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            Abstract
River systems connect the terrestrial biosphere, the atmosphere and the ocean in the global carbon cycle1. A recent estimate suggests that up to 3 petagrams of carbon per year could be emitted as carbon dioxide (CO2) from global inland waters, offsetting the carbon uptake by terrestrial ecosystems2. It is generally assumed that inland waters emit carbon that has been previously fixed upstream by land plant photosynthesis, then transferred to soils, and subsequently transported downstream in run-off. But at the scale of entire drainage basins, the lateral carbon fluxes carried by small rivers upstream do not account for all of the CO2 emitted from inundated areas downstream3,4. Three-quarters of the world’s flooded land consists of temporary wetlands5, but the contribution of these productive ecosystems6 to the inland water carbon budget has been largely overlooked. Here we show that wetlands pump large amounts of atmospheric CO2 into river waters in the floodplains of the central Amazon. Flooded forests and floating vegetation export large amounts of carbon to river waters and the dissolved CO2 can be transported dozens to hundreds of kilometres downstream before being emitted. We estimate that Amazonian wetlands export half of their gross primary production to river waters as dissolved CO2 and organic carbon, compared with only a few per cent of gross primary production exported in upland (not flooded) ecosystems1,7. Moreover, we suggest that wetland carbon export is potentially large enough to account for at least the 0.21 petagrams of carbon emitted per year as CO2 from the central Amazon River and its floodplains8. Global carbon budgets should explicitly address temporary or vegetated flooded areas, because these ecosystems combine high aerial primary production with large, fast carbon export, potentially supporting a substantial fraction of CO2 evasion from inland waters.
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                    Figure 1: Study area.[image: ]


Figure 2: CO2 advection from flooded forest to open waters.[image: ]


Figure 3: Vegetation-mediated control of CO2 outgassing in floodplain lakes.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Instrumental set-up for continuous measurement of 
                            
                              p
                              
                                
                                  
                                    co
                                  
                                  2
                                
                              
                            
                           and ancillary parameters while underway in the Amazon River and floodplain lakes.
Side-view diagrams of both boats are illustrated with photos of the equipment. See detailed description in the Methods.


Extended Data Figure 2 Continuous record of water 
                            
                              p
                              
                                
                                  
                                    co
                                  
                                  2
                                
                              
                            
                           in the Amazon River, tributaries, and floodplain lakes during the high water (June 2009).
a, Track of the ship in the main stem (brown), floodplain lakes (green), and major tributaries (blue). Land occupation derived from SAR data is shown as flooded forest (light grey), temporary open waters (dark grey) and permanent open waters (black). b, Conductivity values show that water in the floodplain lakes primarily originates from the flooding of the Solimões and Amazon rivers with modest contribution from local drainage. c, The distribution of water [image: ] at maximum flooding shows the predominance of supersaturation with a net decrease downstream, in parallel with the extent of vegetation in the floodplains (percentage of total floodplain area is given in parentheses for each lake).


Extended Data Figure 3 Continuous record of water 
                            
                              p
                              
                                
                                  
                                    co
                                  
                                  2
                                
                              
                            
                           in the Amazon River, its tributaries and floodplain lakes during the low water of October 2009.
a, Track of the ship in the main stem (brown), floodplain lakes (green), and major tributaries (blue). Land occupation derived from SAR data is shown as flooded forest (light grey), temporary open waters (dark grey) and permanent open waters (black). b, Conductivity values show that water in the floodplain lakes primarily originates from the flooding of the Solimões and Amazon rivers with modest contribution from local drainage. c, The distribution of water [image: ] shows large contrasts between channel and floodplains, with a significant decrease downstream (as during the high water), in parallel with the extent of vegetation in the floodplains (percentage of total floodplain area is given in parentheses for each lake). Undersaturation in [image: ] occurs at low water in dense phytoplankton blooms in almost isolated lakes.


Extended Data Figure 4 Conceptual diagram for carbon dioxide outgassing fuelled by Amazonian wetlands.
In flooded forests, aerial gross primary production absorbs CO2 from the atmosphere and sequesters part of this carbon in wood. Most of the sequestration in wood occurs during the terrestrial phase and is supposed to be balanced by natural tree mortality associated with channel migration. Leaves and wood also respire CO2 back to the atmosphere. Litter falls from flooded trees primarily during flooding and constitutes a significant organic carbon input to the water. Floating plants in the Amazon grow above the water level, where they perform aerial photosynthesis, and as the water level progressively rises, their biomass is recycled and decomposes underwater. Because no significant burial of macrophyte material is observed in sediment, it is assumed that all their annual net primary production (NPP) is transferred to water as organic carbon (litter fall). Below water, the respiration of roots of flooded trees and floating macrophytes releases CO2 to the water. With the establishment of anoxic conditions in forest soils, tree metabolism deviates to an anaerobic pathway that generates fermentation products, which are exuded from the roots into the surrounding water. Carbon flux between the Amazonian wetlands and rivers thus occurs through two distinct pathways. CO2 export from the wetlands is derived from root and sediment respiration within the wetlands, whereas organic carbon export from the wetlands is derived from litter fall and from fermentative products released by roots. Quantitative information is missing for the latter exudation flux. In rivers and floodplains, water movement is fast enough relative to gas exchange to generate a lateral CO2 flux with the water mass, and this flux should be taken into account in the interpretation of the spatial and temporal patterns of CO2 outgassing. In water and sediments of the entire aquatic system, microbial heterotrophic respiration continuously converts organic carbon to CO2. In open lakes, phytoplankton uses CO2 dissolved in water (that is, primarily derived from the surrounding wetland vegetation) and infrequently uses atmospheric CO2 because the lakes were rarely net CO2 sinks on a daily basis. The phytoplankton biomass produced in open lakes constitutes an additional source of biodegradable organic carbon. Both C3 and C4 plants are well represented in the wetland. Isotopic and molecular tracers may distinguish woody from non-woody material. However, it is difficult to differentiate woody material from the flooded forest and woody material from the non-inundated forest, particularly as many species are common to both. More detailed discussion and references can be found in the Supplementary Information.


Extended Data Figure 5 Modelling how far dissolved CO2 is transported before being outgassed.
a, We assessed the potential for lateral CO2 transport in rivers and floodplains using a simple one-dimensional model that simultaneously calculates the CO2 lost by outgassing and the CO2 that remains dissolved in water and is transported downstream by the currents. The model starts from a point source in the wetland (set here at 12,000 p.p.m.v., which is a typical value observed in the vicinity of a flooded forest; Fig. 2b). The iteration time was 1 min. In the model, F(CO2) is calculated from [image: ], using representative values of k600. The quantity of CO2 lost to the atmosphere during one iteration is subtracted from the initial CO2 quantity present in a column of water of a determined depth H. Note that this procedure is adequate only for acidic, non-buffered waters, such as those in the Amazon. b, c, When integrated (Supplementary Information), the equation gives a one-phase exponential decay function of [image: ] versus the distance x, the water current velocity w, the normalized gas transfer velocity k600, and the water depth H. The curves give the potential extent of [image: ] saturation that can be maintained without the necessity of aquatic respiration (Fig. 2b). D½ is the half-evasion distance, which is the theoretical distance the water mass travels before outgassing half of its initial excess CO2. T½ is the associated half-evasion time. d, Typical half-evasion distances of wetland CO2 in river–floodplain systems vary from less than 1 km in a shallow, stagnant, wind- and heat-protected lake to more than 300 km in a deep and fast-flowing river. This illustrates, on the one hand, how far wetland CO2 can be exported downstream, and on the other hand, the large heterogeneity of the transport and outgassing processes in the river–floodplain complex.


Extended Data Table 1 Surface area of flooded land and aquatic biomes in the Central Amazon and study sitesFull size table


Extended Data Table 2 Water 
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                          , conductivity and Chl a in the river and floodplain lakes of quadrant cFull size table


Extended Data Table 3 Tentative revised carbon budget for the central Amazon River and wetlandsFull size table
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        Editorial Summary
Amazonian wetlands as gassy CO2 source
It is thought that carbon dioxide emitted from inland waters, including rivers, originates from land where it is fixed by terrestrial plants, then recycled within soils and exported to surface waters. The contribution of temporary wetlands to the inland water carbon budget has been largely overlooked. The present paper finds that wetlands export large amounts of carbon to river waters in the central Amazon that can be transported dozens to hundreds of kilometres downstream before being emitted. The wetland carbon export is potentially large enough to account for all of the carbon dioxide emissions from the central Amazon River and floodplains.
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