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Abstract. In this paper, we quantify the CO;, and N,O emis-
sions from denitrification over the Amazonian wetlands. The
study concerns the entire Amazonian wetland ecosystem
with a specific focus on three floodplain (FP) locations: the
Branco FP, the Madeira FP and the FP alongside the Ama-
zon River. We adapted a simple denitrification model to the
case of tropical wetlands and forced it by open water surface
extent products from the Soil Moisture and Ocean Salinity
(SMOS) satellite. A priori model parameters were provided
by in situ observations and gauging stations from the HY-
BAM Observatory. Our results show that the denitrification
and the trace gas emissions present a strong cyclic pattern
linked to the inundation processes that can be divided into
three distinct phases: activation, stabilization and deactiva-
tion. We quantify the average yearly denitrification and asso-
ciated emissions of CO, and N,O over the entire watershed
at 17.8kgNha~!yr~!, 0.37 gC-CO> m~2yr~! and 0.18 gN-
N>Om~2 yr~! respectively for the period 2011-2015. When
compared to local observations, it was found that the CO,
emissions accounted for 0.01 % of the integrated ecosystem,
which emphasizes the fact that minor changes to the land
cover may induce strong impacts on the Amazonian car-
bon budget. Our results are consistent with the state of the
art of global nitrogen models with a positive bias of 28 %.

When compared to other wetlands in different pedoclimatic
environments we found that the Amazonian wetlands have
similar emissions of N,O with the Congo tropical wetlands
and lower emissions than the temperate and tropical anthro-
pogenic wetlands of the Garonne (France), the Rhine (Eu-
rope) and south-eastern Asia rice paddies. In summary our
paper shows that a data-model-based approach can be suc-
cessfully applied to quantify N>O and CO; fluxes associated
with denitrification over the Amazon basin. In the future, the
use of higher-resolution remote sensing products from sen-
sor fusion or new sensors like the Surface Water and Ocean
Topography (SWOT) mission will permit the transposition of
the approach to other large-scale watersheds in tropical envi-
ronments.

1 Introduction

Inland waters play a crucial role in the carbon and nitrogen
cycle. In particular, wetlands sequester atmospheric and flu-
vial carbon (Abril and Borges, 2019). This phenomenon is
intimately linked to nitrous oxide (N,O; Wu et al., 2009) and
carbon dioxide (CO;) emissions to the atmosphere (Borges
et al., 2015). In wetlands, during inundation periods denitri-
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fication processes nitrates (NO;') into atmospheric dinitro-
gen (N7). These processes are controlled by biogeochemical
reactions linked to microorganism activity and pedoclimatic
conditions (soil characteristics, nutrient availability and wa-
ter content). Moreover, the alternations between dry and wet
periods in wetlands promote carbon and nitrogen mineraliza-
tion and denitrification in soils (Koschorreck and Darwich,
2003). Our understanding and capacity to quantify the mech-
anisms involved in N>O and CO; emissions over wetlands
are limited and lead to uncertainties in estimating them at
large scales.

During the last decade, process-based models have be-
come key tools in estimating carbon and nitrogen budgets
in the context of global multi-source changes. Recent studies
presenting a review of existing models capable of quantify-
ing N>O and CO; fluxes over continental ecosystems (Tian
etal., 2018; Lauerwald et al., 2017) show that they are mainly
used to characterize the part of greenhouse gas (GHG) emis-
sions due to natural and anthropogenic—agricultural activities
at different spatio-temporal scales. The estimation of N,O
emissions from natural sources is still subject to large uncer-
tainties (Ciais et al., 2013), while N,O emissions from an-
thropogenic activities are under investigation. Assessing the
N>O budget for wetlands at a large scale currently consti-
tutes a knowledge gap. In terms of denitrification, the rela-
tively sparse and short-term observations limit our capability
to estimate the carbon and nitrogen recycling in terrestrial
ecosystems, especially over wetlands. Since in situ measure-
ments constitute the main source of data, few studies assess
N>O and CO; emissions from denitrification at a large scale
and instead they are usually limited to field-scale or small-
scale watersheds (Russell et al., 2019; Johnson et al., 2019;
Korol et al., 2019).

In the case of the Amazon basin, the total amount of CO,
emissions reaches 0.3 PgC yr~! for both natural and agricul-
tural sources. Scofield et al. (2016) pointed out that over the
Amazonian wetlands disproportionally high CO, outgassing
may be explained by the abundant amount of Podzols for the
Negro basin. Podzols slow the organic matter decomposi-
tion and increase the leaching of humus. Over the Amazon
basin, floodplain soils are mainly Gleysols (Legros, 2007)
which are characterized by high microbiological activity.
CO; emissions from the river are mainly due to organic mat-
ter respiration as well as exports from the wetland system. In
wetlands, root respiration and microbial activities are a major
source of CO; emissions (Abril et al., 2014). Ultimately CO,
outgassed from the Amazon River is about 145440 TgC yr~!
(Rasera et al., 2008) and peaks at 470 TgC yr~! when extrap-
olated to the whole basin (Richey et al., 2002). In regards to
the carbon budget, some studies show that the Amazon basin
is more or less in balance and even acts as a small sink of
carbon at the amount of 1 GtC yr~! (Lloyd et al., 2007).

Remote sensing has emerged as a major tool for GHG
quantification, either via assimilation into physically based
models (Engelen et al., 2009) or as a direct observation
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(Bréon and Ciais, 2010). For wetlands, the monitoring of
water extents is crucial for the denitrification processes. Wa-
ter surface monitoring has been carried out with a variety
of spectral bands (Martinez and Le Toan, 2007; Pekel et al.,
2016; Birkett et al., 2002) in active and passive remote sens-
ing. Recently L-band microwave remote sensing showed ad-
vanced capabilities to monitor water surfaces in tropical en-
vironments because of all-weather capabilities, providing a
soil signal under vegetation (Parrens et al., 2017).

This study aims to deliver an enhanced understanding and
quantification of the denitrification process over the Amazo-
nian wetlands with their associated fluxes of N,O and CO;
using modelling and microwave remote sensing. We con-
strained and adapted a denitrification process-based set of
equations by L-band microwave water surface extents from
the Soil Moisture and Ocean Salinity (SMOS) satellite and a
priori in situ information. The specific objectives of the study
are to highlight the main key factors controlling the denitrifi-
cation and to identify the hot spots and hot moments of den-
itrification over wetlands. A hot spot represents an area that
shows disproportionately high reaction rates relative to the
surrounding, and a hot moment corresponds to a short period
of time with disproportionately high reaction rates relative to
longer intervening time periods (McClain et al., 2003).

2 Materials and methods
2.1 Study area

The Amazon basin (Fig. 1) is the world’s largest drainage
basin with an area of 5.50 x 10® km? and an average water
discharge of 208 000 m3 s~ ! (Callode et al., 2010) represent-
ing 20 % of all surface fresh water transported to the ocean.
The watershed spans Bolivia, Colombia, Ecuador, French
Guiana, Peru, Suriname and Guyana, and 68 % of the basin
pertains to Brazil.

Devol et al. (1995) described the hydrology of the main
stream as the aggregation of the water originating from
Andean regions, from the main tributaries and from “lo-
cal sources” corresponding to smaller streams draining lo-
cal lowlands. The contribution of each water body differs
in time. For example from November to May the contri-
bution of Andean waters reaches 60 % and declines during
the dry season to 30 %. Wetlands are essential in the water-
shed functioning: 30 % of the Amazon discharge has once
passed through the floodplain distributed along a 2010 km
reach between Sdo Paulo de Olivenga and Obidos (Richey
et al., 1990).

The Amazon basin contains several floodplains (FPs).
Here we consider three main floodplains: the Branco FP in
the northern part, the Madeira FP in the southern part, and
the floodplain between Obidos and Manaus which is called
the Obidos—Manaus floodplain (in the following O-M FP).
The O-M FP covers an area of 2.50 x 10° km?2, whereas

https://doi.org/10.5194/bg-17-4297-2020
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Figure 1. The Amazon River basin and its main tributaries mapped
over the SRTM (Shuttle Radar Topography Mission — 500 m) digital
elevation model.

the Madeira FP covers 3.70 x 10° km?. The Branco FP is
the widest of the three floodplains with a covered area of
6.70 x 10° km?.

2.2 Materials
2.2.1 Insitu data from the HYBAM Observatory

In situ data were obtained from the Hidro-geoquimica da
Bacia Amazoénica (HYBAM) long-term monitoring network
that has maintained, in collaboration with the national stake-
holders and local universities, 13 gauging stations in the
Amazon catchment basin since 2003. For the Brazilian part
of the basin, a network of eight local stations is maintained
by the French Research Institute for Development (IRD) and
the Federal University of Amazonas (UFAM). Geochemi-
cal, sedimentary and hydrological data are available freely
at https://www.so-hybam.org (last access: 25 May 2018) for
each gauging station. River discharge records are available
daily, while geochemical data, including dissolved organic
carbon (DOC), are available monthly. In our study, we ex-
tracted both the daily river discharges and the monthly DOC
concentrations.

2.2.2 Water surface extents from L-band microwave
radiometry

The soil water fraction (SWAF) retrieved from L-band mi-
crowave radiometry is used to determine the open water sur-
faces (Parrens et al., 2017). The SWAF is obtained using a
contextual model on the SMOS angle-binned brightness tem-
peratures (MIRCLF3TA) data (Al Bitar et al., 2017). SMOS
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Figure 2. Monthly averages from 2011 to 2015 of the SWAF sur-
face water fractions over the Amazon basin based on vertical po-
larization brightness temperatures (TB V) at 32.5° incidence angle
acquired by the SMOS satellite.

was launched in November 2009 by the European Space
Agency (ESA) and is the first satellite dedicated to map soil
moisture. SMOS is a passive microwave 2-D interferometric
radiometer operating in the L-band (1.413 GHz, 21 cm wave-
length; Kerr et al., 2010). SMOS orbits at a 757 km altitude
and provides the brightness temperature (TB) emitted from
Earth over a range of incidence angles (0 to 55°) with a spa-
tial resolution of 35 to 50 km. Parrens et al. (2017) showed
the capability of SMOS to retrieve the water fraction under
dense forests over the Amazon basin. One of the main up-
sides of SMOS is its sensitivity to the soil signal under veg-
etation in all-weather conditions thanks to the L-band fre-
quency. The SWAF data were averaged each month over the
sampling period (2011-2015) within the Amazon basin. The
SMOS satellite observes the Earth surface at full polarization
(horizontal — H, vertical — V and cross polarization — HV)
at multi-incidence angles. In this paper, the SWAF product
was generated from the SMOS TB data at 32.5° and V polar-
ization. Figure 2 outlines the common hydrological patterns
observed in the Amazon basin as well as the dynamic of the
inundations for the different floodplains. The contrasted sea-
sonal peaks in flooded areas between the northern and south-
ern floodplains are well depicted.

2.3 Methods
2.3.1 Assessing denitrification and emissions
In this study, we modified the denitrification rate proposed by

Peyrard et al. (2010) to fit tropical wetland conditions. Den-
itrification is the consumption of DOC, particulate organic
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carbon (POC) and nitrate (NO3) in the soil. This process
is limited by oxygen (O7) and ammonium (NHZ{) availabil-
ity. Denitrification occurs during flood events when the soil
has low O, concentrations; thus O, concentration is not a
limiting factor (Dodla et al., 2008). Furthermore, as there is
only one long flood pulse in the Amazon watershed, we con-
sider that all the NH;l|r is processed into NO3 between two
consecutive floods. We also consider that NHI is not a lim-
iting factor. The fact that NO;5 stocks are reconstituted by
nitrification under aerobic conditions, e.g when soils are no
longer flooded, is a reasonable assumption in the case of the
Amazon basin and more particularly for the wetland parts as
shown by Sanchez-Pérez and Trémolieres (2003) on the up-
per Rhine floodplain. In another work, on the groundwater
of the alluvial floodplain of the Garonne, Iribar et al. (2015)
showed that denitrification is the main process that produces
N> and quantified the nosZ involved in heterotrophic denitri-
fication. Besides, many studies consider denitrification as a
combined consumption of NO;™ and carbon (Scofield et al.,
2016; Dodla et al., 2008; Goldman et al., 2017). Taking into
consideration the above statements, the denitrification rate is
expressed as

1- 108
Rno, = —0.8-a- (,0 : T¢ “kroc - [POC]- -
[NO;5 ]

_ 1
[kno; +NO3 ] M

+kpoc - [DOC] ) -

where RNos, is the denitrification rate (umol L'd 1,08 «
represents the stoichiometric proportion of NO;  consumed
in denitrification compared to the organic matter used with
o =5 as mentioned in Peyrard et al. (2010) , p is the dry
sediment density (kg dm~3), ¢ is the sediment porosity, kpoc
is the mineralization rate constant of POC (d~ 1), POC refers
to the POC in the soil and the aquifer sediment (%), Mc is
the carbon molar mass (gmol™!), DOC refers to the DOC
in the aquifer water (umol L1, kpoc is the mineralization
rate constant of DOC (d™1), kno, is the half-saturation con-
stant for NO3_ limitation (umol L} ), and NOS_ is the nitrate
concentration in the aquifer (umol L™1).

The estimation of CO, emissions is based on the denitrifi-
cation equation where gaseous CO; is formed. We consider
that neither NO3 nor organic matter is a limiting factor for
the reaction which is considered total (Reaction R1; de Fre-
itas et al., 2001). Abril and Frankignoulle (2001) showed that
denitrification tends to raise the alkalinity. In order to take
this phenomenon into account, the formation of HCO3_ from
dissolved CO; (Reaction R2) was coupled to the denitrifica-
tion (Reaction R1).

4NO3 + 5CH,0 +4H" — 2N, +5C0O; + 7TH20 (R
CO, +H,0 — HCO; +HT (R2)

Overall, in this study, denitrification was modelled using

4NO3 +5CH,0 — 2N; + CO; +4HCO5 +3H,0 . (R3)
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The equation of the chemical reaction of denitrification (Re-
action R3) is used to determine the generated amount of CO;
by relating it to the amount of NO;' denitrified. Finally, NoO
production is indirectly estimated as a result of N, forma-
tion. Production of N;O from N, during denitrification com-
monly ranges from a factor of 0.05 to 0.2 (Pérez et al., 2000).
Nevertheless, with no precise field measurements an average
N>O/Nj ratio of 0.1 (Weier et al., 1992) was applied in the
study.

2.3.2 Parametrization of dissolved and particulate
organic carbon and nitrate concentrations

The model’s parameters for the denitrification are taken
from reference studies and in situ measurements. The sed-
iment porosity ¢ was set to 25 %. It is computed based on
the soil texture from the Food and Agriculture Organiza-
tion (FAO) database at 11 km resolution. The porosity is av-
eraged over the computation nodes (25 km x 25 km) using
a bilinear interpolation. kpoc, kpoc and kno, were set to
1.6x1077d"1,8.0x1072 d~" and 30 umol L~ ! respectively.
They are adapted from Sun et al. (2017), who performed a
study of denitrification over the Garonne catchment (temper-
ate anthropogenic watershed). To our knowledge, these pa-
rameters were never measured over the Amazon basin and
the values we used are the only published estimates that we
have. According to the studies performed by Moreira-Turcq
et al. (2013), the POC concentration was considered constant
over the whole watershed and for the entire period of the sim-
ulation (2011-2015) at 10 %.

The daily discharge was extracted from the gauging sta-
tions used in the study (Fig. 3) from the HYBAM database
(1983-2012). For each station, we calculated the mean
monthly discharge from the daily observations. In terms of
discharge, the marked seasonality of the Amazonian streams
was demonstrated by prior studies (Paiva et al., 2013). For
the DOC concentrations, we extracted the monthly measure-
ments for the same stations over the same period. As the
SWAF’s period (2011-2015) and the DOC measurements
are not concomitant, we calculated a mean average monthly
DOC concentration for each station. When the information of
DOC concentration was not available, our dataset was gap-
filled using a linear relationship between DOC concentration
and discharge (Ludwig et al., 1996), based on the discharge
marked seasonality of the Amazonian streams. Finally, we
extended the calculated values to the associated main sub-
basin of the gauging station.

NOj3 concentrations were calculated for every type of soil
given by the FAO’s classification in the upper 30 cm layer
(Fig. 3). Batjes and Dijkshoorn (1999) drew a complete de-
scription of the total nitrogen content of the soils of the Ama-
zon region. Evaluating NOj;™ in the upper layer of the soils
was executed adapting the mineralization rate which is based
on the average temperature of the region and the proportion
of both clay and limestone. For the most biologically active

https://doi.org/10.5194/bg-17-4297-2020
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Figure 3. Map of the spatial inputs of the denitrification model. DOC contents (mg L1 mapped over each sub-basin of the main streams
(January) with local observation gauging stations in blue circles (a). The Amazon watershed is divided into eight major sub-basins: (1) the
Negro basin, (2) the Branco basin, (3) the Solimdes River and its tributaries, (4) the Madeira basin, (5) the Purus basin, (6) the Tapajds basin,
(7) the Xingu basin and (8) the section between Manaus and the mouth of the Amazon River. NO3_ contents (mol L_l) of the watershed over

FAOQ’s types of soil (b).

soils, such as Gleysols and Fluvisols, the mineralization rate
was set at up to 7 % of the organic nitrogen amount, which
is the maximum observed value in the region. On the con-
trary, Regosols are biologically less active soils with miner-
alization rates hardly reaching 2 % (Legros, 2007; Sumner,
1999). Finally, we determined the NOj3 concentrations by
combining the NO;3 content in each type of soil with the
water storage capacity for each type of soil, retrieved from
the FAO soil database. NO3 concentrations were considered
constant over the period. On the one hand, as the Amazon is
one of the most active regions of the world (Legros, 2007)
in terms of the microbial soil dynamic, during non-flooding
periods, mineralization of nitrogen was sufficient to compen-
sate for NO3' loss by plant assimilation and leaching. On the
other hand, Sanchez-Perez et al. (1999) showed that when
denitrification is active during flood events, the NO;™ pool of
wetlands is provided and sustained by NO; content coming
from streams, in the case of the forested Rhine floodplain.

2.3.3 Denitrification computation

The methodology focuses on modelling the denitrification
process that occurs in the first 30 cm of water-saturated soils
in wetlands. Thereby, only the NO; included in that layer
were considered to undergo denitrification. NO3™ brought by
streams is supposed not to modify significantly the amount
of NO3_ contained in the soil solution. Indeed, the concentra-
tion of NOj in the river is negligible compared to the con-
centration in riverine aquifers (Sdnchez-Pérez et al., 2003).
We consider that the DOC in the soil is directly brought by
streams, so the amount of DOC included in soils is set up to
the values of the streams. Most of the organic carbon is trans-
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ported from alluvial sediments or brought by streams during
flooding events (Peter et al., 2012). Because of the super-
saturation of pco, in groundwater (Davidson et al., 2010),
we consider that the gases produced during denitrification
are entirely emitted to the atmosphere. Overall, denitrifica-
tion was calculated as

Dno; = Rno; - SWAF - Qya, 2

where Do, is the net denitrification in moles per month,
Rno; is the denitrification rate in moles per month per litre,
SWAPF is the fraction of land covered with open waters and
QOwa 18 the water storage capacity for each type of soil (L)
retrieved from the FAO soil database. In summary, the model
requires the inputs and parameters for (1) the NO; concen-
tration for each type of soil (mol L~1); (2) the DOC concen-
trations of the streams that overflow, extended to the associ-
ated sub-basin; and (3) the extent of inundated surfaces. The
model simulations were applied over the Equal-Area Scal-
able Earth Grid version 2 (EASEv2) nodes at daily scale from
1 January 2011 to 31 December 2015, and monthly maps
were then generated. Note that in order to assess the deni-
trification only occurring in wetlands, the minimum SWAF
value recorded during the period (2011-2015) is subtracted
to each month simulation, as it accounts as a residual artefact
of streams.

Biogeosciences, 17, 4297-4311, 2020
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3 Results

3.1 Spatial and temporal patterns of denitrification
over the Amazon basin

Denitrification and emissions of CO;, and N, O are simulated
for each month from 2011 to 2015. Figure 4 shows the yearly
average maps of denitrification and CO; and N»>O emissions
over the Amazon basin. The three major hot spots which cor-
respond to the major floodplains of the Amazon basin are
identified.

Denitrification time series over the entire Amazon basin
(Fig. 5) show that the denitrification process leads to simi-
lar temporal patterns of CO; and N>O emissions at the basin
scale. From November to March the denitrification and the
emissions become active with the increase in NO; denitri-
fied in the basin. During the first months, until December,
the activation is slow and mild. It then increases in the fol-
lowing months and peaks in March at 1.16 x 10° kg of N-
NOj3 denitrified, 2.15 x 108 kg of C-CO, and 1.00 x 108 kg
of N-NO. Between March and June, the denitrification and
the emissions are steady and fluctuate respectively around
9.51 x 10® kg of N-NO3 denitrified, 2.04 x 10% kg of C-CO,
and 9.51 x 107 kg of N N>O. Finally, it is observed from
June to October that the processes inactivate at a slower rate
(—33 %) than activation. Subsequently, the decreasing trend
shifts and tops in August. Values registered in September are
lower than in August, and yet in the years 2011, 2012 and
2015, these were similar. The decreasing trend eventually
reaches a minimum peak in November at 1.96 x 10% kg of N-
NOj; denitrified, 4.20 x 107 kg of C-CO, and 1.96 x 107 kg
of N-N,O.

The same pattern of denitrification repeats every year dur-
ing the period of the study (2011-2015). We find that the den-
itrification process can be separated into three phases: first,
an activation phase that is triggered by the increase in the
flooded areas and the increase in the microbiological activ-
ities; second, a stabilization phase which corresponds to a
maximum denitrification rate and a peak in microbiological
activities; and third, a deactivation phase which corresponds
to the retreat of the inundation which also reduced the micro-
biological processes of denitrification. Note that this conclu-
sion is not independent of the selected model implementa-
tion and associated assumptions. Additionally, it shows more
precisely three hot moments in March, June and August of
each year. The first two hot moments, in March and June, are
maximum area peaks. During these months, despite observ-
ing a low activity over the watershed (below 8.70 x 10° kg of
N-NOj' denitrified per pixel), the extent of surfaces undergo-
ing denitrification is the highest. On the contrary, the August
hot moment is mainly due to a particularly strong denitrifi-
cation between Obidos and Manaus with peaks of 6.16 and
7.20 x 10° kg of N- NOj5 denitrified. CO; emissions average
1.75x 108 kg of C- COz per month over the basin. N;O emis-
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sions fluctuate around 6.52 x 10" kg of N-N,O per month
from the watershed.

3.2 Denitrification and CO; and N,O emissions — focus
on the three main Amazon floodplains

The temporal patterns of the processes over the entire basin
and throughout the whole period are unique in each flood-
plain. In fact, the three floodplains do not become active or
inactive at the same time and do not reach their maximum
potential activity at the same moment either. Figure 6 shows
the monthly behaviour of NoO emissions over the basin and
for each floodplain together. The denitrification and the CO,
and N> O emissions follow the same patterns but in different
proportions. The results of the model provide the following
inferences:

— The O-M FP follows the same pattern as the watershed
trend and is mainly active between March and June, but
it never becomes totally inactive during the October—
December period. It undergoes an average denitrifi-
cation of 2.20 x 108kg of N- NO; and emissions of
4.78 x 10" kg of C-CO, and 2.23 x 107 kg of N-N,O.

— The Madeira FP follows the same pattern as the O-
M FP. However, it becomes active in October and
reaches on average its maximum emissions in March
with 2.93 x 108 kg of N- NO3 denitrified, 6.28 x 107 kg
of C-CO, and 2.93 x 107 kg of N-N»O. The intensity
of the processes decreases rapidly afterwards. A maxi-
mum peak is usually observed afterwards in June with
3.03 x 10® kg of NO; denitrified, 6.49 x 10" kg of C-
CO; and 3.03 x 107 kg of N-N,O. The Madeira FP den-
itrification is almost inactive between July and October
with emissions below 5.17 x 107 kg of N- NO;3' denitri-
fied, 1.11 x 10" kg of C-CO; and 5.17 x 106kg of N-
N»O.

— The Branco FP emissions are the least constant of the
three floodplains even though a general pattern can be
observed. The floodplain becomes active in January, but
the activation is slow and the denitrification is low un-
til April (less than 1.70 x 10® kg of N- NO;) as are the
emissions (4.00 x 107 kg of C-CO, and 1 70 x 107 kg
of N-N;O). Afterwards, the processes’ intensity in-
creases and peaks in May (2011, 2012, 2013), June
(2014 and 2015) and September 2013 at 4.06 x 108 kg
of N-NO;, 8.71 x 10" kg of C-CO, and 4.06 x 107 kg of
N-N,O. The floodplain is the least active from October
to February—March with denitrification and emissions
barely reaching 1.20 x 108 kg of N- NO3 and 2.50 x
107 kg of C-CO, and 1.20 x 107 kg of N-N,O respec-
tively.

The detailed functioning of each floodplain explains the
general pattern observed for the processes. The O-M FP
drives the general trends of the total denitrification, CO,
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Figure 4. Spatial representation of N>O emissions (kgN-N,O km™2), denitrification (moINO3') and CO; emissions (kgC-CO, km~2)
summed over the year 2013. The locations of the main floodplains (hot spots) are outlined in the denitrification map.
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Figure 5. Monthly denitrification (kgN-NOj3) and CO, (kgC-CO»)
and N, O (kgN-N»O) emissions over the entire Amazon watershed
for the period 2011-2015.

and N,O emissions of the watershed, and the three different
phases: activation, stabilization and deactivation. The March
peak is mainly due to the Madeira FP reaching a maximum
of activity. The June peak is also attributed to the Madeira
floodplain for the years 2011, 2012 and 2013. The peak in
2014 is due to the combined contributions of the Branco FP
and the Madeira FP topping activities, whereas in 2015 only
the Branco FP contributes. The August peak is again due to
the rising of the O—M FP and the Branco FP activity.

Figure 7 shows the monthly contribution of each flood-
plain to the total denitrification as well as the average
monthly denitrification over the basin for the period 2011-
2015. Overall, the three floodplains contribute to 80 % of the
basin denitrification. From January to March it is mainly sup-
ported by the O-M FP and the Madeira FP, whereas from
July to November it is due to the O-M FP and the Branco FP
activity. In April, May, June and December the involvement
of the floodplains is similar. We ran an analysis of variance
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Figure 6. Monthly time series of NpO emissions over the basin
(black), for the O-M FP (orange), for the Madeira FP (blue) and for
the Branco FP (green) over the period (2011-2015). The lines repre-
sent the emissions for a NpO/Nj ratio of 0.1, whereas the coloured
areas refer to the potential range of the ratio (0.05-0.2). Denitrifi-
cation and CO, emissions follow the same patterns but with a scale
factor of times 10 for denitrification and times 2 for CO,.

(ANOVA) and a post hoc analysis to determine the contri-
bution of each floodplain to the basin denitrification. The re-
sults showed two different groups (p value=1.35 x 1078,
a =5%). The first group is constituted by the O-M FP
which is the main source of denitrification for the basin and
provides 38 % of the processes on average. The second group
is constituted by the Branco FP and the Madeira FP. They
contribute similarly to the processes (on average 25 % and
21 % respectively). The same conclusions can be made for
the CO; and N>O emissions.

Biogeosciences, 17, 4297-4311, 2020



4304

=}

Kilograms of NO denitrified

[SURE T -
o o

Denitrification in %
o

N
=)

=
o

<)

1 2 3 4 5

6 7 8 9 10 11 12
Months

Il Obidos-Manaus [_JMadeira [__]Branco ——Total denitrification \

Figure 7. Average monthly contribution of each floodplain — the O—
M FP (black), the Madeira FP (grey) and Branco FP (white) — to the
Amazon total denitrification. The residual contribution to make up
100 % is associated with the other wetlands in the basin. The blue
line represents the average monthly denitrification for the period of
the study, and it shows the main trend observed over the Amazonian
watershed.

3.3 Greenhouse gases emissions from the Amazonian
wetlands

Table 1 depicts the yearly emissions of CO, and N,O over
the Amazon basin and the three main floodplains. Emissions
of CO; from denitrification are twice as high as NoO emis-
sions over the basin. The yearly emissions of CO, from 2011
to 2015 over the Amazon basin show significant low inter-
annual differences (Kruskal-Wallis p value =0.9929). The
same conclusion is drawn for the yearly N>O emissions. On
average, flooded areas emit 2.20 x 10° kgC-CO; per year and
1.03 x 10 kgN-N> O per year by denitrification from the nat-
ural NO;™ pool of the watershed.

During that period, the O-M FP is the floodplain which
contributes the most to the emissions for the two gases. The
dynamics of the Madeira FP and the Branco FP changed in
2014. Indeed from 2011 to 2013, the Branco FP roughly
emitted twice as many gases as the Madeira FP. This trend
shifted in 2014 with the involvement of the Madeira FP
becoming more important in terms of emissions than the
Branco FP. On a yearly basis, the whole Amazon basin un-

dergoes a denitrification of about 1.03 x 10'9 kgNha=! yr—1.

3.4 Denitrification and trace gas emissions anomalies

During the period of the study, major meteorological events
were recorded over the Amazon basin. On the one hand, the
year 2011 was a year influenced by La Nifia (Moura et al.,
2019). La Nifia periods lead to wetter weather conditions in
South America. From October 2013 to March 2014, heavy
rainfall was documented in the Madeira region and caused
extreme flooding in this region and nearby Obidos. On the
other hand, September 2015 marked the beginning of an El
Nifio episode. In South America and the Amazon, El Nifio
produces drier weather conditions.

Biogeosciences, 17, 4297-4311, 2020
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Figure 8. Monthly anomalies at the basin and main floodplains
scale for denitrification throughout the period (2011-2015).

Figure 8 shows the monthly anomalies of denitrification
observed over the Amazon watershed from 2011 to 2015.
Anomalies were determined by first calculating the mean
value for each month across the period 2011-2015. This
mean value was then subtracted from each corresponding
month in the series. Positive anomalies show an intense deni-
trification, whereas negative anomalies show a denitrification
lower than the average. Examining the anomalies of the wa-
tershed and the floodplains show that during the La Nifia year
and the heavy precipitation period, most of the anomalies
are positive especially for the first months (66 % and 66 %
for the basin denitrification, 16 % and 83 % for the O-M FP,
25 % and 33 % for the Madeira FP, and 100 % and 50 % for
the Branco FP respectively). During the El Nifio episode, all
the anomalies are negative. Nevertheless, El Nifio is the only
meteorological event that has a significant effect on the pro-
cesses (p value =4.40x 10_3). Moreover it impacts the three
floodplains (p value = 3.43 x 10~*). Months undergoing the
El Nifio episode show a reduction of 27.7 % from the average
values.

Extreme events do not have a consistent impact on the
whole basin. Table 2 sums up the spatial denitrification for
the Amazon basin and the three floodplains at a yearly scale.
Extreme meteorological events do not impact the denitrifica-
tion and trace gas emissions at the basin scale. The average
yearly denitrification rates for the whole basin, the O—-M FP
and the Madeira FP show no clear trend between 2011 and
2015. For the Branco FP, a decreasing trend was identified
during the study period. From 2011 to 2015 the simulated
average yearly denitrification for the Branco FP drops by a
factor of 2.

4 Discussion
4.1 Determining key factors of the denitrification

A sensitivity analysis of the parameters of the denitrification
Eq. (1) was performed. kpoc can range from 0.15 x 107°
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Table 1. Average yearly CO; emissions (kgC-CO,), NoO emissions (kgN-N;O) and N; emissions (kgN) for the Amazon basin and the three
main floodplains. The values are calculated for a NpO /N, ratio of 0.1.

N,O (kgN)

N (kgN)

Wetland Area (ha) CO; (kgC)
Amazon basin 5.7 x 108 220 x 102 £2.75 x 108
Obidos-Manaus FP 2.5 x 107 7.63 x 108 £9.94 x 107

3.7 x 107
6.78 x 107

Madeira FP
Branco FP

479 x 108 £2.65 x 108
5.57 x 108 +6.17 x 108

1.03 x 107 £2.57 x 107
3.56 x 108 £9.28 x 10°
2.24 x 108 £2.47 x 107

2.6 x 108 £5.75 x 107

9.26 x 107 £2.57 x 108
3.21 x 109 £9.28 x 107
2.01 x 109 4+2.47 x 108
234 % 107 £5.75 x 108

Table 2. Yearly denitrification (kgN ha~! yr— 1y for the whole basin
and the three major floodplains from 2011 to 2015.

Denitrification 2011 2012 2013 2014 2015
(kgNha~lyr1)

Basin 184 180 179 175 172
O-M FP 1373 140.6 1449 1469 142.7
Madeira FP 574 563 533 674 677
Branco FP 485 430 430 314 283

to 1.10 x 10~* which leads to a yearly denitrification 46 %
lower and 18 % higher than the initial values respectively.
kpoc range from 1.00 x 10~* to 1.22 which leads to values
of denitrification 94 % lower and 130000 % higher respec-
tively. It follows that for the Amazon basin kpoc is evalu-
ated as being more sensitive than kpoc. Also, the NOj re-
lated part of the denitrification equation was analysed. NO5
is relatively abundant in the watershed’s soils, and it is no-
ticeable that kno, is negligible compared to NO; though
limyg . —0s]

NO; —00 [ky0, +NO5 ]
denitrification for the Amazon basin. Overall, the denitrifi-
cation equation currently depends on four variables: POC,
DOC, NO3_ and SWAF. Overall, the main driving variables
of the denitrification model are SWAF and DOC.

Table 3 depicts for the O-M FP, the Madeira FP and the
Branco FP the effective denitrification over the 2011-2015
period in kilograms of nitrogen per hectare per year as well
as the average and standard deviation values of DOC con-
centration in milligrams per litre and the SWAF index. The
denitrification values show that all three floodplains are par-
ticularly active systems in terms of processing organic mat-
ter and NO;. The O-M FP is an active floodplain in terms
of denitrification potential with an average annual intensity
of 142.5kgNha~!yr=!. The DOC shows that the Branco
FP is the highest floodplain in terms of DOC concentra-
tion with an average of 8.9342.87mgL~!, followed by
the O-M FP with 5.65+2.45mgL~" and the Madeira FP
with 2.26 4 2.45mg L~!. Similarly to the DOC, the average
and standard deviation of the SWAF values were extracted
from the daily observations over the 2011-2015 period. The
ranked order of the floodplains for the SWAF component is
similar to the denitrification one. This result strengthens the

= 1. NOj is a non-limiting factor of
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importance of Earth-observation-based (EO-based) monitor-
ing of water bodies for determining inundated-surface pat-
terns and intensities and their impact on biochemical pro-
cesses. Ultimately, the differences in denitrification intensity
observed for the three floodplains are the combined effect of
the variations in the DOC concentrations and the SWAF. As
a matter of fact, DOC determines the average maximum den-
itrification rate of a floodplain, whereas the SWAF value is
the main driving factor of the model which reveals the actual
denitrification. Overall, the denitrification rate (Eq. 1) should
be considered as a combination of a potential rate function
(provided by DOC and POC) and limitation functions pro-
vided by the peculiar environmental conditions.

4.2 Comparing to physically based models

The N>O emissions at a large scale were compared to re-
sults of the N»O Model Inter-comparison Project (NMIP)
project (Tian et al., 2018) model, more particularly the Dy-
namic Land Ecosystem Model (DLEM; Xu et al., 2017),
the Vegetation Integrative SImulator for Trace gases (VISIT)
model (Ito and Inatomi, 2012) and the Organising Carbon
and Hydrology In Dynamic Ecosystems — Carbon Nitrogen
(ORCHIDEE-CN) model (Zaehle and Friend, 2010). These
models consider the N»O emissions from nitrification and
denitrification, while in our case only denitrification dur-
ing flooding is considered. In our case, kpoc and kpoc are
the mineralization rate parameters. They describe the kinetic
processing of organic matter into POC and DOC respec-
tively. The organic matter processing is performed by micro-
bial communities. Therefore, environmental conditions such
as temperature and soil pH have a direct influence on bacte-
rial activity and turnover. The cumulated impact of temper-
ature, soil pH and microorganism activity is accounted for
indirectly in our approach through the parameters kpoc and
kpoc described in Eq. (1) (Peyrard et al., 2010; Sun et al.,
2017).

During the period 2011-2015 those models evaluated
emissions of N>O from the Amazon basin at about
0.14 gNm~2 yr~!. Our model simulates emissions of N,O at
roughly 0.18 4.4 x 1073 gNm~2 yr~! over the basin. The
peculiar emission of the 1.3 x 10'" m? wetlands system rep-
resents 0.81 +0.02gNm~2yr~!. We can observe that our
model obtains a total higher estimation of the emissions of
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Table 3. Overall denitrification (kgN ha~! yr_l) and mean and standard deviation of the SWAF and DOC (mg L_l) values for the three

floodplains.
Floodplain Denitrification DOC ‘ SWAF
Mean Standard | Mean  Standard
deviation deviation
O-M FP 142.5kgNhayr~!  565mgL™! 245mgL~! | 33% 0.12%
Branco FP 38.8kgNha~lyr=! 893mgL~! 287mgL~! | 14% 0.27 %
Madeira FP 60.4kgNha=!yr=!  226mgL~! 245mgL~! | 1.7% 0.17 %

N>O at a rate of 28 % than the other models with 80 %
of these emissions (0.14 gN'm~2 yr~!) originating from the
three main floodplains: the O-M FP, the Madeira FP and
the Branco FP. In terms of input data, our model as well
as DLEM, VISIT and O-CN uses climate data, soil types
and inundated fractions or surfaces. A divergent point is how
the nitrogen pool is calculated. We consider it as being pro-
duced by the organic matter mineralization and a maximum
nitrification, whereas the other models compute it from ni-
trogen deposition. Moreover, they also take natural vegeta-
tion, swamps delineation (O-CN) and land cover as input
data, while we only focus on wetland types. These models
assess N> O emissions based on the processes of the nitrogen
cycle such as denitrification. Our model apprehends denitri-
fication as a function of carbon and nitrate contents (DOC,
POC and NOy3) and inundated surfaces (SWAF). As a result,
these models do not fully distinguish the alluvial floodplain
from other lands (Xu et al., 2017) and underestimate its ef-
fects (Ito and Inatomi, 2012). Thus our results bring us to
conclude that current physically based N,O emissions mod-
els are likely to slightly underestimate the contribution of
wetlands in the global budget.

4.3 Wetlands and integrated-ecosystem emissions

In this section, our model outputs for wetlands emissions are
compared to local in situ measurements of the NoO and CO,
ecosystem emissions. Table 4 summarizes the different re-
sults from in situ measurements for NoO and CO, and the
closest simulation node from our simulation. We extracted
the average simulated value of the period from the simula-
tion node. When comparing the N>O with in situ campaigns
performed by Koschorreck (2005), Keller et al. (2005) and
Liengaard et al. (2014) at the different locations, the wetlands
emissions from our study are roughly lower by a factor of 107
than the integrated-ecosystem-observed emissions. This dif-
ference comes from different spatial and temporal scales for
both the in situ measurements and our model. To decrease
the variability, we extracted the maximal pixel value simu-
lated during the period of the study. On average, in situ mea-
surements return emissions of about 4.9 x 10’ gNkm=2 yr~!,
while our highest simulation value estimated an emission of
about 2.6 +£1.3 x 10" gNkm 2 yr~!.
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CO, emissions of local in situ measurements (Keller et al.,
2005) as well as of broader measurements (Richey et al.,
2002) are compared to our model’s outputs. Our wetlands
estimations are considerably lower (10%) than the integrated-
ecosystem observations. As expected, even though CO,
emissions from wetland denitrification are about 2.16 x
10° kgC-CO, yr~! over the Amazon basin, these emissions
are negligible when compared to the full ecosystem carbon
emissions (Cole et al., 2007; Davidson et al., 2010). Over-
all, CO, emissions from denitrification over the whole Ama-
zon basin contribute with 0.01 % of the carbon emissions of
the watershed. Most of the CO; emissions over the Amazon
are attributed to processes such as organic matter respiration
from biomass and a few contributions from wetlands deni-
trification. Vicari et al. (2011) showed that the change from
wetlands into forested area can increase the carbon emissions
drastically. In this context and in the light of the results ob-
tained in this paper one can conclude that in the case of very
dry natural events or intense anthropogenic changes in the
land cover, the carbon budget of the once wetland areas and
now non-inundated surfaces will greatly increase.

4.4 The Amazonian wetlands emissions versus tropical
and temperate wetlands

We put in perspective the Amazonian wetlands emissions to
a variety of wetland ecosystems such as the Congo basin,
rice paddies of south-eastern Asia, and the Garonne (France)
and the Rhine (Europe) rivers with each possessing pecu-
liar features. The Congo basin can be considered, like the
Amazon, a pristine ecosystem regarding agricultural nitro-
gen inputs. On the contrary, rice paddy regions are territo-
ries with intensive agricultural activities and high NO; fer-
tilization and undergo several flood events per year. Both the
Congo basin and the rice paddy regions are part of the tropi-
cal region, like the Amazon basin. The N;O emissions from
the Amazon and the Congo basins are comparable. Our re-
sults for the Amazon and the ones exposed in Tian et al.
(2018) for the Congo show emissions of 0.18 gNm—2 yr—!.
The two watersheds are pristine for agricultural nitrogen in-
puts and located toward the same latitudes, so relatively sim-
ilar emissions of N>O are expected. On the contrary, rice
paddies shoot up with emissions of about 0.28 gNm~2yr~!.

https://doi.org/10.5194/bg-17-4297-2020



J. Guilhen et al.: Denitrification and associated nitrous oxide

4307

Table 4. Comparison of the values estimated by our study and the literature for emissions of CO, (gC km™2 yr— 1y and N>O (gN km™2 yr— b,

Paper Gas measured ~ Site Ecosystem in situ obs.  Modelled wetlands
Koschorreck (2005) N>O Manaus plateau 5+7.5x 100 244+1.1x10%
Keller et al. (2005) N>O Santarém 8.64+0.7 x 10° 52+0.9x 10*
Liengaard et al. (2014) N,O Solimdes River 4.4 x 107 57+2.8x10°
Liengaard et al. 2014) N,O Rio Cuped 8.3 x 107 574+28x% 10
Liengaard et al. (2014) N,O Amazon River - 93+4.6x10°
Liengaard et al. (2014) N,O lagarapé de Paracuba 1.9 x 107 1.1+0.6 x 10
Liengaard et al. (2014) N,O Tapajés 1.9 x 107 1.5+0.7 x 10°
Liengaard et al. (2014) N,O Mucajai River 7.8 x 107 21+£1.1x10°
Richey et al. (2002) CO, Amazon River wetlands 6+0.3 x 107 4.44+2.5x% 103
Keller et al. (2005) CO, Santarém 5.7+0.6 x 107 1.640.9 x 103

This is explained by the impacts of agricultural inputs and
successive flooding on wetland ecosystems that increase the
amount of greenhouse gas emitted. The Garonne and the
Rhine catchments are in temperate regions under high agri-
cultural pressures. The Garonne, one of the main fluvial sys-
tems in France, is 525 km long, draining a 55000 km? area
into the Atlantic Ocean. The large range of altitudes and
slopes within the watershed leads to a diversity of hydro-
logical behaviours. The typical alluvial plain starts from its
middle section and is about 4km wide. The riparian for-
est and poplar plantations cover the first 50-200 m from
the riverbank, beyond which lies agricultural land that ac-
counts for 75 % of the total area. The Rhine, one of the
main fluvial systems in Germany, is 1233 km long, draining
a 198000 km? area from Switzerland to the North Sea. The
average denitrification reaches 132.52+3.9kgNha~! yr~!
(Sun et al., 2017) and 653kgNha~!yr=! (Sdnchez-Perez
et al.,, 1999) for the Garonne’s and Rhine’s floodplains re-
spectively. The average rate of denitrification for the Amazon
basin is 17.8 £ 0.4 kgNha~! yr=! which is far less than val-
ues observed in European catchments. As a comparison, the
Obidos—Manaus floodplain (Table 2) denitrification potential
is equivalent to the Garonne. Overall, the Amazon wetland
ecosystem can be regarded as a not very active greenhouse-
gas-emitting system compared to other ecosystems of the
tropical region. Moreover, our results show that the O-M
FP possesses the same denitrification potential as a NO5 -
polluted temperate ecosystem.

4.5 Limitations of the current approach

The findings of this study have to be seen in the light of some
limitations. First, the sampling resolution of the input data
can induce bias. The SWAF product tends to underestimate
water surface extent variability and land cover identification
due to the coarse resolution of 25 km x 25 km. Second, the
use of uniform kpoc and kpoc values limits the capabilities
of the model to fully consider the impact of the spatial vari-
ability in both geophysical and biological variables. Third, an
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average NoO/Nj ratio of 0.1 was set up for the study. It varies
depending on several conditions such as soil properties, land
cover and temperature. Thus a precise and spatial estimation
of the ratio was not relevant due to the low resolution of our
input data and the lack of in-field measurements. Fourth, as
highlighted by the present study, the lack of in situ measure-
ments of N,O emissions over tropical wetlands specifically
increases the uncertainties and equifinalities for the calibra-
tion of model parameters and validation. Fifth, considering
the dynamics of the activation—stabilization—deactivation of
the denitrification, they can be more precisely assessed if
variables like water surface temperatures and water depth are
added in the future. These variables can inform the speed
at which the activation and deactivation of the microbiolog-
ical process of denitrification are triggered. Future studies
should concentrate on adding more remotely sensed geo-
physical variables at the adapted spatial resolution (Parrens
et al., 2019), taking into account the fact that flooding ac-
tually sustains the different processes. Sixth, denitrification
and dissimilatory nitrate reduction to ammonium (DNRA)
are two natural processes for NO3 reduction. In their re-
view, Riitting et al. (2011) stated that DNRA competition
for NO; should be considered for some ecosystems which
do not include aquatic ecosystems. They added that more
studies are needed for terrestrial aquatic ecosystems based
on Burgin and Hamilton (2007). Tiedje et al. (1982) showed
that under NOj -limiting and NO5 strongly reducing con-
ditions, DNRA has the advantage over denitrification: Sotta
et al. (2008) estimated the reduction of NO; from DNRA at
12 9%-50 % in lowland Brazilian forest but in non-flooded pe-
riods. In our case, NO3 is non-limiting, thus we do not need
to take into account the impact of NO3 loss from DNRA.
Moreover, since estimates of the DNRA direct contribution
to N> O emissions is about 1 % (Cole, 1988) and considering
the uncertainty and errors linked to the modelling of denitrifi-
cation in the wetlands of the whole Amazon basin the DNRA
processes were not considered. Finally, in our study we fo-
cused solely on denitrification. In order to provide a complete
nitrogen budget for the whole Amazon basin, future studies
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will need to complexify the proposed methodology by inte-
grating additional biogeochemical processes (DNRA, nitri-
fication, etc.) and physically relative datasets (soil tempera-
ture, soil moisture, etc.) in order to extend the approach to
non-flooded periods and other ecosystems.

5 Conclusions

The main objective of the study is to quantify and assess
CO; and N,O emissions over the Amazonian wetlands dur-
ing flooding periods. To achieve these goals we design a
data-based methodology that relies on modelling and remote-
sensing products. It aims to estimate emissions linked to den-
itrification at a large scale. The model parametrization was
justified by results from several published papers. It appears
that denitrification mainly relies on DOC contents in the wa-
tershed. The study also contributes to better understanding
of the functioning of the major floodplains of the Amazon
basin and their respective involvement in the Amazon car-
bon and nitrogen budget. It transpires that the most active
floodplain is the Obidos—Manaus, which is responsible for
the majority of the processes. Each floodplain possesses its
own functioning that depends on rainfall and the hydrology
of the floodplain’s river. Overall, the results appear quite
like those of other large-scale models, especially for N,O
emissions. CO, emissions from denitrification account for
0.01 % of the Amazon carbon budget and represent a frac-
tion of 3.5 x 107° of the global CO, emissions (natural and
anthropogenic). When we compare our simulated NoO emis-
sions from Amazonian wetlands to other estimations over
the Amazon basin, we find that our estimations are higher
(+28 %). For that reason, we emphasize the importance of
distinguishing wetlands in nitrogen models as those areas are
significant sources of N, O emissions. Key factors of the den-
itrification for the Amazon basin were identified in the study.
From our model design perspective, we find that the denitri-
fication for the Amazon wetlands is driven first by the extent
of the flooded areas, which constrain the process, and second
by the DOC content in the soil solution, which determines the
maximum denitrification potential. Future studies will con-
centrate on extending the current approach to other tropical
basins — it is needless to say that local observations will be
essential for the validation of such exercises — preferably over
the same period of analysis. Data from future missions like
Surface Water and Ocean Topography (SWOT) will deliver
water heights over 21d of global coverage, which will im-
prove the results of such studies through the integration of
surfaces and volume information.

Data availability. Data are available upon request to the corre-
sponding author.
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