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E N V I R O N M E N T A L  S T U D I E S

How green can Amazon hydropower be?  
Net carbon emission from the largest  
hydropower plant in Amazonia
Dailson J. Bertassoli Jr.1*†, Henrique O. Sawakuchi2, Kleiton R. de Araújo3,  
Marcelo G. P. de Camargo1, Victor A. T. Alem1, Tatiana S. Pereira3, Alex V. Krusche4, 
David Bastviken2, Jeffrey E. Richey4,5, André O. Sawakuchi1

The current resurgence of hydropower expansion toward tropical areas has been largely based on run-of-the-river 
(ROR) dams, which are claimed to have lower environmental impacts due to their smaller reservoirs. The Belo 
Monte dam was built in Eastern Amazonia and holds the largest installed capacity among ROR power plants 
worldwide. Here, we show that postdamming greenhouse gas (GHG) emissions in the Belo Monte area are up to 
three times higher than preimpoundment fluxes and equivalent to about 15 to 55 kg CO2eq MWh−1. Since per-area 
emissions in Amazonian reservoirs are significantly higher than global averages, reducing flooded areas and 
prioritizing the power density of hydropower plants seem to effectively reduce their carbon footprints. Neverthe-
less, total GHG emissions are substantial even from this leading-edge ROR power plant. This argues in favor of 
avoiding hydropower expansion in Amazonia regardless of the reservoir type.

INTRODUCTION
The rise in energy demand on a global scale has increased the num-
ber of hydropower projects in tropical rivers. This trend raised 
attention on the negative outcomes of damming large rivers of the 
Amazon River basin, where hundreds of hydropower dams are 
expected to have synergic effects on river dwelling communities 
and ecosystems (1). Greenhouse gas (GHG) emissions represent a 
critical question in the debate about the benefits versus socioenvi-
ronmental costs of hydropower expansion in Amazonia (2). Projec-
tions of net methane (CH4) and carbon dioxide (CO2) emissions 
from tropical reservoirs support the idea that some hydroelectric 
complexes may not offer significant advantages to thermal power 
plants in terms of GHG emissions (3). Despite the ongoing debate 
regarding the intensity of carbon emissions linked to hydropower 
generation, hydropower plants became an important destination for 
certified emission reduction credits issued by the Kyoto Protocol’s 
Clean Development Mechanism (4). Considering that different 
types of hydropower projects may have distinctly different impacts 
on the GHG budget, it is critical to understand the behavior of 
carbon fluxes in multiple reservoir settings and conditions. Never-
theless, most of the information available so far does not consider 
prereservoir emissions nor the magnitude of GHG fluxes right after 
the reservoir filling.

The Belo Monte complex in the Xingu River (Fig. 1) is now the 
largest hydropower plant in Amazonia. It has one of the largest 
installed capacities for electricity generation in the world (11,233 MW) 
and was built as a run-of-the-river (ROR) plant (5). ROR hydropower 

plants operate by obstructing the main river course while divert-
ing a substantial part of the river flow through a secondary channel. 
Although they may vary in design, the operation of ROR plants is 
based on the natural river flow and requires smaller reservoirs than 
storage-based projects. Consequently, such projects have been re-
garded as a more sustainable alternative (6), but the impacts of 
structures with the scale of the Belo Monte reservoirs are yet to be 
understood.

Considering its type, location, and recent installation, the 
Belo Monte reservoirs constitutes a crucial case study to broaden 
the current knowledge about the GHG emissions from new hydro-
power plants in the Amazonian scenario. In this study, we investigated 
how modern state-of-the-art ROR hydropower design and imple-
mentation influenced GHG emissions. We also correlated both to-
tal emissions per area and emission per energy production capacity 
with other Amazonian reservoirs to support strategic decisions on 
future damming projects. To accomplish that, CH4 and CO2 fluxes 
in the Belo Monte area were measured during the high- and low- 
water seasons of the first 2 years after the filling of the reservoirs and 
compared to preexisting natural GHG emissions in the affected  
region.

RESULTS
Physical and chemical characteristics of the reservoirs
Water dissolved oxygen, wind speed, pH, and air and surface water 
temperature at the sampling sites were relatively similar during pre- and 
postflooding conditions. Surface water temperatures (30.2° ± 1.2°C) 
and air temperatures (30.4° ± 2.2°C) had relatively low variation 
during our sampling campaigns, with slightly higher values during 
the low-water season. Average pH values (6.8 ± 0.4) were seasonally 
and spatially stable. Wind speeds varied from 1.9 ± 0.2 over flooded 
soils to 3.2 ± 0.3 m s−1 on the river channel. Dissolved oxygen was 
also lower in flooded areas (6.2 ± 0.5 mg liter−1) than in the main 
channel (6.9 ± 0.1 mg liter−1).
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Preflooding emissions in the Belo Monte reservoirs area
Estimated preflooding emissions from the Xingu River channel and 
from soils later flooded by the Belo Monte reservoirs area are pre-
sented in Fig. 2 and table S1. Fluxes of CO2 (FCO2) and CH4 (FCH4) 
from soils to the atmosphere are higher during the high-water 
season (Fig. 2). Notably, we did not observe significant differ-
ences between emissions from pasture and forest-covered soils 
(U  =  158, P  >  0.05, n  =  38). Preimpoundment FCH4 and partial 
pressures of CH4 (pCH4; the partial pressure equivalent of the 
water concentration according to Henry’s law) in the Xingu River 
channel were higher during the low-water season (Fig. 2). FCO2, 
on the other hand, reached maximum values during the high- 
water season (Fig. 2). Ebullitive fluxes were identified in the river 
channel in four of the nine measurements during the preimpound-
ment campaign. Still, about 70% of the total FCH4 was related to 
diffusive fluxes (average of contribution per sample). Preflooding 
emissions of CH4 were higher in the river channel than in soils, 
while the opposite was observed for CO2. FCO2 from soils ac-
counted for roughly 80% of the combined gross emissions, consid-
ering equivalent CO2 emissions estimates (FCO2eq) (see Materials 
and Methods).

Postflooding and net emissions from the  
Belo Monte reservoirs
Ebullitive fluxes were identified in about 75% of the sampling sites, 
without significant seasonal changes of average emissions (U = 314.5, 
P  >  0.05, n  =  34). pCH4 and FCH4 were also seasonally stable 
[U(FCH4) = 347.5, U(pCH4) = 353, P > 0.05, n = 34], but with high-
er values measured over flooded soils (Fig. 2). FCH4 and pCH4 from 
areas downstream of the reservoirs, close to the Pimental and 
Belo Monte dams, were markedly lower than measurements taken 
from the reservoirs (upstream of the dams) during the low-water season 
(table S1). During the high-water season, on the other hand, downstream 

FCH4 and pCH4 were relatively similar to channel values upstream 
of the dam. However, some uncertainty still remains from the hy-
drodynamic changes in the area of reduced water discharge down-
stream of the Pimental dam (Fig. 1). FCO2 values presented in Fig. 2 
and tables S1 and S2 represent the average results obtained from 
previous literature (7). The marked seasonal contrast in FCO2 from 
flooded soils is mostly related to exceptionally high emissions 
from the intermediate reservoir during the low-water season (n = 3; 
409.2 to 1037.4 mmol CO2 m−2 day−1). With exception of these 
results, FCO2 from flooded soils also show seasonal stability (U = 29, 
P > 0.05, n = 16). Nevertheless, FCO2 can vary substantially at a 
single site, as indicated in fig. S1. In the river channel, except for 
increased FCO2 during the low-water season, CH4 and CO2 emis-
sions were in the same range as observed during preflooding cam-
paigns (Fig. 2). Flooded areas, on the other hand, presented FCH4 
two orders of magnitude higher than before impoundment. This 
increase roughly tripled the FCO2eq fluxes (table S1).

By extrapolating the obtained flux to the entire area and consid-
ering seasonal heterogeneities, it was possible to estimate the aver-
age FCH4 and FCO2 at the Belo Monte reservoirs during the first 
2 years after the impoundment. FCH4 ranged from 6.5 to 17.7 mmol 
CH4 m−2 day−1 [confidence interval (CI) = 95%] and FCO2 from 
83.1 to 202.3 mmol CO2 m−2 day−1 [CI = 95% (7)]. The obtained 
values correspond to about 0.02 to 0.05 Tg (Teragram) CH4 year−1 
and 0.33 to 1.12 Tg CO2 year−1, which are equivalent to emissions 
of 1.8 to 3.2 Tg CO2eq year−1 (Table 1). By subtracting the spatially 
averaged preflooding emissions and accounting for changes in 
vegetation and downstream fluxes, we estimate an average net 
emission (F) of 0.6 to 2.2 Tg CO2eq year−1. Considering the ob-
tained emissions (FCO2eq and F) and the declared firm capacity of 
4.571 MW (8), the estimated gross and net emission factors per total 
energy production capacity of the Belo Monte reservoirs were from 
45 to 79 and 15 to 55 kg CO2eq MWh−1, respectively.

Fig. 1. Study area and sampling location. (A) The Amazon River Basin and location of the Belo Monte hydropower complex [Shuttle Radar Topography Mission (35)]. 
(B) Land-use maps (36) depicting flooded areas, the original river channel, and sampling sites to assess pre- and postimpoundment emissions. Coordinates are presented 
in tables S2 and S3.
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DISCUSSION
Our results show that the establishment of the Belo Monte hydro-
power plant significantly affected local FCH4 and FCO2. FCO2eq 
from flooded soils nearly doubled in relation to measurements on 
preflooded conditions. This increase was attributed to the higher 
FCH4 from flooded soils due to the degradation of residual organic 
matter under anoxic conditions (9). In contrast, seasonally aver-
aged FCH4 in the flooded channel and downstream of the dam were 
not remarkably different from emissions in the unaltered river 
channel. This reinforces the importance of spatial variations in esti-
mations of CH4 emissions in newly flooded tropical reservoirs. 
Part of the contrasting results seen in the literature regarding the 
GHG footprint of hydroelectric reservoirs is probably related to the 
fact that several estimates are based on a low number of sampling 
sites that could diminish the disproportionate contribution of hotspots 
(i.e., drawdown areas) and periods of intense ebullition (i.e., caused 
by fluctuating water levels) (10).

Ebullitive fluxes are possibly the major source of uncertainties 
for gross GHG emissions estimates in the Belo Monte reservoirs 
due to their spatially uneven distribution and episodic nature. Pre-
vious studies have shown that the slowdown of river water, which 
happens in all types of reservoirs, induces sedimentation of organic 
particles leading to increased organic matter available for degrada-
tion and higher ebullition (11). In our study, higher ebullition was 
observed in shallow flooded areas and reinforces the importance of 
measurements in marginal flooded zones, which can represent up 
to 45% of the total system emission (12, 13). This is particularly im-
portant, as water level fluctuations due to operational requirements 
could also influence CH4 ebullition (14). Nevertheless, as FCH4 was 

relatively constant over time, changes in hydrostatic pressures due 
to seasonal water level changes may not be the main factor of vari-
ability in the studied reservoirs.

Our calculations suggest that ebullition contributed to about 
half of FCH4, which is in agreement with previous estimates for other 
reservoirs and natural lakes [about 50% (10, 15)]. Total ebullition 
from the flooded river channel only accounted for about 20% of 
total emissions and could, if used for extrapolation, lead to a sub-
stantial underestimation of FCH4.

Values of pCO2 and pCH4 from the water column close to the 
intake of the turbines are low and suggest that degassing in the out-
flow of the turbines may not be as notable as in traditional reser-
voirs. These results are consistent with the fact that the water intakes 
of the Belo Monte and Pimental dams are in relatively shallow posi-
tions (15- to 20-m water depth). However, FCH4 and FCO2 mea-
surements taken 0.3, 1.5, and 30 km downstream of the turbines 
outflow differ from preflooding emissions of the Xingu River chan-
nel and suggest that fluxes downstream of the dams changed after 
the impoundment (table S1).

The possibility and potential impact of carbon burial in reser-
voirs have been debated. Although reservoirs may increase carbon 
burial efficiency, this process is still poorly understood and difficult 
to quantify (16). In this study, aggregate emissions estimations 
(Table 1) do not consider carbon burial in the reservoirs as an offset 
to GHG fluxes because most of the particulate organic matter would 
already settle further downstream within the Xingu Ria, a broad 
“lake-like” channel with calm waters that traps most of the Xingu 
suspended sediments (17).

Overall, our results indicate that postflooding gross emissions in 
the Belo Monte reservoirs are two- to threefold higher than emis-
sions before the damming (Table 1). Notably, F values obtained in 
this study (0.6 to 2.2 Tg CO2eq year−1) are in the range of previous 
estimates for the first years of operation of the Belo Monte hydro-
power complex using a predictive modeling approach (3). In this 
regard, the Belo Monte reservoirs presented the highest energy den-
sity per flooded area and lowest predicted emission factor (kg CO-
2eq MWh−1) among the 18 new reservoirs (recently built, under 
construction, or planned) assessed by such models (3). GHG emis-
sions from several of Amazonian reservoirs are comparable to those 
of fossil fuel–based plants (Fig. 3) (3).

Age, latitude, air temperature, and chlorophyll  concentrations 
have been suggested as suitable predictors for FCH4 and FCO2 from 
reservoirs (10, 18). In Fig. 4, we compare our results to a dataset of 
tropical and extratropical reservoirs of different ages (10). The pro-
nounced differences in reservoir geometry and residence time in 
the studied ROR reservoirs do not seem to influence per-area fluxes 
substantially. Although previous literature only found a weak cor-
relation between CH4 emissions and latitude (P = 0.05, R2 = 0.04) in 
this dataset (10), the distributions of reported total emissions (diffu-
sive + ebullitive) from tropical (n = 20) and extratropical (n = 32) 
regions differ significantly (P < 0.05; Fig. 4). The same occurs for 
diffusive fluxes (ntropical = 15, nextra = 91, P < 0.05). The average 
emissions from the Belo Monte reservoirs were on the higher end of 
previously published global values and were similar to mean emis-
sions from tropical reservoirs less than 10 years old (Fig. 4), inde-
pendently of reservoir type (storage or ROR). Despite that, the 
estimated gross and net emission factors per firm capacity (EFC, kg 
CO2eq MWh−1), which were calculated by dividing the estimated 
emissions by the minimum assured average energy generation, are 

Fig. 2. Fluxes of CH4 and CO2 in the reservoir area. Plots of FCH4, FCO2 (7), and 
FCO2eq. Four outliers are not presented in the graphs to maintain a proper scale. 
Averages, SEs, and additional data are presented in table S2.
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Table 1. Overview of net change in CH4 and CO2 fluxes from the area affected by the Belo Monte reservoirs. Fluxes are integrated over the full affected 
area and a full annual cycle accounting for seasonal differences (see Spatiotemporal analysis and upscaling, table S4, and fig. S6 for details). Aggregate fluxes 
(Ft1CH4, Ft1CO2, Fgross − pre, Ft2CH4, Ft2CO2, and Fgross in table S4) do not take into account potential carbon burial (see Spatiotemporal analysis and upscaling for 
further explanations). Results are expressed as confidence intervals at 95%. n.a., not available. 

Flux type and environment Area Preflooding emissions Postflooding emissions

km2 CH4  
(Gg year−1)

CO2  
(Tg year−1)

CO2eq  
(Tg year−1)

CH4  
(Gg year−1)

CO2  
(Tg year−1)

CO2eq  
(Tg year−1)

Vertical exchange with atmosphere

River channel 177–259 [1.16; 3.65] [0.01; 0.30] [0.08; 0.39] [0.87; 3.38] [0.26; 0.41] [0.31; 0.49]

Soils 240–353 [0.02; 0.34] [0.98; 1.67] [0.99; 1.68] [16.29; 45.22] [0.33; 1.12] [1.06; 2.33]

Urban and 
mining areas 1 n.a. n.a. n.a. – – –

Fluxes linked to vegetation

Forest 45–67 – [−0.29; −0.18] [−0.29; −0.18] 0 0 0

Seasonally 
flooded forest 53–79 [1.83; 5.85] [−0.34; −0.21] [−0.25; −0.05] [0.73; 2.34] [−0.14; −0.08] [−0.10; −0.02]

Grasslands and 
pioneering 
vegetation

140–210 – [−0.47; −0.26] [−0.47; −0.26] 0 0 0

Vertical exchange with sediments

Potential 
carbon burial 398–543 – – – – – [−0.27; −0.80]

Fluxes from downstream of the dams

Turbine 
degassing – – – – n.a. n.a. n.a.

Fluxes 
downstream 
of the dams

233–341,
193–283 [1.51; 4.80] [0.02; 0.39] [0.10; 0.50] [0.68; 1.88] [0.22; 0.64] [0.26; 0.67]

Aggregate flux – [4.72; 9.19] [0.30; 1.21] [0.59; 1.52] [20.31; 49.36] [0.91; 1.85] [1.79; 3.18]

Fig. 3. Mean CO2eq emissions per area compared to the firm capacity of Brazilian hydroelectric power plants. Life-cycle emission factors of thermal power plants 
are presented for comparison (19). Besides Belo Monte reservoirs (BEL) results from this study, we used emission values [(10) and references therein] and firm capacities 
(8) compiled from the literature.
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lower than other major Brazilian hydropower plants (i.e., Figs. 3 
and 5). It is also notable that calculated EFCs are substantially higher 
than the values presented in life cycle estimates for ROR power 
plants in previous literature (19, 20). However, our data only ac-
count for direct reservoir emissions and, therefore, should not be 
interpreted as a complete life cycle assessment.

Projections show a sharp decline in the Belo Monte’s firm capac-
ity for the next decades (up to ~38%) due to the current trends of 
climate change and deforestation (21). As such, life cycle assess-
ments should account for downward adjustments in energy gener-
ation potential that could severely affect the calculated gross and net 
EFC. Nevertheless, given the strong dependence of EFC on power 
density (firm capacity per flooded area), our results indicate that 
when it comes to GHG emissions, efforts should be focused on 
reducing the flooded area, which tends to be minimized in ROR 
hydropower plants. Regardless of the average emissions per area, 
reported Brazilian hydroelectric reservoirs with power density below 

0.5 MW km−2 exhibited gross EFC comparable or higher than those 
of thermal power plants (Figs. 3 and 5). The global warming poten-
tial (GWP) of the Belo Monte reservoirs during the first years of 
operation represents up to ~10% of natural gas plants (422 to 548 kg 
CO2eq MWh−1) and is comparable to those related to nuclear power 
plants (8 to 45 kg CO2eq MWh−1) or other renewable sources such 
as photovoltaic (29 to 80 kg CO2eq MWh−1) and wind power plants 
(8 to 20 kg CO2eq MWh−1) [25th to 75th percentiles (19)].

The remarkable social and environmental costs of reservoirs are 
key elements for the evaluation of the viability of hydropower proj-
ects. Predictive models to estimate the GHG emissions of future 
reservoirs are a powerful tool in environmental studies and indis-
pensable to move toward a more sustainable energy generation in 
terms of GHG. Specifically for the Amazon River Basin, recent ef-
forts represent a great advance toward the development of strategies 
to achieve sustainable energy goals (3, 22). In such light, our results 
may also be used as a validation of previous models (3) and provide 
a new perspective on strategic planning. Given the intensity of 
carbon emissions also for state-of-the-art ROR reservoirs such as 
Belo Monte, in combination with all other social and environ-
mental costs of Amazonian reservoirs, we urge decision-makers to 
consider alternatives for energy generation that avoid the im-
poundment of large rivers and creation of new flooded areas in 
this region.

MATERIALS AND METHODS
Study area
The Xingu River is the second largest tributary in the eastern 
Amazon River Basin (Fig. 1). It drains about 500,000 km2 of an area 
with regional climate defined by a rainy/high-water season from 
December to May and dry/low-water season from June to November 
(fig. S2) (23). The Xingu River has a relatively low suspended sedi-
ment load (< 20 mg liter−1), and its water discharge varies from 
about 1000 to 20,000 m−3 s−1 (23).

Previous assessments of GHG emissions in Amazonian rivers 
showed that rivers with relatively low organic and suspended sedi-
ment loads (clearwater rivers) have the highest potential for CH4 
emissions (24). Accordingly, the Xingu River was previously ob-
served to have the highest emissions per area, with total CH4 fluxes 
being 1- to 100-fold larger than fluxes from other Amazonian rivers 
like the Madeira, Negro, and Solimões. The Xingu River also had 

Fig. 4. Average CH4 emissions per area from hydroelectric reservoirs compared to the Belo Monte reservoirs. Compiled data of average CH4 emissions per area [(10) 
and references therein] compared to Belo Monte data (this study).

Fig. 5. Scatterplots comparing gross EFC and the ratio of firm energy capacity 
to reservoir area. Besides Belo Monte reservoirs data (our study), we used emis-
sion values compiled from the literature [(10) and references therein]. R2 = 0.98, 
P < 0.05. Axes are in log-scale.
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the lowest CH4 oxidation rates (equivalent to 28 to 67% of the diffusive 
flux of CH4) and the highest ebullition fluxes compared to the other 
large Amazonian rivers (equivalent to 50% of the total CH4 emis-
sions) (24, 25).

The Belo Monte hydropower complex was installed in the lower 
reach of the Xingu River, over a system of multiple rocky channels 
known as Volta Grande do Xingu (“Xingu Great Bend”, Fig. 1). This 
stretch presents an exceptionally diverse and endemic fish fauna (26) 
and is full of rapids and waterfalls with unique and high scenic value. 
Despite the intense controversy regarding the energy benefits in terms 
of the potential socioenvironmental impacts of this project (2), the 
Belo Monte reservoirs were filled during the high-water season of 2016.

The Belo Monte reservoirs flooded an area of about 516 km2 (5). 
It covers a stretch of approximately 80 km of the Xingu River 
(“Xingu reservoir”) and a flooded valley that is also known as the 
“intermediate reservoir.” Both areas are connected through a diver-
sion channel (Fig. 1). According to the environmental impact stud-
ies presented to the Brazilian government (5), nearly 122 km2 (23.7%) 
of the flooded area was previously covered by rainforest; 175 km2 
(33.9%) by pasturelands, plantations, and secondary and pioneer-
ing vegetation; and 1 km2 (0.2%) by urban and mining areas. Nota-
bly, about 114  km2 of the forest and grasslands were seasonally 
flooded by the Xingu River before the impoundment.

In the Belo Monte complex, the Pimental dam impounded the 
Xingu channel to redirect most of the water flux to the intermediate 
reservoir formed by the Belo Monte dam (Fig. 1). The Belo Monte 
dam holds more than 95% of the installed capacity (has 18 Francis- 
type turbines with 611 MW each), while the Pimental dam mainly 
regulates the water flow in the Xingu reservoir and has a minor in-
stalled capacity of 233 MW (5). The intakes of both dams are above 
the hypolimnion, at a depth of about 15 to 20 m. The water stage in 
the reservoirs is highly variable, and peak energy generation is pro-
jected to only occur during periods of maximum water discharge. 
Since most of the wet season water flux is redirected for hydropower 
generation at the Belo Monte dam, a stretch of about 100 km be-
tween the Pimental and the Belo Monte dams has been subjected to 
a reduced supply of water (Fig. 1). As such, the multiple bedrock 
channels, rapids, and waterfalls in this area may face remarkable 
changes in their hydrologic regimes.

Sampling scheme
Sampling sites were selected considering the heterogeneous hydro-
dynamic conditions of the reservoirs and the different types of 
vegetation cover before the flooding. We measured CH4 fluxes to 
the atmosphere 67 times along 23 different sites at the Belo Monte 
reservoirs and downstream of the dams (Fig. 1B). To establish CH4 
emissions from the Xingu River channel before the impoundment, 
we used data collected by previous assessments (24) during the 
months of May and November of 2012 and performed an addition-
al sampling survey in November and December of 2014. Sampling 
surveys to measure emissions from the Belo Monte reservoirs after 
their filling occurred in April of 2016 and in May, September, and 
October of 2017. Fluxes of CH4 from terrestrial areas close to the 
reservoirs were measured in the months of May, September, and 
October of 2017. In addition, measurements of CO2 emissions from 
a single station upstream of the Pimental dam were taken in February, 
April, and from June to October of 2016. Emissions from soils were 
used to estimate the background emissions before the filling of the 
Belo Monte reservoirs.

Floating chambers drifting on running waters were used to mea-
sure FCH4 from aquatic environments following the methods de-
scribed in previous works (24, 27). Simultaneously, water samples 
were collected from different depths to determine the pCH4 using 
the headspace extraction method (27). Depth, water and air tem-
perature, atmospheric pressure, and wind speed were controlled 
using a sonar sensor and a weather station installed in the boat (Kestrel 
5500 weather meter; Nielsen-Kellerman Company, Boothwyn, PA, 
USA). Physicochemical variables (pH and dissolved oxygen) were 
measured during three sampling surveys (November of 2012, 
April of 2016, and May of 2017) using a multiparameter probe (EXO2 
multiparameter sonde; YSI Incorporated, Yellow Springs, OH, USA). 
Physicochemical results presented in this study correspond only to 
data collected in situ during measurements. Part of the measure-
ments and interpretations presented in this text were also drafted in 
the doctoral dissertation of the first author (28).

Flux measurements from surface waters
CH4 fluxes from surface waters were obtained using five chambers 
with volumes of 4 to 12 liters deployed for an average period of 
45 min. Chambers were separated approximately 1 m from each 
other. Characteristics and construction of the chambers followed 
previously tested setups that showed nonbiased results (29, 30). Air 
samples were retrieved from floating chambers through an outlet 
using 60-ml syringes and immediately transferred to preevacuated 
glass vials (20 ml) sealed with 10-mm-thick butyl rubber stoppers.

Gas concentrations were measured in gas chromatographs (Thermo 
Fisher Scientific TRACE 1310 and Shimadzu GC17A) equipped 
with an online methanizer coupled to an flame ionization detector 
(FID) and by cavity ring-down spectroscopy using a Picarro 
G2201-i device. Readings from all analyzers were cross-calibrated 
according to a standard calibration curve.

Total FCH4 and the relative contribution from diffusive and 
ebullitive components were calculated according to (24) and (15, 27). 
Diffusive fluxes are described by the equation

  F = k ∙ ( C  w   −  C  fc  )  (1)

where F is flux, k is the gas transfer velocity, Cw is the measured 
concentration of CH4 in the water, and Cfc is the CH4 concentration 
in the water given equilibrium with pCH4 inside the floating cham-
ber. To obtain the instantaneous flux rate and avoid underestima-
tions linked to the progressive increase of CH4 concentration inside 
the floating chamber, we calculated diffusive fluxes through Eq. 1 
after solving for k using the following equation

   k =  (     dP ─ dt   )   ∙   V( P  w   −  P  0  ) ─  K  h   ∙ R ∙ T ∙ A     (2)

Where dP/dt describes the accumulation of CH4 inside the 
chamber (slope of CH4 accumulation over time), V is the chamber 
volume, Pw is the pCH4 inside the chamber at equilibrium with the 
measured concentration of CH4 in the water and derives from Cw 
values obtained through headspace measurements, P0 is the partial 
pressure of CH4 in the atmosphere (t = 0), Kh is the Henry’s law 
constant for CH4, R is the gas constant, T is temperature, and A is 
the surface area of the chamber.

We used the variation of the apparent temperature-normalized 
gas transfer velocities (k600) to detect chambers that were affected by 
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ebullition (15). As chambers that received only diffusive fluxes 
would present similar and lower flux rates, we considered the fluxes 
of chambers with minimum k600 values as the purely diffusive com-
ponent. The k600 of individual chambers were divided by the mini-
mum k600 (k600min) of each sampling site, and chambers with ratios 
above 2 were considered to be significantly affected by ebullitive 
fluxes. The threshold value (>2) was chosen on the basis of the in-
flection in the frequency distribution of the k600/k600min ratio (fig. 
S3). Threshold values around 2 were also found in (15).

The diffusive component of chambers with k600/k600min above 2 
was estimated using the averaged k600 from chambers of the same 
sampling site and time that only received diffusive flux. The re-
maining amount, estimated by simple linear regression, was attributed 
to ebullition. For estimations of total average fluxes, we summed the 
average ebullition to the average diffusive flux estimated using 
the k600.

Preimpoundment fluxes of CO2 (FCO2) from the Xingu River 
channel were measured using a similar floating chamber as for the 
CH4 measurements (7.7 liters, covered with reflexive material) cou-
pled to an infrared gas analyzer (LI-COR Li820). Changes in CO2 
concentration inside the chamber were measured after recirculating 
air through the analyzer using a micropump with constant airflow 
(150 ml min−1). The chamber was deployed from a drifting boat for 
about 5 min during measurements. Three measurements were car-
ried out for each location. This same protocol was used for monthly 
postflooding FCO2 estimates in 2016. These additional measure-
ments were carried out at a single site to verify fluctuations in FCO2 
along the year. To reinforce our evaluation, we also did preflooding 
measurements during the low-water season of 2014 using CO2 log-
gers (31) inside two floating chambers used for the CH4 flux analy-
ses. These chambers were deployed from a drifting boat for about 
30 min using a logging frequency of 30 s. Measurements for both 
methods were discarded when the R2 of the linear relation of pCO2 
inside the chamber over time was lower than 0.9. The FCO2 from 
the water surface was then calculated using the following equation

   F =  (     dP ─ dt   )   ∙   V ─  R ∙ T ∙ A     (3)

where F is the flux, dP/dt describes the accumulation of gas inside 
the chamber (slope of CH4 accumulation over time), V is the 
chamber volume, R is the gas constant, T is temperature, and A is 
the surface area of the chamber.

Estimations of CH4 and CO2 fluxes from soils
We measured CH4 and CO2 fluxes from soils of islands and marginal 
areas of the Xingu River to refine estimates of GHG emissions from 
the region affected by the Belo Monte reservoirs before flooding. 
Sampling sites were distributed over areas with different character-
istics and vegetation cover (forest and nonforested areas). Measure-
ments occurred during both low-water (n = 8) and high-water 
seasons (n = 7). Four of the sampling sites were covered by upland 
or flooding forest and the others by pasture. Given that one site was 
seasonally submerged, fluxes were measured using static chambers 
and counted as soil estimations during the low-water season (GEX-65, 
table S3) and as flooded area estimations during the high-water sea-
son (GEX-14, table S2).

Measurements were made using static chambers with 10.6 liters 
(n = 3 in the low-water season and n = 4 in the high-water season) 
equipped with a Teflon tube for sampling. The chambers were 

composed of a PVC ring and a cap that could be separated. The 
PVC rings were inserted in the soil at depths ranging from 5 to 
10 mm and capped after approximately 3 min. After capping, gas 
samples were retrieved using a 60-ml syringe every 10  min for a 
period of 30 min and transferred to evacuated vials. Gas concentra-
tion measurements followed the methods previously described in 
Flux measurements from surface waters. Measurements for both gases 
were discarded when the R2 of concentration over time was lower 
than 0.9, except when variations were lower than 0.1 ppm (fluxes 
were negligible). Fluxes from soils were estimated using Eq. 3.

Spatiotemporal analysis and upscaling
The spatiotemporal variability of gross CH4 and CO2 fluxes in the 
Belo Monte reservoirs area was assessed by comparing (i) gross 
emissions before and after the impoundment and flooding, (ii) sea-
sonal variations in emissions of different areas, and (iii) differences 
between emissions from the flooded river channel and from mar-
ginal areas that were inundated by the Belo Monte reservoirs (flooded 
soils). Data from previous literature were used to account for different 
parameters affecting gross and net emissions estimates (more informa-
tion is available at table S4). FCH4 values were converted to equiva-
lent CO2 emissions (FCO2eq) using the 100-year GWP [= 34; (32)].

Pre- and postflooding emissions of the Belo Monte reservoirs 
area correspond to mean fluxes from soil and water surfaces calcu-
lated after considering seasonal (low-water and high-water) and 
spatial (soil and channel areas) heterogeneities. The dimensions of 
the downstream reaches before and after the impoundment (1984–
2018) were obtained from maps provided by (33). Areas of other 
locations were obtained from the environmental impact study from 
(5). Since empirical data regarding the uncertainty of these measure-
ments are lacking, values were sampled from a theoretical uniform 
distribution. Distribution support was defined assuming deviations 
from the mean of 10 and 20% for seasonal duration and area, re-
spectively. We also applied a reduction factor of 50 ± 10% in the 
proportion of the flooded area that is subject to seasonal variation 
[about 30%, estimated from (33)] to account for changes in the di-
mensions of the reservoirs. As such, measurements done in the low- 
and high-water periods were extrapolated for about 6 months each. 
More details are presented in table S4.

The Monte Carlo approach used to estimate mean annual emissions 
and their corresponding uncertainties depends on the calculation of 
the probability density function for each group of measurements. 
Sets of emission data grouped by sampling season and location were 
compared to different theoretical distributions [fitdistrplus package 
(34)]. Gamma and Weibull distributions were assigned as best rep-
resentatives for data from flooded soil and channel areas, respec-
tively (figs. S4 and S5). Artificial datasets (n = 10,000) on the basis of 
the fitted distributions were used in the Monte Carlo estimation. 
During each of the 10,000 iterations, we computed the arithmetic 
mean of emission values that were randomly resampled (with re-
placement) from the artificial datasets. Averages of each group were 
then extrapolated to their corresponding area and seasonal dura-
tion, summed, and added to the database of results. CIs (=  95%) 
were then calculated from the distribution of the totals stored in the 
database. A simplified scheme of the upscaling method is given in 
fig. S6 and calculations are detailed in table S4.

Net emissions (F) were calculated after considering pre- and 
postflooding gross CO2eq emissions from vegetation, soil, and 
water surfaces in the Belo Monte area (table S4). We estimated carbon 
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burial by reconstructing an artificial dataset (n = 10,000) on the 
basis of the fitted log-normal distribution of carbon uptake data for 
the Xingu Ria presented in (17). Resampled carbon uptake values 
were then extrapolated to the entire reservoirs area. The EFC (kg 
CO2eq MWh−1) of the Belo Monte hydropower plant was calculated 
after dividing gross and net emissions by the minimum assured 
average energy generation of the system [4571 MW; table S4 and (8)].

Statistical analyses
Mann-Whitney U tests (two-sided) were used for comparisons 
between fluxes due to the non-normal distribution of the obtained 
data. All statistical analyses were performed using 0.05 as a critical 
 for significance.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/26/eabe1470/DC1
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