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ABSTRACT
Torres-Ballesteros AM. Impact of Brazilian hydropower on climate change: microorganisms
associated with methane emissions in reservoirs [Ph. D. thesis (Microbiology)]. São Paulo: Instituto de
Ciências Biomédicas, Universidade de São Paulo; 2016.

Brazil generates most of their electricity from Hydropower, however carbon footprint energy
from this source has been questioned in the last years. One of the main critics is that methane
emission is still not included in assessments of environmental impact. We studied the
microbial ecology related with this greenhouse gas, measuring abundance of methanogenic
and methanotrophic microorganisms in hydropower reservoirs. We found a strong correlation
between relative abundance of these microbial groups and methane fluxes in the air–water
interface. Was demonstrated that relations in gene abundances correspond with methane cycle
in the six ecosystems studied. As reported in previous works, we confirmed that geographical
location influences methane emissions and microbiology related to carbon fixation in aquatic
environments. According to multivariate analysis, oxygen, geophysical and climatological
parameters shape the balance of microbial communities related with methane cycle. Also we
collected samples of sediment in São Marcos River, area chosen for a new hydroelectric
power plant, and tested the methanogenic potential incubating the sample under anoxic gas
different carbon source conditions. Methane production was measured during three months
and analysed by gas chromatography. After incubations were completed, an aliquot was taken
for nucleic acid. Our results showed a significant difference in methane production rates and
lag times among the microcosms. The earlier production of methane from acetate microcosm
over time confirms the importance of this process in this environment. Methanol is a substrate
used exclusively by methanogenics, and thus, might explain the shortest time for the
production of methane in the cultures with this carbon source. The potential methane emission
in the sample was confirmed with the increasing of gas production during incubation and the
amount of methane produced depends of carbon source type. These conditions also have a
significant effect in the community structure of methanogenic Archaea. Findings from this
work would provide scientific evidence to mitigate methane emission and manage
hydroelectric development in tropical countries, one of the central sources of energy.
Information acquired in this work also will contribute to achieve the challenge for future
hydropower projects: settles the reduction of emissions greenhouse gases and guarantee the
supply of energy demands.

Keywords: Microbial ecology. Climate change. Renewal energy. Carbon cycle. Greenhouse
gases. Methanogenesis. Methane oxidation.
	
  

	
  

	
  

RESUMO
Torres-Ballesteros AM. Impacto de hidrelétricas brasileiras nas mudanças climáticas: microorganismos associados à emissão de metano em reservatórios [tese (Doutorado em Microbiologia)].
São Paulo: Instituto de Ciências Biomédicas, Universidade de São Paulo; 2016.

Brasil gera a maior parte de sua eletricidade a partir de hidrelétricas, no entanto energia a
partir desta fonte tem sido questionada nos últimos anos pela pegada de carbono. Uma das
principais críticas é que a emissão de metano que ainda não está incluído nas avaliações de
impacto ambiental. Nós estudamos a ecologia microbiana relacionadas com este gás de efeito
estufa, medindo abundância de bactérias metanogênicas e metanotróficas em reservatórios
hidrelétricos. Descobrimos uma forte correlação entre a abundância relativa destes grupos
microbianos e fluxos de metano na interface ar-água. Foi demonstrado que as relações em
abundâncias de genes correspondem com a regulação de metano nos seis ecossistemas
estudados. Também confirmamos que a localização geográfica influencia as emissões de
metano e a dinâmica de micro-organismos relacionadas com a fixação de carbono em
ambientes aquáticos. De acordo com a análise multivariada, oxigênio, parâmetros geofísicos e
climatológicas moldam o equilíbrio das comunidades microbianas relacionadas com o ciclo
de metano. Também foram coletadas amostras de sedimentos no rio São Marcos, área
escolhida para uma nova usina hidrelétrica, e testamos o potencial metanogênico incubando a
amostra sob anóxia e em diferentes condições da fonte de carbono. A produção de metano foi
medida durante três meses. Após as incubações, uma alíquota foi feita para o extração de
ácidos nucleicos. Nossos resultados mostraram uma diferença significativa nas taxas de e
tempos de produção de metano entre os microcosmos. A quantidade de metano produzido a
partir de Acetato confirma a importância deste substrato neste ambiente. O metanol é um
substrato utilizado exclusivamente para metanogênese, e, portanto, pode explicar o menor
tempo para a produção de metano em culturas com essa fonte de carbono. O potencial de
emissão de metano na amostra foi confirmada com o aumento da produção de gás durante a
incubação e a quantidade de metano produzido depende do tipo de fonte de carbono. Esta
condição também tem um efeito significativo na estrutura da comunidade de microorganismos metanogênicas. Os resultados deste trabalho fornece evidências científicas para
mitigar a emissão de metano e promover o desenvolvimento hidrelétrico, uma das fontes
centrais de energia em países tropicais. As informações obtidas neste trabalho também
contribuem para alcançar o desafio de projetos hidrelétricos futuros: redução das emissões de
gases de efeito estufa e garantir o suprimento de demandas energéticas.

Palavras-chave: Ecologia microbiana. Mudanças climáticas. Energia renovável. Ciclo do
carbono. Gases de efeito de estufa. Metanogênese. Oxidação de metano.

	
  

	
  

	
  

CHAPTER 1 - MICROORGANIMS RELATED TO METHANE
CYCLE IN HYDROPOWER RESERVOIRS
1.1 INTRODUCTION
Research and development in energy efficiency could help in adaptation and mitigation
strategies of climate change while enhancing the prospect of achieving sustainable growth.
Climate change affects the function and operation energy infrastructure (as hydroelectricity)
due to increasing of water demand in the coming decades, primarily because of population
growth (Bates et al., 2008).
Hydropower is one of the main energy sources in tropical areas. In Brazil, 67% of the power
demand is supplied by hydroelectric plants (The Brazilian Electricity Regulatory Agency,
ANEEL, 2016). This renewal energy has the potential to mitigate climate change, but carbon
footprint of hydropower reservoirs has been questioned in the last years (Fearnside, Pueyo,
2012; Fearnside, 2015; Hu, Cheng, 2013). Although methane (CH4) is known as one of main
greenhouse gases (GHD), the emission of this gas is still not included in assessments of
environmental impact of hydroelectricity (Li, Lu, 2012). In this regard, recent works have
tried to define and quantify methane emission factors in hydropower reservoirs (Barros et al.,
2011; Maeck et al., 2013; Roland et al., 2010).
Brazil also developed a project (Balcar study) to obtain data related to greenhouse gas
emissions from hydropower reservoirs. Besides monitoring, this information is used to
estimate potential emissions (by modeling) and to establish future management practices in
hydropower plants. The project was coordinated by the Electric Power Research Center
(CEPEL) and headed by The Brazilian Electricity Regulatory Agency (in Portuguese,
Agência Nacional de Energia Elétrica, ANEEL) with the Ministry of Mines and Energy
(MME). Research teams associated to Balcar study, including Sao Paulo University (USP)
and Federal University of Pará (UFPA), collected data from reservoirs located in different
biomes. Professor Artur da Costa da Silva from UFPA leads the microbiology group, in
which this PhD work is framed.

	
  

	
  

	
  
In freshwater ecosystems, organic carbon sources (carbohydrates, long-chain fatty acids and
alcohols) are mineralized and a proportion of final products are channeled in to CH4
biogenesis (Liu, Whitman, 2008); by anaerobic microorganisms called methanogens (Conrad,
2009). However biological processes related with methane formation (methanogenesis)
remains unexplored in reservoirs sediments, mainly in tropical areas, where carbon cycle is
more productive (Raddatz et al., 2007) and methane emissions seem to be higher than
temperate areas (Yang et al., 2014a).

Methanogens diversity and metabolic capabilities are usually associated with substrate
chemistry (Conrad, 2007); as well as other microbial communities respond to composition,
quantity, and variety of carbon molecules in their environment (Hernández, Hobbie, 2010;
Wang et al., 2013). Therefore, organic carbon input management could be a key element in
reducing methane emissions from reservoirs (Bergier et al., 2014); to date no study has been
performed to verify the effect of carbon in methanogen communities and CH4 fluxes in
hydropower reservoirs.
Carbon input differences in reservoirs can modify methane formation at community and
molecular level, resulting in changes of methane emission to the atmosphere (Jugnia et al.,
2005). Also metabolic capabilities of methanogens could be different in response to organic
matter changes. After flooding soil during hydropower reservoir construction, carbon and
oxygen varies considerably (Friedl, Wüest, 2002) and could influence methanogenic
communities. To test this hypothesis was designed an experiment with sediment samples from
São Marcos River, area chosen for a new hydroelectric power plant. Chapter Two present
results of methanogenic potential from those samples incubated in microcosms simulating
flooded, anoxic and different carbon source conditions. Additionally, data from microcosm in
those conditions can be an indicator of land use changes effects in microbial communities.
Methanogenesis is very well described in freshwater sediments (Borrel et al., 2012), and
recently it has also been detected in the water column (Bogard et al., 2014). Bacterial
communities (methanotrophs) consume a proportion of methane produced by methanogens
(methane oxidation). The final methane flux result from the balance between those two
microbial processes linked to a variety of physical factors, as geometry and hydrodynamic of
reservoirs (Bambace et al., 2007; Ometto et al., 2013) (see figure 1).
	
  

	
  

	
  
Analyses described in Chapter Three shows how methane fluxes in the air–water interface
relates with abundance of methanogens and methanotrophs. Also, from data collected in situ
was possible to infer which parameters shape the balance of microbial communities
associated with methane cycle in reservoirs. Chapter Three presents relative abundance of
methanogenic and methanotrophic communities in six Brazilian hydropower projects: Xingó,
Balbina, Tucuruí, Três Marias, Segredo and Funil. Findings from this work would provide
scientific evidence to mitigate future methane emissions and manage hydroelectric
development in tropical countries.
Among innumerous methods to study microbial communities from sediments and soils,
incubation in microcosm has the great advantage to enrich organism involved in specific
metabolism (as methanogenesis or methane oxidation) (Konopka et al., 2015). Microbial
diversity response to environmental changes could be monitored with new generation
sequencing of 16S rRNA gene (methodology employed in Chapter Two). Besides 16S rRNA
gene, Nunoura et al., (2008) suggested the use of functional genes as alternative molecular
marker for methanogens and methanotrophic communities in environmental samples (without
enrichments or incubations). In Chapter Three quantitative Polymerase Chain Reaction
(qPCR) was used to detect those functional genes associated with methane cycle; since it is
rapid, sensitive and a high efficiency technique (Colwell et al., 2008; Nunoura et al., 2008;
Sharkey et al., 2004; Yu et al., 2005).
bubbling CH4

diffusive flux CH4
degassing CH4

diffusive flux CH4

CH4 oxidation

flooded organic mater

methanogenesis

Fluvial organic mater

Figure 1 - Methane cycle in hydropower reservoirs.
Fluvial and flooded organic mater (soil, plant material, wood) is degraded to simplest compounds that
are substrates for methanogenesis. Methane formation occurs mainly in sediments. Bacteria in the
superficial sediment and column water oxidize a proportion of methane. The other part of methane is
emitted to the atmosphere by bubbling, diffusive flux and in a degassing process at the dam. (Adapted
from concepts in Bogard et al., 2014; Borrel et al., 2011; Goldenfum, 2010)

	
  

	
  

	
  

1.2 OBJECTIVES
The objectives of this study were:
(i)

To measure the potential methane formation in an area designed for a hydropower
reservoir and to evaluate changes in the diversity of Archaea and Bacteria
communities with different carbon source conditions in sediment samples.

(ii)

To estimate the abundance of methanogens and methanotrophic microorganism in
six hydroelectric reservoirs using phylogenetic markers; and to identify relations
between microbial communities and methane fluxes in the atmosphere-water
interface.

1.3 DOCTORAL PROJECT MOTIVATION
A proportion of research related to climate change is driven by the need to mitigate effects of
rising global temperatures. Existing information of greenhouse gases emissions from
hydropower is not enough and there are difficulties in making decisions in energy
infrastructure investment. The information generated from this project would provide
scientific evidence to take actions to mitigate methane emission and stimulate hydroelectric
development in tropical regions (one of the main sources of energy).
This research also will bring benefits to the scientific community interested in energy
production and climate change. The results may provide some keys to design strategies in
which renewable resources are used and emissions of greenhouse gases are minimized.
Microbial ecology techniques will be used to test hypothesis; studying microorganisms in
these environments is an innovative contribution in this field.

	
  

	
  

	
  

4 CONCLUSIONS AND FINAL REMARKS
Differences in carbon entry into new reservoirs modify the microbial community structure
resulting in potential emissions of methane. A methane increase was observed after
incubating soil samples (collected in areas intended to reservoirs) with different methanogenic
carbon sources. However, the amounts of methane were not significant when compared
between the carbon sources.
Metabolic pathways associated to acetate seem more productive, since the methane produced
was the highest in microcosm with this carbon source. Bacteria and Archaea diversity
changes in response to organic matter differences in the flooded samples.

Assessment of stress (anoxic conditions and carbon source changes) changes in identity of the
dominant species and the community structure after flooding soil simulations. As expected
shifts in microbial community composition following the exposure to a novel environmental
regime lead to increased productivity (methane production, in the case of methanogenic
archaea) and ecosystem performance.
The strong correlation between relative abundance of microbial groups and methane fluxes in
the air–water interface, demonstrated that relations in gene abundances correspond with
methane cycle in the six ecosystems studied. Geographical location influences methane
emissions and microbiology related to carbon fixation in aquatic environments. According to
multivariate analysis, oxygen, geophysical and climatological parameters shape the balance of
microbial communities related with methane cycle. Methanotrophic organisms consume a
proportion of methane product of organic matter decomposition resulting les CH4 emitted into
the atmosphere. With hydropower operational planning (based in microbial ecology
information) will be possible manage quantity of methane emissions.
The balance between methanogenesis and methane oxidation, quantified by mcrA and pmoA
abundances, will result in different values for methane fluxes at the air-water interphase. Also
if methanotrophic organisms consume a proportion of methane product of organic matter
decomposition; the amount of CH4 emitted into the atmosphere could be managed with
hydropower operational planning (based in microbial ecology information).
	
  

	
  

	
  
Efforts have been invested in order to identify potential mitigation strategies for the CH4
emission in hydropower reservoirs and prevent higher consequences for the climate change
scenario. The challenges for future hydropower projects are settles the reduction of emissions
greenhouse gases and guarantee the supply of energy demands, sustainably.
The Energy Research Company estimates that Brazil needs 6.350 megawatts of new
electricity generation per year between now and 2022. Today the country obtains 70% of
their energy from hydroelectric power plants. Hydropower is an attractive energy option for
many reasons. It is cheaper than thermoelectric power and most other renewable forms of
electricity, can provide energy at scale more easily and with fewer disruptions than wind or
solar, and can potentially provide electrical energy with lower levels of greenhouse gas
emissions than thermoelectric energy, although its effect on methane production could
counteract this benefit.

	
  

	
  

	
  

REFERENCES *
	
  
Agencia Nacional de Energia Elétrica. Capacidade de Geração do Brasil, BIG-Banco de
Informações. [database]. [Cited from: 2016 Jan 2016] Available from: www. aneel. gov. br.
Abril G, Guérin F, Richard S, Delmas R, Galy-Lacaux C, Gosse P, et al. Carbon dioxide and
methane emissions and the carbon budget of a 10-year old tropical reservoir (Petit Saut,
French Guiana). Global Biogeochem Cycles. 2005;19(4):1–16.
Angel R, Claus P, Conrad R. Methanogenic archaea are globally ubiquitous in aerated soils
and become active under wet anoxic conditions. ISME J [Internet]. Nature Publishing Group;
2012
Apr
[cited
2013
Aug
12];6(4):847–62.
Available
from:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3309352&tool=pmcentrez&rende
rtype=abstract.
Bambace LAW, Ramos FM, Lima IBT, Rosa RR. Mitigation and recovery of methane
emissions from tropical hydroelectric dams. Energy. 2007;32(6):1038–46.
Barros N, Cole JJ, Tranvik LJ, Prairie YT, Bastviken D, Huszar VLM, et al. Carbon emission
from hydroelectric reservoirs linked to reservoir age and latitude. Nat Geosci [Internet].
Nature
Publishing
Group;
2011;4(9):593–6.
Available
from:
http://dx.doi.org/10.1038/ngeo1211.
Bates B, Kundzewicz ZW, Wu S, Palutikof J. climate change and Water: technical Paper vi.
Intergovernmental Panel on Climate Change (IPCC); 2008.
Bergier I, Ramos FM, Bambace LAW. Dam reservoirs role in carbon dynamics requires
contextual landscape ecohydrology. EnvironMonit Assess 1865985–5988 DOI. 2014;5985–8.
Bogard MJ, Giorgio PA, Boutet L, Carolina M, Chaves G, Prairie YT, et al. component of
aquatic CH 4 fluxes. Nat Commun [Internet]. Nature Publishing Group; 2014;5(May):1–9.
Available from: http://dx.doi.org/10.1038/ncomms6350.
Borneman J, Triplett EW. Molecular microbial diversity in soils from eastern Amazonia:
Evidence for unusual microorganisms and microbial population shifts associated with
deforestation. Appl Environ Microbiol. 1997;63(7):2647–53.

*According to:
International Committee of Medical Journal Editors. [Internet]. Uniform requirements for manuscripts
submitted to Biomedical Journal: sample references. [updated 2011 Jul 15]. Available from:
http://www.icmje.org

	
  

	
  

	
  
Borrel AG, Jézéquel D, Biderre-petit C, Morel- N, Morel J, Peyret P, et al. Production and
consumption of methane in freshwater lake ecosystems. Res Microbiol [Internet]. Elsevier
Ltd; 2011; Available from: http://dx.doi.org/10.1016/j.resmic.2011.06.004.
Borrel AG, Lehours AC, Crouzet O, Jézéquel D, Rockne K, Kulczak A, et al. Stratification of
Archaea in the deep sediments of a freshwater meromictic lake: Vertical shift from
methanogenic to uncultured Archaeal lineages. PLoS One. 2012;7(8).
Borrel G, O’Toole PW, Harris HMB, Peyret P, Brugère JF, Gribaldo S. Phylogenomic data
support a seventh order of methylotrophic methanogens and provide insights into the
evolution of methanogenesis. Genome Biol Evol. 2013;5(10):1769–80.
Caetano de Souza AC. Assessment and statistics of Brazilian hydroelectric power plants:
Dam areas versus installed and firm power. Renewable and Sustainable Energy Reviews.
2008. p. 1843–63.
Colwell FS, Boyd S, Delwiche ME, Reed DW, Phelps TJ, Newby DT. Estimates of biogenic
methane production rates in deep marine sediments at Hydrate Ridge, Cascadia margin. Appl
Environ Microbiol [Internet]. 2008 Jun [cited 2013 May 28];74(11):3444–52. Available from:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2423016&tool=pmcentrez&rende
rtype=abstract.
Conrad R, Klose M, Claus P, Enrich-Prast A. Methanogenic pathway, 13C isotope
fractionation, and archaeal community composition in the sediment of two clear-water lakes
of Amazonia. Limnology and Oceanography. 2010. p. 689–702.
Conrad R. Microbial Ecology of Methanogens and Methanotrophs. Advances in Agronomy.
2007. p. 1–63.
Conrad R. The global methane cycle: Recent advances in understanding the microbial
processes involved. Environmental Microbiology Reports. 2009. p. 285–92.
Davidson EA, Janssens IA. Temperature sensitivity of soil carbon decomposition and
feedbacks to climate change. Nature. 2006;440(March):165–73.
de Faria FAM, Jaramillo P, Sawakuchi HO, Richey JE, Barros N. Estimating greenhouse gas
emissions from future Amazonian hydroelectric reservoirs. Environ Res Lett [Internet]. IOP
Publishing;
2015;10(12):124019.
Available
from:
http://stacks.iop.org/17489326/10/i=12/a=124019?key=crossref.4a38437db60a80b04ff6b5e03056ad59.
Delucchi MA, Jacobson MZ. Providing all global energy with wind, water, and solar power,
Part II: Reliability, system and transmission costs, and policies. Energy Policy [Internet].
Elsevier; 2011;39(3):1170–90. Available from: http://dx.doi.org/10.1016/j.enpol.2010.11.045.
	
  

	
  

	
  
Demirel B, Scherer P. The roles of acetotrophic and hydrogenotrophic methanogens during
anaerobic conversion of biomass to methane: A review. Reviews in Environmental Science
and Biotechnology. 2008. p. 173–90.
DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, et al. Greengenes, a
chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl
Environ Microbiol. 2006;72(7):5069–72.
Diem T, Koch S, Schwarzenbach S, Wehrli B, Schubert CJ. Greenhouse gas emissions (CO2,
CH4, and N2O) from several perialpine and alpine hydropower reservoirs by diffusion and
loss in turbines. Aquat Sci. 2012;74(3):619–35.
Edenhofer O, Pichs-Madruga R, Sokona Y, Seyboth K, Matschoss P, Kadner S, Zwickel T,
Eickemeier P, Hansen G, Schlömer S, von Stechow C. IPCC special report on renewable
energy sources and climate change mitigation. Prepared By Working Group III of the
Intergovernmental Panel on Climate Change, Cambridge University Press, Cambridge, UK.
2011.
Evans A, Strezov V, Evans TJ. Assessment of sustainability indicators for renewable energy
technologies. Renew Sustain Energy Rev. 2009;13(5):1082–8.
Fearnside PM, Pueyo S. Greenhouse-gas emissions from tropical dams. Nat Clim Chang
[Internet].
Nature
Publishing
Group;
2012;2(6):382–4.
Available
from:
http://dx.doi.org/10.1038/nclimate1540.
Fearnside PM. Brazil ’ s Samuel Dam  : Lessons for Hydroelectric Development Policy and
the Environment in Amazonia. Environ Manage. 2005;35(1):1–19.
Fearnside PM. Emissions from tropical hydropower and the IPCC. Environ Sci Policy.
2015;50(JUNE 2015):225–39.
Fearnside PM. Reservoir ( Brazil’ s Tucuruí dam ) and the energy policy implications. water,
Air Soil Pollut. 2002;133:69–96.
Freitag TE, Prosser JI. Correlation of methane production and functional gene transcriptional
activity in a peat soil. Appl Environ Microbiol [Internet]. 2009 Nov;75(21):6679–87.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/19749064.
Freitag TE, Toet S, Ineson P, Prosser JI. Links between methane flux and transcriptional
activities of methanogens and methane oxidizers in a blanket peat bog. FEMS Microbiol Ecol
[Internet]. 2010 Jul 1 [cited 2013 Aug 12];73(1):157–65. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/20455935.

	
  

	
  

	
  
Friedl G, Wüest A. Disrupting biogeochemical cycles - Consequences of damming. Aquat
Sci. 2002;64(1):55–65.
Garcia JL, Patel BK, Ollivier B. Taxonomic, phylogenetic, and ecological diversity of
methanogenic Archaea. Anaerobe [Internet]. 2000 Aug [cited 2012 Nov 7];6(4):205–26.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/16887666.
Goldenfum J a. GHG measurement guidelines for freshwater reservoirs  : derived from: The
UNESCO/IHA Greenhouse Gas Emissions from Freshwater Reservoirs Research Project /
general ed.: Joel A. Goldenfum. 2010. 138 p.
Goldenfum JA. Challenges and solutions for assessing the impact of freshwater reservoirs on
natural GHG emissions. Ecohydrol Hydrobiol [Internet]. Elsevier; 2012;12(2):115–22.
Available from: http://linkinghub.elsevier.com/retrieve/pii/S1642359312701969.
Graças DA, Jesus EC, Filho LCF, Jr RG, Barbosa MS, Ramos RTJ, et al. Changes in
Microbial Communities along a Water Column in an Amazonian Flooded Area. Aquat Sci
Technol. 2012;1(1):9–29.
Graças DA, Miranda PR, Baraúna RA, McCulloch JA, Ghilardi R, Schneider MPC, et al.
Microbial Diversity of an Anoxic Zone of a Hydroelectric Power Station Reservoir in
Brazilian Amazonia. Microb Ecol. 2011;62(4):853–61.
Grossart H-P, Frindte K, Dziallas C, Eckert W, Tang KW. Microbial methane production in
oxygenated water column of an oligotrophic lake. Proceedings of the National Academy of
Sciences. 2011. p. 19657–61.
Gudasz C, Bastviken D, Steger K, Premke K, Sobek S, Tranvik LJ. Temperature-controlled
organic carbon mineralization in lake sediments. Nature [Internet]. Nature Publishing Group;
2010;466(7305):478–81. Available from: http://dx.doi.org/10.1038/nature09186.
Guérin F, Abril G, Richard S, Burban B, Reynouard C, Seyler P, et al. Methane and carbon
dioxide emissions from tropical reservoirs: Significance of downstream rivers. Geophys Res
Lett. 2006;33(21):1–6.
Harcombe WR, Riehl WJ, Dukovski I, Granger BR, Betts A, Lang AH, et al. Metabolic
resource allocation in individual microbes determines ecosystem interactions and spatial
dynamics. Cell Rep. 2014;7(4):1104–15.
Hernández DL, Hobbie SE. The effects of substrate composition, quantity, and diversity on
microbial activity. Plant Soil. 2010;335:397–411.
Ho A, Lüke C, Frenzel P. Recovery of methanotrophs from disturbance: population
dynamics, evenness and functioning. ISME J [Internet]. 2011 Apr [cited 2013 Jun
13];5(4):750–8.
Available
from:
	
  

	
  

	
  
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3105735&tool=pmcentrez&rende
rtype=abstract.
Hu Y, Cheng H. The urgency of assessing the greenhouse gas budgets of hydroelectric
reservoirs in China. Nat Clim Chang [Internet]. Nature Publishing Group; 2013;3(8):708–12.
Available from: http://www.nature.com/doifinder/10.1038/nclimate1831.
Huse SM, Welch DM, Morrison HG, Sogin ML. Ironing out the wrinkles in the rare
biosphere through improved OTU clustering. Environ Microbiol. 2010;12(7):1889–98.
Jugnia L-B, Roy R, Planas D, Lucotte M, Greer CW. Activité potentielle de méthanogenèse
dans les sols, tourbières, sédiments lacustres et du réservoir hydroélectrique Robert-Bourassa
dans le moyen Nord-Canadien. Can J Microbiol. 2005;51:79–84.
Kaunda CS, Kimambo CZ, Nielsen TK. Hydropower in the Context of Sustainable Energy
Supply: A Review of Technologies and Challenges. ISRN Renew Energy [Internet].
2012;2012:1–15. Available from: http://www.hindawi.com/isrn/re/2012/730631/.
Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M, et al. Evaluation of general
16S ribosomal RNA gene PCR primers for classical and next-generation sequencing-based
diversity studies. Nucleic Acids Res. 2013;41(1):1–11.
Konopka A, Lindemann S, Fredrickson J. Dynamics in microbial communities: unraveling
mechanisms to identify principles. ISME J [Internet]. Nature Publishing Group;
2015;9(7):1488–95. Available from: http://dx.doi.org/10.1038/ismej.2014.251.
Koskella B, Vos M. Adaptation in natural microbial populations. Annu Rev Ecol Evol Syst
[Internet].
2015;46:503–22.
Available
from:
http://www.annualreviews.org/doi/10.1146/annurev-ecolsys-112414-054458.
Li S, Lu XX. Uncertainties of carbon emission from hydroelectric reservoirs. Nat Hazards.
2012;62:1343–5.
Liu Y, Whitman WB. Metabolic, phylogenetic, and ecological diversity of the methanogenic
archaea. Annals of the New York Academy of Sciences. 2008. p. 171–89.
Luesken F a, Zhu B, van Alen T a, Butler MK, Diaz MR, Song B, et al. pmoA Primers for
detection of anaerobic methanotrophs. Appl Environ Microbiol [Internet]. 2011 Jun [cited
2013
May
21];77(11):3877–80.
Available
from:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3127593&tool=pmcentrez&rende
rtype=abstract.

	
  

	
  

	
  
Luton PE, Wayne JM, Sharp RJ, Riley PW. The mcrA gene as an alternative to 16S rRNA in
the phylogenetic analysis of methanogen populations in landfill. Microbiology [Internet].
2002
Nov;148
(Pt1):3521–30.
Available
from:
http://www.ncbi.nlm.nih.gov/pubmed/12427943.
Ma K, Lu Y. Regulation of microbial methane production and oxidation by intermittent
drainage in rice field soil. FEMS Microbiol Ecol [Internet]. 2011 Mar [cited 2013 Aug
12];75(3):446–56. Available from: http://www.ncbi.nlm.nih.gov/pubmed/21198683.
Maeck A, Delsontro T, McGinnis DF, Fischer H, Flury S, Schmidt M, et al. Sediment
trapping by dams creates methane emission hot spots. Environ Sci Technol. 2013;47:8130–7.
Marani L, Alvalá PC. Methane emissions from lakes and floodplains in Pantanal, Brazil.
Atmos Environ. 2007;41:1627–33.
Marotta H, Pinho L, Gudasz C. Greenhouse gas production in low-latitude lake sediments
responds strongly to warming. Nat Clim Chang [Internet]. 2014;4(May):11–4. Available
from:
http://www.nature.com/nclimate/journal/vaop/ncurrent/full/nclimate2222.html?messageglobal=remove.
Morana C, Borges A V., Roland FAE, Darchambeau F, Descy JP, Bouillon S. Methanotrophy
within the water column of a large meromictic tropical lake (Lake Kivu, East Africa).
Biogeosciences. 2015;12(7):2077–88.
Nakayama CR, Kuhn E, Araújo a. C V, Alvalá PC, Ferreira WJ, Vazoller RF, et al.
Revealing archaeal diversity patterns and methane fluxes in Admiralty Bay, King George
Island, and their association to Brazilian Antarctic Station activities. Deep Res Part II Top
Stud Oceanogr. 2011;58:128–38.
Nunoura T, Oida H, Miyazaki J, Miyashita A, Imachi H, Takai K. Quantification of mcrA by
fluorescent PCR in methanogenic and methanotrophic microbial communities. FEMS
Microbiol Ecol [Internet]. 2008 May [cited 2013 May 21];64(2):240–7. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/18318714.
Offre P, Spang A, Schleper C. Archaea in biogeochemical cycles. Annu Rev Microbiol
[Internet].
2013;67(August):437–57.
Available
from:
http://www.ncbi.nlm.nih.gov/pubmed/23808334.
Ometto JP, Cimbleris ACP, Dos Santos M a., Rosa LP, Abe D, Tundisi JG, et al. Carbon
emission as a function of energy generation in hydroelectric reservoirs in Brazilian dry
tropical biome. Energy Policy. 2013;58:109–16.

	
  

	
  

	
  
Paula FS, Rodrigues JLM, Zhou J, Wu L, Mueller RC, Mirza BS, et al. Land use change
alters functional gene diversity, composition and abundance in Amazon forest soil microbial
communities. Mol Ecol. 2014;23(12):2988–99.
Paula FS, Rodrigues JLM, Zhou J, Wu L, Mueller RC, Mirza BS, et al. Land use change
alters functional gene diversity, composition and abundance in Amazon forest soil microbial
communities. Mol Ecol. 2014;23(12):2988–99.
Prosser JI, Bohannan BJM, Curtis TP, Ellis RJ, Firestone MK, Freckleton RP, et al. The role
of ecological theory in microbial ecology. Nat Rev Microbiol. 2007;5(5):384–92.
Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal
RNA gene database project: Improved data processing and web-based tools. Nucleic Acids
Res. 2013;41(D1):590–6.
Raddatz TJ, Reick CH, Knorr W, Kattge J, Roeckner E, Schnur R, et al. Will the tropical land
biosphere dominate the climate-carbon cycle feedback during the twenty-first century? Clim
Dyn. 2007;29(6):565–74.
Read DS, Gweon HS, Bowes MJ, Newbold LK, Field D, Bailey MJ, et al. Catchment-scale
biogeography of riverine bacterioplankton. ISME J [Internet]. Nature Publishing Group;
2015;9(2):516–26. Available from: http://dx.doi.org/10.1038/ismej.2014.166.
Rocca JD, Hall EK, Lennon JT, Evans SE, Waldrop MP, Cotner JB, et al. Relationships
between protein-encoding gene abundance and corresponding process are commonly assumed
yet rarely observed. ISME J [Internet]. Nature Publishing Group; 2015;9(8):1693–9.
Available from: http://dx.doi.org/10.1038/ismej.2014.252.
Rodrigues JLM, Pellizari VH, Mueller R, Baek K, Jesus EDC, Paula FS, et al. Conversion of
the Amazon rainforest to agriculture results in biotic homogenization of soil bacterial
communities. Proc Natl Acad Sci U S A [Internet]. 2013;110(3):988–93. Available from:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3549139&tool=pmcentrez&rende
rtype=abstract.
Rogério J, Santos M, Santos E. Influence of environmental variables on diffusive greenhouse
gas fluxes at hydroelectric reservoirs in Brazil. Brazilian J Biol [Internet]. 2013;73(4):753–64.
Available
from:
http://www.scielo.br/scielo.php?pid=S151969842013000400753&script=sci_arttext&tlng=pt.
Roland F, Vidal LO, Pacheco FS, Barros NO, Assireu A, Ometto JPHB, et al. Variability of
carbon dioxide flux from tropical (Cerrado) hydroelectric reservoirs. Aquat Sci. 2010;72:283–
93.

	
  

	
  

	
  
Saia F, Domingues M, Pellizari V, Vazoller R. Occurrence of methanogenic Archaea in
highly polluted sediments of tropical Santos-São Vicente Estuary (São Paulo, Brazil). Curr
Microbiol [Internet]. 2010 Jan [cited 2013 Jun 2];60(1):66–70. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/19777304.
Sanseverino AM, Bastviken D, Sundh I, Pickova J, Enrich-Prast A. Methane carbon supports
aquatic food webs to the fish level. PLoS One. 2012;7(8).
Sarmento H. New paradigms in tropical limnology: The importance of the microbial food
web. Hydrobiologia. 2012;686(1):1–14.
Sawakuchi HO, Bastviken D, Sawakuchi AO, Ward ND, Borges CD, Tsai SM, et al.
Oxidative mitigation of aquatic methane emissions in large Amazonian rivers. Global.
2015;160.
Sharkey FH, Banat IM, Marchant R. Detection and Quantification of Gene Expression in
Environmental Bacteriology MINIREVIEW Detection and Quantification of Gene
Expression in Environmental Bacteriology. Society. 2004;70(7):3795–806.
Sharma R, Ryan K, Hao X, Larney FJ, McAllister T a, Topp E. Real-time quantification of
mcrA, pmoA for methanogen, methanotroph estimations during composting. J Environ Qual.
2004;40(1):199–205.
Shindell DT, Faluvegi G, Koch DM, Schmidt G a, Unger N, Bauer SE. Forcing to Emissions.
Interactions. 2009;326(x):716–8.
Souto TF, Aquino SF, Silva SQ, Chernicharo C a L. Influence of incubation conditions on the
specific methanogenic activity test. Biodegradation. 2010;21:411–24.
Stallard RF. Terrestrial sedimentation and the carbon cycle: Coupling weathering and erosion
to carbon burial. Global Biogeochem Cycles. 1998;12(2):231–57.
Thauer RK. Biochemistry of methanogenesis  : a tribute to. Microbiology. 1998;2377–406.
Tranvik LJ, Downing JA, Cotner JB, Loiselle SA, Striegl RG, Ballatore TJ, et al. Lakes and
reservoirs as regulators of carbon cycling and climate. Limnol Oceanogr. 2009;54(6, part
2):2298–314.
Wang Q, He T, Wang S, Liu L. Carbon input manipulation affects soil respiration and
microbial community composition in a subtropical coniferous forest. Agric For Meteorol
[Internet].
Elsevier
B.V.;
2013;178-179:152–60.
Available
from:
http://dx.doi.org/10.1016/j.agrformet.2013.04.021.
Watanabe T, Kimura M, Asakawa S. Distinct members of a stable methanogenic archaeal
community transcribe mcrA genes under flooded and drained conditions in Japanese paddy
	
  

	
  

	
  
field soil. Soil Biol Biochem [Internet]. Elsevier Ltd; 2009 Feb [cited 2013 Jun
27];41(2):276–85.
Available
from:
http://linkinghub.elsevier.com/retrieve/pii/S0038071708003702.
Widder S, Allen RJ, Pfeiffer T, Curtis TP, Wiuf C, Sloan WT, et al. Challenges in microbial
ecology: building predictive understanding of community function and dynamics. ISME J
[Internet].
2016;(November
2015):1–12.
Available
from:
http://www.ncbi.nlm.nih.gov/pubmed/27022995.
Wittebolle L, Marzorati M, Clement L, Balloi A, Daffonchio D, De Vos P, et al. Initial
community evenness favours functionality under selective stress. Nature [Internet]. Nature
Publishing
Group;
2009;458(7238):623–6.
Available
from:
http://www.ncbi.nlm.nih.gov/pubmed/19270679.
Wuebbles DJ, Hayhoe K. Atmospheric methane and global change. Earth-Science Rev
[Internet].
2002;57(3-4):177–210.
Available
from:
ISI:000176314100001\nc:/reference/1541.pdf.
Yang L, Lu F, Zhou X, Wang X, Duan X, Sun B. Progress in the studies on the greenhouse
gas emissions from reservoirs. Acta Ecol Sin [Internet]. Ecological Society of China.;
2014;34(4):204–12.
Available
from:
http://www.sciencedirect.com/science/article/pii/S1872203214000249.
Yang M, Geng X, Grace J, Lu C, Zhu Y, Zhou Y, et al. Spatial and seasonal CH4 flux in the
littoral zone of Miyun reservoir near Beijing: The effects of water level and its fluctuation.
PLoS One. 2014;9(4):1–9.
Yu Y, Lee C, Kim J, Hwang S. Group-specific primer and probe sets to detect methanogenic
communities using quantitative real-time polymerase chain reaction. Biotechnol Bioeng
[Internet]. 2005 Mar 20 [cited 2013 Jun 4];89(6):670–9. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/15696537.
Yvon-Durocher G, Allen AP, Bastviken D, Conrad R, Gudasz C, St-Pierre A, et al. Methane
fluxes show consistent temperature dependence across microbial to ecosystem scales. Nature
[Internet]. Nature Publishing Group; 2014;507(7493):488–91. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24670769.

Zhang T, Fang HHP. Applications of real-time polymerase chain reaction for quantification
of microorganisms in environmental samples. Appl Microbiol Biotechnol [Internet]. 2006
Apr [cited 2013 Aug 8];70(3):281–9. Available from: http://www.ncbi.nlmAbril G et al.
Carbon dioxide and methane emissions and the carbon budget of a 10-year old tropical
reservoir (Petit Saut, French Guiana). Global Biogeochemical Cycles. 2005; Vol.19. No.4,
Oct, 0886-6236
	
  

