Dear editor,

We would like to thank you for the opportunity to submit a revised manuscript.
Please find our answers below after each referee comment in italic.

Referee 1 comments

This paper is about the CO, concentration and emissions from a newly created
hydroelectric reservoir complex in the Amazon area. Given that particularly Amazonian
reservoirs have been pointed out as high emitters of greenhouse gases, and since
emissions typically are higher the first years after flooding, this study is certainly
valuable and interesting. In particular since the new reservoir is a run-of-the-river type,
which is supposed to result in lower emissions than storage reservoirs. The study
seems to be well-conducted, based on standard methods. However, the presentation
severely lacks focus and clarity. | will give in the following a few idea on how the paper
can be improved, but | really want to urge the senior authors of this paper to support
and help the first author, who is apparently a MSc student and writes his/her first paper
(it says in the Acknowledgements). It also takes a thorough revision of English
language use and style.

Thank you, we hope to help clarify the role of run-of-the-river dams on CO, emissions,
particularly in the Amazon. We have modified the manuscript based on your
suggestions, and all authors have carefully reviewed the manuscript for style and
clarity.

What makes this study interesting is that it studies the Belo Monte hydroelectric
complex, a all-new installation in the Amazon (it's not even up at full capacity yet), the
biggest in the Amazon so far, and one of the biggest in the world, and one that was
heavily disputed and criticized. This is not mentioned at all in the paper! | could imagine
that the story could be built around the case of this new and huge installation. New
reservoirs typically have elevated emissions, but here apparently biomass was
removed before flooding, at least partially. Is this visible in the data? One of the
reservoirs is run-of-the-river, does it really have lower emission than the storage
reservoir? These questions could be formulated as hypotheses, addressed with the
data (i.e. figures should illustrate data in a way that relates to these hypotheses), and
then explicitly answered in the Discussion. This would give the study a much-needed
‘read thread’.

We agree that we did not convey the controversy surrounding the Belo Monte
hydropower operations in the original manuscript. We have now added in the
Introduction section a brief discussion about the historical debate and controversies
regarding the construction of Belo Monte (L63-68). It is worth mentioning that the Belo
Monte hydroelectric complex is the largest in power capacity (11,233 MW) in the
Amazon, but not the largest regarding the area of the reservoir. Among all the newly
constructed or planned dams in the Amazon, Belo Monte is, in fact, the most efficient in
terms of energy production per km? of reservoir according to Faria et al 2015.

Despite complete forest removal, plant-derived material still remained in the
Intermediate Reservoir (IR). In the Xingu Reservoir (XR), forest removal was done only



in some large islands. However, 59 % of the area of this reservoir represents the
previous river channel where the riverbed consisted of bedrock and sand. Therefore,
lower emissions were expected for the XR in comparison with the IR. Nevertheless, our
results show higher CO, fluxes in the IR only during the low water season (Figure
3/Table 2). A possible explanation for the lack of difference in CO, fluxes among the
reservoirs at the high water season could be related to the shorter residence time,
vegetation clearing and organic material inputs and availability in this season (more
details regarding this can be found in the discussion section (Lines 303-318 and 372-
378). A more detailed discussion was added in the lines previously mentioned and
percentage of river channel area was corrected (L319).

The study hypotheses were perhaps unclear in the original manuscript. We have
improved this in the revised manuscript, including the addition of the following
hypotheses (1) the two Belo Monte reservoirs have contrasting CO, partial pressure
(pCOy) in the water and carbon dioxide fluxes to the atmosphere (FCO,); and (2) the
clearing of forest vegetation significantly reduces the emissions from areas flooded by
the reservoirs during the first two years after channel impoundment (L95-99). Based on
referee 1 suggestions, we have proposed these hypotheses that best fits the
manuscript’s storyline. Also, some sentences were added to support and better
address these hypotheses (L84-91). In order to clarify our objective it was also
rewritten (L91-94). Thank you for this useful feedback.

It will take a thorough rewriting of the manuscript before it may become acceptable, but
since it seems to be good data from a understudied site of high interest, | think in the
end this could become a valuable addition to Biogeosciences.

Thank you for your comments, they've helped to shape a stronger manuscript. We
have worked hard to improve the manuscript quality and hope to contribute to the
knowledge of tropical run-of-the-river reservoirs.

Detailed comments: Title: the influence of reservoir traits is not explored to any greater
depth. Which traits? I'd suggest to change the title accordingly, maybe “CO,
concentrations and emission in the newly constructed Belo Monte hydropower complex
in the Xingu River, Amazonia”.

We intended to use the word “traits” in the title to describe our comparison of storage
and run-of-the-river reservoir types. However, we agree that this title was a bit unclear.
After a restructuring of the manuscript we decided to accept the suggested title change,
which fits the scope of the manuscript well.

L41. The inland water area number seems wrong. See Verpoorter et al. 2014 GRL

The inland water area value number is related only to rivers and streams (i.e., not
including lakes and wetlands) based on Raymond et al. 2013. We updated that
information with the lake surface area estimated by Downing et al. 2006 and Verpoorter
et al.2014. In addition, flux information was corrected and terrestrial carbon influx data
was added based on Drake et al. 2018 (L40-44).

L42. Only the Raymond study gives a global estimate, the other citations are regional
scale.



The other citations were removed from this sentence to adopt only the global estimate
of Raymond et al. 2013 (L42).

L45-54. There’s a lot of detail here that is not addressed by this study and could be
removed here, e.g. microbial community structure or priming.

The goal of this paragraph was to address the factors involved in CO, production. We
agree that this section was perhaps too detailed. However, we feel that these concepts
link well with our discussion of OM availability later in the manuscript (Lines 312-318
and 380-382) as CO, sources. Thus, we have altered these sentences to improve flow
with the rest of the introduction, but feel that these are important concepts to introduce
(L45-57).

L70. While emissions are typically high, the lifetime emission of a reservoir is
probablyrather a function of the long-term emission level, and the short initial emission
pulse

may have less influence.

We have modified this sentence to point out that emissions during the initial years are
typically highest and the most uncertain, but that sustained long-term emission rates
are likely important for the overall carbon balance of the system over its lifetime (L73-
83).

Study Area: This must mention that the installation is new, and it must describe in how
far and where vegetation was removed before flooding, and when the flooding took
place.

Thank you, we have made this change (L119). In addition several other alterations had
to be done in this sub-section according to the new hypotheses. Reservoir description
was refined and rewritten as retention time calculations (L119-143).

L106 and 114. The water retention times are very short, even for the storage reservoir
it's only 1.5 days. Are these numbers correct? If so, these reservoirs, given their size,

must be characterized by quite strong water flow, and thus the gas exchange velocity

is probably hardly related to wind speed, but rather to water speed.

Our residence time (RT) calculations had a mistake that is now fixed. The corrected RT
was 20.2 and 3.4 days for IR and XR, respectively. Details regarding the RT estimate
and values can be found in the manuscript (L135-143).

L112. 97% of the capacity are at the Belo Monte dam, so the ROR dam only produces
3% of the energy even though it contains one third of the number of turbines?

The difference among both dams is not only in size and turbine number. The turbine
model also differs between dams, which influences the generating power. The main
powerhouse is equipped with 18 turbines Francis type with active unit power of 611.11
MW as complementary powerhouse has 6 Bulb type turbines that are considerably less
potent with active unit power of only 38.85 MW.

L116. Where is the hypolimnion typically starting? Did you do any depth profiles of T
and/or DO? If so, please show and report! If not, please cite a study that states that
the thermocline is typically at >20 m.



During our samplings, the water column had a well-mixed pattern without variation in
DO in most of the reservoir’s area. The hypolimnion was only apparent in the IR, close
to the dam, where DO decreased drastically at approximately 50 m from a total depth
of 58 m. However, as observed on Faria et al (2015), its formation is not expected on
Belo Monte Reservoirs. Therefore this sentence was altered, and hypolimnion
information was withdrawn. We have now included depth profiles in material and
methods and graphs of variables such as DO, temperature, etc. in the supplemental
material (L207) (supplement material figure S1).

Section 2.2. It would be more easy to understand if you first described your sampling
campaigns, and then tell about any gaps.

We have made this change accordingly (L187-189).

L144. Why was 60% of water depth chosen? Seems arbitrary. Also, it would be good to
know the actual depth at these sites. A raw data table should be submitted alongside
with the paper.

60% depth was chosen as a mid-depth sampling point to compare surface and bottom
waters. In deeper sites, the three depths (surface, 60%, and near-bottom) were
sampled due to the variation in water velocity. Our goal was to sample depths with
different organic and inorganic matter abundance due to water flow transport (L162-
164). We have added depth information to Table 1.

L150. How good was the evacuation? In my experience, it's very difficult to get a good
vaccum, but probably 10% or more atmosphere will remain, which may dilute or
contaminate your samples. Was this checked?

We are confident in our sample storage methods, which our team has extensive
experience with. A vacuum pump was used to create a vacuum, which was confirmed
since the volume of gas pulled from the syringe into the vial was similar to the vial
volume without the needing fo manually depress the syringe’s plunger. We have not
added these details to the manuscript, as transferring gas to vials is a common
method.

L154. Start this paragraph with saying “Diffusive CO, emission was measured with
floating chambers”. Also, please give the dimensions, shape and type (transparent /
opaque) of the chamber.

The text was changed accordingly (L173).

Two types of floating chambers were used in different sampling campaigns. Both types
were made of opaque polypropylene and were covered with reflective aluminum tape.
They were round and their volume and area were the 7.7 L and 0.08 m? and 6 L and
0.07 m?. Information about the chambers used was added to the text (L174-175 and
L178-179).

L161. | guess you mean logging frequency, not time.
Exactly, we have modified this (L181).

L168. Atmospheric pCO, of 380 ppm seems like an outdated value, or are these your



own measurements in air?

The atmospheric pCO, of 380 ppm was used based on an outdated database. The
data was re-evaluated and now measurements were discarded when the R? of the
linear relation between pCO, and time (6pCO,/5t), measured during chamber
deployment, were lower than 0.90 (R? < 0.90) or in cases where we measured negative
FCO, when the surface water pCO, was higher than the atmospheric pCO, based on
measurement done at the same site. However, this happened only two times and could
be attributed to some source of CO, contamination when placing the chamber into the
water — thus, starting with a higher pCO, than the water (L187-189).

L184. This sentence seems unnecessary

We have removed it.

L191. A station is stationary. You probably mean a handheld meter or device?
Updated as suggested (L213).

2.5. Statistics. | did not know Permanova, so this should be better explained. Is it a
parametric method? Because it is stated that the data did not follow normal distribution.
However, later in this paragraph, you mention some data were normally distributed and
used t-test; this is confusing. Also, in the entire paper, report the actual p values, not
just if p is lower of higher than 0.05.

Agreed, the method was superficially mentioned in the manuscript. PERMANOVA is a
multivariate variance analysis to compare variability between and within groups using
permutation to obtain p-value. Due to the different hypotheses tested, the data set had
to be adjusted and consequently altered the data distribution. In the case of T-Test,
sites located on “outside reservoirs” and “downstream of the dams” were not
considered and also season. Related to p value, we have now reported all the p-values
accordingly to the real value obtained from the statistical test. PERMANOVA analysis
was better detailed in the methods section as suggested (L219-221). We have
removed T-Test analysis since it is related to a descriptive result.

Results. In general, this section describes many findings and patterns, but it does so in
a quite unstructured way, and is therefore difficult to follow. | really think it would help
this paper if only the results were presented that are relevant to the hypotheses or
research questions. Also, the language describing the patterns should be improved.
For example, it needs to explained what numbers are given (e.g. L208, is this the mean
+ standard deviation, or something else?), and comparisons between two groups
describe a difference and not a variation (L208). Also, increase and decrease (e.g.
L245 and L249) refer to a change over time and thus some form of time series data,
while this study has data for two discrete sampling occasions, and thus can only speak
about differences. It should also always be very clear what exactly was compared. For
example, in L213, it was unclear what was tested here, the variability in pCO, within
and environment, or between environments?

Thank you, your comments were very constructiveto this section. Throughout the whole
text, we presented values as mean + standard deviation and indeed we were using the
term “variation” when we meant “difference”. It was corrected.



Most of this section was re-written for a clearer understanding (Lines 230-246, 254-
259, 261-272 and 274-278). Here we meant that we have tested the pCO, variability
between environments.

Several sentences had to be moved or removed from the text resulting in a complete
rewriting of the section. The over usage of average values was revaluated and most of
them also removed. Statistical analyses previously presented only for surface water are
now were updated to include all depths (L241-243) (Table 3).

Again concerning statistics, it is unclear to me how a comparison between two groups
can render a R? value, but maybe that's a part of the PERMANOVA, and should in that
case be better explained in the Methods.

Our statistics description did not detail PERMANOVA correctly in the previous version
of the manuscript, as so this test became unclear to the reader. PERMANOVA analysis
tests similarity using a Euclidian distance index through permutations. The R? value is
generated by permutations. As mentioned above, PERMANOVA analysis was better
explained in the methods section as suggested (L219-221).

L215. Here you speak about spatial variability, but do you mean differences of means
between different environemnts, or the variability of measurements within one
environment type?

Here the test is to evaluate if the different environments (reservoirs, downstream the
dam and outside the reservoir) presented different fluxes in each season. Temporal
trends sometimes may mask some spatial patterns that only become visible when
seasons are treated separately. Therefore, here we refer to a PERMANOVA test
similar comparing pCO, between environments.

L219. “Outside reservoir areas” is not a very illuminating term. Could choose another
name?

We agreed and replaced it to “unaffected river channel” (L149).

L224. 281 patm at 60% depth, how much is that in meters? And how can deep water
be undersaturated in oxygen? Typically it is oversaturated. Or was this above a
macrophyte bed?

The total depth of this site is 7.5 m (Table 1), and the sampling depth was 4 m. This
sentence describes pCO,, not dissolved oxygen. The value of pCO, equal to 281 gatm
was observed in the undisturbed river channel without macrophyte bed. Sub-
atmospheric pCO, has been previsouly observed in other large clear water rivers in the
Amazon region, resulting in negative CO, fluxes (Rasera et al. 2013), indicating net
primary production. We are not sure what you mean by the question of how deep water
can be undersaturated in oxygen—these large clear water rivers in the Amazon are
known to have low turbidity, favoring algal productivity and resulting in high dissolved
oxygen levels. However, in the Amazon mainstem where the high turbidity reduce algal
productivity lower levels of dissolved O, and high pCO, are observed due to net
heterotrophy.

L231. Here it says the data from the two seasons were pooled, but L237-241, the
seasonal data are discussed separately. This is confusing.



Thank you for this comment. Our FCO, data is related to a time period of two years,
including three seasons (2016 high water, 2017 high water and 2017 low water)( L189-
191). The data pooled are from the same season, both high water, sampled with the
same equipment and they were not statistically similar(L244-246). High and low water
were measured with different equipment due technical issues and treated separately
(Lines 174 and 178).

L246. The seasonal difference in IR was very small, certainly not a “pronounced
difference”. Interestingly, FCO, was very different between seasons in spite of similar
pCO,, which indicates a strong variability in k. Was this the case?

Despite the difference in averages, we observed that the seasonal difference in the IR
was not significant and we removed it from the text. Regarding k, no statistically
significant variation was observed between seasons (L274-276).

L250. What kind of spatial analyses? Comparison of the means for different
environments?

PERMANOVA was used to compare simultaneously the variation of FCO,, pCO, and
ksoo between both reservoirs. This analysis did not generate difference of means, but
the dissimilarity within versus and between groups through distance measures.

L251. “evaluated together”, is this warranted? Were these two groups similar?

Our results indicate that they are similar. We have checked it by changing the river
channel category to unaffected river channel (wich was grouped with outside reservoir
sites, downstream the dams included). Only flooded areas represented each reservoir
emission. Nevertheless, the same results were reached. A different classification
reveals overlapping patterns; if a significant result was reached it would point to
dissimilarity among groups.

L256. “Pasture” is a new and undefined category.

Upland forest and pasture were the main land cover in the areas flooded by the
reservoirs as described in the description of the study area and measured sites (Table
1). They are both included in the flooded area category for the previous analysis. Here
we evaluate if there was a difference in pCO, and CO, flux among the type of
vegetation flooded. Thus, they were considered as a flooded area subgroup.

L262. What's the measure of variability? It seems that in this study, you mostly
compared means, but if you want to address the variability, you maybe want to look at
relative standard deviations, interquartile ranges or something similar. If you want to
stick to comparing means between environments, please formulate this explicitly in the
text.

There was some confusion with the term from our part. Our analysis describes
difference by a distance matrix that calculates the similarity within and between groups,
not variation. We assume that the poor statistics section may have complicated much
of the reading. We have rewritten that section and replaced “variation” by “difference” in
the whole manuscript.

L263. Varied significantly between what?

The FCO, differed significantly between XR and IR reservoirs during the low water
season. This sentence has been modified accordingly in the revised manuscript (L268-
269).

L266. The 90 km downstream site is so far away it's not even on the map. | wonder in



how far it is relevant to this study at all, or could safely be omitted.

Thank you for the observation. That was a mistake in the writing; the 90 km site is
downstream of the Pimental dam (P20 site — Fig. 2), not Belo Monte. We believe that
this site is relevant because of its location downstream of the Volta Grande do Xingu
(Xingu Great Bend) region and a few kilometers upstream to where the Belo Monte
dam discharge back into the original river. This information was properly corrected
(L257-259).

L270-273. Go straight to the results instead of first describing what was not done.
We have made this change (L274).

L275. The relationship between kg and wind speed is very weak. At any wind speed,
k can vary with a factor of 2-4. This is quite often the case, and maybe even expected
in such system where water moves fast, and thus water turbulence is quite
independent of wind speed.

Thank you for this comment. We agree, particularly considering the short residence
time of the Belo Monte system. Since there was no significant k variability, the water
turbulence may be the major factor driving CO, diffusion. We have corrected it in the
manuscript (L276-277).

All'in all, the Results give many comparisons, What about making matrix tables where
you can give test statistics for each comparison?

Thank you that was a great suggestion. We have added such a table (Table 3).

3.3. Did you ever measure depth profiles? Would be very interesting to show these
data, to asses if really the turbine intake is in the epilimnion, and to assess the potential
outgassing through turbine passage.

Yes, depth profiles were made for temperature, pH, O, and conductivity. CO, was
measured at the bottom, 60% of site depth and at the surface (0.3 m) during high water
campaigns. Our data show a well-mixed water column without stratification close to
the Pimental dam in the Xingu Reservoir (suplemmentary material figure S1). In
addition to surface, correlation results of near-bottom depth were added (L292-294)
(table 3).

Nevertheless, its intake is at the bottom, where even with high O,, the pCO, is higher
than at the surface. In Belo Monte dam pCO, follows the same pattern, although the
O, decrease drastically at approximately 50 m (as mentioned above). As such, Belo
Monte intake is in the O, rich zone. The depth profiles can be seen in the
supplementary material, Figure S1 .

L292. This is not one of your results.
Removed.

L296. The Discussion should start with your most important finding, not with citing
other studies.

Updated as suggested (L297-309).

L303. This seems to be an important finding. Could you make a figure that illustrates
this finding, to make it visible and convincing?



Thank you for the suggestion. The Figure 3 was updated , and this findings has been
highlighted in panels (e) and (f).

L309-326. This discussion is very hypothetical and not much related to your data.
Thank you for this comment. We have deleted this paragraph.

L327. Not really. In your own data, there is an example of differences in k producting
very different emission fluxes in spite of similar pCO, (see my comment above).

We have added the clarifying statement “...although we did observe some specific
examples of differences in k producing different emission fluxes even when pCO, was
similar” (L297-298).

L328-334. This may be the main message of this paper. It would be good if you
produced a Figure that illustrates this finding.

We have made a table summarizing these results (Table 5).

L340-341. The Methods need to describe explicitly which areas were flooded with
intact biomass, or after biomass harvesting.

This information was already presented in table 1, however it was not as explicit as it
could be. More information about the vegetation removal in each reservoir was
included in the text (L125-129).

L350. Could you actually observe increased water clarity in your data / samplings? If
not, this discussion is not helpful to explain your data.

No. Our turbidity data was not reliable due to poor calibration, therefore, we removed it
from the paper. We have removed this sentence.

L355. pCO, were only lower during low water compared to high water in the
downstream and dam categories. For flooded and river channel, they were similar
(Fig.3). So it is not warranted to speak about a “drastic decrease”.

We have deleted the word “drastic” from the text. The statistical test showed difference
among seasons and to environment categories, which is corroborated by the lower
pCO, averages during low water both to flooded areas and river channel (as shown in
table 2). This sentence was rewritten in the new version of the manuscript (L326-329).

L375-383. Could the difference between Belo Monte and Petit Saut be explained by
different water intake depths? Do you have water profile data?

After further observation, the near bottom anoxia in IR could be related to
contamination (probe in contact with sediment). The most reasonable assumption is
that any site had a stratified pattern (Supplementary material Figure S1). As Petit Saut
has hypolimnetic water intake and lack of vegetation clearing the downstream emission
is higher than Belo Monte, a ROR complex with well mixed waters and vegetal cover
removed in most of the flooded areas. This information was updated in the manuscript
(L346-353).

L391. It seems not warranted to assume that any site or time point should serve as a
“reference” for river pCO,, since it varies in time and space.

We have deleted this sentence.

L395. What is meant by “turbine activity”?



Since it was a cloudy discussion it was deleted.

L398-406. | think you could further explore the patterns in k, e.g. between
environments, and between reservoirs. Were the values in these reservoirs rather
similar to other reservoirs or lakes, or rather to rivers?

The Kego in the XR (22.99 + 8.00 and 22.89 + 21.40 cm h™* on high and low water,
respectively) were in the same range of the Furnas reservoir (19.58 + 2.5 cm h™)
installed on Grande River located in Cerrado region (Paranaiba et al., 2018). The IR
presented a wider range of values among seasons (7.13 £ 1.59 and 60.80 + 18.02 cm
h™* on high and low water, respectively), but the ke Observed at the high water season
was similar to values observed in the Javaes River (8.22 + 3.80 cm h) (Rasera et al
2013) (L388-393).

L403. There is no strong positive correlation between wind speed and FCO, in your
data. Fig 5 shows weak relationships, at best.

Thank you for the highlight, we have updated the text as suggested (L393-401).

L423-425. This sounds like the main result of this study. Make a figure to show and
highlight this result, and discuss it in terms of reservoir properties and operation type.

We have included a new figure that shows this difference, and the suggested points
were included in the discussion (Figure 3).

Figure 3. In panels ¢ and d, | would suggest you order the environments in flow
direction. That is, upstream first then XR environments, then IR environemnts, then
downstream. If it gets too crowded, make two separate panels for high and low water.
And the same for pCO, and FCO, and Kgg, i.€. you may end up in 6 panels instead of
2. Together with panels a and b, it would be 8 panels.

We have reordered and changed the categories. We added the categories in the
following order: “unaffected river upstream”, “XR”, “IR”, “downstream of the dams” and
“unaffected river downstream”. Panels were also separated by season and new panels
Keoo Were added.

Figure 4. When seeing this figure, | wonder how much of this spatial variability is driven
by differences in pCO,, and how much by differences in k.

To make the spatial variability more visible, we have added one more panel related to
Ksoo to figure 3.

Table 2. What are the values, mean #* standard deviation? How many measurements
are behind each of these averages? Could you introduce a column with “n*? The k
values are high and resemble rather riverine systems than lakes or reservoirs, | guess
an effect of the fast water flow. The comparison with literature values would be better
and more visible in a graph than in a table.

The values are averages * standard deviation, except for Sawakuchi et al. 2017.
During high water FCO, was measured three times (L177), and during low water two
FCO, measurements were made simultaneously (L180) and headspace was sampled
on triplicates (L164). It is feasible that the turbulence in both reservoirs is mostly related
to water flow. A compilation of the literature information of keyy were made and is
presented in Table 5.



Referee 2 comments
Please find our answers bellow after each referee comment in italic font.

Review of Araujo et al. This manuscript describes the results from a 2-yr study during
high and low water seasons on the Belo Monte hydropower complex that consists of
two main reservoirs, one of which is defined as a run-of-river and the other as storage.
The authors aimed to contrast the impact of these two reservoir types on the CO,
dynamics of the entire complex. Additionally, they contrasted CO, dynamics across
various flooded environments within the complex. The manuscript has some nice data
but is predominantly descriptive. Regardless, data in tropical reservoirs is currently
necessary and it is interesting to contrast these two types of system. Not to mention the
huge dispute over this massive Amazonian project. | have many suggestions for how to
improve this manuscript before this paper is ready for publication.

We appreciate your suggestions, which have greatly enhanced the manuscript and its
potential impact.

General comments

1. Be careful with the word ‘traits’ in the title. It implies features that do not vary in time.
Is that the focus here? Do you mean ROR vs storage, plus flooded landscapes? That
would be okay then. But if that was the case then | did not get the impression enough
from your discussion that that was your focus. You need to bring out your main points
much more. Try focusing the research questions or objectives more narrowly. This will
help you throughout the entire publication.

Thank you and that was the point. Our initial goal was to define the group of
characteristics that classify each reservoir as ‘ROR’ or ‘storage’. However, after
restructuring the hypothesis and re-evaluating the reservoir's characteristics we
removed those classifications. Although a larger flooded area, deeper and a lake like
aspect the Intermediate reservaoir, it could not be classified as a storage reservoir due
to its short water residence time (L142) (Faria et al., 2015). Both reservoirs were
considered as ROR (L87) and they were now compared according to their extention of
flooded area and water residence time (L84-91). Consequently , we have changed the
tittle accordingly to the Referee 1 suggestion (“CO, concentrations and emission in the
newly constructed Belo Monte hydropower complex in the Xingu River, Amazonia®).

2. Language overall needs improvement. Too many commas used. Too many
sentences that are confusing (many are mentioned in specific comments below).

The language and style of the whole text was revised and improved.
3. Abstract needs more quantitative results in it

Thank you, this section was revised. Some unnecessary information was removed (L2-
9) to make space adding a better description of our results findings (L9-24).

4. Introduction does not discuss the importance of this particular reservoir more.

More details concerning Belo Monte and its controversy were added to the text as
suggested by both reviewers (L63-72).

5. Methods — description of how reservoirs are connected is not clear. In the map figure
there appears to be a channel connecting them too. Please improve the description of
how the reservoirs interact, including flow directions, which should be on your Figure 2,
and individual surface areas.



The Pimental dam in the XR, regulates the water flow towards the IR through a 28 km
artificial channel, constructed at the left margin of the XR, to feed the IR where the
main powerhouse is located (Brasil, 2009) (L122). The channel description and
reservoir interaction were clarified (L119-124). Also, Figure 2 was updated as
suggested.

6. | find section 3.1 of the results very confusing to read and absorb fully. There are a
lot of numbers that are perhaps not necessary and very distracting from understanding
what you are trying to describe. | would suggest a schematic to help describe the
temporal (high vs low water) variability you see that also includes the spatial variability
(across environments). You can use weighted markers for the various fluxes and
concentrations that correspond to high and low values, if not the real values.

This section was revised for conciseness and clarity. After these changes the text
became clearer and we believe that a schematic figure is not needed.

7. Figure 2 — needs arrows for direction of flow.
Done.

8. Figure 3 — You can make these 4 plots into just 2 in the following manner: put the
white boxplots from (a) and (b) that are pCO, in the beginning of (c) labeled ‘High
water’ and ‘Low water’, and the gray boxplots that are for FCO; in the beginning of (d)
with the same labels. Also, are the environments in ¢ and d labeled in the proper order
— from one are to another? Or does it not work like that because of the reservoir
geomorphology? Either way, | would put downstream the dams on the right side since
most people read left to right and you naturally think downstream to the right.

Thank you for the interesting suggestion. The environments were previously organized
in alphabetical order on the plots. However, we agree that it will be easier for the
reader to follow the downstream orientation. Therefore, it was corrected to flow order.
We added more plots to this image according to referee 1 suggestion, with season
separately and an additional variable (keoo). The categories were also changed to
“unaffected river upstream”, “XR”, “IR”, “downstream the dams” and “unaffected river
downstream”. In the last version there was an error in the FCO, unity. Fluxes were in
pmol CO, m? s, but instead s™ in the legend was written d™. This error was corrected.

9. Figure 4 — you need units listed for the values; direction of flow arrows would be
good; and mention in caption that (a) includes 2 years of data while (b) only has one
year (and list which years).

Updated as suggested. Figure 4 had the error on s™ unity replaced by d*, that was
already corrected. Also colors were updated.

10. Figure 5 — you mention these figures in terms of stats but there are no lines on it
and no equations or states in the figure caption.

These figures show the correlation between kgo and FCO, with wind speed, We have
used the Spearman correlation test, which is ranked test, and do not have
mathematical model or equation. The Rho values were reported for each comparison.
In this new version, figure 3 includes the kgy results, as suggested by referee 1 and
the figure 5 is now included in the supplement material.

11. The discussion seems like a bunch of descriptive paragraphs thrown together. It is
lacking some cohesive red line to follow and it is hard to locate your main points.
Perhaps you can start to fix this by using subsections. Looks like you broke it down into
the following: Seasonal variability; Vertical heterogeneity; FCO,; Spatial variability;



Comparison to other reservoirs; k600; Operation. These are all just descriptions of data
in reality. You want to discuss the most interesting findings of your study and then
compare them with other studies. Figure out your few most important findings and try to
arrange the discussion around those first. You also measured the system right after
flooding, which is when emissions should be highest. This needs to be addressed in
your conclusions.

The discussion was rewritten in order to address the main points of the work (L297-
401). The text was rearranged and divided into subsections that we believe are now
more connected with our main findings and hypothesis, as nicely suggested. The high
water season reservoirs comparison was removed since they were not significantly
different. We have also highlighted in the manuscript that measurements were made
during the first years after impounding (L406-408).

Specific comments

Line 16-17 — did you measure clearwater rivers yourself ? if not, then either change or
delete this sentence because it makes it sound like you.

Our measurements were done only on the Xingu River; therefore, we altered the
sentence to clarify this issue (Lines14 and 17).

Line 41 — You mention that ‘inland waters’ have an area of ‘624,000 km2’ and cite who
with regards to this number? This number is very small compared to the 2.5 — 5 million
km2 range that actually exists for all inland waters surface area coverage. | think you
mean to cite only rivers surface area with your 0.624 million km2 value so you need to
be specific when you say ‘inland waters’ and you need a specific reference for this river
surface area number. But then you cite the 1.8 — 3.8 Pg values, presumably from
Drake et al. 2018 and those values are for all inland waters specifically. If you want to
discuss inland waters surface area coverage total then you need to use either Downing
et al. 2006, Verpoorter et al. 2014 or Messager et al. 2016 or Feng et al. 2016.

The area previously mentioned was for rivers and streams according to Raymond et
al. (2013). We have changed this paragraph to discuss inland waters as a whole and
on a global scale (L40- 44).

Line 45 — clean up language (e.g., don’t need ‘water’ so many times
Done (L45-46).

Line 50 — should be: ‘to the autochthonous respiration of OM deposited’
Thank you, we have updated this sentence as suggested (L50).

Line 54 — should explain more how the stimulation of OM decomposition via those two
processes actually effects CO, — similar to how you did in the first half of the sentence
saying higher CO, uptake

Agreed, we have divided this sentence in two and rewritten it to clarify the text. Those
processes were added to the text and briefly explained as suggested (L52-56).

Line 66 — | believe it was actually DelSontro et al. 2010 and not 2016
Absolutely, thank you. This citation was corrected (L77).

Line 69-70 — Start a new sentence with ‘Newly flooded reservoirs...
examples/references of the few poorly studied reservoirs.

and then give



We have rewritten and added more information about GHG emissions from newly built
and future tropical reservoirs estimates from the literature (L73-83).

Line 73 — should be ‘variability’ and not ‘variation
Updated as suggested (L93).

Line 73 — give the abbreviation for fluxes here ‘(FCO,)’ that you will use the rest of the
paper, and delete ‘and its relevance for GHG fluxes’

Thank you, corrected accordingly (L93).

Line 75 — end this sentence with ‘..complex in eastern Amazon, a tropical region poised
to gain XXX more hydropower projects in the coming decades (REF).” This puts your
work into a bigger perspective at the end of your intro.

Thank you, this fragment was included, but converted in another sentence (L94-95).
Line 83 — the 1984 study is quite old... Is there nothing newer?

It is related to a classical study that classifies Amazonian rivers according to
physicochemical characteristics. Although relatively old, it is still largely used for the
classification of large Amazonian river.

Line 98-100 — in this sentence give the names of the two reservoirs after you mention
them.

This sentence has been removed, but new information about the reservoirs and the
Belo Monte complex were added in the introduction, including reservoir’s names (Lines
84 and 85-86).

Line 101 — give more details about these calculates from Faria et al. 2015

The residence time was calculated by the equation RT= V/ Q, where RT is the
residence time in seconds, V is the reservoir volume in m® and Q is the volumetric
discharge in m%s. To convert RT in days the value was divided by the number of
seconds in a day. We altered this sentence and added this information in the text
(L135-143).

Line 104 — once you have given the XR abbreviation for Xingu Reservoir then use it for
the rest of the paper, and do you mean ‘as islands’ instead of ‘in islands’?

This sentence was removed.

Line 107 — ‘classified’ instead of ‘denominated’ — and this paragraph should contain the
surface area of these reservoirs already

This sentence was removed. Reservoir areas were added to the text on lines 125 and
128.

Line 115 — the residence time of the IR reservoir is still ridiculously short (1.57 days).
How do you call that a storage reservoir? Still want to know the surface area of these
reservoirs already

There was an error in our RT calculations due to the discharge data used. The
previous RT values were based on an environmental impact study (EIA) that estimated
the highest discharge values of each reservoir. We performed new calculations using
the average historic discharge series from Water Agency of Brazil database. The
corrected RT of 20.2 (IR) and 3.4 days (XR) were updated in the manuscript. In



addition, we added the surface areas of the IR (154 km2) and XR (342 km2, including
the 228 km? originally occupied by the river channel). Due to the low RT of the IR we
are not considering it as a storage reservoir. However, both reservoirs are still
compared (L125-134).

Line 116 — should give maximum depths of the reservoirs
Thank you. Maximum depths were added (L120).

Line 117 — why did you give the total surface area of the 2 reservoirs together? You
should provide values for the two different reservoirs. If this is difficult because of the
difference between rainy and dry season then state this but still give approximate
values for the individual reservoirs since you are evaluating them separately.

The reservoirs areas were added as mentioned above.

Line 121 — what is the 25.4 km2/MW? Why should | care about this value? Give some
explanation behind your reporting of this value (or don’t report it).

It was removed.

Line 131-132 — | really do not understand your description of water depth sampling.
You classified the sampling sites based on their maximum depths? Where did you
measure in the water column? If a site was 10 m deep, did you sample at 3 depths?
Did you sample 0.3 m, 6 m, and 9 m? Be more explicit with your description here. Why
did you pick 60% of max total depth for sampling?

The water column sampling method was as you have described. The sampled depths
were related to the total depth of each site. These depths were chosen based on the
variation of water speed and transport of suspended particles in the water column of
rivers. Our 60% depth was a mid-depth sampling point to compare to surface and
bottom waters. The three depths were sampled only in deeper sites where higher water
velocity variation occurs. Since water flow and topography drives pressure gradients on
sediment interface that affect particulate matter transport (Huettel et al. 1996). In
shallow sites (depth <7,5 m) samples were only taken at 60% the depth. We revised
this sentence to clarify the text and moved to headspace sampling description (L162-
164).

Line 136 — state that the flooded areas sampled were in both reservoirs if that is the
case.

Thank you, updated as suggested (L152-154).

Line 143 — ‘according’ not ‘accordingly’
We corrected this word (L161).
Line 148 — what did you collect the headspace air in?

The samples from the headspace and atmospheric air were collected using 60 ml
syringes and immediately transferred to evacuated glass vials closed with butyl rubber
stoppers and sealed with aluminum crimps. The vials were evacuated immediately
before transferring samples using a needle. We have updated this information (L169-
171).

Line 150 — how were the gas samples transferred? Via needle and syringe because the
vials were pre-capped, | presume.



Please see the above comment.
Line 154-156 — combine these two sentences into one
Thank you, we have made this change (L173-175).

Line 158 — if you made measurements from a drifting boat in a river, | presume you
drifted quite a bit. Did you consider this drifting distance in your measurements of flux?
This is an important point. How far did you drift? You need more details regarding this
sampling approach.

Drifting distance was not measured during deployments. Based on visualization in
Google Earth we estimate that the maximum distance drifted may be approximately 1
km for measurements in the river channel up and downstream of the reservoirs. In
sheltered areas located in bays and over islands with standing trees, where the water
flow was low, drifting was very short and caused by wind. An estimate of the drifting
distance in the natural river channel and in the main channel of the Xingu Reservoir
was obtained by using the average water velocity measured by the National Water
Agency of Brazil at the Altamira station. We separated the historical values into before
and after 2016, when the dams was completed. Therefore, representing estimates of
water velocity in the natural river (between 2005 and 2016), and in the Xingu Reservoir
main channel (after 2016). The average water velocities at Altamira are 0.74 and 0.24
m s™ for before and after the dam, respectively. Assuming that there is no resistance of
the boat with the water or air, drifting speed is similar to the water velocity. The total
time of deployment was up to 30 minutes for the three consecutive measurements.
Based on these we found that in the main channel of the Xingu Reservoir the drifting
distance would be 432 m, and 1332 m for the natural river channel up and downstream
the reservoirs. These details were added to supplementary material.

Line 161 — ‘calculated’ instead of ‘done’ and delete ‘the eq. (1)
Thank you, done (L182).

Line 168 — use ‘erroneous’ instead of ‘same sampling site’
Thank you, the sentence was altered (L187-189).

Line 171 and eq. 2 — you say that k was based on the flux measurements but | do not
see them in equation 2. | guess it is somehow in the partial pressure measurements
since some are in the chamber but | think this needs a better explanation. You didn’t
find k using FCO,, but rather using the concentrations in the chamber? That is how |
perceive this equation.

Thank you, that is correct. The calculations were not made with fluxes, but with the CO,
partial pressures inside the chamber. We corrected this sentence in the manuscript
(L193-194).

Line 176 — need ‘respectively’ at the end of the sentence
We have altered this sentence (L198).

Line 177 — grammar is poor here

Thank you, sentence rewritten (L199).

Line 184 — give a bit more detail here about how the gas transfer velocities were not
calculated from 2016 data. | am guessing it is because the other loggers did not allow it



somehow, but | don't see why you couldn’t perform the calculations using
concentrations from those loggers too.

This sentence was removed, but the lack of gas transfer velocities for the high water
season of 2016 is due to the lack of water pCO, data in this campaign.

Line 187-188 — | do not understand why or how these measurements were made
according to the water depth classes. Do you just mean depths? And did you do this at
each sampling site?

This part was changed. Depth profiles were done along the whole water column at
each sampling site (see suplementary Figure S1). However, for testing the relationship
between the physicochemical parameters and the pCO, we have selected only the
physicochemical data for the same depths where pCO, was measured. The depth
profiles for O, and temperature for each environment are presented in the
supplementary material.

Line 199 — what does ‘assessed separately by season’ mean?

Thank you for the observation. That means that the statistical test was done using
results for each season separately, since there was no inter-calibration among the
different sampling method on each season.

Line 208 — you should restate here specifically that you are comparing high and low
water from 2017 only.

We have added this statement as suggested (L230).
Line 208 — replace ‘presented a significant variation’ with ‘varied significantly’
Thank you, we have altered this sentence (L231).

Line 221 — it gets confusing a bit when you go between comparing seasons to looking
at the whole dataset so be specific when you can. For example, | would add ‘From the
overall dataset,” before ‘Higher pCO, was registered..’

Thank you, we have re-evaluated this section to clarify the manuscript. This sentence
was altered as suggested (L238). Whole paragraph was rewritten and reorganized.

Line 223 — | am confused by this sentence and what is respective to each other.
Rewrite this one.

This sentences was rewritten as suggested (L238-240).

Line 228 — Because you only had pCO, data for 2017 then | guess you couldn’t find a
correlation between pCO, and FCO, in the 2016 data, correct? You need to specific
again here and state that the correlation was only for the one method.

That is correct, we could not do this test for 2016 due to the lack of water pCO, data.
The correlation found between pCO, and FCO, corresponded to 2017. This sentence
was rewritten, near-bottom results were added (L241-243) (Table 3).

Line 232-234 — does it really matter if the two sensors were not cross calibrated in
terms of absolute concentrations if it is just the slope of the increase of concentration
over time that you need for flux calculations? If it is merely slope then you should be
able to estimate and then compare the rates of flux, no?



This is correct, but because we were not able to do any intercomparison we chose to
be conservative and evaluate them separately to avoid any source of error in our
interpretations.

Line 235-237 — how is it that that the low water season had the highest and lowest
FCO, values but was also homogeneous? This is very confusing.

The homogeneity in the FCO, occurred when both reservoirs were evaluated together,
however when each reservoir is considered separately the fluxes differed. Therefore,
the pattern observed in low water season is driven by the reservoirs characteristics, not
the spatial heterogeneity. In the low water season, the IR presented the highest FCO,
that may be attributed to the presence of remainings of plant-derived material left from
vegetation clearing. On the other hand, the FCO, in the XR decrease may be related to
the natural seasonal pattern of FCO, observed in undisturbed rivers in the Amazon.
The area of the XR is in its majority the original river channel where rocky and sandy
substrates predominate (L372-385).

Line 242-243 — this sentence is kind of just hanging here by itself. Shouldn’t it belong
somewhere in a paragraph.

We have removed this sentence.

Line 244 — | would rename this section a bit more specific to what you are doing: ‘pCO,
and FCO, in ROR versus storage reservoir’

Thank you, we have altered the section names properly since ROR and storage
classifications are not used anymore.

Line 245-246 — if you consider the standard deviation of your measurements then |
would say the differences are not so significant between seasons as they then overlap,
especially for IR

Actually there was no statistical difference among reservoirs’ pCO, according season,
therefore we removed this sentence. Conclusions had to be updated accordingly
(L404-405).

Line 249 — the difference in IR is much more significant than XR. | would point that out
here.

Thank you, we have altered this sentence and removed those average values from the
text. A summary of the average values is now presented in Table 2 (L263-264). The
difference observed in the reservoirs are now pointed out by our statistical analysis
(L269).

Line 250-252 — | don’t understand what you mean here. You did a spatial analysis but
lumped all spatially different environments together? | think you mean to say that you
compared the total emission from XR to the total emission of IR despite the emitting
environment. Is that right?

Thank you, this was exactly what we meant. We have better addressed this in the text
(L261-263).

Line 252-255 — | don’t understand how you see no significant difference between pCO,
of XR and IR but then suddenly find that XR had pCO, 721 uatm lower. And lower than
what? | guess IR. These few sentences are very confusing.

The T-Test analysis was removed since it is related to a descriptive result.



Line 256 — You cannot just present an idea like ‘Standing vegetation type in XR flooded
areas influenced pCO, without explaining the data that led you to that conclusion.

Thank you. This sentence was modified to explain the data better (L254-255).
Line 264 — use ‘especially’ instead of ‘specifically’

This sentence was removed in results section rewriting.

Line 266 — what is a ‘gradient pattern downstream’??

We refer to the pattern of both pCO, and FCO, that are higher directly downstream the
dam and decreases on the sites most distant from the reservoir. We have rewritten this
sentence and removed this term (L257-259).

Line 272 — again with this ‘separately to each season’ — | still do not understand what
this means. You have to come up with a better way of describing this.

This sentence was removed following referee 1 suggestion. But to explain, the FCO,
data was measured using different equipment in 2016 (high water) and 2017 (high and
low water), and we chose to evaluate them separately to avoid any potential source of
error in the comparisons due to the lack of cross calibration. Thus the seasonal
comparison was done using only data from 2017, when only the CO, loggers were
used to measure the CO, fluxes.

Line 274 — use ‘without significant spatial heterogeneity across environments’
Thank you, we have modified this sentence as suggested (L274-276).

Line 275 — use ‘kgoo Strongly correlated with wind...” and does this relate to Fig 5b?
Should you reference this?

Yes, this sentence is related with fig 5b. The sentence was changed and table
mentioned (L276-277).

Line 280 — there is not environmental breakdown in the data in Figure 5
Thank you, this reference was removed.
Line 287 — so you have water column data? Where is this data?

Depth profiles were made in 2016 and at the high water of 2017. You can find in the
supplementary information a description about how it was done and Figure S1 showing
the O, and temperature variation accordingly to type of environment

Line 303 — decrease in what?

This sentence seemed unnecessary and it was removed after posterior revision.But we
meant that the pCO, decreased was due to the transition from high to low water
caused by a lower organic matter input.

Line 344 — what is ‘vegetal suppression’? | figured out that it is when you remove
vegetation prior to flooding but is this the correct term for this? It sounds very strange.

Vegetation clearing is the most adequate term. This was altered through whole text.
Line 344-345 — this sentence is too long with poor grammar

Thank you, this sentence was rewritten (L315-318).



Line 354-356 — combine those sentences
Done (L322-324).

Line 356 — how many of the environments? Do you mean all except IR? This is
confusing. If it is just IR that ithe exception then you need to state it as ‘all except IR’

Exactly, we observed an increase in FCO, and pCO, at the low wate season for the IR
only. The sentence was altered as suggested (L324-326).

Line 357-358 — negative fluxes can be replaced with ‘observed CO, uptake’
Thank you, done (L327).

Line 358 — ‘light penetration and low suspended sediment’

Thank you, updated as suggested (L328).

Line 363-365 — you already spoke about this earlier. Try not to be redundant

We have altered this sentence detailing the influence of vegetation prior to flooding on
the FCO, (L379-380).

Line 370 — need ‘which’ before ‘would’

Done (L385).

Line 372-373 — | don’t think you need these values here in the discussion.

We agreed, this sentence was removed.

Line 387 — can you give a site number for the ‘site downstream IR’?

Absolutely, this site is P21. This information was updated in the manuscript (L338).

Line 391 — | don’t think this true and | don’t think you need this sentence about a
reference for natural FCO, values

Agreed. We have removed this sentence.

Line 397-398 — do you mean that the downstream sites resembled river channel sites
in terms of pCO, and FCO, values? Don’t use ‘traits’ to describe this. Traits more refers
to features that don’t vary.

Yes, that was what we meant. However, we removed this sentence due discussion
rewriting.

Line 408-409 — are you saying that the old reservoir you are using for comparison is
Tucurui? The grammar here is confusing.

Exactly, Tucurui reservoir was compared to both XR and IR. The sentence was
rewritten (L360-362).

Line 412 — what do you mean by hypolimentical waters? It should be ‘hypolimnetic’ by
the way. But this just means bottom waters with an implication of stratification, but what
specifically do you want to express here?

We have removed this sentence.

Line 419 — bad grammar in last sentence



This sentence was unnecessary and removed.
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Abstract

The Belo Monte hydropower complex located in the Xingu River is one of the largest in the
world in terms of energy production capacity, and the largest operating as a run-of-the-river
(ROR) hydroelectric system. Its construction had received large attention from the media due to
the social and environmental impacts related to its implementation. It is composed of two ROR
reservoirs; the Xingu Reservoir (XR) in the Xingu mainstem and the Intermediate Reservoir (IR),
an artificial reservoir fed by waters diverted from the Xingu River with longer water residence
times compared to XR. We evaluated spatiotemporal variations of surface water CO, partial
pressure (pCO,), water-atmosphere CO, fluxes (FCO,), and gas exchange coefficients (Kgg) in
the XR and IR during the first two years after the impoundment of the Xingu River. Season had
a significant influence on pCO,, with the highest average values observed during the high water
season. Spatial heterogeneity was observed for pCO, during both low and high water seasons
while FCO, showed significant spatial heterogeneity only during the high water period. The
FCO, (0.90 + 0.47 and 1.08 + 0.62 umol m? d™* to XR and IR respectively) and pCO, (1,647 +
698 and 1,676 + 323 patm to XR and IR respectively) measured during the high water season
were on the same order of magnitude as previous observations in other Amazonian clearwater
rivers unaffected by impoundment for the same season. In contrast, during the low water
season FCO, (0.69 + 0.28 and 7.32 + 4.07 umol m® d* to XR and IR respectively) and pCO,
(839 £ 646 and 1,797 + 354 patm to XR and IR respectively) in IR were an order of magnitude
higher than literature FCO, observations in clearwater rivers with natural flowing waters. CO,
emissions from the IR were 90% higher than values from the XR during low water season,
reinforcing the strong influence of reservoir characteristics on CO, emissions. Based on our
observations in the Belo Monte hydropower complex, CO, emissions from ROR reservoirs to
the atmosphere are in the range of natural Amazon rivers. However, the associated
intermediate reservoir may overcome these emissions due to altered riverine characteristics.
Since many reservoirs are still planned to be constructed in the Amazon and throughout the
world, it is critical to evaluate the implications of reservoir traits on CO, fluxes over their entire
life cycle in order to improve estimates of CO, emissions per KW for hydropower projects

planned for tropical rivers.



1 Introduction

Rivers and streams are no longer considered passive pipes where terrestrial organic matter
(OM) travels unchanged from land to sea (Cole et al., 2007). The OM transported by inland
waters may be converted to carbon dioxide (CO,) or methane (CH,;) and escape to the
atmosphere as gaseous emissions (Battin et al., 2009; Ward et al., 2013). Inland waters cover
an approximate area of 4.6 to 5 million km? or about 3% of Earth’s land surface (Downing et al.,
2006; Verpoorter et al. 2014), which has 5.1 Pg y™ of carbon terrestrially delivered (Drake et al.
2018) and about 2.1 Pg C annually emitted to the atmosphere (Raymond et al., 2013). Despite
the relatively small area covered by inland waters, their carbon emissions offset the oceans
carbon sink (1.42 + 0.53 Pg C y!) (Landchtzer et al., 2014).

Channel impoundment promotes several changes on river properties such as surface wind
shear, water temperature, discharge and turbulence, and organic and inorganic sediment input
(St. Louis et al.,, 2000). These changes alter the microbial community structure and
biogeochemical processes in the water column and riverbed sediments, with consequent
impacts on the dissolved carbon load, production, and eventual release to the atmosphere as
CO, (Battin et al., 2008). The intense decomposition of OM contained in flooded soils, in
addition to the consumption of alochthonous OM deposited in the reservoir may lead to an
increase of the CO, production, and outgassing, particularly during the first years of channel
impoundment (Guérin et al., 2006). Longer water residence time and reduction in water flow
velocity, on the other hand, may increase light penetration depth due to the deposition of
suspended sediments, possibly counterbalancing those emissions due to higher CO, uptake by
primary producers (Duarte and Prairie, 2005). Alternatively, this condition may stimulate OM
decomposition via photo-oxidation that is favored by increased light absorbance (Miller and
Zepp, 1995) and microbial priming effects driven by interactions between allochthonous and
autochthonous carbon sources (Ward et al., 2016).

In order to minimize some of the impacts usually associated with hydropower dams, run-of-the-
river (ROR) hydropower systems have smaller reservoirs and operate with seasonal variations
in water levels (Csiki and Rhoads, 2010; Egré and Milewski, 2002). The Belo Monte hydropower
complex in the lower Xingu River operates as ROR and it is the largest hydropower plant in the
Amazon. It ranks third in the world in terms of installed capacity (11,233 MW), but with high
variation in energy production throughout the year due to the high seasonality of the water
discharge of the Xingu River (Brasil, 2009a). Great debate emerged from the Belo Monte
hydropower project since its initial survey in the 1980’s due to the magnitude of the
environmental impact and threat to local indigenous people (Fearnside, 2006). The discussions
lasted at least 20 years and resulted in a series of changes and revisions in the initial project
(Fearnside, 2006). Nevertheless, the Belo Monte hydropower complex had its reservoirs filled in
2015 (MME, 2011), amid strong environmental controversies (Fearnside, 2017), including
uncertainties on estimates of greenhouse gas (GHG) emissions (Fearnside, 2002). As such,
alterations in the natural carbon cycling in the aquatic environments under direct and indirect

influence of the Belo Monte hydropower facilities may result in significant impacts on the



regional carbon budget. This is a critical question to evaluate the GHG emissions related with
hydroelectricity produced from impoundment of large tropical rivers.

Hundreds of new hydropower reservoirs are currently under construction or planned to be built
in the tropical South America, Africa, and Asia (Winemiller et al., 2016), and many of them may
be ROR reservoirs. However, to our knowledge, estimates of GHG emissions from ROR
reservoirs only include measurements performed several decades after the construction of a
small temperate reservoir in Switzerland, or obtained through modeling for tropical reservoirs in
Brazil (DelSontro et al., 2010; Faria et al., 2015). Therefore, most of the GHG emissions
estimates available in the literature are for storage reservoirs, but also with measurements
representative of several years (> 10 years) after the construction of the hydropower dams
(Kemenes et al., 2011; Lima et al., 2002). Exceptions are a tropical (Abril et al., 2005) and a
boreal storage reservoirs (Teodoru et al. 2011) studied since impoundment. These studies
showed that CO, emissions were higher during the first years of impoundment. Thus, estimates
of GHG emissions immediately after river impoundment are critical determining the overall
carbon balance of the hydroelectricity system lifetime.

The Belo Monte hydropower plant has two reservoirs operating under ROR conditions. The
Xingu Reservoir (XR) was formed by impoundment of the Xingu River channel, which has
waters diverted to feed the Intermediate reservoir (IR), build by impoundment of a valley
artificially connected to the left margin of the Xingu River. Although both reservoirs are
considered to be ROR, they differ in water residence time and type of flooded vegetation and
substrates. Flooded areas in the XR correspond mainly to seasonally flooding forest, but upland
forest areas were also locally flooded in marginal areas. Vegetation was removed from most of
the flooded areas, but part of the flooded forest islands in the XR were not cleared out. On the
other hand, the IR flooded large swaths of upland forest and pasture areas and its water
residence time is higher than in the XR. The aim of this study is to characterize the CO,
emissions from the Belo Monte reservoirs in the first two years post-impounding by assessing
the spatial and temporal variability of CO, partial pressure (pCO,) and carbon dioxide fluxes
(FCOy) in the XR and IR. This evaluation is crucial to understand GHG emissions from
reservoirs in the eastern Amazon, a tropical region poised to gain 153 more hydropower
facilities in the coming decades (Aneel, 2019). Considering the physiographic and hydraulic
differences of the XR and IR, we hypothesize that (1) the two Belo Monte reservoirs have
contrasting CO, partial pressure (pCO,) and carbon dioxide fluxes to the atmosphere (FCO,);
and (2) the clearing of forest vegetation significantly reduces the emissions from areas flooded

by the reservoirs during the first two years after channel impoundment.

2 Material and methods

2.1 Study area
The Xingu River is the second largest clearwater tributary of the Amazon River. It drains an
area of 504,000 km® and flows from central Brazil (15°S) to the lower Amazon River in eastern

Amazon (3°S) (Latrubesse et al., 2005; Brasil, 2009b). Clearwater rivers are characterized by



neutral to slightly alkaline pH, and low concentration of suspended sediment, with high light
penetration (Sioli, 1984). The climate of the region has high seasonality, with the rainy period
usually starting in December, extending until May and rainfall peaking in March and April (Inmet,
2017). The dry season occurs from June to November, with the driest months occurring in
September and October (Fig.1). The average monthly rainfall and temperature were 188 + 145
mm and 27.5 + 1.0 °C, respectively (10 year average from 2004 to 2014) (Inmet, 2017). In
accordance with the rainfall regime, river discharge is marked by strong seasonality with the low
water season occurring from September to November, and the high water season from March
to May. The historic average discharge of the Xingu River in the sector of the Belo Monte
hydropower complex for the period from 2004 to 2014 was 1,408 + 513 m3 s*t during the low
water season and 18,983 + 9,228 m? s™ in the high water season (Fig.1) (ANA, 2017). The
dominant land cover in the middle and lower Xingu watershed is tropical rainforest, although
agriculture and deforested areas occur mainly in the south and southwest areas of the basin
and close to Altamira, the largest city near the Belo Monte hydropower complex (Brasil, 2009b).
The studied area ranges from the lower Iriri River, the largest tributary of the Xingu River, to
downstream of the sector known as “Volta Grande do Xingu” (Xingu Great Bend), nearby the
Vitéria do Xingu Municipality (Fig. 2).

Belo Monte construction started in 2011, and reservoirs (Fig. 2) flooded in 2015 (Brasil, 2011).
The studied reservoirs have maximum depths reaching 20.5 m in the XR and 58.3 m in the IR,
although both dams have similar intake depths at about 15-20 m. The Pimental dam in the
Xingu River channel hosts 6 turbines and floodgates that regulate the water flow from the XR
through a 28 km channel to feed the IR formed by the Belo Monte dam. The later harbor the
main powerhouse with 18 turbines summing 11,000 MW of potential energy production,
equivalent to 97% of the total installed power capacity of 11,233 MW (Brasil, 2009a; 2009c).
The reservoirs occupy together an area of 516 km2. The XR extends over an area of 382 km?
(Brasil, 2009b) from which 94 km? correspond to land permanently or seasonally flooded, similar
to the natural water level condition during the high water season (Fig.2). It is estimated that 52%
of the total area flooded by the XR did not have vegetation clearing (Norte Energia, 2015).
Differently, the IR occupies an area of 134 km? and large flooded areas of pasture and upland
non-flooded forest (locally called “terra firme forest”). Contrary to the XR, the IR flooded area
was totally vegetation cleared previously to reservoir filling (Norte Energia, 2015). Waters
diverted from the XR return to the Xingu River channel after flowing around 34 km over flooded
lands in the IR (Fig.2) (Brasil, 2009c; 2009a). The sector of the Xingu River between the
outflows of the XR and IR, including part of the Xingu Great Bend, has reduced water discharge
and flow controlled by operational conditions of the Belo Monte hydropower complex.

The residence times (RT) of the XR and IR were calculated based on the maximum potential
discharge established for each dam (Brasil, 2009b). We assumed that the sum of both
discharges is the total discharge in an extreme scenario, and therefore equivalent to the fraction

of the total river discharge passing through each dam. The fraction of discharge was combined



with the historical average annual discharge of the Xingu River (ANA, 2017), similarly to Faria et
al. (2015), using the following Eq. (1):

@)
Where RT is the water residence time given in seconds, and later converted into days, V is the
reservoir volume in m® and Q is the volumetric discharge in m®s. The XR has RT of 3.4 days
while RT in the IR is 20.2 days. This difference was used to test if the RT plays a significant role

in the CO, emissions in ROR reservoirs.

2.2 Carbon dioxide partial pressure (pCO,) and CO, flux (FCO,) to the atmosphere

In order to cover zones with different flooded substrates and hydrologic characteristics, the
sampling sites included the original river channel within the XR, flooded lands (forest and
pasture) of both reservoirs, and upstream and downstream river channel sections outside the
influence of the reservoirs (Fig.2). Four classes were considered to evaluate the spatial
heterogeneity of FCO,:

) unaffected river channel: sites located on the channels of the Xingu and Iriri
Rivers outside reservoir areas, in sectors upstream and further downstream of
the reservoirs;

(I main channel: Xingu River mainstem within the reservoir area (XR);

() flooded areas: lands of pasture and upland forest formerly non-flooded during
the high water level season and seasonally-flooded forested islands that were
permanently inundated by both reservoirs;

(IV) downstream of the dams: sites immediately downstream of the dams that
receive the water discharge from turbines of the XR and IR dams.

Sampling sites near the confluence of the Xingu and Iriri Rivers (sites P1 and P3, Table 1) were
used as reference sites for areas without direct influence of the reservoirs. The sites further
downstream of the dams (P20 and P21) were characterized to investigate the influence of the
reservoirs on the downstream FCO, (Table 1).

During the year of 2017 (high and low water level seasons), values of pCO, in the water column
were obtained using the headspace equilibration method according to Hesslein et al. (1991).
The pCO, was measured following three depth classes (Table 1): (I) near bottom: 0.5-1.0 m
above the river or reservoir bottom; (Il) 60%: at 60% of total water depth; (lll) surface: up to 0.3
m of water depth. Sites shallower than 7.5 m were sampled only at 60 % of the total depth.
Polycarbonate bottles of 1 L were overflowed three times their volume with water drawn by a
submersible pump. The bottle was closed with rubber stopper adapted with tubes and luer-lock
valves, allowing the simultaneous injection of 60 mL of atmospheric air and withdrawal of the
same volume of water using syringes, creating the headspace. The bottles were shaken for
three minutes to equilibrate the gas in the water and headspace air. Water was then re-injected
simultaneously to the collection of the headspace air. Atmospheric air samples were also

collected using 60 ml syringes for corrections related with atmospheric CO,. All gas samples



were then transferred using needles from syringes to evacuated glass vials pre-capped with
butyl rubber stoppers. The pCO, data were acquired using a Picarro® G2201-i cavity ring-down
spectroscopy (CRDS) and calculations were based on Wiesenburg and Guinasso (1979).
Diffusive CO, emission was measured with floating chambers during 2016 and 2017 high water
seasons using an infrared gas analyzer (IRGA) LI-COR® Li820 coupled to a 7.7 L opaque
(covered with reflexive aluminum tape) floating chamber with 0.08 m? of area and 11.7 cm of
height. The analyzer captures the change in CO, concentration inside the chamber by constant
recirculation driven by a micro-pump with an air flow of 150 mL min™t. For each site, three
consecutive deployments were made for five minutes each from a drifting boat to avoid extra
turbulence. During the 2017 low water season, CO, mini-loggers (Bastviken et al., 2015) placed
inside 6 L opaque (covered with reflexive aluminum tape) floating chambers with 0.07 m* of
area and 10.5 cm of height were used to measure CO, fluxes. Sensors were placed inside the
two chambers and deployed simultaneously during 20-30 minutes with a logging frequency of
30 seconds. CO, fluxes from water to the atmosphere were calculated according to
Frankignoulle et al. (1998):

FCO, = (%) (R;"/KA)'

)

The CO, flux (FCO,) in mol CO, m? s™ is given by the changes in pCO; inside the chamber
during the deployment time (5pCO./3t, patm s™), taking into account the chamber volume (V,
m3), the universal gas constant (R, atm m® mol™ K'l), water temperature (T, K) and the area
covered by the chamber (A, m?). Measurements were discarded when the R? of the linear
relation between pCO, and time (6pCO,/6t) were lower than 0.90 (R2 < 0.90) or had negative
FCO, values with surface pCO, higher than atmospheric pCO, measured on site. The gas
sampling survey (Fig.2 and Table 1) occurred during the high water level season in April 2016,
May 2017 and during the low water level season in September 2017. Due to technical
difficulties, pCO, data were only collected during 2017 and FCO, samplings of 2017 were made

with different equipment.

2.3 Gas transfer velocity (Kgoo)
The air-water gas transfer coefficient k (cm h™) of CO, was estimated based on the surface
water CO, concentration inside the floating chamber by Eq. (3):

_ v pCOZW_pCOZi) Y
k= Aa In (pcom—pco2f /(&= tD),

@)

Where V and A are the chamber volume (cm?®) and area (cm?), a is the Ostwald solubility
coefficient (dimensionless), t is the time (h), and the subscripts w, i and f refers to the partial
pressure in the surface water, and initial and final time inside the chamber, respectively.

Ostwald solubility coefficient was calculated from KO as described by Wanninkhof (2009).



Finally, k values were normalized to ke following the Eq. (4) and (5) (Alin et al., 2011; Jahne et
al., 1987; Wanninkhof, 1992):

keoo = kt (@)_O.S.

Sct

4)

Where ky is the measured k value at in situ temperature (T), Sct is the Schmidt number
calculated from temperature and 600 is the Schmidt number for temperature of 20° C. The

Schmidt number is calculated as a temperature (T) function:

Scr = 1911.1 — 118.11T + 3.4527 T2 — 0.041320 T3,
(5)

2.4 Physical-chemical characteristics

Depth profiles with a measurement interval of 1m were for done for water temperature, pH,
dissolved oxygen (DO) and conductivity using a multiparameter probe (EXO2®, YSI). During
the high water in 2016 and 2017 samplings campaigns, Technical challenges prevented
measurement of pH, dissolved oxygen (DO), and conductivity during the 2017 low water
sampling. To statistical analysis these measurements were selected following the same water
depth classes applied to pCO, measurements (surface, 60% and near bottom). Additionally, air
temperature and wind speed were measured at the same time of chamber deployments with a

handheld meteorological meter (Kestrel® 5500) positioned at 2 m above the water surface.

2.5. Statistical analysis

Statistical analyses were performed to check the correlation among CO, variables (FCO, and
pCO,) and water column characteristics (pH, dissolved oxygen (DO) and water temperature)
and to evaluate the spatial and seasonal variation of FCO,, pCO, and kgy. Normality and
heterogeneity of variance were not achieved by Shapiro-Wilks and Bartlett tests, respectively.
Thus, non-parametric and multivariate statistical tests were used. The seasonal and spatial
variability of FCO,, pCO,kee and wind velocity were tested by PERMANOVA analysis
(Anderson, 2001), a multivariate test that compares group variance (within and between)
through a distance matrix using permutation to achieve p-value. The Euclidian index was used
as distance method and 9999 permutations to run the analysis. The FCO, statistics were
assessed separately by season due to the different sampling methods. The Spearman
correlation test (Zar, 2010) was performed to evaluate the correlation between FCO, versus
pCO,, FCO, versus wind speed, kg versus wind speed and pCO, versus physical-chemical
variables (pH, DO and water temperature). All statistical analyses were performed in R (R
Development Team Core, 2016) using the Vegan package (Oksanen et al., 2017) and Statistica
(Statsoft 8.0) using 5% (0.05) as critical alpha for significance.



3 Results

3.1 Temporal and spatial variability in pCO, and FCO,

The mean pCO, from areas upstream and downstream the dams was 1,163 + 660 patm. Based
on 2017 data, pCO, values differ significantly between seasons (Fiss= 9.77, R>= 0.09, p=
0.0045), showing higher pCO, in the high water season (1,391 + 630 patm) than in the low
water period (976 + 633 patm) (Fig. 3a).The type of environment also had a significant role in
pCO, distribution throughout the area affected by the reservoirs (Fass= 13.36, R?= 0.37, p=
0.0002). During the high water season, the highest average pCO, was observed downstream of
the dams In contrast, during the low water season, the highest average pCO, values were found
in the reservoirs over the flooded areas. Unaffected river channel categorized areas had the
lowest pCO, a in both seasons (Fig.3).

Evaluation of the overall dataset, considering combined data from both seasons, higher average
pCO, was registered near bottom (1,269 + 689 patm) in relation to average values from water
surface (998 + 613 patm) (Table 2), characterizing significant influence of water depth on pCO,
(Fas6= 4.06, R2= 0.07, p= 0.0261).

Surface pCO, was positively correlated with FCO, both during the high water (r= 0.80; p=
0.0009) and low water (r= 0.71; p= 0.012) seasons (Fig.3). Near bottom pCO, showed
correlation with FCO, only during high water season (r= 0.68; p= 0.042), while data from low
water season have non-significant correlation (r= 0.45; p= 0.16) (Table 3). The average FCO,
for all sites sampled during 2016 and 2017 high water seasons was 1.38 + 1.12 umol CO, m? s’
! with similarity between years (Fi.,5= 0.09, R2= 0.01, p= 0.7790). Therefore, FCO, data from
the high water seasons of 2016 and 2017 were treated as a single data set for the further
calculations.

The highest (12.00 + 3.21 pmol CO, m? s™) and lowest (-0.52 pmol CO, m? s™) FCO, values
were observed during the low water season (Fig.3). Significant difference in FCO, was
observed among environments sampled during high water season (Fz.s= 7.94, R?= 0.43, p=
0.0089) while the low water season had relatively homogeneous FCO, values (Fz.17= 2.67, R2=
0.14, p= 0.08) (Fig.4 and Table 3). The highest (2.89 + 1.74 pmol CO, m” s™) and lowest (0.84
+ 0.42 pmol CO, m? s™1) average FCO, respectively occurred in sectors downstream of the
dams and on flooded areas sampled during the high water season. Negative CO, fluxes were
observed during the low water season in the river channel, exclusively (Table 2 and Fig.4).

In addition to the spatial heterogeneity, pre-existing vegetation cover influences pCO, and FCO,
in the XR. Areas previously covered by pasture, upland forest and seasonally flooded forest had
different pCO, concentration. Likewise vegetation cover, the XR and IR influenced downstream
emissions promoting a trend of decreasing pCO, and FCO, downstream from the dams. This
trend is demonstrated by lower average pCO, and FCO, values in downstream sites of the XR
and IR, respectively at 90 and 25 km downstream of Pimental and Belo Monte dams, in relation

to values measured upstream, in sites near the dams’ outflow (Table 2).



3.2 pCO, and FCO, in the reservoirs

The spatial variability of pCO,, FCO, and kgoo Were assessed within and between reservoirs. We
evaluated the total CO, emissions from reservoirs by grouping flooded areas and river channel
of the XR for comparison with flooded areas from the IR. FCO, and pCO, presented higher
values in the XR during the high water season, while the opposite pattern occurred in the IR
(Table 2).

XR and IR showed no significant difference for pCO, (Fs.56= 0.34, R2= 0.009, p= 0.8170), even
when high water (Fi.s= 2.28, R?= 0.03, p= 0.1536) and low water (F,.30= 0.77, R?= 0.03, p=
0.4684) seasons were evaluated separately (Table 3). As observed for pCO,, there was no
effect of reservoir type on FCO, variability during high water conditions (F1.,s= 0.32, R2= 0.01,
p= 0.5811). In contrast, FCO, during low water condition differed significantly between XR and
IR (F1.17= 34.07, R2= 0.61, p= 0.0003). The IR had the highest average FCO, (7.32 + 4.06 umol
CO, m? s'l) during the low water season while the XR presented low FCO, (0.69 + 0.28 pumol
CO, m? s"l). Despite variations in FCO, and pCO,, no difference on kgoo was observed between
reservoirs during the high water (F1.o= 0.02, R2= 0.01, p= 0.9180) or low water seasons (Fi.1,=
5.46, R2= 0.45, p= 0.0900) (Table 3).

3.3 Gas transfer velocity (Kgoo)

The average Kegp Was 17.8 + 10.2 and 34.1 £ 24.0 cm h™* for high and low water seasons,
respectively, without significant spatial heterogeneity across environments (Fz.o= 2.42, R2= 0.70,
p= 0.2043 and F3.1,= 0.12, R2= 0.03, p= 0.9441, respectively). Values of kgoq are correlated with
wind speed (r= 0.73; p= 0.016) during the high water season, although this observation was not
significant during the low water season (r= 0.53; p= 0.067).

Wind speeds ranged from 0.7 to 4.8 m s™, considering measurements for all sites and sampling
periods. Highest average wind speed was observed on the river channel environment while
downstream of the dams had the lowest (3.21 + 0.89 and 1.66 + 0.88 m s™, respectively) (Table
4). In contrast to kgp, Wind speed varied significantly across environments (Fs.37= 6.13, R2=
0.23, p= 0.0034), including variation between the XR and IR (F,.3;= 8.40, R2= 0.21, p=0.0016).

3.4 Physical-chemical characteristics

The air temperatures at the studied sites varied between 27.5 and 33.8 °C during sampling in
both seasons, with the maximum temperatures registered during the low water period. The
surface water temperature ranged from 29.2 to 32.7 °C, with maximum temperature registered
during the high water period. The lowest (6.60 £ 0.26) and highest (6.81 + 0.21) average pH
values were observed in waters of flooded areas and river channel (Table 4). The water column
was relatively well-oxygenated in all studied environments, reaching average DO concentration
up to 7.28 £ 0.73 mg L™ in the unaffected river channel and lowest concentration in flooded
areas (5.44 + 2.00 mg L™ (Table 4). Water conductivity varied from 20.60 to 38.30 puS cm™ in
the studied environments, with the highest average value (31.60 + 8.63 pS cm™) recorded in
flooded areas and lowest value (29.30 + 4.85 uS cm'l) in downstream of the dams (Table 4). In

the study sites, pCO, is negatively and strongly correlated with pH and DO (Table 3).



Correlation between pCO, and water temperature was absent while FCO, was positively

correlated with wind speed (Table 3).
4 Discussion

4.1 Temporal and spatial variability in pCO, and FCO,

Although pCO, and FCO, are correlated (Rasera, et al., 2013), in this study was observed some
specific examples where k produces different fluxes even when pCO, was similar. It has been
shown that the amount of CO, in the water column and CO, emissions from Amazon rivers to
the atmosphere vary significantly among seasons, with higher fluxes generally observed during
the high water season (Alin et al., 2011; Rasera et al., 2013; Richey et al., 2002; Sawakuchi et
al., 2017). In the studied area, significant changes of pCO, were observed between high and
low water seasons as well as in terms of physiographic-hydrologic environment, as described
previously, with these differences influencing FCO, values. The increase in pCO, during the
high water season can be related with the increased input of terrestrial organic and inorganic
carbon into the rivers by surface run-off and subsurface flow of water (Raymond and Saiers,
2010, Ward et al., 2017). Remaining vegetation and soils are the major sources of OM in areas
flooded by hydropower reservoirs that sustain large CO, production during the initial years of
impoundment (Guérin et al., 2008). In addition, the seasonal input of autochthonous and
allochthonous organic material depositing in the reservoirs with higher water RT would result in
remarkable seasonal changes in the pCO, and CO, fluxes from reservoirs to the atmosphere.
The oversaturation in CO, observed for XR and IR during high water conditions was spatially
heterogeneous (Table 2). For the river channel environment of the XR, pCO, decreased as
FCO, increased and the contrary occurred in flooded areas. This is perhaps due to the main
OM source to the XR being standing vegetation associated with remnant flooded forests and
pasture, which agrees with higher pCO, from flooded areas. Flooded vegetation is recognized
to be the main source of OM in reservoirs, playing an important role in the CO, production and
creating gradients of reservoir CO, emissions (Roland et al., 2010; Teodoru et al., 2011). The
different characteristics including vegetation clearing, variation on hydrodynamic conditions,
water depth (Teodoru et al., 2011, Roland et al., 2010) and OM availability (Cardoso et al. 2013)
may explain the difference in the observed FCO, and pCO, values.

About 59% of the XR area is the original channel of the Xingu River. However, the water
velocity under reservoir conditions is slower than in channel sectors out of the effect of dams
and regulated by spillways of the Pimental dam. FCO, measured upstream of the XR during the
high water season, in a sector where the channel is flowing under natural conditions (Iriri River
sites), was significantly higher than in the XR sector (Table 2). CO, concentrations in the water
column may decrease, especially on upper water layers, in response to the increased
photosynthetic uptake of CO, during lower rainfall periods (Amaral et al., 2018). During the low
water season most of pCO, and FCO, decreased, especially in the river channel environment,
resulting in homogeneous FCO, due to photosynthetic activity in all environments with

exception to the IR (Table 2). In addition, the CO, undersaturation in relation to atmosphere and



observed CO, uptake may be attributed to elevated primary productivity, which is facilitated due
to the high light penetration, and similarly observed in previous studies in Amazonian floodplain
lakes and other clearwater rivers during the low water season (Amaral et al., 2018, Rasera et al
2013, Gagne-Maynard et al., 2017). The occurrence of negative CO, fluxes was observed only
in unaffected river channel, on the furthest downstream studied site. This pattern can be related
to the downstream decrease in suspended sediments due to increased sediment deposition in
the reservoirs. Also, CO, fluxes in the XR and IR can be favored by wind activity due to larger
fetch for wave formation within the reservoirs. Wave action could favor degassing as well as the
increase in suspended sediments that reduce light penetration and photosynthetic activity.
Furthest downstream sites situated 90 and 25 km downstream the XR and IR, respectively,
presented average pCO, and FCO, lower than XR river channel. The upstream XR sites also
had higher FCO, than observed in undisturbed sectors of other large clearwater rivers in the
Amazon (Table 2). The site downstream IR (P21) is within the river extent (< 30 km) that could
still be affected by the reservoir, as observed downstream of the Balbina reservoir, also in the
Amazon (Kemenes et al., 2016 ). However, the XR should have a minor effect over the site
further downstream due to its longer distance (90 km) from the dam outflow, and the presence
of many large rapids and waterfalls in the Volta Grande region, quickly degassing the dissolved
CO, coming from the upstream reservoir. The decrease in pCO, and FCO, persisted in areas
downstream of the Belo Monte reservoirs as indicated by measurements performed in this study
during the high water and low water seasons. The reaches downstream of the Belo Monte dams
have CO, emissions similar to observations from previous studies, with emissions also
decreasing downstream (Abril et al. 2005; Kemenes et al. 2011).

In comparison to CO, emissions of river reaches downstream of tropical storage reservoirs, the
FCO, measured for the Sinnamary River downstream of the Petit Saut reservoir in French
Guiana was 10.49 * 3.94 pmol CO, m? s™ (Guérin et al. 2006), which is more than three times
the average downstream FCO, (2.89 + 1.74 umol CO, m2 s™) during high water season (Table
2). Although the Petit Saut dam has a smaller reservoir, its turbine intake is hypolimnetic (Abril
et al., 2005), capturing CO,-rich bottom waters that increase downstream emissions through
turbine passage (Guérin et al., 2006; Kemenes et al., 2011; 2016). However, the Belo Monte
hydropower facility operates as ROR and has waters mixed without stratification and lower CO,

oversaturation than in the Petit Saut reservoir, likely due to vegetation clearing.

4.2 pCO, and FCO, on Belo Monte reservoirs

In this study, the IR presented an average FCO, about 90% higher than values observed in the
XR during low water season. Although the XR has a larger surface area than the IR (excluding
the water diversion channel), most of it corresponds to the natural river channel under a
hydraulic condition similar to the high water season with less flooded areas, restricted to narrow
upland margins, but including large forested islands flooded. On the other hand, the higher
flooded area extension of the IR was previously covered by upland forest and pasture resulting
in higher organic matter availability. CO, emissions from the IR during the low water season

were even above the range of emissions observe in storage reservoirs in the Amazon as



Tucurui hydropower complex, built in 1984 on the clearwater Tocantins River (Lima et al. 2002).
After more than 30 years, the Tucurui reservoir still contributes with 3.61 + 1.62 umol CO, m?s
! to the atmosphere (Lima et al., 2002). In comparison to the XR (FCO, = 0.69 + 0.28 pmol CO,
m? s™), the Tucuruf reservoir presents higher FCO,. However, this is three times lower than the
FCO, (7.32 + 4.06 umol CO, m? s™) measured in the IR during the low water season.

Some characteristics of the Tucurui reservoir, such as the lack of vegetation clearing prior to
flooding and large reservoir area, contribute to its relatively high GHG emissions (Fearnside,
2002). It must be considered that XR had partial vegetation removal in some areas while on IR
the whole in the extension the land cover was cleared. The FCO, and pCO, measured during
high water conditions in the Belo Monte reservoirs area (Table 2) were in the same order of
magnitude of emissions measured in Amazon clearwater rivers unaffected by impoundment,
including the Tapajés River, which has hydrologic conditions similar to the Xingu River (Table 5)
(Alin et al., 2011; Rasera et al., 2013; Sawakuchi et al., 2017). The vegetation clearing possibly
maintained the low CO, emission on both reservoirs during high water, however, the CO,
emission from the IR is higher during low water, exceeding the fluxes of the Amazon River
(Table 2) (Table 5). When analyzed separately, the average FCO, values observed for the XR
and IR overcome these natural emissions. Based on the Belo Monte case, ROR dams are a
CO, source to the atmosphere similar to natural rivers during high water season. However, the
associated reservoir may promote increased CO, emission during the low water season
compared to natural emissions from river channels.

CO, emissions may be correlated with prior vegetation flooding, with higher FCO, occurring in
areas with the highest carbon stocks such as forests and wetlands (Teodoru et al., 2011).
Although vegetation was cleared in the IR prior to flooding, the upper soil layer may have kept a
high concentration of plant-derived material fuelling emissions. This condition explains the
higher average pCO; in IR compared to XR, with the former area also having higher average
FCO, values. The XR has substrates with relatively reduced carbon storage because almost
half of the area represents the original river channel dominated by bedrock or sandy substrates
and islands formed by sand and mud deposition, which would not store as much carbon
(Sawakuchi et al., 2015).

4.3 Gas transfer velocity (Kgoo)

Although no significant difference of kgoo Was observed between the reservoirs of the Belo
Monte hydropower complex, the observed gas transfer velocities vary among different
environment types. The XR had gas transfer in range of the Furnas reservair, in the Grande
River draining the Cerrado biome (savanna), which has kggo of 19.58 + 2.5 cm ht (Paranaiba et
al., 2017). This value is similar to koo Obtained in this study for the XR (22.99 + 8.00 and 22.89
+21.40 cm h™ on high and low water seasons, respectively). In counterbalance, the IR has kg
of 7.13 + 1.5 cm h™* (high water), which resembles gas transfer of the lake Grande de Curuai
(6.0 cm h™, following Cole and Caraco wind based model) (Rudorff et al., 2011) in the floodplain
of the Amazon River. We observed that in the XR reservoir area, FCO, values were higher in

the main channel environment, where in addition to the relatively stable water flow due to the



ROR type reservoir, it also had a large fetch area for wave formation in comparison with the
sheltered flooded areas in bays and small tributaries. This is consistent with the positive
correlation observed between wind speed and FCO, here and in other large rivers where a vast
water surface interacts with wind along its fetch, promoting the formation of waves that
enhances water turbulence, keoo and FCO, (Abril et al., 2005; Paranaiba et al. 2017; Rasera et
al., 2013; Raymond and Cole, 2001; Vachon et al., 2013). In addition, at the low water season,
the elevated gas transfer coefficient coupled with the short water residence time suggests that

the system has a strong influence of water turbulence on Kkggo.
5 Conclusions

In this study, we observed significant variability in CO, fluxes related to the type of fluvial
environment and land use of areas flooded by the reservoirs of the Belo Monte hydropower
complex. The observed CO, emissions were 90% higher for the IR compared to XR during low
water season, indicating that flooded land and higher residence time may play an important role
on CO, emissions to the atmosphere even in ROR reservoirs. Our measurements comprise the
first two years after reservoir filling, which is a critical period to assess GHG emissions from
reservoirs. During the high water season, the XR had average CO, emissions similar to
Amazonian clearwater rivers without impounding and considerably lower emissions than the
several other tropical reservoirs that have been studied. However, CO, emissions during the low
water season were higher than natural emissions and the IR CO, fluxes exceeded emissions
measured in storage reservoirs of other tropical rivers. Despite the removal of the vegetation,
the IR presented the highest CO, fluxes observed in this study. Although vegetation removal is
considered an effective approach for reducing GHG emissions from hydropower reservoirs, we
show that tropical reservoirs can still present significant emissions even after vegetation
suppression. A long-term monitoring of GHG emissions of Belo Monte working at full capacity,
and including a more detailed assessment of the downstream sections of the reservoirs is
needed to obtain a robust estimate of carbon emissions related to the energy produced by the

Belo Monte hydropower complex over its entire lifecycle.

Author contribution

Kleiton R. Araujo collected and analyzed the data, as prepared the manuscript with the
contribution of all co-authors. Henrique O. Sawakuchi designed the study, cooperated in the
field sampling and supported with guidance on data analysis. Dailson J. Bertassoli Jr. also
collected the data and conducted the laboratory analysis. André O. Sawakuchi attained the
grant award, contributed to setting up the field equipment, measuring infrastructure and design
field sampling. Kleiton R. Araujo, Karina D. Silva and Thiago V. Bernardi conducted the
statistical analysis. Nicholas D. Ward and Tatiana S. Pereira contributed with technical advice

and guidance throughout the project implementation and paper writing stages.

Competing interests
We declare that we have no conflict of interests.



Acknowledgements

This study has funding by Fundagéo de Amparo a Pesquisa do Estado de Sdo Paulo (FAPESP,
grant 16/02656-9) and from Coordenacédo de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES) as master scholarship for Kleiton R. Araujo. We are grateful to Marcelo G. P. de
Camargo, Hildegard de H. Silva, Victor A. T. Alem, Agna L. B. Figueiredo, and Thomas K.
Akabame for the field sampling and laboratorial support. André O. Sawakuchi is supported by

Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPq, grant 304727/2017-2).

References

Abril, G., Guérin, F., Richard, S., Delmas, R., Galy-Lacaux, C., Gosse, P., Tremblay, A., Varfalvy, L., Dos Santos, M. A.
and Matvienko, B.: Carbon dioxide and methane emissions and the carbon budget of a 10-year old tropical reservoir
(Petit Saut, French Guiana), Global Biogeochem. Cycles, 19, 1-16, doi:10.1029/2005GB002457, 2005.

Alin, S. R., Rasera, M. D. F. F. L., Salimon, C. I., Richey, J. E., Holtgrieve, G. W., Krusche, A. V. and Snidvongs, A.:
Physical controls on carbon dioxide transfer velocity and flux in low-gradient river systems and implications for regional
carbon budgets, J. Geophys. Res. Biogeosciences, 116, doi:10.1029/2010JG001398, 2011.

Almeida, C. A., Coutinho, A. C., Esquerdo, J. C. D. M., Adami, M., Venturieri, A., Diniz, C. G., Dessay, N., Durieux, L.,
Gomes, A. R.: High spatial resolution land use and land cover mapping of the Brazilian Legal Amazon in 2008 using
Landsat-5/TM and MODIS data. Acta Amaz. 46, 291-302. doi: 10.1590/1809-43922015 05504, 2016.

Amaral, J. H. F., Borges, A. V., Melack, J. M., Sarmento, H., Barbosa, P. M., Kasper, D., de Melo, M. L., De Fex-Wolf,
D., da Silva, J. S. and Forsberg, B. R.: Influence of plankton metabolism and mixing depth on CO2 dynamics in an
Amazon floodplain lake, Sci. Total Environ., 630, 1381-1393, doi:10.1016/j.scitotenv.2018.02.331, 2018.

ANA: Agéncia Nacional Das Aguas. https:// http://iwww.snirh.gov.br/hidroweb/publico/medicoes_historicas_abas.jsf (last
acess: 27 August 2017), 2017.

Aneel: Agéncia Nacional de Energia Elétrica. http://www.aneel.gov.br/ (last acess: 30 May 2019), 2019.

Anderson, M.J.: A new method for non-parametric multivariate analysis of variance. Austral Ecology, 26, 32-46, 2001.
Bastviken, D., Sundgren, I., Natchimuthu, S., Reyier, H. and Galfalk, M.: Technical Note: Cost-efficient approaches to
measure carbon dioxide (CO2) fluxes and concentrations in terrestrial and aquatic environments using mini loggers,
Biogeosciences, 12, 3849—-3859, doi:10.5194/bg-12-3849-2015, 2015.

Battin, T. J., Kaplan, L. A., Findlay, S., Hopkinson, C. S., Marti, E., Packman, A. |., Newbold, J. D. and Sabater, F.:
Biophysical controls on organic carbon fluxes in fluvial networks, Nat. Geosci., 2, 595-595, doi:10.1038/nge0602, 2008.
Battin, T. J., Luyssaert, S., Kaplan, L. A., Aufdenkampe, A. K., Richter, A. and Tranvik, L. J.: The boundless carbon
cycle, Nat. Geosci., 2, 598-600, doi:10.1038/nge0618, 2009.

Brasil: Estudos para Licitagdo da Expansado da Geracdo AHE Belo Monte, Technical Evaluation, Empresa de Pesquisa
Energética, Rio de janeiro, 87pp, 2009a.

Brasil: Aproveitamentos Hidrelétricos da Bacia Hidrogréafica do Xingu, AAIl - Avaliacdo Ambiental Integrada da Bacia
do Rio Xingu, Eletrobras, Sdo Paulo, 204pp, 2009b.

Brasil: Aproveitamento Hidrelétrico Belo Monte, Environmental Impact Study, Eletrobras, Rio de Janeiro, 426pp, 2009c.
Brasil: Ministério de Minas e Energia, Plano Decenal de Expansdo de Energia 2020, Final Report, Empresa de
Pesquisa Enegética, Brasilia, 319pp. 2011.

Cardoso, S. J., Vidal, L. O., Mendonga, R. F., Tranvik, L. J., Sobek, S. and Roland F.: Spatial variation of sediment
mineralization supports differential CO, emissions from a tropical hydroelectric reservoir, Front. Microbiol., 4, doi:
10.3389/fmicbh.2013.00101, 2013.

Cole, J. J., Prairie, Y. T., Caraco, N. F., McDowell, W. H., Tranvik, L. J., Striegl, R. G., Duarte, C. M., Kortelainen, P.,
Csiki, S. and Rhoads, B. L.: Hydraulic and geomorphological effects of run-of-river dams, Prog. Phys. Geogr., 34, 755—
780, doi:10.1177/0309133310369435, 2010.

DelSontro, T., McGinnis, D. F., Sobek, S., Ostrovsky, |. and Wehrli, B.: Extreme methane emissions from a Swiss
hydropower reservoir: contribution from bubbling sediments. Environmental science & technology, 44, 2419-2425, doi:
10.1021/es9031369, 2010.

Drake, T. W., Raymond, P. A. and Spencer, R. G. M.: Terrestrial carbon inputs to inland waters: A current synthesis of



estimates and uncertainty, Limnol. Oceanogr. Lett., 3, doi:10.1002/l012.10055, 2018.

Downing, J. A., Middelburg, J. J. and Melack, J.: Plumbing the global carbon cycle: Integrating inland waters into the
terrestrial carbon budget, Ecosystems, 10, 171-184, doi:10.1007/s10021-006-9013-8, 2007.

Duarte, C. M. and Prairie, Y. T.: Prevalence of heterotrophy and atmospheric CO, emissions from aquatic ecosystems,
Ecosystems, 8, 862—870, doi:10.1007/s10021-005-0177-4, 2005.

Egré, D. and Milewski, J. C.: The diversity of hydropower projects. Energy Policy, 30, 1225-1230, doi: 10.1016/S0301-
4215(02)00083-6, 2002.

Faria, F. A. M., Jaramillo, P., Sawakuchi, H. O., Richey, J. E. and Barros, N.: Estimating greenhouse gas emissions
from future Amazonian hydroelectric reservoirs, Environ. Res. Lett., 10, 124019, doi:10.1088/1748-9326/10/12/124019,
2015.

Fearnside, P. M.: Greenhouse Gas Emissions from a Hydroelectric Reservoir (Brazil's Tucurui Dam) and the Energy
Policy Impactions, 133, 69-96, doi: 10.1023/A:1012971715668, 2002.

Fearnside, P. M.: Dams in the Amazon: Belo Monte and Brazil's hydroelectric development of the Xingu River Basin,
Environmental management, 38, 16-27, doi: 10.1007/s00267-005-0113-6, 2006.

Fearnside, P. M.: Brazil's Belo Monte Dam: lessons of an Amazonian resource struggle. DIE ERDE—Journal of the
Geographical Society of Berlin, 148, 167-184, doi: 10.12854/erde-148-46, 2017

Frankignoulle, M., Abril, G., Borges, A., Bourge, I, Canon, C., Delille, B., E., L. and Théare, J.: Carbon Dioxide
Emission from European Estuaries, Science, 282, 434-436, doi:10.1126/science.282.5388.434, 1998.

Gagne-Maynard, W. C., Ward, N. D., Keil, R. G., Sawakuchi, H. O., Da Cunha, A. C., Neu, V., Brito, D. C., Less, D. F.
S., Diniz, J. E. M., Valerio., A. M., Kampel, M., Krusche, A., V. and Richey, J. E.: Evaluation of primary production in the
lower Amazon River based on a dissolved oxygen stable isotopic mass balance. Frontiers in Marine Science, 4, doi:
10.3389/fmars.2017.00026, 2017.

Guérin, F., Abril, G., Richard, S., Burban, B., Reynouard, C., Seyler, P. and Delmas, R.: Methane and carbon dioxide
emissions from tropical reservoirs: Significance of downstream rivers, Geophys. Res. Lett, 33, 1-6,
doi:10.1029/2006G 027929, 2006.

Guérin, F., Abril, G., de Junet, A. and Bonnet, M. P.: Anaerobic decomposition of tropical soils and plant material:
Implication for the CO, and CH, budget of the Petit Saut Reservoir, Appl. Geochemistry, 23, 2272-2283,
doi:10.1016/j.apgeochem.2008.04.001, 2008.

Hesslein, R. H., Rudd, J. W. M., Kelly, C., Ramlal, P. and Hallard, K.: Carbon dioxide partial pressure in the surface
waters of lakes in Northwestern, Ontario and the MacKenzie Delta region, Canada. in: Second International Symposium
on Gas Transfer at Water Surfaces, Vicksburg, United States, August 1990, 413-431, 1991.

Inmet: Instituto Nacional De Meteorologia: https:// http://www.inmet.gov.br/projetos/rede/pesquisa/ (last acess in: 12 July
2017), 2017.

Jéhne, B. J., Minnich, K. O. M., Bésinger, R., Dutzi, A., Huber, W. and Libner, P.: On the Parameters Influencing Air-
Water Gas Exchange, J. Geophys. Res., 92, 1937-1949, doi:10.1029/JC092iC02p01937, 1987.

Kemenes, A., Forsberg, B. R. and Melack, J. M.: CO, emissions from a tropical hydroelectric reservoir (Balbina, Brazil),
J. Geophys. Res. Biogeosciences, 116, 1-11, doi:10.1029/2010JG001465, 2011.

Kemenes, A., Forsberg, B. R. and Melack, J. M.: Downstream emissions of CH, and CO, from hydroelectric reservoirs
(Tucurui, Samuel, and Curua-Una) in the Amazon basin, Inl. Waters, 6, 295-302, doi:10.5268/IW-6.3.980, 2016.
Landchutzer, P., Gruber, N., Bakker, D. C. E. and Schuster U.: Recent variability of glolbal ocean carbon sink, Global
Biogeo. Cycles, 28, 927-949, doi: 10.1002/2014GB004853, 2014.

Latrubesse, E. M., Stevaux, J. C. and Sinha, R.: Tropical rivers, Geomorphology, 70, 187-206, doi:
10.1016/j.geomorph.2005.02.005, 2005.

Lima, I. B. T., Victoria, R. L., Novo, E. M. L. M., Feigl, B. J., Ballester, B. J and Ometto, J. P.: Methane, carbon dioxide
and nitrous oxide emissions from two Amazonian Reservoirs during high water table, Verhandlungen, 28, 438-442, doi:
10.1080/03680770.2001.11902620, 2002.

Miller, W. L. and Zepp, R. G.: Photochemical production of dissolved inorganic carbon from terrestrial organic matter:
Significance to the oceanic organic carbon cycle, Geophys. Res. Lett., 22, 417-420, doi: 10.1029/94GL03344, 1995.
MME: Ministério de Minas e Energia. http://www.mme.gov.br/web/guest/destaques-do-setor-de-energia/belo-monte,
(Last acess: 16 June 2019), 2019.

Norte Energia, Supressao vegetal — situagdo de execugdo, Technical Note, Superintendéncia dos Meios Fisico e



Bidtico, Diretoria Socioambiental, Brasilia — DF, 24pp, 2015.

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Michin, P. R.,O'Hara, R. B., Simpson,
G. L., Solymos, P., Stevens, M. H. H., Szoecs, E. and Wagner, H.: vegan: Community Ecology Package. R package
version 2. 4-3. 2017.

Paranaiba, J. R., Barros, N., Mendonca, R., Linkhorst, A., Isidorova, A., Roland, F., Aimeida, R. M. and Sobek, S.:
Spatially resolved measurements of CO2 and CH4 concentration and gas-exchange velocity highly influence carbon-
emission estimates of reservoirs, Environ. Sci. Technol., 52, 607-615, doi:10.1021/acs.est.7b05138, 2018.

R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing,
Vienna, Austria. 2016.

Rasera, M. de F. F. L., Krusche, A. V., Richey, J. E., Ballester, M. V. R. and Victoria, R. L.: Spatial and temporal
variability of pCO2 and CO2 efflux in seven Amazonian Rivers, Biogeochemistry, 116, 241-259, doi:10.1007/s10533-
013-9854-0, 2013.

Raymond, P. A. and Cole, J. J.: Gas Exchange in Rivers and Estuaries: Choosing a Gas Transfer Velocity, Estuaries,
24, 312, doi:10.2307/1352954, 2001.

Raymond, P. A. and Saiers, J. E.: Event controlled DOC export from forested watersheds, Biogeochemistry, 100, 197—
209, doi:10.1007/s10533-010-9416-7, 2010.

Raymond, P. A., Hartmann, J., Lauerwald, R., Sobek, S., McDonald, C., Hoover, M., Butman, D., Striegl, R., Mayorga,
E., Humborg, C., Kortelainen, P., Durr, H., Meybeck, M., Ciais, P. and Guth, P.: Global carbon dioxide emissions from
inland waters, Nature, 503, 355-359, doi:10.1038/nature12760, 2013.

Richey, J. E., Melack, J. M., Aufdenkampe, A. K., Ballester, V. M. and Hess, L. L.: Outgassing from Amazonian rivers
and wetlands as a large tropical source of atmospheric CO,. Nature, 416, doi: 10.1038/416617a, 2002.

Roland, F., Vidal, L. O., Pacheco, F. S., Barros, N. O., Assireu, A., Ometto, J. P. H. B., Cimbleris, A. C. P. and Cole, J.
J.: Variability of carbon dioxide flux from tropical (Cerrado) hydroelectric reservoirs, Aquat. Sci., 72, 283-293,
doi:10.1007/s00027-010-0140-0, 2010.

Rudorff, C. M., Melack, J. M., Maclntyre, S., Barbosa, C. C. and Novo, E. M.: Seasonal and spatial variability of CO2
emission from a large floodplain lake in the lower Amazon, Journal of Geophysical Research, 116, G04007,
doi:10.1029/2011JG001699, 2011.

Sawakuchi, A. O., Hartmann, G. A., Sawakuchi, H. O., Pupim, F. D. N., Bertassoli, D. J., Parra, M., J. L. Antinao, L. M.
Sousa, M. H. Sabaj Pérez, P. E. Oliveira, R. A Santos, J. F. Savian, C. H. Grohmann, V. B. Medeiros, M. M. McGlue, D.
C. Bicudo, and S. B. Faustino.: The Volta Grande do Xingu: reconstruction of past environments and forecasting of
future scenarios of a unique Amazonian fluvial landscape, Scientific Drilling, 20, doi: 10.5194/sd-20-21-2015, 2015.
Sawakuchi, H. O., Neu, V., Ward, N. D., Barros, M. de L. C., Valerio, A. M., Gagne-Maynard, W., Cunha, A. C., Less, D.
F. S., Diniz, J. E. M., Brito, D. C., Krusche, A. V. and Richey, J. E.: Carbon Dioxide Emissions along the Lower Amazon
River, Front. Mar. Sci., 4, 1-12, doi:10.3389/fmars.2017.00076, 2017.

Sioli, H.,: The Amazon and its main affluents: Hidrology, morpholy of the river courses and river types, in: The Amazon :
limnology and landscape ecology of a mighty tropical river and its basin, Dr W. Junk Publishers, Netherlands, edited by:
Sioli, H. and Dumont, H. J., 127 — 165, doi: 10.1007/978-94-009-6542-3, 1984.

St. Louis, V. L., Kelly, C. A., Duchemin, E., Rudd, J. W. M. and Rosenberg D. M.: Reservoir surfaces as sources of
greenhouse gases to the atmosphere: a global estimate, BioScience, 5, 766-775, doi: 10.1641/0006-
3568(2000)050[0766:RSAS0OG]2.0.CO;2, 2000.

Teodoru, C. R., Prairie, Y. T. and Del Giorgio, P. A.: Spatial Heterogeneity of Surface CO, Fluxes in a Newly Created
Eastmain-1 Reservoir in Northern Quebec, Canada, Ecosystems, 14, 28—-46, doi:10.1007/s10021-010-9393-7, 2011.
Vachon, D., Prairie, Y. T. and Smith, R.: The ecosystem size and shape dependence of gas transfer velocity versus
wind speed relationships in lakes, Can. J. Fish. Aquat. Sci., 70, 1757-1764, doi:10.1139/cjfas-2013-0241, 2013.
Verpoorter, C., Kutser, T., Seekell, D. A. and Tranvik, L. J.: A global inventory of lakes based on high-resolution satellite
imagery, Geophys. Res. Lett., 41, 6396-6402, doi:10.1002/2014GL060641., 2014.

Wanninkhof, R. H.: Relationship between wind speed and gas exchange, J. Geophys. Res., 97, 7373-7382,
doi:10.1029/92JC00188, 1992.

Wanninkhof, R., Asher, W. E., Ho, D. T., Sweeney, C. and McGillis, W. R.: Advances in Quantifying Air-Sea Gas
Exchange and Environmental Forcing, Ann. Rev. Mar. Sci., 1, 213-244, doi:10.1146/annurev.marine.010908.163742,
20009.



Ward, N. D., Keil, R. G., Medeiros, P. M., Brito, D. C., Cunha, A. C., Dittmar, T., Yager, P. L., Krusche, A. V. and
Richey, J. E.: Degradation of terrestrially derived macromolecules in the Amazon River, Nat. Geosci., 6, 530-533,
doi:10.1038/nge01817, 2013.

Ward, N. D., Bianchi, T.S., Sawakuchi, H.O., Gagne-Maynard, W., Cunha, A.C., Brito, D.C., Neu, V., Matos Valerio, A.,
Silva, R., Krusche, A.V. and Richey, J. E.: The reactivity of plant-derived organic matter and the potential importance of
priming effects along the lower Amazon River. Journal of Geophysical Research: Biogeosciences, 121, 1522-1539, doi:
10.1002/2016JG003342, 2016.

Ward, N. D., Bianchi, T.S., Medeiros, P. M., Seidel, M., Richey, J. E., Keil, R. G. and Sawakuchi, H. O.: Where carbon
goes when water flows: carbon cycling across the aquatic continuum. Frontiers in Marine Science, 4, doi:
10.3389/fmars.2017.00007, 2017.

Wiesenburg, D. A. and Guinasso Jr, N. L.: Equilibrium solubilities of methane, carbon monoxide, and hydrogen in water
and sea water. Journal of chemical and engineering data, 24, 356-360, doi:10.1021/je60083a006, 1979.

Winemiller, K. O., Mclntyre, P. B., Castello, L., Fluet-Chouinard, E., Giarrizzo, T., Nam, S., Baird, I. G., Darwall, W.,
Lujan, N. K., Harrison, I., Stiassny, M. L. J., Silvano, R. A. M., Fitzgerald, D. B., Pelicice, F. M., Agostinho, A. A,
Gomes, L. C., Albert, J. S., Baran, E., Petrere, M., Zarfl, C., Mulligan, M., Sullivan, J. P., Arantes, C. C., Sousa, L. M.,
Koning, A. A., Hoeinghaus, D. J., Sabaj, M., Lundberg, J. G., Armbruster, J., Thieme, M. L., Petry, P., Zuanon, J., Vilara,
G. T., Snoeks, J., Ou, C., Rainboth, W., Pavanelli, C. S., Akama, A., van Soesbergen, A. and Saenz, L.: Balancing
hydropower and biodiversity in the Amazon, Congo, and Mekong, Science, 351, 128-129,
doi:10.1126/science.aac7082, 2016.

Zar, J. H.: Biostatistical Analysis, 5° Ed., Pearson, New Jersey, 931 pp., 2010.

Zheng, T. G., Mao, J. Q., Dai, H. C. and Liu, D. F.: Impacts of water release operations on algal blooms in a tributary
bay of Three Gorges Reservoir, Sci. China Technol. Sci., 54, 1588-1598, d0i:10.1007/s11431-011-4371-7, 2011.



