove soil
mainly in the low topography. Under reduced oxygen condi-
tions, in a laboratory-incubated mangrove soil, the addition
of nitrogen resulted in a significant increase in the micro-
bial metabolic quotient, showing no concomitant change in
microbial respiration, which was explained by a decrease in
microbial biomass (Craig et al., 2021).

The high OM concentration at the two topographic loca-
tions (Table 2), at the two seasons studied, and the respective
negative correlation with CO; flux (Table 5), confirm the im-
portance of microbial activity in mangrove soils (Gao et al.,
2020). Also, CH4 produced in flooded soils can be converted
mainly to CO, by the anaerobic oxidation of CHy (Boetius
et al., 2000; Milucka et al., 2015; Xu et al., 2015) which may
contribute to the higher CO, efflux in the Mojuim River estu-
ary compared to other tropical mangroves (Rosentreter et al.,
2018b). The belowground C stock is considered the largest
C reservoir in a mangrove ecosystem, and it results from
the low OM decomposition rate due to flooding (Marchand,
2017).

The higher water salinity influenced by the tidal move-
ment in the dry season (Table 1) seems to result in a lower
CHy4 flux at the low topography (Dutta et al., 2013; Lekphet
et al., 2005; Shiau and Chiu, 2020). High SO%[ concentra-
tion in the marine sediments inhibits methane formation due
to competition between SOE_ reduction and methanogenic
fermentation, as sulfate-reducing bacteria are more efficient
at using hydrogen than methanotrophic bacteria (Abram and
Nedwell, 1978; Kristjansson et al., 1982), a key factor foster-
ing reduced CH4 emissions. At high SOi_ concentrations,
methanotrophic bacteria use CHy as an energy source and
oxidize it to CO, (Coyne, 1999; Segarra et al., 2015), in-
creasing the efflux of CO; and reduced CH4 (Megonigal and
Schlesinger, 2002; Roslev and King, 1996). This may explain
the high CO; and low CHy efflux found throughout the year
at the high and especially at the low topographies (Fig. 3).

Studies in coastal ecosystems in Taiwan have reported
that methanotrophic bacteria can be sensitive to soil pH,
and reported an optimal growth at pH ranging from 6.5
to 7.5 (Shiau et al., 2018). The higher soil acidity in the
Mojuim River wetland (Table 1) may be inhibiting the ac-
tivity of methanogenic bacteria by increasing the popula-
tion of methanotrophic bacteria, which are efficient in CHy
consumption (Chen et al., 2010; Hegde et al., 2003; Shiau
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and Chiu, 2020). In addition, the pneumatophores present
in R. mangle increase soil aeration and reduce CHy emis-
sions (Allen et al., 2011; He et al., 2019). Spatial differ-
ences (topography) in CH4 emissions in the soil can be at-
tributed to substrate heterogeneity, salinity, and the abun-
dance of methanogenic and methanotrophic bacteria (Gao
et al., 2020). Increases in CHy4 efflux with reduced salin-
ity were found as a consequence of intense oxidation or
reduced competition from the more energetically efficient
SO, and NO3~-reducing bacteria when compared to the
methanogenic bacteria (Biswas et al., 2007). This fact can
be observed in the CHy efflux in the mangrove of the Mo-
juim River, because there was an increased CHy production
especially in the low topography in the rainy season (Fig. 3),
when water salinity is reduced (Table 1) due to the increased
precipitation. However, we did not find a correlation between
CHy efflux and salinity, as previously reported (Purvaja and
Ramesh, 2001).

5 Conclusions

Seasonality was important for CHy efflux but did not influ-
ence CO; efflux. The differences in fluxes may be an effect of
global climate changes on the terrestrial biogeochemistry at
the plant—soil-atmosphere interface, as indicated by the de-
viation in precipitation values from the climatology normal,
making it necessary to extend this study for more years. Us-
ing the factor of 23 to convert the global warming potential
of CHy to CO, (IPCC, 2001), the CO; equivalent emission
was 35.4 Mg COz¢q. ha~! yr_l. Over a 100-year time period,
a radiative forcing due to the continuous emission of 0.05 kg
CH4 m~2 yr~! found in this study would be offset if CO; se-
questration rates were 2.16kg CO, m~2 yr~! (Neubauer and
Megonigal, 2015).

Microtopography should be considered when determining
the efflux of CO;, and CH4 in mangrove forests in an Ama-
zon estuary. The low topography in the mangrove forest of
Mojuim River had a higher concentration of organic carbon
in the soil. However, it did not produce a higher CO; efflux
because it was negatively influenced by soil moisture, which
was indifferent to CHy efflux. OM, C/N ratio, and Eh were
critical in soil microbial activity, which resulted in a varia-
tion in CO; flux during the year and seasonal periods. Thus,
the physicochemical properties of the soil are important for
CO, flux, especially in the rainy season. Still, they did not
influence CHy4 fluxes.
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