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Tidal wetlands play a significant role in the coastal carbon cycle and exchange material with the
atmosphere and coastal ocean. Here, we report on changes in dissolved inorganic carbon speciation and
isotopic composition throughout a 24 h cycle (2 tidal cycles) in Feb. 2007 in a channel connecting the
Amazon estuary to the basin of a tidal forest. At this site, tropical forest soils are inundated at high tide by
estuarine freshwater, and temporal concentration changes in the channel reflect exchanges between the

I<ey|:"°rd5" forest and estuary. Our data show an export of dissolved inorganic carbon (DIC) in the form of excess CO,
carbon and, to a much lesser extent, CH4. However, the tidal forest traps suspended sediments. Mixing plots of
tidal wetland A .. . K . . .

Amazon DIC versus conductivity showed that the DIC originated from the tidal forest soil, with a negligible

contribution from the local watershed. Evolution of the isotopic signature of DIC reveals a >C-depleted
source (—56.9 + 3.3%,), presumably originating from a dominant methanogenic pathway of carbon

mineralization followed by almost complete CH,4 oxidation in the organic clay-rich freshwater soil.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

During the last two decades, the scientific community has
progressively recognized the significant role of the coastal zone in
the global carbon cycle (Wollast, 1998; Borges, 2005; Cai, 2011).
Coastal ecosystems intensively process organic material carried by
rivers and deeply modify its nature and quantity as it transits
through the land—sea interface. Many works have described estu-
aries as filters of terrestrially derived material, as having a net
heterotrophy and by the fact that almost all of them degas CO, to
the atmosphere (Frankignoulle et al., 1998; Cai et al., 1999; Abril
et al., 2000, 2002; Cai, 2011; Borges and Abril, 2011). Coastal eco-
systems also produce their own organic matter that can be further
consumed, buried, exported or mineralized (Gattuso et al., 1998;
Nérot et al., 2009; Duarte et al., 2010). Borges (2005) has empha-
sized the heterogeneity of the coastal zone in terms of its metabolic
balance and atmospheric CO; exchanges, which are different in
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estuaries, lagoons, seagrass meadows, upwelling, and shelves.
Before precisely quantifying CO, fluxes in this coastal mosaic, there
is a need to develop an objective conceptualization of carbon flows
through each type of ecosystem to generate adequate field meth-
odologies and build operational sub-models. Intertidal areas are
particularly dynamic and complex sub-systems of the coastal zone
(Cai, 2011). During emersion, primary production is favored under
optimal light conditions, and the large variety of vegetation and
benthic algae is able to uptake CO; directly from the atmosphere
(Kathilankal et al., 2008; Polsenaere et al., 2012). Conversely, reg-
ular tidal water movements enhance the lateral exchange of solutes
and particles with adjacent coastal seas (Wang and Cai, 2004;
Bouillon et al.,, 2007). It has been shown that saltmarshes and
mangroves export dissolved inorganic carbon (Cai et al., 1999,
2003; Neubauer and Anderson, 2003; Borges et al., 2003; Wang
and Cai, 2004; Bouillon et al., 2007; Cai, 2011; Borges and Abril,
2011). Here, we confirm this export from a hitherto undocu-
mented intertidal ecosystem: tropical tidal forests that border the
freshwater region of the Amazon estuary. In contrast to other
documented systems, the carbon export of these tropical tidal
forests occurred mainly in the form of excess CO, and not as
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carbonate alkalinity. The carbon export was also unexpectedly
13C_depleted.

2. Methods

At the mouth of the Amazon River (Fig. 1A), freshwater is not
diluted with seawater; tidal amplitudes range between 2 and 3.5 m
and predominate year-round over changes in the water level
resulting from river discharge (Kosuth et al., 2009). This estuarine
region is bordered by an extensive area of flooded forest, which is
composed of widely diverse tropical plants that tolerate flooding
(notably palms) (Takiyama et al., 2006). This tidal forest can reach
10 km wide at each edge of the river and on islands. In this area, the
sedimentary surface of the forest and open savannah that is flooded
twice a day by the tide is similar to that of the open waters in the
Amazon channel. The volume of water flooding the forest is pre-
sumably minor, due to a maximum water depth of 1-3 m in the
wetland compared to ~40 m in the main channels. In Feb. 2007, we
conducted a 24 h experiment at a single station in a channel con-
necting the Amazon estuary to a 22 km? basin of tidal forest.
Freshwater was continuously pumped to a WTW thermo-
conductimeter and a marble-type equilibrator (Frankignoulle
et al., 2001; Abril et al., 2006) connected to a LICOR® 820 Infra-
Red Gas Analyzer, which was calibrated before and after the
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Fig. 1. Map of the study site and sampling locations; S24 is the station where the 24-h
sampling was performed (S 0 15’ 12”; W 51 45’ 27"); SU is the station representative
for upstream, watershed waters that were sampled at low tide; SC is the station
sampled in the Amazon main channel. The shaded area delineates the sampled tidal
basin.

cruise; data were recorded every 1 min. Precision was evaluated at
+15 ppmv in the 0—10,000 ppmv range. Water was sampled every
hour and transferred to duplicate 150 mL serum vials that were
poisoned with HgCl, (1 mg L~! final concentration), sealed and
transported to the laboratory for the determination of the methane
concentration and isotopic composition of dissolved inorganic
carbon (3'3C-DIC). CH4 was measured by gas chromatography as
described in Abril et al. (2007) and §'3C-DIC by EA-IRMS following
the protocol of Bouillon et al. (2007). Repeatability was +£10 nM and
+0.1%, for CH, and 3'3C-DIC, respectively. Water was also filtered
through pre-combusted and pre-weighed 0.7 um glass fiber filters.
The filters were dried at 60 °C for the gravimetrical determination
of total suspended solids (TSS). After carbonate removal with 0.1 N
HCI, particulate organic carbon (POC) was measured with a LECO®
elemental analyzer (repeatability 4-0.1% TSS). Water filtrates were
kept cool until the analysis of total alkalinity (TA) was performed in
the laboratory by means of gran titration with 0.1 N HCI (repeat-
ability +5 pmol L~1). Dissolved inorganic carbon (DIC) was calcu-
lated as the sum of the measured TA and the CO, concentration
deduced from the measured pCO, and the solubility coefficient of
CO, from Weiss (1974). We assumed that the carbonate ion con-
centration was zero and that the bicarbonate concentration
equaled that of TA because the in situ pH was between 6.7 and 7.2.
In this pH range, the underestimation of DIC calculated that way
compared to the one calculated from dissociation constants is less
than 0.2%. At low tide, during the experiment, we sailed ~20 km
upstream in the shallow channel with a small boat until we could
find water with a significantly lower conductivity, which was
assumed to be representative for watershed waters and not
affected by the Amazon flooding. Finally, the Amazon estuary end-
member was sampled the same way: at the center of the main
stem, just in front of the tidal forest, at high and low tides.

3. Results and discussion

All parameters varied significantly over a 24 h period and were
well synchronized with the two tidal cycles whose amplitude was
2.6 m (Fig. 2A). pCO, DIC, CH4 and the POC content of TSS had
maximum values at low tide and minimum values at high tide.
Inversely, conductivity, TA, 8'3C-DIC and the POC content of TSS had
maximum values at high tide and minimum values at low tide
(Fig. 2B—E). Conductivity only changed by 6% and ranged from 62 to
66 uS cm™~ !, which were very close to the values measured in the
Amazon main stem. pCO; at low tide was 5000 4 300 ppmv, which
was more than twice the high tide value of 2320 + 40 ppmv
(Fig. 2B); the high tide value was also observed in the Amazon main
stem. These tidal pCO, patterns are consistent with the observa-
tions in saltwater intertidal systems, with the pCO, ranges being
similarly elevated in some mangrove creeks (Borges et al., 2003;
Bouillon et al., 2007) but reduced in temperate saltmarshes
(Wang and Cai, 2004). Although TA showed a slight trend that was
opposite to that of pCO,, the calculated DIC concentrations were
still higher at low tide than at high tide, showing an export from the
tidal forest mostly in the form of dissolved CO, (Fig. 2C). Dissolved
CO; was 13% of the DIC in Amazon waters at high tide but was 29%
in the waters flowing from the tidal forest at low tide. The 3'>C-DIC
values of —14 + 0.29%, at high tide as well as in the Amazon main
stem were comparable to the range (—16 to —12.5%,) observed at
Obidos, located 550 km upriver (Quay et al., 1992), but were slightly
more negative than the value (-11%,) observed 50 km downriver in
October 1991 (Druffel et al., 2005). 13C-DIC values of —18 + 0.5%, at
low tide revealed a '3C-depleted source in the tidal forest. CH4
followed the same trend as CO; and was tidally exported from the
forest to the estuary. Finally, the forest acted as a trap for suspended
sediments, as the TSS concentrations were 2.5 times lower at low
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tide than at high tide (Fig. 2E). However, suspended particles were
enriched in the POC at low tide relative to high tide (Fig. 2E), sug-
gesting a flushing of coarse litter debris from the forest soil. The
POC concentrations expressed in mg L~! (not shown) were fairly
constant throughout the cycle, suggesting that the trapping of
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Fig. 2. Time course of parameters throughout the two tidal cycles. A: water height; B:
water pCO, and conductivity as recorded every minute; C: the DIC, TA (HCO3 ) and CO,
concentrations (mmol L~!) recorded every hour (the DIC and TA) and minute (CO,); D:
the '3C-DIC (versus PDB) and CH,4 concentration (nmol L™1); E: Total Suspended Solids
(mg L~') and the weight percentage of the POC in the TSS (%).
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Fig. 3. Mixing plot of the pCO,, TA, DIC and §'3C-DIC versus conductivity; the white
squares correspond to the watershed waters that were collected from the most up-
stream channel at low tide; black dots correspond to variations throughout the tidal
cycle at the outlet of tidal basin.

organic carbon bound to Amazon mineral particles was compen-
sated for by the mobilization of fresh material from the forest soil.

The decrease in conductivity at low tide was small but signifi-
cant and resulted from a small dilution from local watershed inputs.
Measured conductivity in the channel farthest upstream of the tidal
basin at low tide was 23 puS cm™!. Assuming conservative mixing
between this water and the Amazon, this conductivity corresponds
to a contribution of 9% of water from the local watershed at the
experimental site, only at low tide. Plotting the parameters of dis-
solved inorganic carbon versus conductivity showed a conservative
behavior for the TA only, whereas the pCO; and calculated DIC were
well above the mixing lines, and the 3'3C-DIC was well below
(Fig. 3). This confirms that mixing with waters from the local
watershed is quantitatively a very minor DIC source and that the
large amounts of the DIC and CO, exported from the tidal basin
originates from microbial and root respiration in the flooded forest
soil. This conclusion is similar to those drawn from saltmarshes and
mangroves, except that the latter environments exported the DIC
primarily in the form of carbonate alkalinity (Borges et al., 2003;
Wang and Cai, 2004) as a result of dominant sulfate reduction,
which is a proton consuming process in marine sediments (Table 1;
Hu and Cai, 2011). Here, the 3'>C-DIC was negatively correlated to

Table 1

Idealized stoichiometry of reactions discussed in this paper; all reactions have been
expressed without protons to describe their impact on the carbonate system. Sulfate
reduction is assumed to be dominant in marine sites and produces more carbonate
alkalinity than free CO,, whereas the methanogenic/methanotrophic pathway pre-
dominates in freshwater sites and produces isotopically light CO,.

Sulfate reduction 2CH,0 + SO~ —2HCO3 + H,S
2CH,0 + SO3~ —CO0; + HCO3 + H,0 + HS™

2CH,0 — CO, + CHa4

atpH <7
atpH > 7
Fermentative

methanogenesis
Bacterial CO,

reduction
Aerobic methane

oxidation

CO; + 8H, — CH4 + 2H,0

CH4 + 20, — CO, + 2H,0
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C

$13C-DIC (per mil)

0.10 0.15 0.20 0.56

CO, (mmol.L"")

DIC (mmol.L)

0.58 0.60 1.70 1.80 1.90
1/DIC (L.mmol)

Fig. 4. Correlation between the 3'>C-DIC and A: the CO, concentration; B: the DIC concentration; C: 1/DIC; allowing isotopic mass balance calculation.

the CO, concentration and the calculated DIC concentration and
positively correlated to the inverse of the DIC concentration (Fig. 4).
The 8'3C of the added DIC (8'3Cagded) can be deduced either as the A
term from a first polynomial relationship, 3'>C-DIC = A + B/DIC
(Bouillon et al., 2007), or by considering a simple conservative
mixing between two sources, i.e., the Amazon freshwater estuary
and the tidal forest soil; in this case, the DIC added to the waters
between the high tide and the low tide is likened to the DIC con-
centrations and isotopic composition observed between these two
end-members by a mass balance equation:

DIC1d"3 Clyr—DIC 103 Crp

13 .
0" Cadded = DICy1—DIC; 1

where 33Cyyr and 3'3Cyr refer to the isotopic composition of DIC at
high and low tide, respectively, and DICyr and DIC; refer to their
respective concentrations. The first method results in a 613Cadded
of —56.9 + 3.3%, whereas the second method gives consistent
313Cadded values between —48 and —639, according to the assumed
values for the end-members. Accounting for gas exchange and 3C
equilibration with the atmosphere, which may have occurred be-
tween soil pore waters and drainage channels, would lead to an
even more depleted value of 3'3Cadded (Polsenaere and Abril, 2012).
This 83Caqdeq value is extremely negative in comparison with the
signature of the organic C potential source in a forest dominated by
C3 plants. It suggests that a significant fraction of the CO, exported
from the flooded forest soil originates from the oxidation of
methane, which is the only quantitatively significant form of car-
bon that could potentially be so 13C-depleted. However, there are
several unknown variables in the processes that could result in
such a release of >C-depleted CO, and these deserve a deeper
investigation and include soil and pore water sampling. The bac-
terial reduction of CO, and/or the fermentation of methylated
substrates produce strongly 13C-depleted CHy, but they yield 3C-
enriched CO, in anoxic sediments (Whiticar, 1999; Hornibrook
et al., 2000). To reach these 3C-depleted values in surface waters,
CO, must result from the fast oxidation of CH4 that would be
preferentially transported relative to *C-enriched CO, from deep
anoxic soil. The mobilization and re-dissolution of methane bub-
bles may occur with tidal changes in hydrostatic pressure and these
play an important role (Borges and Abril, 2011). The enhancement
of microbial oxidation in the presence of fine suspended particles
(Abril et al., 2007) could then occur only in the oxic surface waters
and would result in the observed export of *C-depleted DIC.

Our observations in the Amazon estuary revealed that fresh-
water tidal forests export the DIC to surrounding waters in a
manner similar to that of saltmarshes and mangroves. This export
was driven by an influx of soil pore waters from so-called “tidal
pumping” (Borges et al., 2003). However, the composition of this
DIC is fundamentally different in the two types of environments,

as it is the result of different predominant pathways of CO; pro-
duction (Table 1). In saline environments, sulfate reduction pre-
dominates as the major pathway for sedimentary organic matter
degradation and produces in majority bicarbonates (Hu and Cai,
2011). As a result, in saltmarshes and mangroves, tidal pumping
exports the DIC mainly in the form of carbonate alkalinity
(Neubauer and Anderson, 2003; Borges et al., 2003; Bouillon et al.,
2007; Cai, 2011). Using a similar sampling strategy in a Tanzanian
mangrove, Bouillon et al. (2007) found that the isotopic signature
of the added DIC was —22%, and this was consistent with the
signature of the POC eroded from the mangrove soils. This
signature is also consistent with the predominance of sulfate
reduction in saline tidal wetlands, where potentially little isotopic
fractionation is occurring (Boehme et al., 1996). In contrast, under
freshwater conditions such as those at our study site, methano-
genesis from CO; and from acetate (Table 1) may become the
predominant pathway for sedimentary organic matter minerali-
zation and result in a strong isotopic fractionation, leading to the
produced methane being >C-depleted (Whiticar, 1999). Our re-
sults suggest that most of this methane is then oxidized to CO,, as
the observed CO; concentrations throughout the experiment were
200—1000 times higher than the CH4 concentrations (Fig. 2). Very
small amounts of CH4 were exported by tidal pumping in com-
parison with CO,. Low salinity and high turbidity regions of es-
tuaries are environments that are favorable for enhanced CHy
oxidation (Abril et al, 2007). A significant contribution by
methane oxidation to the CO, released from soil is the only way to
explain the >C-depletion of the exported DIC and is also consis-
tent with an export in the form of excess CO, rather than bi-
carbonates (Table 1). Assuming the tidal forest extends over an
average width of 3 km and a length of 300 km and has an average
water depth of 1 m (Takiyama et al., 2006), the volume of water
exchanged during each tidal cycle of 13 h is 0.9 billion m>. This
amount corresponds to 19230 m> s, which is 7% and 24% of the
maximum and minimum discharge of the Amazon River, respec-
tively. These water fluxes may explain why our data, and those
from previous reports (Druffel et al., 2005), do not provide clear
evidence of a significant depletion in the >C-DIC signatures in the
main stem, due to export from the tidal forest.
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