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Abstract  34 

Here we use a top-down and bottom-up approach in landscape ecology to analyze the active 35 

microbes processing methane fluxes (FCH4) in seasonally flooded-forest (FOR) and -36 

traditional farming systems (TFS) in Amazonian floodplains flooded with black, white, and 37 

clear water. Our results revealed higher CH4 emissions from water-atmosphere interface in 38 

clear water floodplain, followed by black and white water floodplain, respectively. Active 39 

methanogenic and methanotrophic taxa were ubiquitous at 0-15 and 15-30 cm soil layer in 40 

FOR and TFS, with differences among the water types with respect to the richness, evenness 41 

and diversity of the methanogenic communities. These ecological results were not 42 

generalizable regarding to FOR and TFS sites, soil layers, and non-flooded and flooded 43 

periods. Despite the predominant oxidation of CH4 in the non-flooded period, higher richness 44 

and diversity of methanotrophs were revealed for FOR and TFS in the flooded period. In 45 

turn, the structure of the methanogenic and methanotrophic communities and their variation 46 

were influenced mainly by soil physicochemical factors, water type, soil depth and the 47 

presence of nitrifiers, as Nitrososphaera and Nitrospira. Our study reveals a signature across 48 

methanotrophic communities in soils from Amazon floodplain with different water types, 49 

with a putative disproportionate role of NC10 phylum in CH4 mitigation in natural and 50 

agricultural Amazonian floodplains. These findings open the possibilities to explore the role 51 

of NC10 phylum in the carbon cycling in Amazon. 52 

 53 

Keywords: Black-, white- and clear-water Amazonian floodplains; methanogenic and 54 

methanotrophic microbial communities; cDNA libraries; 16S rRNA transcript amplicon 55 

sequencing; methane oxidation 56 

 57 
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Introduction  58 

Floodplains and other wetlands occupy approximately 840,000 km2 in the lowland Amazon 59 

basin (Hess et al. 2015) releasing significant amounts of carbon, summing up to about 1.8 Pg 60 

yr-1 (Melack 2016), derived from primary production on the floodplain and inputs of organic 61 

carbon from neighboring upland drainages (Ringeval et al. 2014; Melack 2016; Pangala et 62 

al. 2017). Land-to-water transport and subsequent carbon outgassing are important 63 

components of carbon budgets in watersheds (Cole et al. 2007). When soils are flooded they 64 

become anoxic, upon which methane (CH4) is produced by methanogenesis. Microbially-65 

mediated aerobic and anaerobic oxidation of CH4 serve as the primary biological sinks of 66 

this important greenhouse gas (Knittel and Boetius 2009). The flood pulse, responsible for 67 

the change in soil saturation, makes those areas prone to be alternating sources or sinks of 68 

CH4, depending on climatic conditions, land use and anthropogenic activities (Keller et al. 69 

1990; Steudler et al. 1996). Furthermore, the resulting variations in oxygen availability in 70 

various soil layers can also alter the balance between CH4 production and oxidation (Teh et 71 

al. 2005).  72 

 Amazon floodplains contain thousands of interlinked lakes and associated wetlands 73 

which are connected to the many rivers and streams of the basin (Sippel et al. 1992). These 74 

floodplain ecosystems include open water and intermittent flooded forests and agricultural 75 

systems with different water types, that provide organic carbon input to the rivers (Richey et 76 

al. 1990; Melack 2016; Amaral et al. 2019). Pre-Columbian populations categorized 77 

Amazonian rivers by the color of their water, and Sioli (1950), established three water types 78 

(black, white and clear water) for explaining limnological characteristics of the large 79 

Amazonian rivers and connected wetlands. The water types with different physicochemical 80 
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parameters and suspended sediment concentrations result from differences in relief, surface 81 

geology and soils in the river drainage basin. Hydrogeochemical data indicate that the 82 

floodplains of white water receive large amounts of sediments rich in nutrients from Andean 83 

slopes and neighboring upland drainages (Furch and Junk 1997). Black water and clear water 84 

rivers drain the Guiana and Brazilian shields and their waters and floodplains are low in 85 

minerals and fertility (Furch and Junk 1997; Ríos-Villamizar et al. 2014). 86 

 Despite the large number of existing studies on CH4 dynamic in Amazonian 87 

floodplains over the past 30 years (Devol et al. 1988, 1990, 1994; Barbosa et al. 2016, 2018, 88 

2020), there is a paucity of efforts in assessing the dynamics of this greenhouse gas in 89 

combination with the methanogenic and methanotrophic microbial communities in soil from 90 

floodplain ecosystems in the Amazon region (Conrad et al. 2010, 2011, 2014; Sawakuchi et 91 

al. 2014; Ji et al. 2016; Gabriel et al. 2020). Microbial communities, substrates composition, 92 

biotic and abiotic conditions, and their interactions present a substantial effect on the organic 93 

matter persistence. When present, particulate organic matter can perform as an important 94 

receptor for microbial exoenzymes (Catalán et al. 2015). Inventories in the lower Amazon 95 

river showed that microbes associated with aggregates or particulate material are more 96 

metabolically active than when at free-living state (Satinsky et al. 2015), which result in 97 

different dynamics for the different water types and floodplains. 98 

Therefore, we used a top-down and bottom-up approach in landscape ecology to 99 

identify and characterize primary forest (FOR) and traditional farming systems (TFS) in areas 100 

of floodplain periodically flooded with black, white and clear water from large Amazonian 101 

rivers (Negro, Solimões and Tocantins) in order to monitor greenhouse gas emissions and 102 

perform soil samplings in both contrasting high and low water seasons. We hypothesized that 103 
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(i) the CH4 emissions are higher in flooded floodplain areas, with the highest CH4 emissions 104 

from forest sites flooded with nutrient-rich white water; (ii) the aerobic oxidation of CH4 is 105 

predominant in floodplains under non-flooded condition, with higher richness, evenness and 106 

diversity of active methanotrophs at the community level; (iii) higher richness and diversity 107 

of aerobic methanogens occurs when the soil becomes aerobic; and (iv) the soil 108 

physicochemical factors, water type, land use, soil depth and seasonality modulate the active 109 

methanogenic and methanotrophic microbial communities. For this purpose, the diffusive 110 

flux of CH4 was measured at the soil- and water-atmosphere interface using a chamber-based 111 

method, with the dissolved CH4 concentration determined in water column as well as the 112 

CH4-rich air bubbles escaping from bottom sediment by gas chromatography. Stable isotope 113 

ratios of carbon (δ13C) and hydrogen (δ2H) in CH4 were measured using GC-IRMS (Gas 114 

chromatography coupled to isotope ratio mass spectrometry) to investigate CH4 115 

consumption. The composition of the active methanogenic and methanotrophic microbial 116 

communities in soil cores into 0-15 cm and 15-30 cm layers was revealed by high-throughput 117 

sequencing of 16S rRNA transcript amplicons using cDNA as template. It was because of 118 

the wide vertical variability in the organic carbon and forms of organic nitrogen, arising from 119 

the decomposition of plant residues from native vegetation or introduced crops. 120 

 121 

Materials and methods  122 

Sampling sites  123 

Six sampling sites were identified as FOR and TFS and characterized using satellite images 124 

from Shuttle Radar Topography Mission (SRTM) at a resolution of 1 arc-second (30 meters), 125 

Landsat 8 satellite, Google Earth with Universal Transverse Mercator (UTM) projection and 126 
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Datum SIRGAS (datum 22S e 20S), visit in the field and geoprocessing tools in QGIS v.2.18 127 

‘Las Palmas’. These sites were located into three areas of floodplain periodically flooded 128 

with black, white and clear water from large Amazonian rivers and used for gas and soil 129 

sampling in the contrasting high and low water seasons (at the drying – October 2017 and 130 

flooding – May 2018 regimes of the floodplains) (Figs. 1A, 1B and 1C). The parameters 131 

describing differences among Amazonian water types are presented in Supplementary Table 132 

1. The Amazonian rivers form the largest river system in the world with significant seasonal 133 

variation in the hydrologic pulse (Sioli 1950, 1955) due to a monsoonal precipitation pattern. 134 

The climate in the region is classified as Afi (Koppen’s classification), tropical humid, hot 135 

during almost every year and subhumid of the dry type, with two defined seasons, rainy and 136 

dry. The annual precipitation and temperature are high, over 2000 mm and 26 ºC, resulted 137 

from maintained both by moisture flows from evaporation in the tropical Atlantic Ocean and 138 

by forest evapotranspiration recycling (Salati et al. 1979; Marengo et al. 2012). The study 139 

areas of floodplains were located at the black water floodplain of the Negro river (3°00’41’’S 140 

and 60°11’15’’W), white water floodplain of the Solimões river (3°13’50’’S and 141 

59°59’26’’W), and clear water floodplain of the Tocantins river (2°40’51’’S and 142 

49°39’05’’W). The FOR, i.e. forest with no visible indications of human activities and the 143 

ecological processes not significantly disturbed, was adjacent to traditional farming systems 144 

in all the three study areas. Traditionally has been practiced subsistence farming based on 145 

watermelon, okra, and rambutan fruit cultivation in the black water floodplain of the Negro 146 

river; and cultivation of tomato and cassava in the white water floodplain of the Solimões 147 

river. The TFS was cocoa-based agroforestry at the sampling site in the clear water floodplain 148 

of the Tocantins river.  149 
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 150 

Diffusive flux of CH4 from soil and water to atmosphere  151 

Diffusive fluxes of CH4 from soil to atmosphere were measured using the chamber-based 152 

method (Vaner et al. 2003) in the drying regime of the floodplains. At each of the three FOR 153 

and adjacent TFS sites, 5 cylindrical PVC chambers (30 cm in diameter, 22 cm in height) 154 

were installed under the canopy of trees or plantation crops at least 7 m apart from each other 155 

along a transect (Fig. 1D). After closing the chambers, 60 mL samples each were collected 156 

at 1, 10, 20, and 30 min using syringes and were transferred and stored under pressure in 20 157 

mL evacuated penicillin flasks sealed with gas-impermeable butyl rubber septa (Bellco Glass 158 

2048). The diffusive flux of CH4 was measured at the water-atmosphere interface using 159 

floating chambers (Bastviken et al. 2010) in the flooding regime of the floodplains. Five 160 

polypropylene trapezoid chambers (34.6 cm in long base, 30.0 cm in short base, and 12.6 cm 161 

in height) externally coated with an aluminized reflective thermal blanket were installed at 162 

each of the three FOR and adjacent TFS sites. The floating chambers were positioned on 163 

surface water along the same transect defined for sampling in the drying regime separated 7 164 

m from each other (Fig. 1D). After 30 min of the chambers positioning on surface water, 60 165 

mL samples were collected at 1, 10, 20, and 30 min using syringes and were transferred and 166 

stored under pressure in 20 mL evacuated penicillin flasks sealed with gas-impermeable butyl 167 

rubber septa (Bellco Glass 2048). In both drying and flooding regimes of the floodplains, all 168 

gas samplings were performed between 7:00 and 12:00 a.m. A monitoring approach based 169 

on 5 sampling events in consecutive days at each site was used for a total of 1,200 gas samples 170 

(i.e., 20 gas samples for each sampling site per day) in order to fit to the soil samplings as it 171 

may not represent similar performance over the entire season. Gas samples were stored at 20 172 
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°C and analyzed 1-2 weeks after collection. The CH4 fractions were determined by gas 173 

chromatography (GC 2014 Shimadzu, Columbia, MD, USA) with a flame ionization detector 174 

(FID). Nitrogen was used as the carrier gas at 400 kPa head pressure and the oven and 175 

detector temperatures were set isothermally at 150 °C and 400 °C, respectively. In FID, the 176 

samples were undergone a combustion in a hydrogen (5.0)/synthetic air flame. The 177 

chromatography device was daily calibrated with seven certificated standards for CH4: 0.96, 178 

1.84, 3.58, 11.0, 24.0, 102.0, and 1030.0 ppm. Measurements of atmospheric pressure, 179 

chamber height and air temperature were taken during gas sampling in the drying regime of 180 

the floodplains to determine the air chamber volume. The fluxes of CH4 from soil to 181 

atmosphere were calculated from a regression slope between gas concentration and collection 182 

time. In turn, the flux of CH4 at the water-atmosphere interface was calculated as described 183 

by Sawakuchi et al. (2014).  184 

 185 

Dissolved CH4 concentration in water column and in CH4-rich air bubbles escaping from 186 

bottom sediment  187 

During the flooding regime of the floodplains, dissolved CH4 concentrations in the water 188 

column were determined from gas samples collected after water-atmosphere stability. This 189 

phase was identified using a LI-820 single-cell non-dispersive infrared NDIR sensor (IRGA) 190 

(Li-Cor Biosciences, Lincoln, NE, USA) coupled to an equilibrator for continuous CO2 191 

analyses at ambient levels in water column, and to a portable computer. The equilibrator 192 

consists of a plexiglass tube 80 % filled with glass spheres to enhance the gas transfer 193 

interface, connected to the pumped water supply, drawing water from a depth of 194 

approximately 60 % of the water column. Two manual 3-port valves allowed switching 195 
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between measurements of the equilibrator headspace, water column air, and dry air. This 196 

system allowed the sampling of the gas concentration in the water column. The CO2 197 

concentration monitoring was used as indicator of the water-atmosphere stability phase for 198 

gas sampling to determine the CH4 concentration. In this phase, 60 mL samples were 199 

collected in three replicates using syringes connected to a valve installed in the gases flow 200 

path between the equilibrator and the CO2 analyzer, and they were transferred and stored 201 

under pressure in 20 mL evacuated penicillin flasks sealed with gas-impermeable butyl 202 

rubber septa (Bellco Glass 2048). All gas sampling was performed between 7:00 and 12:00 203 

a.m. A monitoring approach based on 5 sampling points at each of the 6 sampling sites and 204 

5 sampling events in consecutive days was used for a total of 450 gas samples (i.e., 15 gas 205 

samples for each sampling site per day). The CH4 fractions were determined by gas 206 

chromatography as described previously. In addition, CH4 concentrations in CH4-rich air 207 

bubbles escaping from bottom sediment in the flooding regime of the floodplains were 208 

determined using an approach based on 5 sampling points at each of the 6 sampling sites and 209 

1 sampling event. Gas samples were collected using inverted funnels (opening of 0.0564 m2 210 

surface area and volume of 0.0034 m3), which trap bubbles emerging from the bottom 211 

sediment. The inverted funnels were made using polyethylene terephthalate (PET), with a 212 

valve connected to the butyl stopper capable of storing the bubbles. A syringe connected to 213 

the valve was used to collect three replicates 60 mL gas samples, and they were transferred 214 

and stored under pressure in 20 mL evacuated penicillin flasks sealed with gas-impermeable 215 

butyl rubber septa (Bellco Glass 2048) for determination of CH4 concentration by gas 216 

chromatography as described previously.  217 

 218 
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δ13C and δ2H in CH4  219 

Stable isotope ratios of carbon (δ13C) and hydrogen (δ2H) in CH4 were measured to 220 

investigate the different microbial pathways of production and consumption of CH4. For this 221 

purpose, samples containing 12 mL of gas were collected in the 6 sampling sites in both 222 

drying and flooding regime of the floodplains, and transferred and stored under pressure into 223 

evacuated Exetainer 12 mL borosilicate vials (Labco, Wycombe, UK). In the drying regime, 224 

gas samples were collected after 30 min closing the 5 chambers on the third day of the 225 

consecutive gas sampling described previously. In the flooding regime, gas samples were 226 

collected from the 5 inverted funnels containing CH4-rich air bubbles from the bottom 227 

sediment. The δ13C-CH4 and δ2H-CH4 values were obtained based on 60 gas samples (five 228 

sampling points x six sampling sites x two regimes of the floodplains) using a Thermo 229 

Scientific Precon concentration unit with interface to a Thermo Scientific Delta V Plus 230 

isotope mass spectrometer (Thermo Scientific, Bremen, Germany) run by Stable Isotope 231 

Facility at the University of California, Davis, CA, USA.  232 

 233 

Soil sampling  234 

At each of the three FOR and adjacent TFS sites, soil samples were collected at three points 235 

at least 14 m apart from each other along a transect (Fig. 1) on the third day of gas sampling 236 

for diffusive flux of CH4 from soil and water to atmosphere, i.e. on the same day than gas 237 

sampling for isotopic analyses of CH4. Undeformed soil cores were taken from the 0- to 30-238 

cm topsoil layer using the following methods at the drying and flooding regimes of the 239 

floodplains. At the drying regime of the floodplains, the soils were collected in an aseptic 240 

cylindrical core (0-30 cm soil layer and 10 cm diameter) with a threaded partition at the 15 241 
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cm (Supplementary Fig. 1A). At the flooding regime of the floodplains, underwater soil cores 242 

(0-30 cm soil layer and 10 cm diameter) were collected using a universal hand core sediment 243 

sampler with 0-15 cm adjustable core cutter (Aquatic Research Instruments, ID, USA) 244 

(Supplementary Fig. 1B). Soil cores collected in both drying and flooding regimes of the 245 

floodplains were sliced into two 15 cm layers from 0 to 15 cm depth and 15 to 30 cm depth. 246 

The soil from each 15 cm deep layer was collected into 500 g capacity plastic bags properly 247 

identified with the sites and homogenized by rolling action (a minimum of ten times) before 248 

subsampling. A subsample containing 3 g of soil was collected for molecular analysis from 249 

each of two 15 cm soil layers per point, immediately preserved in LifeGuard Soil 250 

Preservation Solution (Qiagen, Hilden, Germany), and transported to the laboratory under 251 

ice and stored at -80 °C until further processing within 72 h after sampling. The soil 252 

remaining from each layer was used for soil physicochemical analysis.  253 

 254 

Soil factor measurement and analysis 255 

The chemical and physical measurements were performed on each of the 72 soil samples. 256 

Soil pH was measured on a soil/0.01 M CaCl2 (1:5) suspension. Soil moisture was determined 257 

by the gravimetric method as described in EMBRAPA (2009). The dissolved organic carbon 258 

(DOC) content was determined on a Shimadzu TOC-5000A analyzer (Shimadzu, Columbia, 259 

MD, USA). The total carbon (C) and nitrogen (N) contents were determined by dry 260 

combustion using the CHNS/O elemental analyzer (PerkinElmer, Waltham, MA, USA) from 261 

the soil samples. The determination was performed using 5-7 mg of dry soil sieved in 0.15 262 

mm mesh. The extraction and determination of sulfate in soil samples were performed 263 

according to Cantarella and Prochnow (2001). Soil ammonium and nitrate were extracted by 264 
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2 M potassium chloride (KCl) and quantified using spectrophotometry as described by 265 

Norman et al. (1985) and Krom (1980), respectively. Phosphorus determination in soil 266 

samples was performed according to the Standard US Environmental Protection Agency 267 

(USEPA), 2007. Briefly, soil samples were digested in Multiwave PRO – Anton Paar (Graz, 268 

Austria) with HNO3 (65 %) and HCl (37 %), centrifuged in High Speed Refrigerated 269 

Centrifuge – Heal Force and subjected to spectrophotometry on a 4200 MP-AES (Agilent 270 

Technologies, Santa Clara, CA, USA) for determination of phosphorus measurements. The 271 

granulometric analysis was performed as described in Camargo (2009) using the soil texture 272 

triangle from IAC (Agronomic Institute of Campinas).  273 

 274 

Soil RNA isolation, cDNA synthesis and 16S rRNA transcript amplicons sequencing  275 

Total RNA was isolated from each of the thirty-six soil samples collected at the 0-15 cm and 276 

15-30 cm soil layers (two soil layers x three sampling points x six sampling sites). Extractions 277 

were conducted on 2 g of soil (wet weight) by using Rneasy PowerSoil Total RNA Kit 278 

(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The RNA 279 

concentration and purity were assessed spectrophotometrically (Nanodrop ND-1000, 280 

Nanodrop Technologies, Inc., Wilmington, DE, USA) to determine absorbance at the 281 

following wavelengths: 230, 260, 280, and 320 nm. The concentration of isolated RNA was 282 

between 100 and 200 ng μL-1. RNA extraction was performed in duplicate for each sample 283 

(two technical replicates) and stored at -80 °C until further use. Complementary DNA 284 

(cDNA) was synthesized from a single stranded RNA isolated from soil samples using a 285 

QuantiNova Reverse Transcription Kit (Qiagen, Hilden, Germany) with integrated removal 286 

of genomic DNA contamination following the manufacturer’s instructions. Amplicon 287 
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libraries were prepared according to the 16S Metagenomic Sequencing Library Preparation 288 

(https://support.illumina.com), using the cDNA as template in the amplification reactions and 289 

specific primers for the 16S ribosomal RNA (rRNA) gene of total archaeal and bacterial 290 

community. The pair of primers SD-Arch-0349-aS-17 (5’-GYGCASCAGKCGMGAAW-291 

3’) / SD-Arch-0519-aA-16 (5’-TACCGCGGCKGCTG-3’) (Klindworth et al. 2013) was 292 

used to obtain amplicons of approximately 185 bp from V3 region of the 16S rRNA gene for 293 

Archaea. A fragment of approximately 390 bp of the V4 region of the 16S rRNA gene of 294 

Bacteria was amplified using the pair of primer 515F (5’-GTGYCAGCMGCCGCGGTAA-295 

3’) (Parada et al. 2016) / 806R (5’-GGACTACNVGGGTWTCTAA-3’) (Apprill et al. 2015). 296 

Each reaction volume contained 2.5 μL reaction buffer 10x, 1 μL MgCl2 (50 mM), 1 μL 297 

dNTP (10 mM), 1 μL bovine serum albumin (BSA; 1 mg mL-1), 0.5 μL of each primer (10 298 

μM), 10 ng of template cDNA, 0.5 μL of Platinum Taq DNA Polymerase (5U μL-1) (Thermo 299 

Fisher Scientific, Waltham, MA, USA), and sterile water to 25 μL final volume. The 300 

thermocycling conditions were as follows: initial denaturation for 3 min at 95 °C; 30 cycles 301 

of 30 s at 95 °C, 30 s at 58 °C for Archaea and 60 °C for Bacteria, and 30 s at 72 °C; and a 302 

final extension for 10 min at 72 °C. All primers contained Illumina adapter sequence. PCR 303 

reactions were purified using Agencourt AMPure XP Beads (Beckman Coulter, Inc., Brea, 304 

CA, USA) and resuspended in nuclease-free water. Amplicons were qualified using the 1000 305 

assay on an Agilent 2100 Bioanalyzer System (Agilent Technologies, Santa Clara, CA, 306 

USA). Amplicons from the thirty-six samples were indexed in a PCR reaction with twelve 307 

cycles using Nextera XT Index (Illumina, San Diego, CA, USA) and KAPA HiFi HotStart 308 

ReadyMix (Roche, Pleasanton, CA, USA). The thirty-six multiplexed samples were pooled 309 

at equal volume by library, which was performed separately for Archaea and Bacteria. The 310 
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pooled libraries were purified using HighPrep PCR Magnetic Beads (MagBio Genomics, 311 

Gaithersburg, MD, USA) and subsequently assayed on an Agilent 2100 Bioanalyzer System 312 

(Agilent Technologies, Santa Clara, CA, USA) to estimate the library size. Libraries were 313 

quantified using Qubit dsDNA HS kit on a Qubit 2.0 fluorometer (Life technologies, 314 

Carlsbad, CA, USA) and KAPA SYBR FAST qPCR Master mix and Illumina standards and 315 

primer premix (KAPA Biosystems, Wilmington, MA, USA) according to the Illumina 316 

suggested protocol. The resulting 16S rRNA transcript amplicon libraries were denatured 317 

with 10 μL NaOH, diluted to 8 pM in Illumina’s HT1 buffer, and spiked with 1 % PhiX 318 

(Illumina, San Diego, CA, USA). Equal concentration of libraries was loaded independently 319 

for the archaeal and bacterial 16S rRNA transcript amplicons on MiSeq Reagent v3 320 

sequencing reagent kit (Illumina, San Diego, CA, USA). The equipment used for 16S rRNA 321 

transcript amplicon sequencing was a MiSeq Personal Sequencing System Illumina 322 

(Illumina, San Diego, CA, USA) operated in Rapid Run Mode to generate 2 x 300 pb paired-323 

end reads. The raw data of the sequencing were deposited in the National Center for 324 

Biotechnology Information (NCBI) server (https://www.ncbi.nlm.nih.gov) under accession 325 

number PRJNA732086 ‘Archaeal and bacterial 16S rRNA transcript amplicon sequences 326 

recovered from Amazonian floodplains with different water types - BioProject’. 327 

 328 

16S rRNA transcript amplicon sequence data preprocessing and taxonomic determination 329 

All 16S ribosomal RNA transcript sequence reads were processed and analysed using QIIME 330 

v.1.9.1 (Quantitative Insights Into Microbial Ecology) software (Caporaso et al. 2010a). 331 

Briefly, fastq files with forward and reverse reads were merged using UPARSE algorithm 332 

(Edgar, 2013). Sequences that did not merged with this algorithm were merged using 333 

https://www.ncbi.nlm.nih.gov)/


 
 

15 

VSEARCH v.2.10.4, defining 2 bp as the minimum length for overlap. The merged reads 334 

were further preprocessed by (I) trimming of bad quality reads, (ii) removal of artificial 335 

sequences such as primers and adapters, (iii) disposing short length reads less than 100 bp 336 

(Archaea) and 200 pb (Bacteria), and (iv) removal of ambiguous sequences. Then, 337 

USEARCH (Edgar, 2010) was employed to remove chimeras in the preprocessed reads. After 338 

chimera removal, the preprocessed reads were aligned using PyNAST (Caporaso et al. 339 

2010b) with SILVA database (https://www.arb-silva.de) and sorted with >97% similarity 340 

into operational taxonomic units (OTUs) using closed reference OTU picking approach.  341 

 342 

16S rRNA transcript amplicon sequence data analysis 343 

To reveal the active methanogenic and methanotrophic microbial community, the number of 344 

16S rRNA transcript amplicon sequences in each library was normalized using the OTU table 345 

(2,500 sequences for Archaea and 20,000 sequences for Bacteria) and the rarefaction method 346 

in QIIME v.1.9.1. The methanogenic and methanotrophic taxa reported in the existing 347 

literature were raised and listed at the respective taxonomic level belonging to these two 348 

functional groups (methanogenic and methanotrophic). This list of taxa was used to filter the 349 

methanogenic and methanotrophic communities in the OTU tables obtained for the 16S 350 

rRNA transcript sequences of Archaea and Bacteria using the 351 

‘filter_taxa_from_OTU_table.py’ command in QIIME v.1.9.1 and script described by Pylro 352 

et al. (2014). Relative abundances of active methanogenic and methanotrophic taxa were 353 

estimated by dividing the number of sequences classified as the methanogenic and 354 

methanotrophic taxa by the total number of sequences classified as methanogens and 355 

methanotrophs per sample, respectively.  356 
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 357 

Ecological metrics and statistical analyses  358 

Ecological metrics were calculated for the normalized number of sequences per library (i.e., 359 

soil sample), as these metrics are correlated with the library size. Estimator of richness 360 

(S.chao1), diversity index (Shannon), and evenness measure (Pielou) of the methanogenic 361 

and methanotrophic community composition were calculated to compare community-level 362 

richness, diversity and evenness, respectively, in FOR and TFS sites within each of the three 363 

floodplains. The ecological metrics were calculated based on the detected members of the 364 

methanogenic and methanotrophic communities with the 16S rRNA transcript sequence 365 

based analyses, and it may not represent the total communities because the analyses of the 366 

16S rRNA gene do not allow the identification of methanogenic and methanotrophic beyond 367 

the well-known taxonomic groups. A post hoc analysis using Tukey’s HSD test was used to 368 

determine the significance of the differences between drying and flooding regimes of the 369 

floodplains, FOR and TFS, and soil layers (0-15 cm vs. 15-30 cm) for each of ecological 370 

metric, soil factor, and active methanogenic and methanotrophic taxa within each of the three 371 

floodplains. Tukey’s HSD test was carried out using the STATISTICA 10 package (StatSoft 372 

Inc., Tulsa, OK, USA). In addition, hierarchical clustering with heatmaps were generated 373 

using the R packages “gplots” version 3.0.1 (Warnes et al., 2015), “heatplus” version 2.26.0 374 

(Ploner, 2014), “RcolorBrewer” version 1.1-2 (Neuwirth, 2014), and “vegan” version 2.5-3 375 

(Oksanen et al. 2016) (R Core Team 2017), from the relative abundance of active 376 

methanogenic and methanotrophic microbial taxa as computed by sequencing data. The 377 

heatmap used the Bray Curtis distance as distance method. Analyses of similarity (ANOSIM) 378 

of drying and flooding regimes of the floodplains, FOR and TFS, and soil layers based on 379 
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the relative abundance of active methanogenic and methanotrophic microbial taxa were 380 

performed for each of the three floodplains. ANOSIM was carried out using PRIMER 6 381 

(version 6.1.5; Primer-E Ltd., Plymouth, UK). In addition, weighted UniFrac (Wunifrac) 382 

scores were used to determine the dissimilarity for methanogenic and methanotrophic 383 

community between non-flooding drying and flooding regimes of the floodplains, FOR and 384 

TFS, and soil layers in each of the three floodplains on ad hoc branch lengths of the OTU 385 

phylogenetic tree built from the rarefied data (Lozupone et al., 2006). Principal coordinates 386 

analysis (PCoA) was conducted based on UniFrac scores to visualize the samples (Hamady 387 

et al. 2010). Explicit relationship between relative abundance of methanogenic and 388 

methanotrophic communities and physical and chemical soil factors of the different soil 389 

layers, sampling sites and areas of floodplains in both non-flooded and flooded periods was 390 

examined by constrained ordination generated by redundancy analysis (RDA) performed 391 

using CANOCO 4.5 (ter Braak and Smilauer 2002). To evaluate the contribution of water 392 

type, land use, soil depth and seasonality to the total variation in methanogenic and 393 

methanotrophic communities, a variance partitioning (Borcard et al., 2011) was performed 394 

using the function “varpart” of the “vegan” package version 2.5.6 (Oksanen et al. 2016) (R 395 

Core Team 2017).  396 

 397 

Results  398 

Concentration, diffusive fluxes and stable isotope ratios of δ13C and δ2H of CH4 399 

An overview of the results encompassing the CH4 concentration ([CH4]) and CH4 diffusive 400 

flux (FCH4) in the water and bubbles in seasonally flooded-FOR and -TFS with different 401 

Amazonian water types is shown in Table 1. Diffusive FCH4 revealed wide range of variation 402 
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between non-flooded and flooded periods, with average fluxes ranging from -0.16 to 0.01 403 

mmol CH4 m
-2 day-1 in non-flooded period and 0.51 to 908.33 mmol CH4 m

-2 day-1 in flooded 404 

period. The FCH4 in non-flooded period did not show significant variation among the three 405 

areas of floodplains (p > 0.05) and between FOR and TFS sites in none of these areas (p > 406 

0.05). In turn, the FCH4 in flooded period differed among the three areas of floodplains (p < 407 

0.05), with higher emissions in clear water floodplain, followed by black water floodplain, 408 

and finally white water floodplain. These FCH4 did not differ for FOR and TFS sites in these 409 

areas (p > 0.05), except for the clear water floodplain (Table 1). A similar pattern was  410 

revealed for the FCH4 during the flooded period for the CH4 concentration in the bubbles in 411 

the different areas of floodplain and their FOR and TFS sites.  412 

All sites were sinks (consumption) of CH4 in non-flooded period, except for the TFS 413 

site at the white water floodplain. The TFS site in the black water floodplain revealed the 414 

highest potential for consumption of CH4 (-0.16 mmol m-2 day-1). The concentration of CH4 415 

in the water column was not statistically different between FOR and TFS sites in both black 416 

and white floodplains (p > 0.05), but it differed between FOR and TFS sites in the clear water 417 

floodplain (p < 0.05). The average of concentration of CH4 in the water column ranged from 418 

1.14 ± 0.43 μM of CH4 in TFS site to 6.37 ± 3.91 μM of CH4 in FOR site in this area of 419 

floodplain. The average concentrations of CH4 in the water column and in bubbles were 420 

higher in flooded areas with clear and black waters than white water. 421 

Stable isotope ratios of carbon (δ13C) and hydrogen (δ2H) in CH4 from gas samples 422 

collected in non-flooded and flooded periods are shown in Figure 2. The isotopic composition 423 

of CH4 varied seasonally among the three areas of floodplains revealing oxidative effect for 424 

all samples in non-flooded period. The values of δ13C-CH4 ranged from -47.44 to -39.38 ‰ 425 
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(average = -44.71 ‰, n=30) in non-flooded period and -70.49 to -54.06 ‰ in flooded period. 426 

In turn, the values of δ2H-CH4 ranged from -134.20 to -90.00 ‰ in non-flooded period and -427 

349.10 to -296.50 ‰ in flooded period. 428 

 429 

Relative abundance of active methanogenic and methanotrophic microbial taxa  430 

In the soil layers at 0-15 cm and 15-30 cm at FOR and TFS sites from all the three areas of 431 

floodplains in both non-flooded and flooded periods were detected active methanogenic 432 

microbial taxa belonging to different archaeal orders: Methanobacteriales, Methanocellales, 433 

Methanofastidiosales, Methanomassiliicoccales, Methanomicrobiales, Methanosarcinales 434 

(Fig. 3). Among these methanogenic microbial taxa, Methanocellales and Methanosarcinales 435 

were predominant in the  0-15 cm layer from both FOR and TFS sites at the black water 436 

floodplain in both non-flooded and flooded periods. In this same area of floodplain, 437 

Methanobacteriales and Methanocellales were the predominant methanogenic microbial 438 

taxa in  at 15-30 cm in most sites and sampling periods. In turn, Methanomassiliicoccales 439 

were dominant in both soil layers at FOR and TFS sites from white water floodplain in both 440 

non-flooded and flooded periods. Clear water floodplain revealed predominance of 441 

Methanomassiliicoccales and Methanobacteriales in all soil samples, with dominance of 442 

Methanobacteriales  mostly  at 0-15 cm, and Methanomassiliicoccales  at 15-30 cm. In turn, 443 

Methanofastidiosales was only detected at FOR site from clear water floodplain in non-444 

flooded period. 445 

The active methanotrophic microbial taxa detected  at 0-15 cm and 15-30 cm at FOR 446 

and TFS sites from all the three areas of floodplains in both non-flooded and flooded periods 447 

were Crenothrix, Methylobacter, Methylocaldum, Methylococcus, Methylocystis, 448 
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Methylomonas, Methyloparacoccus, NC10 and Candidatus Methanoperedens (Fig. 3). NC10 449 

was dominant in all soil samples analyzed. Crenothrix was a rare group in the revealed 450 

methanotrophic microbial communities, with occurrence in the soil layer at 0-15 cm at FOR 451 

and TFS from white and clear water floodplains, respectively, in the flooded period. 452 

Additionally, Methyloparacoccus was also rarely detected in the methanotrophic microbial 453 

communities from white and clear water floodplains in both non-flooded and flooded periods. 454 

 Co-occurrence of nitrifying taxa belonging to the bacterial phylum Nitrospira and the 455 

archaeal phylum Thaumarchaeota (Nitrososphaera genus) with methanogenic and 456 

methanotrophic  communities, was demonstrated  in the Amazonian floodplains. Members 457 

of the Nitrososphaera genus were predominant in all soil samples independently of the type 458 

of water, soil layer, site and seasonal sampling period (Supplementary Fig. 2). Despite the 459 

low abundance, Nitrospira was more important in soil samples from white water floodplain 460 

in comparison with those from black and clear water floodplains (Supplementary Fig. 2).  461 

 462 

Ecological metrics for the active methanogenic and methanotrophic microbial communities  463 

Overall, the active methanogenic and methanotrophic communities revealed higher 464 

community-level evenness and alpha diversity in  at 0-15 cm depth from both FOR and TFS 465 

sites at all the three areas of floodplain in non-flooded and flooded periods (Fig. 3). The FOR 466 

and TFS sites from all  three areas of floodplains in both non-flooded and flooded periods 467 

did not differ statistically from each other regarding the ecological metrics analyzed. 468 

However, higher alpha diversity of active methanogenic and methanotrophic microbial 469 

communities was revealed for FOR and TFS from all three areas of floodplains in flooded 470 

period than non-flooded period. Significant differences were found among the three areas of 471 
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floodplains for richness, evenness and alpha diversity of these active  communities, with not 472 

generalizable results regarding to the soil layers, sampling sites and seasonal periods (e.g., 473 

higher richness in FOR from black water floodplain and TFS from clear water floodplain in 474 

both non-flooded and flooded periods; higher alpha diversity in both FOR and TFS from 475 

clear water floodplain in non-flooded period, and white water floodplain in flooded periods). 476 

 477 

Taxonomic and phylogenetic structure of the active methanogenic and methanotrophic  478 

communities  479 

The structure of active methanogenic and methanotrophic community based on sequencing 480 

data was revealed across soil layers, sites and seasonal flooding in the different Amazonian 481 

floodplains. Hierarchical clustering revealed clear separation for the methanogenic 482 

communities in the soil layers (0-15 cm and 15-30 cm) at FOR sites from white (Fig. 4b) and 483 

clear water (Fig. 4c) floodplains in both non-flooded and flooded periods, which was 484 

statistically significant (ANOSIM R>0.7, P<0.5; Table 2). This contrasts with both the 485 

microbial communities in TFS sites from the three areas of floodplains, and with those 486 

communities in FOR site from black water floodplain (Fig. 4a). The active methanogenic 487 

communities were clearly separated regarding the soil layers in flooded period and seasonal 488 

periods in the soil layer of 0-15 cm at TFS from black water floodplain (ANOSIM R>0.7, 489 

P<0.5; Table 2, Fig. 4a). However, these microbial communities did not reveal clear 490 

separation according to sites (FOR and TFS), except for soil samples collected at 15-30 cm 491 

from black water floodplain in flooded period (ANOSIM R=1, P=0.1; Table 2, Fig. 4a). 492 

The active methanotrophic communities were clearly separated in soil samples from 493 

FOR sites collected at 0-15 cm and 15-30 cm in the clear water floodplain, mainly regarding 494 
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to the seasonal sampling period and sites (ANOSIM R>0.7, P<0.5; Table 2, Fig. 4f). 495 

Separated group also revealed for these microbial communities based on soil samples 496 

collected in TFS from black water floodplain according to the soil layer (ANOSIM R=1, 497 

P=0.1; Fig. 4d). 498 

 The PCoA based on phylogenetic dissimilarity of methanogenic and methanotrophic 499 

microbial communities associated with soil layers, sites and seasonal flooding in the different 500 

Amazonian water types floodplains are displayed in Figure 5. The methanogenic community 501 

revealed less phylogenetic similarity in the samples collected in the clear water floodplain 502 

(Fig. 5c) compared to those collected in black and white floodplains of black water (Figs. 5a 503 

and 5b). In turn, the methanogenic communities of the samples collected in the black water 504 

floodplain (Fig. 5a) were close phylogenetically to each other. The same was true for the 505 

methanogenic communities based on samples collected in the white floodplain (Fig. 5b). In 506 

turn, the methanotrophic communities did not show a consistent compositional pattern 507 

between samples depending on the type of water, soil layer, site and seasonal sampling period 508 

(Figs. 5d, 5e and 5f). 509 

 510 

Environmental factors associated with active methanogenic and methanotrophic  511 

communities 512 

The constrained ordination diagrams (RDA), showing the variation explained in relative 513 

abundance of the active methanogenic and methanotrophic communities by physical and 514 

chemical soil factors. It revealed that methanogenic communities in soil layers at 0-15 cm in 515 

FOR and TFS sites from black water floodplain were positively related to the C:N ratio and 516 

the total C, total N, DOC, ammonium, clay and sand levels in the soil (Fig. 6). Nitrate content 517 
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in soil was positively related to the methanogenic communities in both FOR and TFS from 518 

clear water floodplain. The soil pH, moisture, sulphate, phosphorus and silt were positively 519 

related to the methanogenic communities in both soil layers analyzed at FOR and TFS sites 520 

from clear water floodplain.  521 

In turn, phosphorus, silt and sulphate content showed a positive relationship with 522 

methanotrophic communities in soil layers at 0-15 cm and 15-30 cm at FOR and TFS sites 523 

from white water floodplain (Fig. 6). Methanotrophic communities from  0-15 cm in FOR 524 

and TFS from clear water floodplain were positively related to C:N ratio and the total C, total 525 

N, DOC, and ammonium contents in soil. Additionally, the sand content was positively 526 

related to methanotrophic communities in both soil layers analyzed at black water floodplain. 527 

In turn, the clay content was positively related to these communities in soil layer at 15-30 cm 528 

at TFS site from black and clear water floodplains. The soil pH and moisture were positively 529 

related to methanotrophic communities in soil samples collected in both soil layers at FOR 530 

sites in white and clear water floodplains.  531 

The variance partition showed the relative contribution of water type, land use, soil 532 

depth and seasonality in the total variation of active methanogenic and methanotrophic 533 

communities (Fig. 7). In a particular way, water type influenced 38.6% in the variance of the 534 

methanogenic community structure (Fig. 7a). The water type contributed three times more to 535 

methanogenic community variability than land use, soil depth and seasonality together. In 536 

turn, water type and soil depth influenced approximately 10% each one for the 537 

methanotrophic community variance (Fig. 7b).  538 

 539 

Discussion  540 
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Concentration and diffusive fluxes of CH4 in seasonally flooded-FOR and -TFS with different 541 

Amazonian water types 542 

While the non-flooded soil is a CH4 sink, flooding turns all areas into sources of methane. 543 

Tropical alluvial floodplains have an optimal temperature of methanogenic activity, of about 544 

35 ºC (Torres-Alvarado et al. 2005). Dalmagro et al. (2019) when measuring CH4 fluxes in 545 

seasonally flooded forests in the Pantanal, Brazil, indicated that these environments are 546 

potentially high sinks but turn into strong sources of CH4 when anaerobic soil conditions are 547 

established as demonstrated by Harriss et al. (1982). Our results corroborate such findings 548 

for all the three areas of floodplain periodically flooded with black, white and clear water 549 

color from large Amazonian rivers.   550 

 The higher CH4 emissions were observed during the flooded period for the clear 551 

water floodplain, followed by black and white water floodplains, respectively. As noted by 552 

Sawakuchi et al. (2014, 2016) the CH4 concentration in water column, bubbles and FCH4, in 553 

different Amazonian water types resulted from different oxidation potential. The more 554 

negative isotopic values of δ13C-CH4 and δ2H-CH4 confirm the lower CH4 oxidation in the 555 

white water floodplain, followed by black water floodplains, and finally clear water 556 

floodplain (Fig. 2).  557 

Upon flooding, oxygen is depleted and nitrate (NO3
-) is the first electron acceptor 558 

used for anaerobic decomposition (Torres-Alvarado et al. 2005) of the organic material 559 

accumulated during the non-flooded period. Consequently, the NO3
- concentration decrease 560 

in soil in all of the three areas indicating denitrification and thereby usage of NO3 as electron 561 

acceptor (Supplementary Table 2). Our results based on centimeter scale demonstrated the 562 

use of NO3
- as electron acceptor by anaerobic microorganisms through NO3

- reduction and 563 



 
 

25 

pH increase in our soils. Bartlett and James (1993) also evidenced the consumption of NO3
- 564 

as electron acceptor by anaerobic microorganisms in centimeter scale through NO3
- reduction 565 

and pH increase under flooded condition in a range types of soils. Camargo et al. (1999) 566 

showed reduction of the redox potential followed by increase in pH in Amazon acidic soils 567 

subjected to controlled flooding along six months. During flooding, anoxic conditions favor 568 

methanogenic communities, with positive CH4 production and transfer to the water column 569 

and atmosphere (Table 1). 570 

Recent evidence revealed trees as contributors to CH4 cycling in seasonally flooded 571 

tropical areas, representing an important pathway of CH4 production and emission from soils 572 

in the Amazon basin (Pangala et al. 2017). The authors also showed the fluxes of CH4 and 573 

comparative contributions of five major rivers in the Central Amazon basin. The Tapajós 574 

River (clear water) presented the largest contribution to the  CH4  budget of the Amazon. In 575 

our study, forest soil emitted more CH4 than agricultural soil when flooded in clear water 576 

floodplain, despite the fact that agriculture at this area consisted of agroforestry in secondary 577 

tropical forest. It constitutes a traditional production model in family farming in the Northeast 578 

region of Pará state, Brazil (Schwartz et al. 2015). In both agroforestry and forest systems, 579 

trees contribute to the soil ecosystems, providing nutrients and carbon substrates, facilitating 580 

the synthesis of organic matter by the addition of biomass to the soil. Besides that, 581 

interactions between soil and plants may regulate the relative contribution of organic inputs 582 

to nutrient release through mineralization processes and synthesis of soil organic matter. All 583 

these factors will have impact on nutrient and soil carbon stocks, and consequently on the 584 

methanogenic activities in this tropical ecosystem (Barrios et al. 2012). Ueyama et al. (2020) 585 

demonstrated that vegetation was the second most important factor in explaining seasonal 586 
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variations in CH4 fluxes in a temperate wetland.  587 

 588 

Oxidation of CH4 and pathway of methanogenesis  589 

Stable C and H isotope discrimination of CH4 revealed predominant oxidative effect of this 590 

gaseous molecule in the non-flooded period. As lighter molecules of CH4 (12CH4) are 591 

preferentially consumed by methanotrophs, residual CH4 is enriched at 13C and 2H relative to 592 

the original pool produced by methanogens (Whiticar 1999). So our observation of δ13C-CH4 593 

and δ2H-CH4 denotes that the isotopic values originating from the non-flooded period are 594 

more positive than during flooding for the three studied areas of Amazonian floodplains.  595 

According to the difference in δ13C of CH4 from CO2/H2 assumed by Sugimoto and 596 

Wada (1993, 1995), in our study the fractional contribution of hydrogenotrophic 597 

methanogenesis was large in FOR and TFS from white water floodplain and FOR in black 598 

water floodplain in flooded period. In FOR and TFS from clear water floodplain and TFS 599 

from black water floodplain in flooded period, a -50 to -70 ‰ difference in δ13C between 600 

coexisting CO2 and CH4 has been revealed. Corresponding to these values, in pure culture 601 

studies and in natural environments, similar values for the difference in δ13C between CO2 602 

and CH4 from CO2/H2 have been reported for CH4 produced from hydrogenotrophic pathway 603 

(Krzycki et al. 1987). 604 

 Conrad et al. (2011), when evaluating stable C and H isotope discrimination of CH4 605 

in Brazilian lacustrine environments, observed an isotope signature ranging from -94.50 to -606 

57.70 ‰ in Amazonian anoxic lakes. The authors highlight that the methylotrophic pathway 607 

exhibits an isotopic enrichment factor similar to that of hydrogenotrophic methanogenesis 608 

(Krzycki et al. 1987), consequently the contribution of methanol to CH4 formation may be 609 
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confused with the hydrogenotrophic pathway and vice versa. It is important to highlight that 610 

floodplains are highly dynamic environments that receive large amounts of organic matter 611 

and support diverse metabolic activities, so the decomposition of a myriad of sources (e.g. 612 

grasses, trees and other allochthonous sources) probably leads to a mixture of isotopic signals 613 

(Segarra et al. 2015).  614 

 615 

Ecological variation in active methanogenic and methanotrophic communities 616 

Active methanogenic and methanotrophic taxa were ubiquitous in the two soil layers at both 617 

FOR and TFS sites from the three areas of floodplains, with significant differences among 618 

these areas of floodplains regarding the richness, evenness and alpha diversity of these active 619 

soil microbial communities. The results of these  ecological metrics  were not generalizable 620 

over all  soil layers, sampling sites and seasons. Gontijo et al. (2021) also observed resistance 621 

of methanogenic and methanotrophic microbial communities inhabiting floodplain soils to 622 

dramatic environmental changes that occur between seasons in white (Amazonas river) and 623 

clear (Tapajós river) water floodplains in the Amazon. However, variations in both 624 

occurrence and abundance of methanogenic and methanotrophic microbial taxa between soil 625 

layers, FOR and TFS sites, and non-flooded and flooded periods, can be related to metabolic 626 

flexibility and physiological adaptations of the microorganisms that may allow them to 627 

endure under changing environmental conditions (Ye et al. 2018).  628 

Higher alpha diversity of active methanotrophic microbial communities was revealed 629 

for FOR and TFS from all the three areas of floodplains in flooded period than non-flooded 630 

period. Aerobic CH4-oxidising microorganisms have long been recognized to play an 631 

important role in the regulation of CH4 emissions to the atmosphere (Graf et al. 2018). 632 
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However, in the recent years, anaerobic oxidation of CH4 (AOM) has been shown to be more 633 

widespread than previously predicted in areas of high organic matter availability (Evans et 634 

al. 2019). In our floodplain soils, we detected both active archaeal and bacterial taxa with the 635 

reported capability to carry out anaerobic CH4 oxidation. For instance, the NC10 phylum 636 

(with Candidatus Methylomirabilis as the only described genus so far) was the dominant 637 

methanotrophic taxonomic group across soil layers, sites and seasonal flooding in the 638 

different Amazonian water types floodplains. Representatives of the NC10 phylum have been 639 

reported to contain members that are able to oxidize CH4 using oxygen generated from the 640 

reduction of nitrite to NO (Ettwig et al. 2010; Padilla et al. 2016). This capability provides 641 

an advantage for NC10 to thrive in oxygen-depleted environments (Shen et al. 2016). The 642 

metabolic diversity and the biogeography of AOM are still largely unknown (Cui et al. 2015), 643 

and studies providing insights in this field are in high demand. Shen et al. (2016) revealed 644 

dominance for NC10 bacterial phylum in four different freshwater habitats based on the 16 645 

rRNA gene sequencing. In freshwater lakes, members of NC10 even formed blooms of high 646 

density, reaching up to 27 % of the total bacterial community (Graf et al. 2018). This was 647 

ascribed to the high amount of CH4 and nitrite formed in the anoxic part of this particular 648 

lake. Indeed, nitrite availability is a prerequisite to reach such high numbers of Candidatus 649 

Methylomirabilis oxyfera. The latter implies that there should be a tight link with bacterial 650 

or archaeal ammonia oxidizers in these Amazonian floodplains.  651 

The co-occurrence of Nitrososphaera, Nitrospira, and the methanotrophic 652 

community members in all of our soil samples from the Amazonian floodplains with different 653 

water types corroborates microbial interactions that have long been evident. The nitrifiers 654 

and methanotrophs are proposed to have a common evolutionary history. They occupy 655 
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similar ecological niches, and compete for nitrogen (Bodelier and Laanbroek 2004). 656 

Enzymatically, nitrifiers are capable of CH4 oxidation, and methanotrophs are capable of 657 

nitrification (Kits et al. 2015). The contribution of ammonia oxidisers to methanotrophy in 658 

natural systems appears to be very minor, however methanotrophs may sometimes have 659 

important roles in the nitrogen cycle (Stein et al. 2012), as evidenced above for the NC10 660 

bacterial phylum in our Amazon floodplain soils. 661 

The Candidatus M. nitroreducens Archaea, detected in all three areas of floodplains 662 

with different Amazonian water types, are capable of coupling AOM to the nitrate reduction 663 

through a reverse methanogenesis pathway (Haroon et al. 2013; Welte et al. 2017). In natural 664 

and man-made ecosystems, this Archaeon is often found at oxic-anoxic interfaces where 665 

nitrate, the product of aerobic nitrification, co-occurs with CH4 produced by methanogens. 666 

As nitrate concentrations in freshwater environments are generally higher than those of nitrite 667 

or sulfate, as revealed in our Amazon floodplain soils, Candidatus M. nitroreducens may 668 

contribute significantly to nitrate-dependent AOM in these environments (Vaksmaa et al. 669 

2016). Microbial ecology studies have indicated sufficient presence and activity of 670 

Candidatus M. nitroreducens and others methanotrophic Archaea in paddy field soils 671 

(Vaksmaa et al. 2016). Candidatus M. nitroreducens possesses all genes of the (reverse) 672 

methanogenic pathway (Arshad et al. 2015; Haroon et al. 2013). In the genomes of two 673 

Candidatus M. nitroreducens strains, the complete reverse methanogenesis pathway 674 

including the mcrABCDG genes was identified (Arshad et al. 2015; Haroon et al. 2013), and 675 

the genomes contained only a single copy of the 16S rRNA and the mcrA gene. Furthermore, 676 

the enzymes for nitrate reduction to nitrite and nitrite reduction to ammonium appeared to be 677 

encoded by narGH- and nrf-type genes, respectively (Arshad et al. 2015). 678 
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In addition, here we report distinct responses of the genus Methylocystis across soil 679 

layers, sites and seasonal flooding in the different Amazonian water types floodplains. This 680 

methanotrophic genus is a highly abundant member of the methanotrophic  community in 681 

most soils (Pan et al. 2014). Methylocystis appear in some oligotrophic samples, both aquatic 682 

and soil (Schmidt and Schaechter 2009). This gram-negative methanotrophic bacterium 683 

revealed low abundance in white water floodplain, which can be considered as high-nutrient 684 

environment because the input of large amounts of sediments rich in nutrients from Andean 685 

slopes and neighboring upland drainages.  686 

The filamentous methanotrophic genus Crenothrix was found in low relative 687 

abundance (0.6 % of the total active methanotrophic community) in the three areas of 688 

floodplains with different water types, and it was detected only in the flooded period. 689 

Genomic analyses and anaerobic experiments with enrichment cultures indicate that these 690 

methane oxidizing gamma-proteobacteria can use nitrate as an electron acceptor for CH4 691 

oxidation (Oswald et al. 2017). Given the ability to grow as a planktonic species in lake water 692 

column and its capacity for rapid growth in large biomass, members of the genus Crenothrix 693 

have highlighted participation in CH4 cycling also in relevant habitats, such as stratified lakes 694 

(Oswald et al. 2017).  695 

The Methylococcus genus was found in low relative abundance in clear water 696 

floodplain in the flooded period, and in white water floodplain in both non-flooded and 697 

flooded periods. This bacterial genus has genomic evidence to acquire copper and use it in 698 

the regulation of the CH4 oxidation process (Ward et al. 2004). 699 

The anaerobic oxidation of CH4 plays an important role in mitigating emissions of 700 

this greenhouse gas, and several types of this metabolism have been discovered in the recent 701 
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years. However, the biochemical mechanisms performed by representatives of the Archaea 702 

(Nazaries et al. 2013) and Bacteria (Shen et al. 2016) are still vastly unknown (Scheller et al. 703 

2020). A general finding in the literature is that oxygen rarely penetrates more than a few 704 

millimeters into the flooded soils due to the waterlogging. According to Camargo et al. 705 

(1999), the oxygen diffusion process is very slow in the water column, therefore, oxygen can 706 

be present only in the first millimeters of flooded soils, followed by an abrupt decrease in 707 

oxygen to practically zero. 708 

Wagner (2017) when assessing the methanogenic community in temperate freshwater 709 

swamp soils, indicated that methanogenic Archaea not only survive in the aerobic layers, but 710 

also contribute to CH4 production. In our study, the active methanogenic community 711 

inhabiting the soil layer with presumed higher oxygenation (0-15 cm) in the three areas of 712 

floodplain with different Amazonian water types revealed difference in abundance for the 713 

different taxonomic groups. Methanocellales and Methanosarcinales were predominant in 714 

this soil layer at black water floodplain, while Methanomassiliicoccales, Methanobacteriales 715 

and Methanocellales were predominant in this same soil layer at white water floodplain, and 716 

Methanobacteriales and Methanomassiliicoccales predominated in this soil layer at clear 717 

water floodplain. In our floodplain soils, the methanogenic community was dominated by 718 

Methanomassiliicoccales. Yang et al. (2020), when evaluating methanogenesis in two 719 

freshwater lakes with different trophic states found high abundance of 720 

Methanomassiliicoccales. Although rates of methylotrophic methanogenesis were not 721 

measured in the study, the evaluation suggests that this route may be important in eutrophic 722 

lake environments. 723 

Soils of aerated highlands favor preferentially the growth of Methanosarcinaceae and 724 
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Methanocellales after flooding (Hernández et al. 2017). Conrad et al. (2014) when assessing 725 

a black water lake in Amazon observed the greater abundance of these two taxa when the 726 

lake sediments were dry and wet again. Erkel et al. (2006) when evaluating the methanogenic 727 

genome present in a rice field demonstrated that the key to the survival of these organisms in 728 

the rhizosphere is the enzymatic mechanisms to combat oxidative stress. The unique 729 

combination and multiple set of genes encoding antioxidant enzymes indicate that 730 

Methanocellales are aerotolerants (Erkel et al. 2006). Hofmann et al. (2016) showed that this 731 

clade seems to be best adapted to low pH values by comparing with other methanogens 732 

present in aerated soils of forests and meadows in an alpine region. Methanocellales are 733 

predominantly hydrogenotrophic and Methanosarcinales are metabolically versatile and 734 

capable of producing CH4 by the three methanogenic pathways (Evans et al. 2019). 735 

In turn, members of the order Methanomicrobiales have hydrogenotrophic 736 

metabolism (Anderson et al. 2009) and are abundant in a wide range of anoxic habitats due 737 

to the various adaptations and possible differences between the strains of this clade (Browne 738 

et al. 2017). In this study, Methanomicrobiales were detected in low abundance in all of the 739 

three areas of floodplains.  740 

Angel et al. (2012) had already pointed to the ubiquity of methanogens and 741 

methanotrophs in mesophilic and aerobic soils around the world. Angle et al. (2017) provided 742 

clear evidence of the extent of methanogenesis in oxic soils in several seasons and 743 

ecosystems and showed that this process contributes significantly to overall CH4 emissions 744 

from wetlands. Teh et al. (2005), when evaluating the effects of oxygen on CH4 production 745 

and oxidation in humid tropical forest soils, reported that the 15 cm topsoil was the most 746 

active zone for CH4 production and oxidation, however, loss paths predominated in this 747 
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region of the soil.  748 

  749 

Link between physicochemical soil factors and active methanogenic and methanotrophic 750 

communities structure 751 

Studies in lakes have shown that CH4 emissions are positively correlated with variables such 752 

as P and chlorophyll (Beaulieu et al. 2019). In this study, high P concentrations were found 753 

in soils from white water floodplain, which correlated to the active methanogenic and 754 

methanotrophic  communities.  755 

It was demonstrated  the nitrate content in the soil, the absolute abundance of the 756 

nitrifying microbial community and  the active methanotrophic community in soil  0-15 cm 757 

from TFS at white water floodplain in the flooded period correlated positively. It is worth 758 

noting that this methanotrophic community was dominated by of the NC10 phylum. 759 

Considering the evidence supporting involvement of the NC10 phylum in anaerobic methane 760 

oxidation with supported by nitrate and nitrite in soil (Raghoebarsing et al. 2006; Ettwig et 761 

al. 2008; Knittel and Boetius 2009; He et al. 2015; Kravchenko et al. 2014; Zhu et al. 2012), 762 

in combination with widespread occurrence and substantial population size suggest an 763 

important role of NC10 in linking the biogeochemical carbon and nitrogen cycles (Welte et 764 

al. 2017). Our data clearly show these links and the role of NC10 in Amazon floodplain areas, 765 

modulated by hydrological regime.  766 

 767 

Conclusion  768 

In conclusion, our results revealed higher CH4 emissions from flooded clear water 769 

floodplain, followed by black and white water floodplains, respectively. Despite the 770 

predominant oxidation of CH4 during non-flooded conditions and dominance of 771 
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methanotrophic members belonging to the NC10 phylum across all soil samples, when the 772 

soil becomes aerobic, the richness and diversity of the active methanotrophic communities, 773 

and abundance of aerobic methanotrophs and methanogens were not higher in non-flooded 774 

than flooded period. Hence our second hypothesis can only partially be  supported. Finally, 775 

our findings revealed that the soil physicochemical factors, Amazonian water types, land use, 776 

soil depth and seasonality can structure the active methanogenic and methanotrophic 777 

microbial communities. These microbial communities were also modulated by other factors, 778 

among which the presence of nitrifiers, as Nitrososphaera and Nitrospira. Additionally, our 779 

results highlight floodplains of the Amazon rivers with different hydrogeochemical 780 

characteristics and origin of organic matter acting simultaneously as strong sources and sinks 781 

of CH4. A signature is revealed across methanotrophic microbial communities in soils from 782 

all the three areas of floodplain periodically flooded with black, white and clear water from 783 

large Amazonian rivers, with a disproportionate role of NC10 phylum in CH4 mitigation in 784 

natural and agricultural Amazonian floodplains. These findings open the possibilities to 785 

explore the role of NC10 phylum in the regional cycle of C. 786 
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Table 1. Diffusive FCH4 (mmol m-2 day-1) and CH4 concentrations in the water ([CH4]water - μM) and bubbles ([CH4]bubbles - μM) in seasonally 1113 

flooded-forest and – traditional farming systems with different Amazonian water types 1114 

 1115 

  

Black water floodplain of 

Negro River 
 White water floodplain of Solimões River 

 

Clear water floodplain of Tocantins River  Statistics 

FOR TFS  FOR TFS FOR TFS  FOR vs TFS* Among water types† 

Non-flooded period             

   Diffusive flux 
   (soil-atmosphere) 

          p=0.596 p=0.15 

        Mean¶ (±SD)  -0.03ª ± 0.02 -0.16ª ± 0.18  -0.05ª ± 0.05 0.01ª ± 0.03  -0.03ª ± 0.04 -0.02ª ± 0.08    

        Median  -0.04 -0.08  -0.05 -0.001  -0.04 -0.01    
        Range§  -0.05 —0.02 -0.48 — -0.05  -0.12—0.01 -0.007—0.06  -0.07—0.03 -0.12—0.07    

             

Flooded period  p<0.05 p=0.008 

   [CH4]water             

        Mean (±SD)  0.7ª ± 0.41 0.67ª ± 0.38  0.16ª ± 0.03 0.51b ± 0.26  6.37ª ± 3.91 1.14b ± 0.43    

        Median  0.62 0.56  0.16 0.40  6.01 1.03    

         Range‡  0.19 - 1.41 0.23 - 1.39  0.11 - 0.24 0.26 - 1.25  0.64 - 13.40 0.60 - 1.98    

   Diffusive flux 

   (water-atmosphere) 
          p=0.005 p<0.05 

        Mean (±SD)  0.42ª ± 0.25 0.47ª ± 0.30  0.09ª ± 0.02 0.31b ± 0.17  4.81ª ± 2.87 0.88b ± 0.29    

        Median§  40.43 0.40  0.09 0.24  4.54 0.80    

        Range  0.12 - 0.88 0.15 - 1.04  0.06 - 0.14 0.16 - 0.80  0.34 - 9.67 0.53 - 1.45    

   [CH4]bubbles           p=0.078 p=0.05 

        Mean (±SD)  405.7ª ± 142.1 263.7ª ± 104.5  94.5ª ± 80.2 11.2ª ± 11.1  1686.9ª ± 145.8 739.1b ± 107.4    

        Median  347.4 201.6  63.1 6.9  1681.2 747.4    

        Range‡  298.1 - 651.8 177.1 - 420.2  24.8 - 212.8 2.8 - 29.9  1542.5 – 1842.8 627.9 - 842.2    

   FOR, Forest; TFS, Traditional Farming System; SD, Standard Deviation. 1116 
¶Means were calculed based on fluxes of the five days of sampling.  1117 
§Minimum and maximum diffusive flux in the soil-atmosphere interface / water-atmosphere interface. 1118 
‡Minimum and maximum [CH4]water / [CH4]bubbles. 1119 
Values with the same letters were not significantly different (P < 0.05) based on upon a Tukey’s HSD test. Tukey’s test 1120 
was performed contrasting FOR vs. TFS within each floodplain across five days of gas sampling. 1121 
*Tukey’s test was performed contrasting FOR vs. TFS samples across the three floodplains. 1122 
†ANOVA P-value across all samples from the three different water types (floodplains) 1123 
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Table 2. Analysis of similarity (One-way ANOSIM) R-values of methanogenic and methanotrophic community composition between  1124 

soil layers, seasonal periods and land uses 1125 

 1126 
 Black water floodplain of Negro River  White water floodplain of Solimões River  Clear water floodplain of Tocantins River 

 
Seasonal periods (Non-flooded vs. Flooded) 

   Forest TFS  Forest TFS  Forest TFS 
Soil layers 0-15 cm  0.096¶ (P=1) 

0.022§ (P=0.9) 

0.741 (P=0.1) 

0.519 (P=0.1) 

 0.741 (P=0.1) 

0.074 (P=0.3) 

0.185 (P=0.4) 

0.037 (P=0.4) 

 0.259 (P=0.2) 

0.556 (P=0.1) 

0.096 (P=0.7) 

0.852 (P=0.1) 

15-30 cm  0.067 (P=1) 
0.074 (P=0.6) 

0.222 (P=0.2) 
0.074 (P=0.6) 

 0.481 (P=0.1) 
0.018 (P=1) 

0.074 (P=0.4) 
0.074 (P=1) 

 0.444 (P=0.1) 
0.074 (P=0.7) 

0.037 (P=1) 
0.722 (P=0.1) 

 
Soil layers (0-15 vs. 15-30 cm) 

   Forest TFS  Forest TFS  Forest TFS 
Seasonal 

periods 

Non-flooded  0.111 (P=0.3) 

0.222 (P=0.2) 

0.241 (P=0.2) 

0.926 (P=0.1) 

 0.704 (P=0.1) 

0.111 (P=0.5) 

0.019 (P=0.5) 

0.093 (P=0.4) 

 0.741 (P=0.1) 

0.333 (P=0.2) 

0.111 (P=0.3) 

0.018 (P=1) 
Flooded  0.015 (P=0.8) 

0.333 (P=0.2) 

1 (P=0.1) 

0.815 (P=0.1) 

 0.593 (P=0.1) 

0.37 (P=0.1) 

0.037 (P=0.4) 

0.074 (P=0.4) 

 0.556 (P=0.1) 

0.035 (P=1) 

0.111 (P=0.4) 

0.63 (P=0.1) 
 

Land uses (Forest vs. Traditional Farming System) 
   Non-flooded Flooded  Non-flooded Flooded  Non-flooded Flooded 

Soil layers 0-15 cm  0.333 (P=0.1) 
0.111 (P=0.3) 

0.148 (P=0.2) 
0.074 (P=0.4) 

 0.093 (P=0.7) 
0.014 (P=1) 

0.037 (P=0.6) 
0.111 (P=0.4) 

 0.033 (P=1) 
0.741 (P=0.1) 

0.259 (P=0.3) 
0.667 (P=0.1) 

15-30 cm  0.020 (P=0.7) 
0.037 (P=0.5) 

1 (P=0.1) 
0.037 (P=0.4) 

 0.296 (P=0.3) 
0.185 (P=0.4) 

0.556 (P=0.1) 
0.222 (P=0.2) 

 0 (P=0.5) 
0.889 (P=0.1) 

0.444 (P=0.1) 
0.685 (P=0.1) 

TFS, Traditional Farming System. 1127 
¶R-values of methanogenic community 1128 
§R-values of methanotrophic community 1129 
R-values for each term and their significance are presented as determined by permutational analysis using 999 1130 
permutations. 1131 
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Figure legends 1132 

 1133 

Figure 1. A. Location of the sampling sites in the Brazilian Amazon, and land use/land cover 1134 

classification and inundation line in the three study areas seasonally flooded with black water, 1135 

white water and clear water. B. Sampling scheme for gas and soil samples collection in the 1136 

non-flooded and flooded periods 1137 

 1138 

Figure 2. Methane δ13C versus δ2H for non-flooded (nf) and flooded (f) forest (FOR) and 1139 

traditional farming systems (TFS) with black water (BWF), white water (WWF) and clear 1140 

water (CWF) in Amazonian floodplains. Methane isotopes were determined in gas samples 1141 

from soil and bubbles escaping from bottom sediment. The range of δ13C-CH4 and δ2H-CH4 1142 

for the production pathways was showed in the graph according to Sugimoto & Wada (1993, 1143 

1995) 1144 

 1145 

Figure 3. Ecological metrics and relative abundance of active methanogenic and 1146 

methanotrophic communities in soil samples collected in 0-15 cm layer (D1) and in 15-30 1147 

cm layer (D2) from forest (FOR) and traditional farming systems (TFS) with black water, 1148 

white water and clear water in Amazonian floodplains in non-flooded (nf) and flooded (f) 1149 

periods 1150 

 1151 

Figure 4. Heatmaps of the hierarchical cluster analysis and dendrogram showing the 1152 

normalized relative abundance of active methanogenic and methanotrophic communities in 1153 

soil collected in three sample points (P1, P2 and P3) at 0-15 cm layer (D1) and in 15-30 cm 1154 
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layer (D2) from forest (FOR) and traditional farming systems (TFS) with black water (BWF), 1155 

white water (WWF) and clear water (CWF) in Amazonian floodplains in non-flooded (nf) 1156 

and flooded (f) periods. Solid line and the dashed line with the same color indicate statistical 1157 

difference between the contrasting sample sets 1158 

 1159 

Figure 5. Principal Coordinate Analysis (PCoA) ordering diagram based on the weighted 1160 

UniFrac distance matrix for OTUs components of active methanogenic and methanotrophic 1161 

communities in soil collected in three sample points (P1, P2 and P3) at 0-15 cm layer (D1) 1162 

and in 15-30 cm layer (D2) from forest (FOR) and traditional farming systems (TFS) with 1163 

black water (BWF), white water (WWF) and clear water (CWF) in Amazonian floodplains 1164 

in non-flooded (nf) and flooded (f) periods 1165 

 1166 

Figure 6. Constrained ordination diagram for sample plots in the first two RDA axes based 1167 

on the soil physicochemical factors and their relationship with the active methanogenic and 1168 

methanotrophic communities in three sample points (P1, P2 and P3) at 0-15 cm layer (D1) 1169 

and in 15-30 cm layer (D2) from forest (FOR) and traditional farming systems (TFS) with 1170 

black water (BWF), white water (WWF) and clear water (CWF) in Amazonian floodplains 1171 

in non-flooded (nf) and flooded (f) periods 1172 

 1173 

Figure 7. Influence of environmental factors (Amazonian water types – black, white and 1174 

clear water; land use – forest and traditional farming systems; soil depth – 0-15 and 15-30 1175 

cm soil layer; and seasonality – flooded and non-flooded periods) on the total variation of 1176 

active methanogenic and methanotrophic microbial communities 1177 
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Supplementary Table 1. Compilation of attributes of Amazonian black water, white water, and clear water rivers from Junk et al. (2011), 9 
Kroonenberg and de Roever (2002, 2009), Rossetti et al. (2005), Schobbenhaus and Bellizia (2001), and Sioli (1985) 10 

Attributes Water type 

Black White Clear 

Relief of the drainage areas Ancient Guiana and Central 

Brazil shield (weathered relief) 

Andean and pre-Andean 

mountain (recent relief) 

Ancient Central Brazil and 

Guiana shield (weathered relief) 

Major geological units Cenozoic muddy or sandy plains 

and Pre-cambrian 

metamorphic/igneous rocks 

Cenozoic igneous and 

metamorphic rocks and derived 

sediments 

Pre-cambrian 

metamorphic/igneous rocks and 

Paleozoic sedimentary rocks 

Suspended sediment Low High Low 

Transparency (Secchi depth) 150 at 250  cm 10-50 cm >400 cm 

Humic substances High Low Low 

pH ̰ 4.0 6.5 at 7.0 ̰ 7.0 

Electric conductivity <20 40-100 5-40 

Ionic content Large amount of Na and K in 

relation to Ca e Mg 

Large amount of Ca and Mg, in 

relation to Na and K 

Low in minerals  

 11 

 12 
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Supplementary Table 2. Soil mean (± SD) chemical factors relative humidity (%), pH (CaCl2), total carbon (%), total nitrogen (%), ammonium (mg kg-1), 13 
nitrate (mg kg-1), and sulfate (mg kg-1) in two soil layers at seasonally flooded-forest and -traditional farming systems with different Amazonian water 14 
types 15 

Factors  Layers (cm)  Black water floodplain of Negro River 

 

White water floodplain of Solimões River 

 

Clear water floodplain of Tocantins River  Statistics 

Non-Flooded Period   Flooded Period.         
Non-Flooded 
Period         

 Flooded Period            Non-Flooded Period          Flooded Period            FORvsTFS
¶
 

 
Among water types

§
 

  
FOR TFS  FOR TFS FOR TFS  FOR TFS FOR TFS  FOR TFS 

NFP        FP  NFP        FP  

Relative humidity  0-15 4.88*a± 
2.18  

1.98*a± 
0.34  

42.97*a±
12.04 

30.78*a±
5.16 

4.60*a±
0.44 

2.85*a± 
0.07  

37.92*a± 
0.20 

32.99*a
±0.70 

8.05*a± 
5.24 

6.09*a± 
1.16 

33.74*a± 
2.78 

31.0*a±
3.75 

p=0.98 p=0.30 

p=0.00 
NRxSR p=0.51 
NRxTR p=0.00 
TRxSR p=0.03 

p=0.25 
NRxSR p=0.34 
NRxTR p=0.99 
TRxSR p=0.29 

15-30 2.25*a± 

0.49  

1.94*a± 

0.20  

24.14*a±
0.51 

21.82**a
± 0.60 

3.79*a±
0.11  

2.40*a± 

0.32  

34.7*a± 
2.54 

30.06**
a1.53 

3.26*a± 

2.01 

9.92**b± 

0.72 

22.89**a± 
1.56 

26.0*b±
9.43 

pH 0-15 3.77*a± 
0.14  

4.05*a± 
0.08  

3.79*a±   
0.22 

4.42*b±  
0.35 

4.15*a±
0.05  

4.08*a± 
0.04  

4.58*a± 
0.25 

4.43*a±
0.06 

3.65*a± 
0.01  

3.97*a± 
0.04  

3.75*a± 
0.01 

4.08*a±
0.09 

p=0.35 p=0.28 

p=0.00 
NRxSR p=0.02 
NRxTR p=0.00 
TRxSR p=0.00 

p=0.00 
NRxSR p=0.00 
NRxTR   p=0.14 
TRxSR p=0.00 

15-30 3.98*a± 
0.08  

4.29**a± 
0.10  

3.99*a±  
0.07 

4.27*a± 
0.07 

4.32**a
±0.05 

4.31**a±  
0.03 

4.72*a± 
0.27 

4.50*a±
0.10 

3.67*a± 

0.06  

3.80**a± 

0.04  

3.85*a± 

0.09 

4.05*a±
0.20 

Total carbon 0-15 4.45*a± 

1.80  

4.55*a± 

0.59  

2.12*a± 

0.64 

0.96*a± 

0.64 

1.35*a±

0.10  

1.12*a± 

0.21  

0.75*a± 

0.25 

0.86*a±

0.35 

2.05*a± 

1.04  

1.37*a± 

0.14  

1.49*a± 

0.69 

1.14*a±

0.85 
p=0.83 p=0.96 

p=0.44 

NRxSR p=0.48 
NRxTR p=0.99 
TRxSR p=0.53 

p=0.10 

NRxSR p=0.08 
NRxTR p=0.49 
TRxSR p=0.54 

15-30 1.70**a± 
0.63  

2.46**a± 
0.13  

0.66**a±
0.07 

1.20*a± 
1.10 

0.76**a
±0.01  

0.63**a± 
0.08  

0.56*a±  
0.15 

0.52*a±
0.02 

0.77*a± 
0.36  

1.01**a± 
0.04  

0.42*a± 
0.03 

0.73*a±
0.31 

Dissolved organic 
carbon 

0-15 8.30*a± 
1.69  

6.08*a± 
0.35  

15.47*a±
0.12 

7.3*b± 

0.88 

4.42*a±
0.15  

4.91*a± 

0.23  

4.11*a± 
1.11 

3.20*a±
0.51 

7.39*a± 

1.52  

5.60*a± 

0.66  

8.30*a± 
1.88 

3.87*b± 
0.76 

p=0.94 p=0.02 

p=0.00 

NRxSR p=0.00 
NRxTR p=0.62 
TRxSR p=0.00 

p=0.00 

NRxSR p=0.00 
NRxTR p=0.04 
TRxSR  p=0.36 

15-30 5.36*a± 
0.78  

6.01*a± 
0.90 

6.06**a±
0.26 

4.096**b
±0.068 

4.29*a±
0.05  

4.57*a± 
0.40  

3.09*a± 
0.044 

3.48*a±
0.21 

5.73*a± 
0.76  

5.38*a± 
0.59  

4.03**a±  
0.49 

4.30*a± 
1.43 

Total nitrogen 0-15 0.52*a± 
0.12  

0.43*a± 
0.06  

0.16*a± 
0.04 

0.08*a± 

0.05 

0.23*a±
0.02  

0.20*b± 

0.03  

0.09*a± 

0.02 

0.09*a±
0.02 

0.25*a± 

0.06  

0.16*a± 

0.10  

0.12*a± 
0.05 

0.10*a±
0.05 

p=0.84 p=0.98 

p=0.84 

NRxSR p=0.97 
NRxTR p=0.92 
TRxSR p=0.83 

p=0.41 

NRxSR p=0.48 
NRxTR p=0.48 
TRxSR p=0.99 

15-30 0.30**a± 
0.05  

0.35*a± 
0.03  

0.07**a± 
0.008 

0.098*a± 
0.078 

0.22**a
±0.03  

0.17**a± 
0.01  

0.08*a± 
0.01 

0.07*a±
0.003 

0.16*a± 
0.03  

0.17*a± 
0.03  

0.03**a± 
0.004 

0.08*a±
0.02 

Ammonium 0-15 24.88*a± 
10.28 

10.86*a± 
5.81 

77.69*a±
40.75 

20.00*b± 
7.92 

4.41*a±
1.91 

8.44*a± 
2.79 

23.18*a± 
1.67 

12.85*a
±0.73 

6.08*a± 
2.85  

13.00*a± 
9.21 

31.44*a±  
17.96 

24.35*a
±5.28 

p=0.99 p=0.12 

p=0.08 
NRxSR p=0.07 
NRxTR p=0.23 
TRxSR p=0.81 

p=0.26 
NRxSR p=0.24 
NRxTR p=0.58 
TRxSR p=0.79 

15-30 8.70*a±  
5.30 

4.51*a± 
1.90 

6.21**a±
1.11 

1.71**a±  
0.72 

4.34*a±
0.65 

5.15*a±  
2.11  

4.38**a±  
2.69 

2.89**a
±0.08 

1.44*a± 
0.52 

8.98*a± 
9.32 

3.41*a±  
0.50 

8.22**a
± 5.23 

Nitrate 0-15 2.73*a± 
4.41 

1.90*a± 
0.86 

0.09*a±   
0.16 

0.00*a±  
0.00 

0.66*a±
0.77 

7.106*b±2.3
81 

0.00*a±  
0.00 

0.00*a±
0.01 

9.33*a± 
2.03 

4.20*b± 
1.52 

0.25*a±  
0.20 

0.07*a±  
0.06 

p=0.25 p=0.88 

p=0.10 
NRxSR p=0.16 
NRxTR p=0.14 
TRxSR p=0.99 

p=0.78 
NRxSR p=0.83 
NRxTR p=0.99 
TRxSR p=0.80 

15-30 0.65*a± 
0.45 

1.15*a± 
0.595 

0.40*a± 
0.31 

1.45**a±  
0.73 

0.62*a±
0.76 

7.99*b± 
1.16 

0.59*a±   
0.54 

2.19*a±
1.58 

1.25**a±  
0.59  

1.93*a± 
1.49  

0.17*a±  
0.26 

1.41**a
± 0.71 

Sulfate 0-15 0.29*a± 
0.07 

0.32*a± 
0.05 

0.32*a± 
0.03 

0.32*a± 
0.02 

0.44*a± 
0.26 

0.68*a± 
0.06 

0.43*a± 
0.08 

0.43*a 
±0.04 

0.51*a± 
0.02 

0.38*a± 
0.04 

0.35*a± 
0.04 

0.31*a± 
0.04 

p=0.99 p=0.86 

p=0.00 

NRxSR p=0.00 
NRxTR p=0.05 
TRxSR p=0.02 

p=0.00 

NRxSR p=0.02 
NRxTR p=0.82 
TRxSR p=0.00 

15-30 0.38*a± 
0.10 

0.29*a± 
0.03 

0.40**a± 
0.02 

0.33*a± 
0.04 

0.43*a 
±0.00 

0.50**a± 
0.06 

0.35*a± 
0.07 

0.44*a±
0.03 

0.43**a± 

0.04 

0.36*a± 
0.02 

0.40*a± 
0.10 

0.25*a± 
0.04 

SD, Standard Deviation. 16 
NR, Negro River; SR, Solimões River; TR, Tocantins River. 17 
FOR, Forest; TFS, Traditional Farming System; 18 
NFP, Non-Flooded Period; FP, Flooded Period. 19 
Values with the same letters were not significantly different (p < 0.05) based on upon a Tukey’s HSD test. Tukey’s test was performed contrasting FOR vs. TFS within each seasonally 20 
of Amazonian water types. 21 
Values with the same numbers of asterisk (*) were not significantly different (p < 0.05) based on upon a Tukey’s HSD test. Tukey’s test was performed contrasting two soil layers (0-15 22 
vs. 15-30) in each system within seasonally of Amazonian water types. 23 
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¶ Test performed contrasting FOR vs. TFS within each seasonally across all Amazonian water type. 24 
§ ANOVA p-value performed by contrasting soils of different water types within each seasonally. 25 
All tests were performed with significance level of 5%. 26 
 27 
 28 
 29 
 30 
 31 
 32 
 33 
 34 
 35 
 36 
 37 
 38 
 39 
 40 
 41 
 42 
 43 
 44 
 45 
 46 
 47 
 48 
 49 
 50 
 51 
 52 
 53 
 54 
 55 
 56 
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Supplementary Figure 1. Soil core samplers used to collect undisturbed soil core samples for physicochemical and microbiological investigations 57 
at the drying (A – aseptic cylindrical core 0-30 cm soil layer and 10 cm diameter with 0-15 cm fractionable core) and flooding (B – universal hand 58 
core sediment sampler with 0-15 cm adjustable core cutter) regimes of the floodplains 59 

 60 
 61 

 62 
 63 
 64 
 65 
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Supplementary Figure 2. Absolute sequence abundance of active nitrifiers microbial groups belonging to the bacterial phylum Nitrospira, and 66 
archaeal phylum Thaumarchaeota (Nitrososphaera genus) based on 16S rRNA gene amplicon sequencing data (20,000 sequences of the 16S 67 
rRNA gene for Bacteria and 2,500 sequences of the 16S rRNA gene for Archaea for each of the three libraries per sampling point in each of the 68 
two seasonal sampling periods) classified by using the QIIME (Quantitative Insights Into Microbial Ecology) software based on the SILVA database 69 
and sorted with >97% similarity into operational taxonomic units (OTUs) using closed reference OTU picking approach 70 

 71 
 72 

 73 
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