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RESUMO

As mudangas climaticas e a fragmentagdo de rios para constru¢do de usinas hidrelétricas sao
dois dos principais estressores que vem pressionando o bioma amazonico. Entender as respostas
dos ecossistemas amazoOnicos a pressao desses estressores ¢ fundamental para subsidiar
estratégias futuras de desenvolvimento socioecondmico, e controle e mitigacdo de impactos
socioambientais. Nesse contexto, essa tese aborda os efeitos hidrobiogeoquimicos de mudangas
ambientais no rio Madeira — o maior tributdrio do rio Amazonas em termos de descarga de 4gua
e sedimentos. O primeiro capitulo investiga a relagdo entre cheias extremas e a emissao de gas
carbonico (CO;) no rio Madeira. Sdo apresentados resultados de nove campanhas executadas
entre 2009 e 2011, complementados com resultados de uma campanha adicional executada em
abril de 2014, representativa da maior cheia ja registrada no rio Madeira. A emissdo de CO; no
rio Madeira aumenta exponencialmente com o nivel da 4gua. Em 2014, a emiss@o de CO; por
unidade de area foi 50% maior do que a segunda maior taxa de emissao registrada no estudo.
A reconstrucao de fluxos de CO, desde 1968 indicou que anos de cheia extrema emitem 20%
mais CO, por unidade de 4rea do que em anos normais. O segundo e o terceiro capitulo abordam
os efeitos hidrobiogeoquimicos a montante e a jusante ocasionados pela constru¢do da Usina
Hidrelétrica de Santo Antonio, uma usina a fio d’agua recém-construida no rio Madeira.
Grandes reservatérios de armazenamento geralmente retém a maior parte dos sedimentos
aportados, mas o aprisionamento de sedimentos em reservatorios a fio d’agua ¢ pouco
conhecido. Ao contrario das expectativas, as usinas do Madeira ndo afetaram o transporte a
jusante de sedimentos em suspensdo, carbono organico total, e nutrientes associados (fosforo,
potassio, calcio e magnésio) que sdo importantes para a produtividade do rio e de suas planicies
inundéveis. Isso se deve provavelmente ao fato de que o baixo tempo de residéncia (média: 2,4
dias) e a elevada velocidade da agua (média: 1,2 m/s) limitam a sedimentacdo de particulas,
que sao predominantemente finas e leves. Perfis verticais de temperatura demonstram que, ao
contrario do canal central do rio Madeira, alguns tributdrios remansados desenvolveram
estratificacdes térmicas ocasionais. As caracteristicas da adgua dos tributarios ficaram mais
semelhantes as do rio Madeira. Por outro lado, as caracteristicas gerais da dgua do rio Madeira
na regido do reservatorio ndo foram alteradas. Os efeitos da Hidrelétrica de Santo Antonio no
rio principal sdo pouco expressivos, mas os bragos do reservatorio formados na area remansada
dos tributérios sdo locais bastante suscetiveis a mudangas na qualidade da agua. Os resultados
encontrados nessa tese convergem para o fato de que alteragdes no nivel da dgua — causadas

por fendmenos naturais ou regulagdo artificial — afetam processos ecossistémicos por meio de



mudangas na conectividade com ecossistemas terrestres e de transi¢do agua-terra adjacentes.
Os resultados desse trabalho tém implicagdes para a tomada de decisdo e a gestdo de
reservatdrios, particularmente considerando o grande numero de hidrelétricas planejadas na

Amazonia.
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Hidroeletricidade; Fio d’agua



ABSTRACT

Climate change and river regulation for hydropower generation are two of the main stressors
pressuring the Amazon biome. Understanding the responses of Amazonian ecosystems to these
stressors is key to support future strategies of socioeconomic development, and control and
mitigation of associated socioenvironmental impacts. This thesis investigates the
hydrobiogeochemical effects of environmental changes on the Madeira River, the largest
tributary to the Amazon in terms of water and sediment discharge. The first chapter investigates
the relationship between extreme floods and carbon dioxide (CO2) outgassing from the Madeira
River. We show data from 9 field campaigns performed between 2009 and 2011, complemented
with data from one additional campaign in April 2014 that is representative of the largest flood
on record. CO2 outgassing fit an exponential relationship with water level. CO, outgassing per
unit area in 2014 was 50% higher than the other highest rate in our dataset. Reconstruction of
CO, fluxes since 1968 indicates that extreme-flood years outgas 20% more CO, per unit area
than years without reported occurrence of extreme floods. The second and third chapters
examine the upstream and downstream hydrobiogeochemical effects of the Santo Antonio dam,
a run-of-river hydropower dam newly built on the Madeira River. Whereas storage dams
typically retain most sediments, the extent to which modern run-of-river dams do so is
uncertain. Contrary to expectations, the Madeira dams have not detectably affected downstream
transport of total suspended sediments, total organic carbon, and associated nutrients
(phosphorus, potassium, calcium, and magnesium) critical for downstream river and floodplain
productivity. This is likely because the reservoir’s short residence time and rapid water velocity
prevent substantial sedimentation of the predominantly fine-grained sediments. Temperature
depth profiles demonstrate that unlike the mainstem, some backflooded tributaries periodically
developed thermal stratification. The water chemistry in backflooded tributaries became more
similar to that of the mainstem after damming. In contrast, the overall water chemistry in the
mainstem did not significantly change. While the effects of this run-of-river dam design on the
main river are minimal, lateral bays created by backflooded tributaries are more susceptible to
changes in water chemistry. The results of the chapters of this thesis suggest that alterations in
the water level and flow — caused either by natural phenomena or anthropogenic regulation —
affect ecosystem processes through changes in the connectivity of aquatic systems with
adjoining terrestrial and aquatic-terrestrial transition zone habitats. The findings of this thesis
have implications for decision making and management, especially considering the large

number of hydropower dams planned in the Amazon basin.
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1. CONTEXTO GERAL DA TESE

Mudangas no uso da terra, mudancas climaticas e fragmentacao de rios para construcao
de hidrelétricas. Esses sdo trés dos principais estressores que vem pressionando simultanea e
cumulativamente o bioma amazonico (Davidson et al., 2012). Entender as respostas dos
ecossistemas amazonicos a pressdo desses estressores ¢ fundamental para subsidiar estratégias
futuras de desenvolvimento socioecondmico, bem como controle e mitigacdo de impactos
socioambientais associados. Nesse contexto, essa tese aborda os efeitos hidrobiogeoquimicos
de mudangas ambientais no rio Madeira — o maior tributario do rio Amazonas em termos de
descarga de agua e sedimentos. Especificamente, sdo investigados o efeito de eventos
climaticos extremos no fluxo de CO, da dgua para a atmosfera e alteragdes nas caracteristicas
da 4dgua do rio Madeira ocasionadas pela constru¢do de uma grande usina hidrelétrica.

Nas ultimas décadas, eventos climaticos extremos resultando em secas prolongadas ou
grandes cheias tém se tornado mais recorrentes na Amazonia (Marengo, J. A. ef al., 2013).
Modelos climaticos projetam que essas mudangas continuardo ocorrendo e podem se acentuar
(Marengo, J. A. et al., 2013; Gloor et al., 2015), o que pode afetar diretamente os ecossistemas
aquaticos (Roland et al., 2012). A magnitude das alteragcdes varia de uma regido para outra da
Amazodnia e de acordo com os modelos climaticos utilizados, mas os estudos convergem para
uma maior instabilidade no clima amazdnico nas proximas décadas, particularmente com
eventos extremos de precipitacdo e secas mais prolongadas (Gloor et al., 2015).

A ocorréncia de eventos climaticos andmalos tem grandes implicagdes sociais e
ecoldgicas, alterando, por exemplo, a hidrossedimentologia (Aalto ef al., 2003), a ciclagem de
elementos quimicos (Roland et al., 2012), as populagdes humanas (Ronchail, J. et al., 2005;
Marengo, J. A. et al., 2013) e a biodiversidade da Amazonia (Laurance e Williamson, 2001;
Nepstad et al., 2008). A ocorréncia de eventos climdticos extremos na AmazoOnia esta
comumente associada a anomalias na temperatura dos oceanos Pacifico e Atlantico (Coe et al.,
2002; Marengo, 2004; Ronchail, J. et al., 2005; Marengo, J. A. et al., 2008; Espinoza et al.,
2014b), que por sua vez estio diretamente relacionadas ao padrao climatico da Terra.

Concomitantemente a pressdo exercida pelas mudangas climaticas, os ecossistemas
aquaticos vém sendo cada vez mais fragmentados pela construgdo de usinas hidrelétricas. Uma
grande expansdo da geracdo hidrelétrica tem sido observada nos paises em desenvolvimento

(Zarfl et al., 2014), e a Bacia Amazonia ¢ uma das regides do globo onde mais usinas
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hidrelétricas estdo planejadas ou em constru¢ao (Finer e Jenkins, 2012; Castello et al., 2013;

Lees et al., 2016; Winemiller et al., 2016).

1.2. EXPANSAO HIDRELETRICA NA AMAZONIA

H4 68 hidrelétricas em operagdo na Bacia Amazonica, 60% das quais sdo caracterizadas
como pequenas centrais hidrelétricas, PCH' (i.e., < 30 MW). Em contrapartida, 262
hidrelétricas estdo inventariadas, planejadas ou em construcdo, 70% das quais sdo usinas
hidrelétricas, UHE (i.e., > 30 MW). H4 uma clara tendéncia de constru¢ao de megaprojetos

hidrelétricos na Amazonia (Figura 1).

! Existem diferentes maneiras de se classificar o porte de empreendimentos hidrelétricos. No Brasil, a
Resolugdo 652/2003 da Agéncia Nacional de Energia Elétrica define empreendimentos com
capacidade instalada menor do que 30 MW e érea inferior a 3 km” como pequenas centrais
hidrelétricas (PCH). Empreendimentos com mais de 30 MW sdo classificados como usinas
hidrelétricas (UHE). Nessa tese, 30 MW ¢ usado como o limiar separando PCH de UHE; ndo ha
informacdes de area alagada para todos os projetos. Adotar essa premissa significa que o nimero de
PCHs pode estar superestimado, ja que algumas PCHs podem ter area maior do que 3 km®, o que as
torna, na pratica, UHEs.
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Figura 1 - Mapa com a localizag¢io das usinas hidrelétricas em operagdo e planejadas® na
Bacia Amazodnica (delimitada pela area vermelha). A area com coloracdo salmao indica a
Bacia do Rio Madeira, local de estudo dessa tese. Os empreendimentos foram separados de

acordo com a capacidade de geragdo (PCH <30 MW; UHE > 30 MW).

Duas macrorregides de concentragdo das hidrelétricas podem ser distinguidas: a
Amazonia andina (> 500 m de altitude) e a planicie amazdnica (< 500 m de altitude)’. O namero
de hidrelétricas planejadas nessas duas macrorregides ¢ equivalente, com 135 projetos na
Amazonia andina e 127 projetos na planicie amazonica (Figura 2). Nas duas regides, cerca de
65% das hidrelétricas planejadas serdo UHEs. Em termos de capacidade instalada total, as

hidrelétricas planejadas na planicie amazonica respondem por 75% da capacidade instalada a

* A base de dados da PROTEGER/ECOA (disponivel em http://dams-info.org), acessada em margo de
2016, foi combinada com a base de dados de hidrelétricas na Amazdnia andina do artigo de Finer e
Jenkins (2012). Somente os empreendimentos dentro dos limites da bacia do rio Amazonas foram
considerados.

? A altitude de 500 m acima do nivel do mar foi adotada como limite separando a Amazoénia andina da
planicie amazoénica (McClain e Naiman, 2008). Foi considerado que todo o territério da Amazonia
brasileira esta dentro da planicie amazonica, mesmo considerando que algumas poucas areas estdo em
regido de escudo cristalino a mais de 500 m de altitude.
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ser adicionada em toda a bacia (Tabela 1). Informagdes como o niimero de hidrelétricas

planejadas, capacidade instalada total, altitude média e custo total para constru¢do por pais sdo

apresentados na Tabela 1. No portal de onde os dados foram extraidos (http://dams-info.org),
ha dados de custo para construcdo para 116 hidrelétricas. A partir da regressdo entre custo de
construcao e capacidade instalada (Figura 3), foram estimados os custos das hidrelétricas com

informagdes faltantes.

Andes Planicie

100 -

UHE

Numero de empreendimentos

Existentes Planejados Existentes Planejados

Figura 2 - Nimero de empreendimentos hidrelétricos planejados na Amazonia de acordo com
aregido (Amazonia andina e planicie amazonica). Os empreendimentos estdo divididos de

acordo com a poténcia instalada (UHE > 30 MW, PCH < 30 MW).
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Figura 3 - Relacdo entre custo de construcao e capacidade instalada para 116 hidrelétricas em
operacdo, em construcao ou planejadas na Amazonia. As linhas cinzas representa o intervalo

de confianga (95%) e as linhas tracejadas indicam o intervalo de predi¢do (95%).

Tabela 1 - Informagdes sobre o nimero de hidrelétricas planejadas na Amazonia por pais e

por regido.

Numeros de  Capacidade Altitude

Pais Custo total (USS)
hidrelétricas  total (MW) média (m)
Bolivia 14 6779 1017 11.961.954.058
Brasil 97 49.365 245 69.209.953.880
Colombia 2 689 253 747.260.870

Equador 63 13.473 1568 17.512.998.657
Peru 86 33.585 1461 51.329.051.807
Amazonia andina 135 28.066 1710 38.666.382.701
Planicie amazoénica 127 75.826 253 112.094.836.570

TOTAL 262 103.892 1003 150.761.219.271
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Com 98 empreendimentos planejados (58% dos quais sdo UHE), o Brasil € o pais com
o maior numero de hidrelétricas planejadas na Bacia Amazonica, seguido do Peru (n = 86, 83%
das quais sao UHE), Equador (n = 63, 50% das quais s3o UHE), e Bolivia (n = 14, 71% das
quais sdo UHE) (Figura 4). Duas UHEs também estdo planejadas na planicie colombiana, onde
ndo existe nenhum empreendimento hidrelétrico. Mais de 75% dos empreendimentos
planejados na planicie amazonica ficam no Brasil. Na Bolivia, 57% dos empreendimentos
planejados sdo na planicie. Em contrapartida, 80 ¢ 97% dos empreendimentos planejados no

Peru e no Equador, respectivamente, localizam-se na Amazdnia andina.

Bolivia Brasil
100 -
10- 75+
50 -
w
2 5
Q 25 -
£
2
o 07 — r 0- — "
3 Existentes Planejados Existentes Planejados UHE
QE, Equador Peru PCH
[0}
© 60-
o 75+
[}
 40-
zZ 50 -
20~ 25 =
0 1 1 ] 0 L | )
Existentes Planejados Existentes Planejados

Figura 4 - Numero de empreendimentos hidrelétricos planejados na Bacia Amazonica de
acordo com o pais. Os empreendimentos estdo divididos de acordo com a poténcia instalada
(UHE > 30 MW, PCH < 30 MW). Ha duas UHEs planejadas na Amazonia colombiana, em

regido de planicie (dados ndo apresentados nos graficos).
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Ha uma nitida disparidade entre onde os empreendimentos estdo planejados e onde a
demanda futura ¢ esperada (Figura 5). Em todos os paises amazonicos com exce¢do do Brasil,
a capacidade instalada total das hidrelétricas planejadas excede o aumento projetado da
capacidade instalada total de eletricidade (i.e., considerando todas as fontes) até 2040. Nos
paises andinos, a construcdo de todas as hidrelétricas planejadas adicionard muito mais
eletricidade no sistema nacional do que serda internamente demandado, especialmente
considerando que os paises tendem a diversificar a matriz elétrica. Por outro lado, mesmo se
todas as hidrelétricas na Amazonia brasileira forem implementadas — o que ¢ improvavel dadas
as restricdes ambientais —, a demanda futura de eletricidade (2040) ndo serd plenamente
atendida. Dessa forma, uma simples andlise dos cendrios de crescimento da demanda por
eletricidade nos paises amazonicos sugere que a exportacdo de eletricidade para o Brasil pode
ser um dos propulsores do grande ntimero de hidrelétricas planejadas na Amazonia andina. Isso
¢ confirmado, por exemplo, pelo fato de que o governo peruano elaborou, em 2007, um plano

com as hidrelétricas com potencial de exportacdo para o Brasil (Republica Del Peru, 2007).

a) Bolivia b) Equador
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Figura 5 - Capacidade elétrica instalada total atual (2016), capacidade instalada total projetada

em 2040, aumento liquido da capacidade instalada entre 2016 e 201, e capacidade total a ser

adicionada se todas as hidrelétricas planejadas forem construidas na (a) Bolivia, no (b)
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Equador, no (c) Peru, e (d) no Brasil. Fonte: U.S. Department of Energy (Us Energy

Information Administration, 2016)*.

1.2. A BACIA DO RIO MADEIRA

A Bacia do Rio Madeira ¢ uma das grandes bacias amazdnicas que vem sofrendo com
os efeitos das mudancas climaticas. Além disso, diversas hidrelétricas estdo planejadas e/ou em
construcdo nessa bacia (Figura 1). Esse item apresenta informagdes gerais sobre a Bacia do Rio
Madeira.

A Bacia do Rio Madeira tem uma area duas vezes maior do que qualquer outra sub-
bacia amazodnica, drenando cerca 35% da Amazdnia Andina e 25% da Bacia Amazdnica (Guyot
et al., 1996). Por causa de sua localizacdo e dimensdes expressivas, a Bacia do Rio Madeira ¢
geologicamente, geograficamente e ecologicamente complexa. O canal central do rio Madeira
¢ formado apds a confluéncia dos rios Beni e Mamor¢, na fronteira entre o Brasil e a Bolivia

(Figura 6).

* Para o Brasil, foi assumido um aumento anual de 2,1% na capacidade instalada entre 2016 e 2040.
Para os demais paises, foi assumido um aumento anual de 3,5%, que € a maior taxa anual prevista para
paises ndo-membros da OECD.



26

y Bacia Amazonica

o AmazoRR

Madeira

0 450 900 1,350 1,800
O e kM

Figura 6 - Mapa da Bacia Amazonica (cinza claro), com destaque para a Bacia do Rio
Madeira (cinza escuro). O quadrante no rio Madeira indica a localizacdo da regido estudada

nessa tese.

Os rios Beni e Mamoré sdo dois grandes rios com aguas ricas em material em suspensao,
cujas cabeceiras estdo em areas litologicamente jovens da cordilheira dos Andes. As drenagens
andinas dos rios Beni e Mamor¢ se estendem em uma regido com grande variagdo altitudinal
(250 — 6500 m acima do nivel do mar), além da planicie boliviana que se estende desde o sopé
dos Andes até o escudo brasileiro (Guyot e Wasson, 1994). Depois de percorrer a regiao
montanhosa dos Andes, os rios Beni e Mamor¢ correm paralelamente na planicie boliviana até
a formacao do canal central do rio Madeira. A planicie inundavel dos rios Beni e Mamor¢ forma
os Llanos de Moxos, uma das maiores areas alagaveis da Bacia Amazonica.

Os Llanos de Moxos constituem uma regido de savana com area aproximada de 150.000
km?” situada no nordeste da Bolivia. A 4rea potencialmente inundavel dos Llanos de Moxos é
estimada em 78.000 km” (Hamilton et al., 2004). Para comparagdo, isso equivale a 70% da area
inundavel do Pantanal. Os padrdes de inundacdo nos Llanos de Moxos sdo razoavelmente
previsiveis, com um aumento e decréscimo unimodal anual na area alagada (Hamilton et al.,
2004). Embora algumas areas dos Llanos de Moxos fiquem permanentemente alagadas ao

longo do ano, a maior parte seca. De modo geral, a vegetacdo dos Llanos de Moxos tende a ser
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de florestas estacionais sempre-verde nas regides nao alagaveis e savana/pradarias na regiao
alagavel.

Outro importante rio andino da bacia do rio Madeira ¢ o rio Madre de Dios, que nasce
na cordilheira de Carabaya, nos Andes peruanos. Depois de percorrer aproximadamente 1000
km, o rio Madre de Dios desagua no rio Beni na altura de Riberalta (Bolivia), poucos
quildmetros acima da formagado do canal central do rio Madeira.

Além dos rios turbidos (também chamados de rios de agua branca) originados nos
Andes, ha importantes tributarios de dguas claras, originados em terrenos geologicamente mais
antigos. Na parte alta da bacia, o mais notavel deles ¢ o rio Guaporé, também conhecido como
Iténez, que se origina no escudo cristalino brasileiro.

A precipitagdo média na Bacia do Rio Madeira ¢ de 1940 mm por ano (Moreira-Turcq
et al., 2003). As regides mais elevadas dos Andes bolivianos sdo menos chuvosas do que as
planicies boliviana e brasileira (Villar et al., 2009) (Figura 7-A). Nos Andes, a incidéncia de
chuvas praticamente cessa entre abril e agosto. Tanto nos Andes como na planicie boliviana, o
pico de precipitagdo ocorre em janeiro; na planicie brasileira, tendo como base a estagdo
meteoroldgica de Manicoré (AM), o pico de chuva ocorre em fevereiro (Figura 7-A).

A vazdo média do rio Madeira em quatro estagdes fluviométricas da Agéncia Nacional
de Aguas ¢é apresentada na Tabela 2. Ha uma variagdo nitida e bastante previsivel na vazio
(Figura 7-B). Na parte mais a montante do rio (estagcdes de Abuna e Porto Velho), a vazado tem
pico em marco, € maio marca o inicio da vazante. Nas partes de jusante (estacdes de Manicoré
e Fazenda Vista Alegre), no entanto, a vazao tem pico em abril, ¢ maio ainda pode ser
considerado um més de aguas altas. Além disso, na parte mais a montante, as aguas baixas
comecam em agosto, ao passo que agosto ainda ¢ um més de vazante na proximidade da foz.
Dessa forma, ha um atraso no inicio das aguas altas e das dguas baixas na medida em que se
avanca rio abaixo. Isso pode estar ligado ao fato de que nos trechos superiores do rio Madeira
a principal contribui¢do de 4gua vem dos rios andinos, onde o periodo chuvoso comega mais
cedo (Figura 7-A). Na parte baixa do rio, hd aporte de dgua de rios de planicie, cujas bacias
experimentam pico de chuva mais tardiamente (Villar et al., 2009). Isso ¢ corroborado pelo fato
de que na planicie brasileira o0 més de abril ainda ¢ bastante chuvoso, ao passo que nos Andes
bolivianos e na planicie boliviana o més de abril ¢ bem menos chuvoso (Figura 7-A).

Ainda com relacdo a hidrologia do rio Madeira, ¢ importante destacar o efeito de
remanso causado pelo rio Amazonas na parte baixa da bacia (Meade et al., 1991). Em Manicorg¢,
cerca de 500 km a montante da foz, o nivel da d4gua para uma mesma vazao ¢ 1 m mais alto

durante periodos de vazante do que durante periodos de enchente. Em Fazenda Vista Alegre,
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260 km a montante da foz, essa diferenca aumentar para 2 a 3 m. Um padrao semelhante ocorre
no rio Trombetas, tributario importante da margem esquerda do rio Amazonas (Almeida,

Roland, et al., 2015)°.
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Figura 7 - (A) Precipitagdo média mensal nos Andes bolivianos, na planicie amazdnica
boliviana, e na planicie amazodnica brasileira (estagdo de Manicoré-AM). (B) Vazao média
mensal do rio Madeira em quatro estagcdes ao longo de seu curso. As estacdes de vazdo de
Abuna, Porto Velho, Manicoré e Fazenda Vista Alegre estdo a aproximadamente 1100 km,

900 km, 400 km e 300 km da foz, respectivamente. Fonte: Almeida, Tranvik, et al. (2015) e
Agéncia Nacional de Aguas (ANA).

> Esse artigo sobre o rio Trombetas foi publicado pelo autor da tese no decorrer do doutorado e é
apresentado no APENDICE E.
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Tabela 2 - Informagdes de vazao média e area de drenagem em quatro estagdes localizadas

no canal central do rio Madeira. Fonte: Agéncia Nacional de Aguas (ANA)

Estacdo Municipio Vazio média (m*s™)  Area de drenagem (km?)
Abuna Porto Velho - RO 17.730 921.000
Porto Velho Porto Velho - RO 19.100 976.000
Manicoré Manicoré - AM 23.660 1.150.000
Fazenda Vista Alegre Novo Aripuana - AM 34.500 1.310.000

Eventos climaticos extremos tém atingido o rio Madeira de maneira mais intensa e
frequente. A maior cheia ja observada no rio Madeira foi registrada em 2014 (Espinoza et al.,
2014b; Ovando et al., 2016), quando a vazao média anual foi superior a 24.000 m’/s em Porto
Velho — a média historica é de 19.100 m’/s (Almeida, Tranvik, et al., 2015). Por outro lado, a
vazdo média no ano de 2016 foi de 13.100 m’/s, o que configura a segunda menor vazio média
anual desde o inicio dos registros em 1968. A cheia extrema de 2014 ¢ abordada com mais
detalhe no artigo apresentado no Capitulo 2 desta tese.

No que diz respeito a expansdo da hidroeletricidade na Bacia do Rio Madeira, dois
megaempreendimentos hidrelétricos estdo em fase final de constru¢do no canal central do rio
Madeira, com a maior parte das unidades geradoras ja em funcionamento. Essas usinas, em
particular a da Hidrelétrica Santo Antdnio, sdo abordadas com mais detalhe nos artigos
apresentados nos capitulos 3 e 4 desta tese. Ha, em toda a Bacia do Rio Madeira, 30
empreendimentos em operacdo, sendo 25 na planicie amazonica e 5 na Amazonia andina
(Figura 8). Destes empreendimentos existentes, 17 sio PCHs na Bacia do Rio Guaporé, um rio
de aguas claras. Ha, no entanto, planos de construgdo de 16 empreendimentos na Amazdnia
andina, sendo todos eles UHEs. Na planicie, mais 20 empreendimentos estdo planejados, sendo
12 UHEs (Figura 8). A expansdo de hidrelétricas na parte andina da bacia ¢ particularmente
preocupante do ponto de vista do transporte de sedimentos (Constantine et al., 2014; Almeida,
Tranvik, et al., 2015), uma vez que os rios andinos sdo a principal fonte de sedimentos em

suspensao para o rio Madeira (Guyot et al., 1996).
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Figura 8 - Numero de empreendimentos hidrelétricos planejados na Bacia do Rio Madeira de
acordo com a regido (Amazonia andina e planicie amazonica). Os empreendimentos estao

divididos de acordo com a poténcia instalada (UHE > 30 MW, PCH < 30 MW).

Considerando a magnitude e importancia do rio Madeira para a Bacia Amazonica, a
quantidade de estudos sobre sua biogeoquimica ¢ escassa. Isso se torna um problema
especialmente em virtude das mudangas ambientais em curso nesse rio. Um dos aspectos mais
bem estudados ¢ a biogeoquimica do mercurio. Historicamente, o rio Madeira vem sofrendo
com o garimpo ilegal de ouro, que teve pico no fim do século passado. O amalgamento de ouro
em garimpos ilegais produz expressivas quantidades de mercurio, que contaminam os
ecossistemas e as teias troficas. O histérico de extragdo de ouro explica as altas concentragdes
de mercurio em determinadas partes do rio Madeira (Malm et al., 1990), embora o rio Madeira
seja naturalmente enriquecido nesse metal toxico em comparagdo a outros rios do mundo
(Lechler et al., 2000), particularmente devido a alta carga de particulas em suspensdo. O
desmatamento em larga escala e a conversao de florestas em terrenos agricultaveis tém sido

apontados como potencializadores do enriquecimento de mercurio no rio Madeira (Maurice-
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Bourgoin et al., 2000; Almeida et al., 2005). Isso ajuda a explicar a alta acumulacdo de mercurio
em amostras biologicas no rio Madeira, incluindo populagdes ribeirinhas (Bastos et al., 2006).
Uma vez que o rio Madeira e seus tributarios apresentam areas com sedimentos enriquecidos
em mercurio oriundo da corrida do ouro na Amazdnia, h4 uma preocupagdo sobre a
possibilidade de hidrelétricas futuras potencializarem a bioacumulacdo de mercurio (Fearnside,
2014). Reservatorios podem formar zonas com sedimentos andxicos, o que favorece a
transformac¢do do mercurio para uma forma toxica e bioacumulativa por meio da metilacao.
Um estudo recente apresenta variagdes intra e interanuais da quimica da agua e dos
sedimentos em suspensdo do rio Madeira (Leite et al., 2011). Os transportes de cations, anions,
fosforo e sedimentos em suspensdo do rio Madeira sdo em boa parte originados na parte andina
da bacia (Leite et al., 2011; Almeida, Tranvik, et al., 2015). A sazonalidade da composi¢ao
quimica do rio Madeira, bem como de outros grandes rios amazonicos, ¢ bastante marcante,
tendo o pulso de inundacdo um papel muito forte (Devol et al., 1995). Além disso, hd uma
variagdo interanual também marcante (Leite et al., 2011), que ¢ dirigida principalmente por
variagdes interanuais no clima da bacia. Ha uma grande variag@o sazonal nas concentragdes de
sedimentos em suspensdo, que apresentam pico no periodo chuvoso (Leite et al., 2011);
nutrientes associados ao material particulado, como o fosforo, apresentam a mesma dinadmica
(Almeida, Tranvik, et al., 2015). Em Porto Velho (Rondodnia), regido onde os estudos dessa tese
foram conduzidos, o transporte anual de sedimento varia entre 277 e 306 Tg por ano (Leite et
al.,2011). Esse valor ¢ elevado, e estima-se que o rio Madeira seja o terceiro maior rio tropical

em termos de transporte de sedimentos em suspensao (Latrubesse et al., 2005).



32

1.3. OBJETIVOS

O objetivo central dessa tese foi analisar efeitos das mudangas ambientais em aspectos
biogeoquimicos da 4dgua do rio Madeira. O objetivo central pode ser desmembrado em trés

objetivos especificos, por meio dos quais buscou-se investigar:

(1) a relacdo do fluxo de CO; do rio Madeira com os eventos de cheia extrema que vem se
intensificando na regido;

(i1) os efeitos das usinas hidrelétricas recém construidas no rio Madeira na vazao e no transporte
de sedimentos em suspensdo e nutrientes associados a jusante da barragem;

(ii1) os efeitos da usina hidrelétrica de Santo Antonio nas caracteristicas fisicas e quimicas da
agua no canal central do rio Madeira e nos tributarios remansados pelo empreendimento na

regido a montante da barragem.

Para alcance dos trés objetivos especificos, foram elaborados trés artigos cientificos. Esses

artigos sdo apresentados nos capitulos 2, 3 e 4 dessa tese.
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2. EXTREME FLOODS INCREASE CO; OUTGASSING FROM A MAJOR
AMAZONIAN RIVER

, 6
Sintese’:

Os grandes rios amazonicos estdo sujeitos a pulsos de inundacao sazonais monomodais e
previsiveis. Nesse trabalho, investigou-se como a magnitude das inundagdes afeta a pressao
parcial do gas carbonico (pCO») e a emissdo de CO, no rio Madeira, um importante tributario
do rio Amazonas. Sao apresentados resultados de nove campanhas executadas entre 2009 e
2011, complementados com resultados de uma campanha adicional executada em abril de
2014, representativa da maior cheia ja registrada no rio Madeira. Tanto o pCO, (variagao:
835-9.694 patm) como a emissdo de CO; (variagio: 641-12.253 mg C m™ d") apresentaram
grande varia¢ao temporal (com picos durante as dguas altas), e aumentaram exponencialmente
com o nivel da 4gua. Em 2014, a emissdo de CO, por unidade de area foi 50% maior do que a
segunda maior taxa de emissao registrada no estudo. A reconstrucao de fluxos de CO, desde
1968 indicou que anos de cheia extrema emitem 20% mais CO; por unidade de area do que
em anos normais. Os resultados desse trabalho indicam um feedback positivo entre mudancas

climaticas, cheias extremas e emissdo de CO; no rio Madeira.
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Abstract

Large Amazonian rivers are characteristically subject to seasonal floods. We examine how
inundation extent affects the partial pressure of carbon dioxide (pCO,) and CO, outgassing in
the Madeira River, a large tributary to the Amazon River. We show data from 9 field
campaigns performed between 2009 and 2011, complemented with data from one additional
campaign in April 2014 that is representative of the largest flood on record. Both the pCO,
(range, 835 — 9,694 patm) and CO, outgassing (range, 641 —12,253 mg C m™>d"') had large
seasonal variability (with peaks during high water), and fit exponential relationships with
water level. CO, outgassing per unit area in 2014 was 50% higher than the other highest rate
in our dataset. Reconstruction of CO, fluxes since 1968 indicates that extreme-flood years
outgas 20% more CO, per unit area than years without reported occurrence of extreme floods.
Our findings indicate a positive feedback between climate change, extreme flooding, and CO;

outgassing from river water.
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2.1. INTRODUCTION

Amazonian rivers and streams play a large role in the global freshwater carbon cycle
(Richey et al., 1990; Richey et al., 2002; Raymond et al., 2013; Melack, 2016), with a total
carbon dioxide (CO,) outgassing estimated as ~200 Tg C yr' (Melack, 2016). This is
equivalent to 10-13% of total CO, outgassing from rivers and streams globally (Raymond et
al., 2013). The main source for such a large CO; evasion is CO, and organic matter derived
from upland sources and fringing floodplains (Mayorga et al., 2005; Johnson et al., 2008;
Ward et al., 2013; Abril et al., 2014). In particular, fringing floodplains are likely to play a
key role in sustaining CO, outgassing from waters of the central Amazon (Abril et al., 2014).
The large amounts of carbon that enter river waters from fringing floodplains can be
transported as dissolved CO, for hundreds of kilometers downstream before being emitted
(Abril et al., 2014). In floodplain and river waters, CO, outgassing is typically associated with
peaks in the hydrograph (Devol et al., 1995; Richey et al., 2002; Abril et al., 2014).

The role of floods in increasing aquatic CO, concentrations due to the input of plant
litter, soil CO; and terrestrial organic carbon has been recognized for a range of ecosystems
worldwide (Yao et al., 2007; Raymond e Saiers, 2010; Bianchi et al., 2013; Ruiz-Halpern et
al., 2015). In rivers of the Amazon basin, it is known that higher CO, outgassing occurs at
higher water levels (Devol ef al., 1995; Richey et al., 2002; Rasera, M. F. L. et al., 2013), but
it is not clear how CO; has been responding to the increased frequency of large floods
(Marengo et al., 2012; Marengo, J. et al., 2013). There is evidence that extreme climatic
events can affect the Amazon carbon cycle at a whole-basin scale (Davidson ef al., 2012;
Melack e Coe, 2012; Van Der Laan-Luijkx et al., 2015). However, with a few exceptions (e.g.
Melack e Coe (2012)), existing studies are forest-centric and do not encompass freshwater
systems. In particular, one question that is unanswered is whether supersaturation of CO; in
river water remains the same or is enhanced during an exceptional flood in comparison to a
normal flood.

Rainfall trends indicate an increased amount of precipitation over the Amazon basin
since the beginning of the 1990s (Gloor et al., 2013). This is true for the Madeira River basin,
the largest sub-basin of the Amazon. An analysis of flow duration curves indicates that nine
extreme floods occurred in the Madeira River between 1968 and 2012 (Marengo, J. et al.,
2013). In the Madeira River basin, years with extraordinary amount of rainfall are usually
associated with La Nifia events or warmer than normal sea surface temperatures in the tropical
South Atlantic, and they are often accompanied by extreme floods (Espinoza et al., 2013). In

2014, however, warm conditions in the western Pacific-Indian Ocean and abnormally warm
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waters in the Subtropical South Atlantic led to 80-100% more rainfall in the Madeira River
basin (Espinoza et al., 2014a). This resulted in the largest flood on record; peak discharge at
Porto Velho (~ 1,000 km upstream of the mouth) in February 2014 was 74% higher than the
average February discharge between 1970 and 2013 (Espinoza et al., 2014a). This study aims
to understand the effects of extreme floods on CO, outgassing from the Madeira River. We
use temporally resolved data, including results from the extreme flood in 2014. In addition,
we reconstruct CO; outgassing from the Madeira River since 1968 to demonstrate how

extreme floods affect annual CO, evasion rates.

2.2. METHODS
2.2.1. Site description

Originating in the Bolivian and Peruvian Andes, the Madeira River is the largest tributary
to the Amazon, contributing 15%, 14% and 50% of the Amazon River’s water, organic carbon
and suspended sediments transport, respectively (Moreira-Turcq et al., 2003; Latrubesse et
al., 2005). The basin area spans over about 1,400,000 km” (Figure 24), and the climate is
humid tropical, with mean annual precipitation of about 2,000 mm (Moreira-Turcq et al.,
2003). This high annual precipitation is unevenly distributed across the year (Villar et al.,
2009), so that discharges in the Madeira River can vary by one order of magnitude between
low and high waters, averaging 19,000 m’ s at Porto Velho (Almeida, Tranvik, et al., 2015)
and 31,000 m’ s™' at the mouth (Moreira-Turcq et al., 2003). The Bolivian plain, after the
headwater tributaries exit the Andes, is characterized by the occurrence of large wetlands. The
largest of these wetlands is the Llanos de Moxos, a 150,000-km* savanna floodplain
(Hamilton et al., 2004). In total, about one-fourth of Amazonian wetlands lie within the
Madeira River basin (Melack e Hess, 2010). The Madeira River flows into the Amazon River
in the central Amazon, downstream of the municipality of Manaus, Brazil (Figure 9).

Daily measurements of the Madeira River’s water level and discharge since 1968 were
obtained from the Porto Velho gaging station (code 15400000), available at the website of the
Brazilian National Water Agency (ANA) (http://hidroweb.ana.gov.br/). The raw data obtained
from ANA was transformed from centimeters to meters and then summed by the altitude

above sea level at the base of the ruler (43.5 m).
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Figure 9 - (a) Representation of the Amazon basin (light grey), highlighting the
Madeira River basin (dark grey) with the mainstream (thicker white line) and its major
Andean tributaries; the dark grey square shows the study area. The black area represents the
extent of wetlands in the Amazon basin mapped during the high-water phase, as described in
Hess et al. (2015). The large wetland between the rivers Beni and Mamoré¢ is known as Llanos
de Moxos. (b) Detail of the study area, with grey circles representing the sampling stations.
The whole study stretch is within Porto Velho municipality, and the urban area is highlighted

in the light grey square.

2.2.2. Sampling, analyses, and calculations

We show data from 9 field campaigns performed between 2009 and 2011, complemented
with data from one additional campaign in April 2014 that is representative of the largest
flood on record in the Madeira River basin (1968-present), both in terms of discharge and
water level. Samples were taken from near surface (~ 0.5 m) of six stations in the main
channel of the Madeira River, in a 100-km reach within the municipality of Porto Velho,
Brazil, about 1,000 km upstream of the confluence with the Amazon River.

We estimated CO, concentrations and the partial pressure of CO, (pCO,) from
concomitant measurements of pH and dissolved inorganic carbon (DIC) (Raymond et al.,
1997; Weyhenmeyer et al., 2012; Aberg e Wallin, 2014). Unfiltered water samples were
collected near surface and kept refrigerated in the dark at 4°C until analysis. The analyses
were performed within a week after completion of each field campaign. DIC concentrations
were determined on a Tekmar-Dohrmann TC analyzer (model Phoenix 8000). We calculated
CO, concentration from DIC, concentration of hydrogen ion [H'] and the equilibrium

constants of the CO, system at 25°C (Stumm e Morgan, 1996). pCO, was determined through
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CO, concentration, atmospheric pressure and the temperature-adjusted Henry’s constant
(Stumm and Morgan 1995). A detailed description of the calculation process of both CO,
concentrations and pCO; is presented in Weyhenmeyer et al. (2012). CO, concentrations were

used to calculate CO; fluxes according to the following equation:

F =k X (CO34q - COs54) (Eq. 1)

where F denotes the CO, flux (mg C m™ d™), k is the gas transfer velocity (m d™), COsqq1is the
concentration of CO, in the water (mg m™) and COas, is the saturation concentration (mg m’
?). COysqt Was calculated based on Henry’s constants and the atmospheric pCO; (390 patm,
measured at Porto Velho with an infrared gas analyzer; unpublished data from Pacheco, F.).
First, we calculated k499, which is £ normalized to a Schmidt number of 600 that
corresponds to the CO; at 20°C (Jahne et al., 1987). In rivers with large channels such as the
Madeira, wind is a strong regulator of kspp (Alin et al., 2011; Rasera, M. D. F. L. et al., 2013).
We calculated kg9 utilizing a wind-based model proposed for large rivers by Alin et al.
(2011). This model has been recently used to compute gas fluxes in large Amazonian rivers,
including the Madeira River (Ellis et al., 2012; Barbosa et al., 2016; Scofield et al., 2016).

The model proposed by Alin et al. estimates kg9 (in cm h™') as follows:
k600 = 4.46 + 7.11 X U10 (Eq. 2)

where U is the wind speed (m s™) at 10 m above surface. Hourly wind speed data measured
10 m above surface from the Porto Velho meterorological station (08°45'S 63°28'W, 95 m
a.sl.), the closest available weather station, were provided by the Brazilian Institute of

Meteorology (INMET). The average ksoo was 11.6 £ 1.0 cm h™' (Table S1).

We then calculated £, corrected for river water temperature, using the following

equation:

k = keoo (%)_0.5 (Eq. 3)

where Sc is the Schmidt number of CO, at a given temperature (Wanninkhof e Knox, 1996).

River water temperature was measured at the time of sampling.
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The wind-based model that we utilized to estimate koo does not incorporate important
additional predictors, such as water velocity, depth, and discharge, because these variables
were not sampled extensively enough by Alin ef al. (2011) to allow a multiple linear
regression including wind speed and water velocity. We explored how our results would
change if we used a water velocity-based model of reaeration. We computed kso9 using
equation 5 from Table 2 in Raymond et al. (2012). Water velocity data, measured with
acoustic Doppler current profiler (ADCP), were downloaded from the ORE-HYBAM station

at Porto Velho (http://www.ore-hybam.org). The average ke calculated via the water

velocity-based model was 9.0 + 0.2 cm h™', with negligible seasonal variation.

2.3. RESULTS AND DISCUSSION
2.3.1. Partial pressure of CO; (pCO;) and CO; outgassing

We did not find a statistical difference in pCO, values among the six sampling stations
(Kruskal-Wallis test, H = 1.046, df = 5, p = 0.96). Results from these stations are presented as
average + standard deviation. The Madeira River is supersaturated in CO, throughout the year
(Table 3; Figure 10). There was substantial variation through the phases of the flooding cycle,
with peaks at high waters (Table 3). There was considerable variation even within phases,
with pCO; varying by up to a factor of 2 within the same flooding phase in different years
(Table 3). Variation in water level and discharge are correlated with this variability (Figure 2-
A and Figure 2-B). The best fitted models for the relationship with pCO, were an exponential
curve for water level (r* = 0.96, p < 0.05; Figure 10-A) and a linear curve for discharge (1* =
0.93; p <0.05; Figure 10-B). The association of pCO, with the hydrograph has been
demonstrated elsewhere (Devol et al., 1995; Rasera, M. D. F. L. et al., 2013; Richey et al.,
2013), but an exponential model for the relationship between pCO, and water level has not

been demonstrated previously.
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Table 3 - Variation of pCO, (patm), CO, outgassing (“F-CO,”, mg C m™ d') and water level

(“WL”, meters) through the four phases of the flooding cycle in the Madeira River.

Minimum Maximum
Flooding phase pCO, F-CO, WL pCO, F-CO, WL
Low water 835 641 45.2 1544 1686 47.3
Rising water 2805 3283  52.1 3957 4813 549
High water 4301 4962 56.8 9694 12,553 63.2
Receding water 1758 1859 48.3 4119 6223  54.7
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Figure 10 - (a) Water level vs. pCO,, (b) discharge vs. pCO», (c) water level vs. CO,

outgassing, and (d) discharge vs. CO, outgassing. Each data point represents the average of

quarterly measurements made at six sampling sites in the Madeira River at Porto Velho

between 2009 and 2011, complemented with measurements made during the peak of the 2014
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extreme flood (water level = 63.2 m; discharge = 58.2 dam’ s™'). The error bars represent the
standard deviation, and the dashed grey lines delimit the 95% confidence bands. All

relationships are statistically significant (p < 0.05).

Our pCO; results are in good agreement with previous studies in terms of seasonality
and range of values. In a synthesis of the studies of CO, concentrations in Amazonian
freshwaters, Melack (2016) report pCO; values ranging from 259 to 20,000 patm in
Amazonian large river systems, with the seasonal trend tracking the hydrograph. Reported
pCO; values near the mouth of the Madeira River range from 1,239 — 4,250 patm (Abril et
al.,2014) and 2,130 — 5,087 patm (Richey et al., 2002). That the maximum pCO, values near
the mouth (4,250 — 5,087 patm) are lower than those that we report here (9,694 patm) is not
unexpected. Our measurements were made 1,000 km upstream the mouth, and Amazonian
rivers typically outgas CO, downriver (Abril ef al., 2014). In the Solimdes River, for instance,
pCO; decreases by as much as three-fold as one moves ~1,000 km downriver from upstream
of the confluence with the Negro River to the confluence with the Tapajos River (Abril ef al.,
2014). To our knowledge, there is only one reported pCO; for the Madeira River at Porto
Velho (1,110 patm, Alin ef al. (2011)), which is representative of the low water phase and it
is close to our average low water-phase pCO, (1,248 patm).

Large seasonal variability, peaks at higher water levels, and association with water
level and discharge were observed for CO, outgassing (Tabela 1; Figure 10-C and D). Our
range of CO, evasion rates (641 — 12,253 mg C m™ d") falls within the range of CO, fluxes
reported for Amazonian rivers. In a synthesis of published rates, Melack (2016) reports that
CO, fluxes vary from an influx of 830 mg C m™ d' to the efflux of 15,860 mg C m™>d™. Our
receding-water evasion rates (average 3,224 mg C m™ d™') are similar to the receding-water
phase outgassing measured at the mouth of the Madeira River (2,167 mg C m™ d”, Ellis et al.
2012). With the exception of 2014’s extreme flood (11,253 mg C m™ d™'), our high-water
stage outgassing (average 6,216 mg C m™ d') are similar to high-water stage outgassing
reported for the Solimdes River (7,154 mg C m™ d”', Rasera et al. 2013). In the 2014 flood,
the areal evasion rate of CO; in the Madeira River was almost 50% higher than the second
highest rate in our dataset.

Our modeled kgoo values (11.6 + 1.0 cm h™") were quite close to the measured kego of
the Madeira River at Porto Velho during the low water phase (9.7 cm h™', Alin et al. 2011), as

well as to recent reports of keoo for other large Amazonian rivers (Alin et al., 2011; Kemenes
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etal., 2011; Rasera, M. D. F. L. et al., 2013; Scofield et al., 2016). Our modeled k values do
not incorporate the influence of increased water velocities, which may be particularly
significant during extreme flood events. For instance, Rasera et al. (2013) have suggested that
increased water velocity during high-water phases may lead to higher keoo. Raymond et al.
(2012) propose some models to estimate kg from water velocity and river slope, but their
models were derived from temperate small streams; in large tropical rivers such as the
Madeira, wind speed has been reported as a strong predictor of koo (Alin et al., 2011; Rasera,
M. D. F. L. etal., 2013). Although the use of available water velocity-based models has
limitations, we assessed how utilizing a water velocity-based model would have influenced
our computation of CO; outgassing, and further the relationship that we encountered between
CO; outgassing and water level. The average keoo computed from water velocity was 9.0 £ 0.2
cm h™'. CO, outgassing rates calculated from water velocity-based keoo values (average, 3,373
+ 2,782 mg C m> d'l; range, 445 — 9,323 mg C m> d'l) were not significantly different
(Mann-Whitney rank sum test, W = 1206, p = 0.07) from those calculated with wind speed-
based keoo values (average 4,137 + 3,248 mg C m™ d™'; range 590 — 11,116 mg C m™> d™).
While there is uncertainty in our understanding of the k values in the Madeira River, the
exponential character of the relationship was maintained regardless of the k computation

approach used.
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Figure 11 - Comparison of the relationship between CO, outgassing and water level on the
basis of different approaches to calculate gas transfer velocity (k). The black data points were
calculated from a wind-based k (same as in Figure 2-C), whereas the grey data points were

calculated from a water velocity-based k

2.3.2. Validation of the encountered patterns and relationships

We compared the annual variation in pCO, near the mouth (Richey et al., 2002; Abril
et al. 2014) and at Porto Velho (this study), about 1,000 km upstream the mouth (Figure 12-
A). The peak of CO,-supersaturation at Porto Velho is higher than at the mouth, probably
because there is gradual CO, degassing downstream (Abril ef al., 2014). In contrast, the
minimum at Porto Velho is lower. Because of this lower annual amplitude, there is a larger
CO; supersaturation near the mouth than upstream when averaging throughout the year (3575
patm against 3060 patm). In addition, there is a two-month time lag between the peak at Porto
Velho and the observed peak at the mouth (Figure 12-A), which cannot be explained by the

water travel time (less than 15 days).
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Figure 12 - (a) Seasonal variation of pCO, in the Madeira River (near mouth and at Porto
Velho, about 1,000 km upstream the mouth) and in the Amazon River (near the confluence
with the Madeira River). To help interpret the results, the water level variation at these three
locations is displayed in (b). pCO; data from the Madeira River near mouth and from the
Amazon River were taken from Richey ef al. (2002) and Abril et al. (2014). Monthly values
for the Madeira River at Porto Velho were reconstructed utilizing the equation of Figura 10-A
on the basis of monthly average of water level between 1968-2014. Water level data were

downloaded from the Brazilian National Water Agency (ANA) website.
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To understand the time lag between pCO; peak near the mouth and 1,000 km
upstream, it is important to consider that the Madeira River is subject to a backwater effect
caused by the Amazon River. Hydrological data collected 260 km upstream the mouth of the
Madeira River indicate that the water level is 2-3 times higher during falling stages than
during rising stages at a same discharge (Meade et al. 1991). This is due to a two-month time
lag between the peak discharges of the Madeira and Amazon rivers (Meade et al. 1991). The
reported lag in peak discharge is identical to the time lag in peak pCO; (Figure 12-A), as
confirmed by the hydrographs (Figure 12-B). Therefore, both water level and pCO; near the
mouth mirror the variation in the Amazon River (Figure 12-A and B), and are not necessarily
linked to the variation upstream.

Similarly, the lower amplitude in pCO; annual variation near the mouth is attributable
to the backwater effect. Because peak discharges of the northern and southern tributaries of
the Amazon River have different timings, the discharge of the Amazon River varies by a
factor of 3, whereas its tributaries vary their discharge by a factor of 10 (Meade ef al., 1991).
As the water level near the mouth is higher during receding and low waters in comparison to
upstream portions, the connectivity with fringing wetlands is retained, which may maintain
input of carbon from floodable areas.

Finally, to examine further the exponential increase shown in Figure 10-A, we plotted
pCO; data from previous work against water level (Figure 13). The relationship between
pCO; and water level was exponential rather than linear using datasets with seasonal coverage
near the mouth (Richey et al., 2002; Abril ef al., 2014), suggesting that the pattern that we
found at Porto Velho is repeated at the mouth.
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Figure 13 - Relationship between water level and pCO, at the mouth of the Madeira River
based on pCO; data taken from (a) Richey et al. (2002) and (b) Abril et al. (2014). Water level
data was downloaded from Brazil’s National Water Agency (ANA) website (station
15940000 at Nova Olinda do Norte, near the mouth), and averaged for each month of the
year. Water level is presented raw, as we did not have access to the altitude above sea level at

the base of the ruler. All relationships are statistically significant (p < 0.05).

2.3.3. Adjoining floodplains sustaining CO; outgassing

We observed an exponential relationship between CO; outgassing and water level caused
by increased CO; concentration in the water during high-water stages (Figure 10). High CO,
concentrations in the main channel of Amazonian rivers during floods have been attributed to
increased input of labile carbon from fringing floodplains, as well as lateral export of CO,
derived from plant root and microbial respiration (Rasera, M. D. F. L. et al., 2013; Abril et
al., 2014). The relationship between pCO, and water level presented here reinforces the
floodplain source hypothesis. The shape of the relationship between water level and discharge
indicates that, after a certain point, increases in water level are caused by a proportionally
larger increase in discharge (Figure 14). Therefore, it is expected that each unit increase in
water level results in a considerably larger increase in flooded area. This relationship between
water level and flooded area has been observed in the Llanos de Moxos (Hamilton et al.,
2004; Ovando et al., 2015), a large wetland within the Madeira basin (Figure 9). The
disproportionate increase in the lateral inundated area during floods likely results in the input

of inorganic and organic carbon from floodable areas (Ruiz-Halpern et al., 2015), which is



47

corroborated by the fact that there is substantial organic carbon enrichment as the Madeira
tributaries exit the Andes and enter the Llanos de Moxos (Guyot e Wasson, 1994).
Connectivity with floodplains also affects CO, seasonal dynamics in other river basins
(Teodoru et al., 2015), and it explains differences in CO, from one catchment to another

(Borges, Abril, et al., 2015; Borges, Darchambeau, et al., 2015)
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Figure 14 - Relationship between discharge and water level in the Madeira River based on

data measured during our sampling dates. The grey dashed lines delimit the 95% confidence

band.

Although our findings reinforce the floodplain source hypothesis, our dataset does not
allow us to define the origin of the CO; that is being emitted by the Madeira River. Water-
column respiration and CO; outgassing from Amazonian rivers are supported by multiple
sources (Melack, 2016). In some Amazonian whitewater rivers, about 60% of CO; outgassing
has been attributed to water-column respiration (Ellis ef al., 2012), which is fueled by carbon

derived from C4 floodplain grasses (Quay et al. 1992). However, these sediment-laden rivers
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also respire phytoplankton-derived carbon (Ellis et al., 2012), especially because algal
biomass produced in adjacent floodplain lakes drains into the river channel. In addition, a
recent study demonstrates that macromolecules formerly considered to be refractory are
intensely mineralized within river channels (Ward et al., 2013), and even aged carbon from
sedimentary rock and carbonate weathering can sustain a portion of CO; evasion (Vihermaa et
al., 2014). Finally, dissolved CO, from plant roots and microbial respiration can be laterally
exported to river channels (Richey et al., 2002). The magnitude of the contribution of each of

these potential sources is temporally and spatially variable (Ellis et al., 2012).

2.3.4. Reconstruction of CO; outgassing

Based on the relationship between CO, and water level, we reconstructed CO;
outgassing from the Madeira River using daily water level measurements since 1968 (Figure
15-B). Between 1968 and 2014, the average annual CO; outgassing from the Madeira River at
Porto Velho was 15.2 +2.1 Mg C ha™' yr''. This is higher than the estimated flux over flooded
areas of the central Amazon basin (8.3 £ 2.4 Mg C ha™' yr''; Richey et al. 2002), but it has
been suggested that Richey et al.’s estimate is likely underestimated because they used a
conservative k for primary tributaries (Alin et al., 2011; Rasera, M. D. F. L. et al., 2013;
Melack, 2016).

The annual CO; evasion rates were significantly higher (Student’s t-test, p<0.05) in
years with reported occurrence of extreme floods (17.6 + 2.0 Mg C ha™' yr™') than in years
with normal floods (14.5 + 1.5 Mg C ha yr''"), with ~ 20% more evasion in extreme-flood
years. In 2014, when the largest flood on record occurred, the annual rate of CO, outgassing
was ~ 45% higher than the average since 1968. Within our reconstructed dataset, six years
displayed areal CO, outgassing at least one standard deviation above the mean between 1968
and 2014, five of which were characterized as extreme-flood years in the Madeira River
(Marengo et al. 2013). By contrast, five years had areal CO; outgassing at least one standard
deviation below the mean. Four of these years were between 1968-1971, and this period was
characterized by low rainfall in the Madeira River basin (Ronchail, Josyane et al., 2005). The
other year, 2005, was characterized by a record-breaking drought in the Amazon basin
(Marengo, J. et al., 2008). Hence, atypically dry years have the opposite behavior of extreme

floods and tend to reduce CO, outgassing from water.
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Figure 15 - (a) Madeira River’s annual maximum water level at Porto Velho between 1968-
2014. A slight increasing trend can be observed (y = 1.3821 + 0.0288x, r* = 0.11, p < 0.05).
(b) Annual CO; outgassing from the Madeira River at Porto Velho (dotted black line)
reconstructed based on the equation of Figure 2-C. Daily water level measurements since
1968 were downloaded from the website of the Brazilian National Water Agency (ANA). The
arrows indicate extreme-flood years in the Madeira River according to a flow duration
analysis (Marengo et al. 2013) complemented with the 2014 flood. Marengo et al. (2013)
consider extreme-flood years those in which the maximum annual water level is greater than
one standard deviation above the average annual maximum level. The upper and lower dashed
horizontal lines indicate one standard deviation above and below the mean annual CO,

outgassing over the entire period, respectively.

It is important to consider that the inundated area increases significantly during

extreme floods, so that not only areal CO, fluxes increase, but also total fluxes. For instance,
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assuming that during extreme floods the entire area subject to inundation in the Madeira River
basin is flooded (210,100 km*; Melack and Hess 2010), and extrapolating the extreme-flood
CO, outgassing measured at Porto Velho to the whole basin, about 2,300 Gg C d' are emitted
during the peak of an extreme flood. Applying the same procedure to low water - when 26%
of the area subject to inundation is flooded (Hess et al., 2003) - results in a daily basin-wide
CO; emission of 30 Gg C, or 80 times smaller. This extrapolation is only for comparison
purposes, as the rates of CO; efflux in forested floodplains and the parent river are

significantly different (Scofield et al., 2016).

2.4. CONCLUSION

Climate models project that both the frequency and intensity of extreme rainfall events
will increase in the western Amazon (Marengo et al., 2009). Our analysis suggests that water
level has an increasing trend in the Madeira River (Figure 15-A). This is in agreement with
the observed intensification of the hydrological cycle in this region of the Amazon basin over
the past decades (Gloor et al., 2013). The evidence that we provide here indicates that
increased severity in flooding events considerably increases water-air CO, outgassing.

We conclude that extreme floods act as pulses that release vast pools of carbon to the
atmosphere within short time scales in the Amazon basin. This has also been shown to occur
in other watersheds of the world such as the Mississippi River basin (Bianchi ef al., 2013).
We suggest that the recent trend of increased frequency of extreme floods in the Amazon has
been enhancing the transfer of carbon from floodable areas to the atmosphere in the form of
CO,. Climate models should include this positive feedback between climate change, extreme

flooding and aquatic CO; fluxes in the Amazon basin.
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3. EFFECTS OF A LARGE AMAZONIAN RUN-OF-RIVER DAM ON
DOWNSTREAM HYDROLOGY, SUSPENDED SEDIMENTS, AND NUTRIENTS

Sintese’:

Duas das maiores usinas hidrelétricas a fio d’agua do mundo foram construidas recentemente
no rio Madeira, um tributario amazonico que transporta uma vasta quantidade de sedimentos
em suspensao originados nos Andes. Grandes reservatorios de armazenamento geralmente
retém a maior parte dos sedimentos aportados, mas o aprisionamento de sedimentos em
reservatdrios a fio d’agua ¢ pouco conhecido. Estudos anteriores alertaram para a redugdo do
transporte de sedimentos e nutrientes associados no rio Madeira em decorréncia da construgdo
de barragens. Nesse artigo, ¢ demonstrado que, ao contrario das expectativas, as usinas do
Madeira ndo afetaram o transporte a jusante de sedimentos em suspensdo, carbono organico
total, e nutrientes associados (fosforo, potassio, calcio e magnésio) essenciais para a
produtividade do rio e de suas planicies inundaveis. Isso ¢ atribuido ao baixo tempo de
residéncia (média: 2,4 dias) e a elevada velocidade da 4gua (média: 1,2 m/s) que limitam a
sedimentacdo de particulas em suspensdo, que sao predominantemente finas e leves. A
barragem aumentou sensivelmente a variacdo da vazao a jusante, particularmente durante as
aguas baixas, mas fora isso houve pouco efeito no regime de vazao. Por um lado, os
resultados indicam que as usinas do Madeira ndo afetaram o transporte de material particulado
do rio, mas evidéncias provenientes de diversos locais ao redor do mundo indicam que
reservatorios de armazenamento nas partes altas da bacia podem reduzir drasticamente o
transporte de sedimentos e nutrientes a jusante. Os resultados desse artigo tém importantes
implicagdes politicas e de tomada de decisdo considerando a pressao atual para que o Brasil
volte a construir reservatorios de armazenamento para aumentar a seguranga energética em

um contexto de mudancas climaticas.
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Abstract

Two of the world’s largest run-of-river dams have recently been constructed on the Madeira
River, an Amazon tributary that is a major source of suspended sediment from the Andes.
Whereas storage dams typically retain most sediments, the extent to which modern run-of-
river dams do so is uncertain. Here we show that contrary to expectations, the Madeira dams
have not detectably affected downstream transport of total suspended sediments, total organic
carbon, and associated nutrients (phosphorus, potassium, calcium, and magnesium) critical for
downstream river and floodplain productivity. This is likely because the reservoir’s short
residence time and rapid water velocity prevent substantial sedimentation of the
predominantly fine-grained sediments. The dams modestly increased downstream flow
variability, particularly at lower flows, but otherwise had little effect on the flow regime.
While the Madeira run-of-river dams may not affect suspended sediment transport, evidence
from throughout the world suggests that storage dams in the upper basin could dramatically
reduce downstream sediment and nutrient supply. Our findings have important policy
implications given the current push for storage dams to improve Brazil’s energy security in
the face of climate variability. The implications of our findings apply not just to the Amazon
because undammed large rivers throughout the tropics face the same prospect of downstream

sediment and nutrient deprivation by new dams.
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3.1. INTRODUCTION

Experience from throughout the world indicates that dams dramatically reduce
downstream transport of sediments and associated nutrients (Vordsmarty et al., 2003). For
example, damming has reduced the sediment loads of sediment-rich Himalayan rivers by
>75% (Gupta et al., 2012). The series of dams of the large Sao Francisco River in Brazil has
diminished nutrient transport and productivity of coastal waters (Medeiros et al., 2011). In
Zambia, a single dam on the Kafue River has reduced phosphorus delivery by 60% to the
Kafue Flats, a downstream Ramsar wetland (Kunz et al., 2011). In China, the formerly turbid
middle Yangtze River has become clear due to damming, and sediment and total phosphorus
loads have been reduced by 90% and 77%, respectively (Zhou et al., 2013), greatly
decreasing the productivity of downstream coastal wetlands (Yang et al., 2005).

Most of the existing knowledge on sediment retention by dams comes either from
storage dams with large reservoirs that trap most sediment inputs or from relatively small run-
of-river dams with shallow reservoirs that tend not to retain sediments (Csiki ¢ Rhoads, 2014).
Overall, however, the ecological impacts of run-of-river dams remain poorly understood
(Anderson et al., 2015). In particular, the extent to which modern, large run-of-river dams
such as those newly constructed, under construction, and planned in the Amazon basin (Finer
e Jenkins, 2012; Winemiller ef al., 2016) may affect the downstream transport of sediments
and associated nutrients is not known.

The Amazon River system remains largely undammed and carries its natural sediment
load. Decades of research comparing Amazonian rivers and floodplains with and without high
sediment loads from Andean watersheds have shown how sediment transport profoundly
influences river and floodplain biodiversity, productivity, and ecosystem processes, extending
to the capacity of floodplains to support people through fisheries, harvest of other wild foods
and products, and agriculture (Mcclain e Naiman, 2008). In recent years, new large dams have
been proposed on nearly all of the sediment-rich Andean tributaries to the Amazon system
(Finer e Jenkins, 2012) (Figure 16-a), raising concerns about downstream sediment and
nutrient deprivation, among other issues (Finer e Jenkins, 2012; Constantine ef al., 2014;
Almeida, Tranvik, et al., 2015). While the drivers of this new era of dam construction are
complex, recent droughts in southern Brazil have underscored the vulnerability of a national
electricity grid supplied mainly (~65%) by hydropower generated within a few river systems
(Cerqueira, 2015). Expansion of hydroelectric generation capacity by building new dams in

other river systems within Brazil and in neighboring countries is touted to increase energy
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security, and storage dams are seen as a more reliable energy source during low flow periods
(Hunt et al., 2014).

One of the largest South American river systems with untapped hydroelectric potential
is the Madeira River, an Amazonian tributary originating in the Bolivian and Peruvian Andes
that carries enormous amounts of sediments (Aalto et al., 2003; Mcclain e Naiman, 2008).
The high sediment loads of the Madeira River maintain channel meandering and floodplain
dynamics (Constantine ef al., 2014), and supply nutrients that support high rates of primary
production in the extensive floodplains of lowland reaches (Furch, 1997; Mcclain e Naiman,
2008). Two large run-of-river dams were recently built on the mainstem of the Madeira River
in Brazil. Several more dams have been proposed for upriver reaches, including large storage
dams on tributaries(Finer e Jenkins, 2012) (Figure 16-a). The environmental impact
assessment (EIA) of the first two Madeira dams predicted low sedimentation behind the dams,
and therefore a minimal impact on sediment and nutrient export. However, there has been
much controversy and uncertainty about the EIA estimates (Fearnside, 2013; 2014), and
scientists have raised concerns about sediment trapping behind dams in the Madeira River
basin (Leite et al., 2011; Constantine ef al., 2014; Almeida, Tranvik, et al., 2015).
Understanding the effects of the Madeira dams on river sediment and nutrient transport is
critical to inform decisions on the siting and design of new Amazonian hydropower facilities.

Here we examine the downstream impacts of the Santo Antonio dam, which was filled
to full pool in 2011 and designed for an installed capacity of 3,568 MW. The Jirau dam (3,750
MW) is about 110 km upstream and of similar design, and reached full pool in 2012 (Figure
16-b). We consider 2011 as a transitional year when the Santo Antonio reservoir was filling
and electricity was not being generated yet, and the period from 2012 on as post-dam normal
operations. We present five years of pre-dam and five years of post-dam measurements from
above and below the Santo Antdnio reservoir to explore whether the dam and its reservoir
have affected downstream concentrations and loads of total suspended sediments (TSS), total
phosphorus, total organic carbon (TOC), potassium, calcium, and magnesium. Phosphorus,
potassium, calcium, and magnesium are relatively abundant nutrients in sediment-rich rivers
such as the Madeira, and they support high rates of floodplain productivity downstream

(Furch, 1997).
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Figure 16 - Location of existing and planned Amazonian dams, map of the newly built
Madeira River dams, and hydrology of the Madeira River downstream of the dams. a,
Existing and planned Amazonian dams based on data from ref. (16) complemented with data
from http://dams-info.org. The dams were divided according to installed capacity classes as in
ref. (16). The red boundary delimits the Amazon River basin, and the Madeira River basin is
highlighted in pink. The Santo Antonio and Jirau reservoirs (indicated by the arrow in a) are
shown in b. Our sampling stations for water chemistry are located immediately upstream and
downstream of the Santo Antonio dam. The Porto Velho station for water discharge and
suspended sediment measurements is located 80 km downstream of the Santo Antonio dam. ¢,
Daily discharge of the Madeira River at Porto Velho between 2006 and 2016. d, Daily percent
change in discharge (pre- vs. post-dam one-tailed Student’s t-test: t =-11.3, df = 3,650, P <
0.05). e, flashiness index at low flow (Qqs), i.e., discharge < 7,586 m’ s’ (t=-3.0,df=8,P<
0.05). In a, b and ¢, pre-dam data are shown in blue and post-dam data are shown in red; the

white bar (2011) represents the Santo Antdnio reservoir filling year.

3.2. RESULTS
First, we examined downstream hydrological alterations in the Madeira River
following dam closure (Figure 16-c,d,e; Figure 17, Figure 18, Figure 19). The marked

unimodal flood regime was maintained after dam closure (Figure 16-c). Two of the post-dam
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years spanned a wide range of discharge: 2014 had the largest annual average discharge on
record (Espinoza et al., 2014b), and 2016 had the second lowest annual average discharge on
record, with records extending back to 1968. Comparison of pre-dam and post-dam discharge
data shows no significant differences in annual minimum and maximum discharges (Figure
17-a,b). Nonetheless, the Santo Antonio dam did increase short-term variability in discharge.
The mean pre-dam absolute daily change in discharge was 2.3%, and it significantly increased
to 3.9% after dam closure (Figure 16-d). Daily changes in discharge are particularly
pronounced at low flow (Figure 16-c,d). This increase in daily variability is corroborated by
significantly higher flashiness indices (i.e., the sum of absolute daily change in discharge
divided by the sum of average daily discharges) at low flows (Figure 16-¢), as well as higher
daily discharge fall and rise rates after dam closure (Figure 17-c,d). In addition, the
occurrence of switches from a discharge rising period to a falling period or vice versa (i.e., the
number of reversals) significantly increased after dam closure (Figure 17-¢). Pre- and post-
dam differences in the flashiness index increase as discharge decreases, coinciding with
periods of higher water residence time within the reservoir (Figure 18-a,b).

The hydrological alterations observed at the Porto Velho gage station (~ 80 km
downstream of the dam) are propagated for at least 250 km downstream to the next gage
station (Humaitd), although the effect is weaker as indicated by smaller ¢ values and a lack of
significant difference in flashiness indices at low flows at the downstream site (Figure 19).
Thus, there is downstream attenuation of the short-term fluctuations as the water moves
through the intervening reach, likely explained by channel and floodplain effects (Lininger e
Latrubesse, 2016), and perhaps mitigating effects of the influx of tributaries to the Madeira

including the Ji-Paran4 and Jamari rivers.
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Figure 17 - Annual minimum and maximum discharges downstream of the Madeira dams.
Annual a, 30-day minimum and b, 30-day maximum discharges at Porto Velho between 2006
and 2016. The annual 1-day and 7-day minimum and maximum discharges displayed the
same temporal pattern as 30-day minimum and maximum and, therefore, are not shown.
Annual average of ¢, discharge fall rates (t = 3.8, df = 8, P < 0.05), d, discharge rise rates (t =
-2.2,df =8, P <0.05), and e, number of reversals (t =-8.7, df = §, P < 0.05). Pre-dam data are
shown in blue and post-dam data are shown in red; the white bar (2011) represents the Santo

Antonio reservoir filling year.
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Figure 19 - Indicators of short-term discharge variability 250 km downstream of the Santo

Antonio dam (at Humaité). a, Flashiness index at low flow (Qas), i.e., discharge < 9,297 m’ 5™

(pre- vs. post-dam one-tailed Student’s t-test: t = 0.8, df = 7, P = 0.21). Annual average of b,

discharge fall rates (t = 2.0, df =7, P < 0.05), ¢, discharge rise rates (t =-2.0, df =7, P <0.05),

and d, number of reversals (t =-2.2, df =7, P < 0.05). Pre-dam data are shown in blue and

post-dam data are shown in red; the white bar (2011) represents the Santo Antdnio reservoir

filling year.

We examined the effects of the dam on downstream sediment transport and water

chemistry in two ways. First, we compared the correlation between concomitant

measurements made upstream and downstream of the Santo Antdnio reservoir. Upstream and

downstream measurements were strongly correlated before dam closure, as indicated by

correlation coefficients close to 1 (Figure 20). After dam closure, most variables remained

correlated, though not

as strongly. Increases in water residence time after the reservoir

creation and flashiness in outflow discharge may explain the lower correlations. Correlations

remained strong after dam closure for turbidity and nutrients, suggesting low retention of

inflowing suspended sediment and nutrient loads within the reservoir.
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Figure 20 - Scatterplots of concomitant pre- and post-dam measurements made
upstream and downstream of the Santo Antonio dam. a, turbidity. b, total organic carbon
(TOC). ¢, total phosphorus. d, total potassium. e, total calcium. f, total magnesium. Pre- and
post-dam data points and correlation coefficients (r) are shown in blue and red, respectively.

All correlations were significant (P < 0.05).

Comparisons of measurements at the downstream location before and after dam
closure provide another indication of the effects of the dam on sediments and water chemistry
(Figure 21). Pre- and post-dam downstream concentrations did not significantly differ for TSS
(Figure 21-a), TOC (Figure 21-b), total phosphorus (Figure 21-c), total potassium (Figure 21-
d), and total magnesium (Figure 21-f). Total calcium concentrations increased after dam
closure (Figure 21-¢), but this increase was observed both above and below the dam (Figure
20), likely reflecting interannual variation in the Madeira River chemical composition (Leite

et al., 2011) rather than an effect of the dam.
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Figure 21 - Downstream pre- and post-dam concentrations of suspended sediments and
associated nutrients. Violin plots (i.e., hybrids of box plots and kernel density plots) depicting
pre- and post-dam concentrations of a, total suspended sediments (pre- vs. post-dam one-
tailed Student’s t-test: t = -0.7, df = 62, P = 0.24), b, total organic carbon (t =-0.4, df = 26, P
= 0.34), ¢, total phosphorus (t = -0.1, df =26, P = 0.45), d, total potassium (t =-1.0, df =26, P
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=0.15), e, total calcium (t = -2.1, df =26, P = 0.02), and f, total magnesium (t = -1.7, df = 26,
P =0.06). Each data point is shown within the plot, and the lines within the violins delimit the
quartiles.

We used concentrations and discharge to calculate daily loads of TSS, TOC and
associated nutrients, from which annual loads were estimated. There was no significant
difference in average pre- vs. post-dam loads of TSS (Figure 22-a), TOC (Figure 22-b), total
phosphorus (Figure 22-c), total potassium (Figure 22-d) and total magnesium (Figure 22-¢).
Total calcium loads significantly increased after dam closure (Figure 22-f) but as noted above
this was not a dam effect. The interannual variability in the loads mirrors the interannual
variability in discharge (Figure 22-a). For TSS, annual loads varied by a factor of 4 between
the extreme flood year (2014) and the extreme drought year (2016). These results agree with
recent findings that climate extremes amplify the interannual variation in the water chemistry

of the Madeira River (Almeida, Pacheco, et al., 2016).
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Figure 22 - Downstream pre- and post-dam loads of suspended sediments and associated
nutrients. a, Annual average discharge (points) and annual TSS loads (bars) between 2006 and
2016 (pre- vs. post-dam one-tailed Student’s t-test, t = -0.1, df = 8, P = 0.48). Pre-dam data
are shown in grey and post-dam data are shown in black; the white bar (2011) represents the
Santo Antdnio reservoir filling year. Because they displayed the same temporal variation as
TSS, loads of b, total organic carbon (TOC) (t = 0.6, df = 8, P = 0.28), ¢, phosphorus (t =-0.9,
df =8, P =0.20), d, total potassium (t =-1.9, df = 8, P = 0.05), e, total calcium (t =-2.1, df =
8, P =0.03), and f, total magnesium (t =-1.1, df = 8, P = 0.15) are presented as pre- and post-

dam error bars (average + standard deviation).

3.3. DISCUSSION

The two run-of-river Madeira dams have not caused a detectable reduction in the
transport of suspended sediments (as indicated by TSS and turbidity measurements) and
associated nutrients by the Madeira River. At medium to high flows (i.e., during 50% of the
time), when concentrations and loads are substantially higher (Leite et al., 2011; Almeida,
Tranvik, et al., 2015), the inflowing water travels through the reservoir in 0.4 to 1.4 days, at
velocities of 1.1 t0 3.7 m s (Figure 18-b,c). In addition, suspended sediments carried by the

Madeira River are primarily fine-grained (Bouchez et al., 2011; Leite et al., 2011); most of
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the Andean-derived coarse sediment particles are trapped uprive in the Andean piedmont
(Guyot et al., 1999). The combination of fine-grained suspended particles with lower settling
velocities (Bouchez ef al., 2011), short water residence time of the reservoir (annual average:
2.4 days; Figure 18-b), and turbulence due to elevated water velocities within the reservoir
(annual average: 1.2 ms™'; Figure 18-c) evidently prevents substantial sedimentation of fine
suspended sediments behind the Santo Antdnio dam. The upstream Jirau dam should be
similar in this regard. Our pre- and post-dam comparisons for samples taken below the Santo
Antonio dam should also reflect any changes caused by the Jirau dam because it is just

upstream of the Santo Antdnio reservoir and was filled one year later.

Our results are restricted to fine-grained sediments that are transported in suspension,
which carry nutrients essential for downstream productivity, and this study does not address
the issue of bedload retention. Sand accounts for ~12% of the Madeira River’s total sediment
load, mostly as fine and very fine particles (i.e., <0.125 mm), with the remainder composed of
finer particles — mainly silt (Furnas et al., 2007). Around 5% of the Madeira River’s total
sediment is transported as bedload, 90% of which is sand (Furnas et al., 2007). The sediment
measurements and modeling carried out prior to the construction of the Madeira dams
projected that up to 97% of the sand load could be trapped by the dams (Furnas et al., 2007).
The retention of sand behind dams not only reduces reservoir storage and usable life, but also
deprives downstream reaches of sediments important for channel morphology. Hence, while
our findings suggest that the Madeira dams have not affected downstream transport of fine
sediments and their associated nutrients, the longer-term effects of sand retention on

downstream channel morphology remain uncertain and cannot be inferred from our data.

Run-of-river dams are indeed expected to have lower effects on suspended sediment
transport, or even no effects at all (Csiki e Rhoads, 2014), but the Madeira dams are among
the largest run-of-river dams ever built, and the uncertainty on sediment impacts almost
resulted in license denial to these dams during the environmental licensing process (Fearnside,
2013). Our findings are particularly relevant given that Brazilian energy planners and policy
makers have been advocating the prioritization of storage dams over run-of-river dams for
energy security purposes (Abbud e Tancredi, 2010; Cerqueira, 2015), especially considering
that the limited energy storage of Amazonian run-of-river dams is likely to get worse in light
of climate variability (Hunt ef al., 2014). The push for storage dams in the Amazon River
system could be facilitated by the current trend towards relaxation of environmental

regulations that would make project selection less restrictive in Brazil (Almeida, Lovejoy, et
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al., 2016; Fearnside, 2016). Compared to storage dams, the Santo Antdnio and Jirau dams
would seem to be of preferable designs in terms of downstream suspended sediment and
nutrient impacts. It is important to determine, however, whether run-of-river dams will be
energetically viable at all in the face of future increases in climate variability in the Amazon
basin (Marengo et al., 2009). If run-of-river dams turn out not to be viable, and given that
there is vast evidence of massive sediment retention behind storage dams throughout the
world (Vorosmarty et al., 2003; Yang et al., 2005; Medeiros et al., 2011; Gupta et al., 2012;
Zhou et al., 2013), new storage dams are likely to be environmentally harmful alternatives for
sediment-rich Amazonian rivers. As shown for the Mekong River (Kondolf et al., 2014), large
storage dams on major sediment-rich tributaries could irreversibly disrupt downstream
transport of sediments and nutrients that support productive ecosystems of floodplains,
estuaries and coastal waters.

Our findings apply not just to the Amazon because new dam proposals and
construction are booming throughout the tropics. Undammed large rivers such as the Mekong,
Congo, and Orinoco face the same prospect of sediment and nutrient deprivation by new
storage dams. The data that we present here from these mega-dams newly built in the Amazon
basin suggest that run-of-river dams would be a better alternative if indeed the dams need to
be built at all.

This study addresses just one of the many impacts of large dams that must be factored
into decisions about the optimal locations and design of new facilities (World Commission on
Dams, 2000), yet the potential for dams to alter downstream sediment and nutrient transport is
one of the most far-reaching impacts (Syvitski ef al., 2009). Dam proposals must be evaluated
in the context of their impacts on the overall river system, extending across national
boundaries and including deltas and coastal waters. New frameworks for watershed-wide
optimization of dam planning have recently been proposed (Ziv et al., 2012; Grill et al.,
2014). It is key to integrate and adequately balance sediment and nutrient impacts with the
social (Anderson e Veilleux, 2016), biodiversity (Winemiller et al., 2016), and climate costs

(Almeida et al., 2013) of future Amazonian dams.

3.4. METHODS

Study site. With an area of 1.4 x 10° km?, the Madeira River basin extends through Brazil,
Peru and Bolivia. It covers ~25% of the Amazon basin and 35% of the Andean Amazon. The
Madeira River flows into the Amazon River in the central Amazon, downstream of Manaus,

Brazil. The Madeira dams are two run-of-river dams in cascade that were built in the
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municipality of Porto Velho, about 1,000 km upstream of the mouth. They have high energy
densities (MW/km?) and were designed so that inflowing discharges must equal outflowing
discharges (i.e., run-of-river). The most downstream dam is Santo Antdnio (installed capacity:
3,568 MW, reservoir area: 471 km?, reservoir volume: 2075 x 10° m®, reservoir length: 130
km, average depth: 11 m), and the upstream-most dam is Jirau (installed capacity: 3,750 MW,
reservoir area: 362 km®, reservoir volume: 2747 x 10® hm’, average depth: 11 m). The
combined installed capacity of the Santo Antonio and Jirau dams is equivalent to ~30% of
China’s Three Gorges dam’s installed capacity. Our sampling sites are above and below the
reservoir of the Santo Antonio dam. We calculated water residence times within the Santo
Antodnio reservoir by dividing river discharge by reservoir volume, and the average water
velocity that the water travels through the reservoir was computed by dividing the reservoir

length by water residence time (Figure 18-b,c).

Discharge and sediment data. Data on river discharge and total suspended sediments (TSS)
were obtained from the Porto Velho gaging station (code 154000000), which is maintained by
Brazil’s National Water Agency (ANA). This station is located 80 km downstream of the
Santo Antonio dam. ANA has periodically measured TSS in the Madeira River since 1978,
collecting depth- and flow-integrated samples of the water column (Filizola e Guyot, 2009).
To examine short-term hydrological alterations, we used different hydrological
parameters based on the ANA discharge data. The flashiness index is the sum of absolute
daily change in discharge divided by the sum of average daily discharges. The rise rate is the
daily change in discharge when it is increasing, whereas the fall rate is the average daily
change when discharge is decreasing. The number of reversals is regarded as the occurrence
of alteration from a rising period to a falling period or vice versa; here, a change in the sign of

the difference between two consecutive days is considered as a reversal event.

Data collection and analysis. One station upstream and one station downstream of the Santo
Antonio reservoir were sampled quarterly to encompass the four phases of the flooding cycle
(high, receding, low, and rising waters). Twenty-eight field campaigns were performed
between 2009 and 2016, sampling quarterly. Eight field campaigns were performed prior to
damming (2009-2011), and twenty field campaigns were performed after damming (2012-
2016). All limnological variables were sampled at the sub-surface (~ 0.5 m). Turbidity was
measured at the time of sampling with a multiparameter sonde (Y SI 6920). Unfiltered water

samples for later laboratory analysis were kept refrigerated in the dark at 4°C until analysis.
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The analyses were performed within a week after completion of each field campaign. Total
phosphorus was measured by the colorimetric molybdate blue method (Wetzel e Likens,
2000). Total concentrations (i.e., dissolved plus particulate) of major cations (potassium,
calcium, and magnesium) were determined on unfiltered water samples by inductively
coupled plasma-atomic emission spectrometry (ICP-AES) (Epa, 2007). Total organic carbon
(TOC) and dissolved inorganic carbon were analyzed with a Tekmar-Dohrmann TC Analyzer
(Model Phoenix 8000).

Load calculations. We calculated river loads using rating curves between daily loads and
discharge as in previous work conducted in the Madeira River (Leite ef al., 2011). Daily loads
were calculated by multiplying water column concentrations by discharge at the day of
sampling. For TOC, phosphorus, potassium, calcium, and magnesium, we used the mean of
concentrations measured 0.5 m below surface and 1 m above the bottom. We ran two-tailed
paired #-tests to verify that surface and bottom measurements were not significantly different
(t=0.7,df=29, P=0.48 for TOC; t = 0.3, df =28, P = 0.78 for phosphorus; ¢t = 0.3, df =27,
P =0.79 for potassium; ¢ = 1.0, df =27, P =0.31 for calcium; ¢ =-0.3, df =27, P = 0.79 for
magnesium). For each variable, we used one rating curve for the pre-dam phase and one for
the post-dam phase. Daily loads of all variables fit strong, significant power functions with

discharge both before and after dam closure (Figure 23).

Statistical analyses. Pre- and post-dam changes in hydrological variables, TSS, TOC,
phosphorus, potassium, calcium, and magnesium were tested for statistical significance (P <
0.05) applying one-tailed Student’s #-tests. We log-transformed the data prior to running the #-
tests when normal distribution and equal variance were not observed; in most cases these two
conditions were met without prior log transformation. We ran Spearman’s correlation
analyses for water chemistry variables considering each concomitant pair of measurements
made downstream and upstream of the reservoir. Two correlation analyses were performed

for each water chemistry variable — one for the pre-dam and one for the post-dam phase.
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Figure 23 - Rating curves used for calculation of suspended sediments and associated nutrients loads. a, pre-dam (y = 0.00000080>%*°, R” =
0.81, P < 0.05, N=55) and b, post-dam (y = 0. 0.00000010***’, R? = 0.94, P < 0.05, N = 9) rating curves for total suspended sediments (TSS).
¢, pre-dam (y = 0. 0.0000040'° R? = 0.96, P < 0.05, N = 8) and d, post-dam (y = 0.00010"'***, R” = 0.93, P < 0.05, N = 20) rating curves for
total organic carbon (TOC). e, pre-dam (y = 0.00000020"**'7, R* = 0.88, P < 0.05, N = 8) and f, post-dam (y = 0.000000030"***, R =0.91, P <
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0.05, N = 20) rating curves for total phosphorus. g, pre-dam (y = 0.000004Q'**** R =0.92, P < 0.05, N = 8) and h, post-dam (y =
0.0000080"**°, R? = 0.95, P < 0.05, N = 20) rating curves for total potassium. i, pre-dam (y = 0.0000080"'****, R = 0.82, P < 0.05, N = 8) and j,
post-dam (y = 0.00020"**°, R = 0.92, P < 0.05, N = 20) rating curves for total magnesium. k, pre-dam (y = 0.0000020'**7, R*=0.84, P <
0.05, N = 8) and 1, post-dam (y = 0.0020"***°, R? = 0.88, P < 0.05, N = 20) rating curves for total calcium.
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4. UPSTREAM EFFECTS OF A NEWLY CREATED AMAZONIAN RUN-OF-RIVER
DAM ON WATER CHEMISTRY: BACKFLOODED TRIBUTARIES ARE MORE
AFFECTED THAN THE RIVER ITSELF

Sintese®:

Usinas a fio d’4gua sdo frequentemente caracterizadas pelos impactos ambientais reduzidos
devido aos seus reservatdrios menores e baixo potencial para alteracdo do fluxo de agua do
rio, mas essa percepcao tem sido questionada para projetos recentes construidos em grandes
rios ao redor do mundo. Duas das maiores usinas a fio d’dgua do mundo foram recentemente
construidas no rio Madeira (Hidrelétricas de Jirau e Santo Antonio). Esse trabalho avalia os
efeitos da criagao do reservatorio da Hidrelétrica de Santo Antonio na qualidade da dgua do
rio Madeira e dos tributarios remansados a montante da barragem. S3o comparados os
padrdes pré e pds-barramento de dez varidveis ecologicamente relevantes: condutividade,
turbidez, fosforo total, carbono organico total, carbono organico dissolvido, pressdo parcial de
CO02, oxigenio dissolvido e demanda bioquimica de oxigénio. Perfis verticais de temperatura
demonstram que, ao contrario do canal central do rio Madeira, alguns tributarios remansados
desenvolveram estratificacdes térmicas ocasionais. As caracteristicas da agua dos tributarios
ficaram mais semelhantes as do rio Madeira. Por outro lado, as caracteristicas gerais da agua
do rio Madeira ndo foram alteradas. Os efeitos da Hidrelétrica de Santo Anténio no rio
principal sdo pouco expressivos, mas os bragos do reservatorio formados na drea remansada
dos tributarios sdo locais bastante suscetiveis a mudancas na qualidade da 4gua. Os resultados
desse trabalho tém importantes implicacdes para a gestdo de reservatorios, particularmente

considerando o grande niimero de hidrelétricas planejadas na Amazdnia.
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Abstract

Run-of-river dams are often considered to have lower environmental impacts due to their
smaller reservoirs and low potential for flow alteration, although this has been questioned for
projects recently built on large rivers around the world. Two of the world’s largest run-of-
river dams—Santo Antonio and Jirau—have recently been constructed on the Madeira River,
the largest tributary to the Amazon River in terms of water and sediment discharge. Here we
evaluate the upstream effects of the creation of the Santo Antonio reservoir on the water
quality of the Madeira River mainstem and its backflooded tributaries. We compare pre- and
post-dam patterns of ten ecologically and biogeochemically relevant variables: conductivity,
turbidity, total phosphorus (TP), total organic carbon (TOC), dissolved organic carbon
(DOC), dissolved inorganic carbon (DIC), pH, partial pressure of CO2 (pCO?2), dissolved
oxygen (DO), and biochemical oxygen demand (BOD). Temperature depth profiles
demonstrate that unlike the mainstem, some backflooded tributaries periodically developed
thermal stratification. The water chemistry in backflooded tributaries became more similar to
that of the mainstem after damming. In contrast, the overall water chemistry in the mainstem
did not significantly change. While the effects of this run-of-river dam design on the main
river are minimal, we show that lateral bays created by backflooded tributaries are more
susceptible to changes in water chemistry. Our findings have important management

implications considering the planned proliferation of dams throughout the Amazon basin.

Keywords: reservoir, hydropower, limnology, Madeira River, biogeochemistry,

environmental impact
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4.1. INTRODUCTION

Hydropower plants of the run-of-river design have smaller reservoirs with limited
water storage potential, unlike storage dams, which generally form large reservoirs with
lacustrine conditions and variable water volumes. Inflowing water typically passes through
the impounded reach quickly and the electricity generation is a function of the flow of the
river at a given time. Run-of-river dams are often considered to have lower environmental
impacts due to their smaller reservoirs and low potential for flow alteration (Egré e Milewski,
2002; Csiki e Rhoads, 2010), although this has been questioned for projects recently built on
large rivers around the world (Hoover, 2013; Anderson et al., 2015). Considering that most
new dam construction is of the run-of-river design (Kibler e Tullos, 2014), there is an urgent
need for better understanding the effects of these dams on river systems.

Two of the world’s largest run-of-river dams—Santo Antonio and Jirau—have
recently been constructed on the Madeira River, the largest tributary to the Amazon River in
terms of water and sediment discharge (Latrubesse ef al., 2005; Mcclain e Naiman, 2008).
The Jirau dam is immediately upstream of the reservoir created by the Santo Antonio dam.
The combined installed capacity of the Santo Antdnio and Jirau dams is equivalent to ~30%
of the installed capacity of China’s Three Gorges dam, which is the largest in the world.
Unlike some smaller run-of-river projects, these large dams created large reservoirs,
inundating a total of ~ 800 km® when the river natural area is accounted for.

The Madeira dams were approved for construction after a great deal of controversy
(Fearnside, 2013). The Madeira River carries large amounts of suspended sediments that
control downstream geomorphology (Constantine ef al., 2014) and support highly productive
fringing floodplains (Mcclain e Naiman, 2008). For these reasons, there has been much
concern regarding how the Madeira dams could affect the natural flow of sediments and
associated nutrients in the Madeira River (Constantine et al., 2014; Fearnside, 2014; Almeida,
Tranvik, et al., 2015). Recent work has shown that these run-of-river dams have minimal
impact on downstream nutrient and sediment export (Almeida et al. in review), but potential
effects on upstream water quality are unclear. A number of other impacts on biodiversity and
local human populations have also been raised (Fearnside, 2014).

Over 90% of hydropower dams constructed in Brazil over the past decade have been
of the run-of-river design to minimize adverse ecological impacts, but recently Brazilian
energy planners have been advocating a switch back to storage dams for the sake of energy
security (Abbud e Tancredi, 2010; Cerqueira, 2015), particularly in the face of increased
climate variability (Hunt ez al., 2014). Understanding the ecological effects of newly
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constructed Amazonian dams is crucial to inform future planning and management strategies,
especially considering the planned proliferation of hydropower dams throughout the Amazon
basin (Finer e Jenkins, 2012; Lees et al., 2016).

The present study evaluates the upstream effects of the creation of the Santo Antonio
reservoir on the water quality of the Madeira River mainstem and its backflooded tributaries.
We compare pre- and post-dam patterns of ten ecologically and biogeochemically relevant
variables: conductivity, turbidity, total phosphorus (TP), total organic carbon (TOC),
dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), pH, partial pressure of
CO; (pCOy), dissolved oxygen (DO), and biochemical oxygen demand (BOD). We sampled
stations in the mainstem river and in backflooded tributaries; because the backflooded
tributaries of the Santo Antonio reservoir have longer water residence times (De Faria ef al.,

2015), we hypothesized that they would display more marked changes in water quality.

4.2. METHODS

4.2.1 Study site and sampling frequency

The Santo Anténio dam is a run-of-river hydropower plant located on the Madeira
River, in the state of Rondonia, Brazil (Figure 24). The dam is 60-m tall and 2.5-km wide.
The total area of the reservoir is 471 km?, the reservoir volume is 2075 hm?, the length of the
reservoir is 130 km, and the average depth is 11 m. The total installed capacity of 3,568 MW
is provided by 50 bulb turbines. The average water residence time of the reservoir is 2.4 days.
The dam was completed in September 2011. The Jirau dam, located about 110 km upstream
of the Santo Antonio dam, is another run-of-river dam of similar design.

The Madeira River basin drains parts of Bolivia, Peru, and Brazil. With an area of 1.4
x 10° km?, it covers 23% of the Amazon basin and 35% of the Andean Amazon (Guyot et al.,
1996). The Madeira River has the third largest suspended sediment load among tropical
rivers, behind the Amazon and Brahmaputra rivers (Latrubesse ef al., 2005). The Madeira
River is the largest tributary to the Amazon River and the world’s fourth largest tropical river
in terms of discharge (Latrubesse et al., 2005), contributing 15, 14, and 50% of the Amazon
River’s water, organic carbon, and suspended sediment transport, respectively (Moreira-Turcq
et al., 2003; Latrubesse et al., 2005). The climate of the Madeira River basin is humid
tropical, with mean annual precipitation of about 2,000 mm (Moreira-Turcq ef al., 2003). This
high annual precipitation is unevenly distributed across the year (Villar et al., 2009), and

discharge in the Madeira River can vary by an order of magnitude between low and high flow
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months, averaging 19,000 m’ s' at Porto Velho (Almeida, Tranvik, et al., 2015) and 31,000
m’ 5™ at the mouth (Moreira-Turcq ef al., 2003). The Madeira River flows into the Amazon
River in the central Amazon, downstream of the municipality of Manaus, Brazil. The largest
cities within the Madeira River basin are La Paz and Santa Cruz de la Sierra in Bolivia, and
Porto Velho in Brazil. Together, these three cities comprise a population of ~3.5 million
people; otherwise, the Madeira River basin is sparsely populated.

We sampled five stations along the Madeira River mainstem within the reservoir and
five stations in tributaries that drain into the reservoir (Figure 24); these tributaries were
backflooded upon damming. Sixteen field sampling campaigns were performed quarterly
between 2009 and 2013 to encompass the four phases of the flooding cycle (high, receding,
low, and rising waters). Eight field campaigns were performed prior to damming (2009-2011),
and eight field campaigns were performed after damming (2012-2013). The filling of the
reservoir started in September 2011 and it reached full pool in January 2012. Based on the
hydrograph of the Madeira River at Porto Velho, we considered low water to prevail from
August to October, rising water from November to February, high water from March to April,
and falling water from May to July (Almeida, Tranvik, ef al., 2015). The field campaigns
were preferentially conducted in October (low water), January (rising water), April (high
water), and June-July (receding water). The discharge of the river at the time of sampling
averaged 34,528 m’ s during high waters, 16,287 m’ s during receding waters, 5,435 m’ s™'

during low waters, and 19,778 m® s during rising waters.
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Figure 24 - Map of the Santo Antdnio reservoir, with black and grey areas depicting the area
covered by the mainstem (70%) and backflooded tributary valleys (30%), respectively. Our

sampling station in the tributary JAT was moved upstream after dam.
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4.2.2. Sampling and analytical procedures

Measurements and samples were taken from ~0.5 m below the water surface. Water
temperature, conductivity, turbidity, dissolved oxygen and pH were measured at the time of
sampling with a multiparameter sonde (YSI 6920) previously calibrated according to the
manufacturer’s instructions. Five-day BOD was determined via incubations started within a
day after sampling; DO was measured initially and after five days, and the BOD was
computed from the difference between initial and final DO (Apha, 2005). Subsamples were
filtered through GF/C filters for analysis of DOC. Filtered and unfiltered water samples for
laboratory analysis were kept refrigerated in the dark at 4°C until analysis. The analyses were
performed within a week of completion of each field campaign. Total phosphorus was
measured by the colorimetric molybdate blue method (Wetzel e Likens, 2000). Total organic
carbon (TOC), dissolved inorganic carbon (DIC), and dissolved organic carbon (DOC) were
analyzed on a Tekmar-Dohrmann TC Analyzer (Model Phoenix 8000). Partial pressure of
CO; (pCO,) was calculated from concomitant measurements of pH and DIC (Weyhenmeyer
et al., 2012; Almeida, Pacheco, et al., 2016). In addition, we measured depth profiles of
temperature to understand how the reservoir affected stratification and mixing in the

mainstem and in backflooded tributary valleys.

4.2.3. Data analysis

We first quantified changes in the overall water chemistry of the mainstem and
tributaries in response to the dam closure. We used non-metric multidimensional scaling
(NMDS) based on a Bray-Curtis distance to visualize clustering in water chemistry among the
mainstem and tributary samplings before and after dam closure, followed by permutational
multivariate analysis of variance (PERMANOVA) to test for differences among groups. Two
PERMANOVAs were run, one for the mainstem (pre- vs. post-dam) and one for the
tributaries (pre- vs. post-dam). Although NMDS is often used to analyze differences in
community composition across sites, here we use our various biological and chemical
response variables in place of species abundances, which would traditionally drive the
NMDS. Both NMDS and PERMANOVA were completed with the vegan package, using the
metaMDS and adonis functions, respectively (Oksanen et al., 2016) in the R Statistical
Software version 3.3.2 (R Development Core Team, 2016).

Additionally, we used linear mixed-effects models to evaluate individual and

interactive effects of the dam (pre-dam and post-dam) and season (rising water, high water,
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receding water, and low water) on the response variables using the /mer function of the
package /me4 (Bates et al., 2015) in the R software. We log-transformed response variables
(except pH) to meet normality and homoscedasticity assumptions. For all response variables,
sampling station was considered as a random effect to avoid problems associated with
multiple pairwise testing (Bolker et al., 2009). When a significant interaction between dam
closure and season was observed, we applied a pairwise post-hoc test to assess pre- versus
post-dam differences within each season; we used the function Ismeans of the package
Ismeans in the R software, followed by a P-value adjustment based on the Tukey HSD
method (Lenth, 2016). To help visualize the seasonal trends in response variables, we used
“loess” local polynomial regressions (Cleveland e Devlin, 1988) fitted through the R function

ggplot (package ggplot2) using the option stat_smooth (Wickham, 2009).

4.3. RESULTS

Analysis of water depths before and after damming indicates that the dam shifted both
the mainstem and tributaries in its area of influence to a permanent high-water condition. The
lower reaches of the tributaries that flow into the Madeira River within the reservoir area were
permanently backflooded upon damming, forming lateral bays that account for nearly 30% of
the reservoir area (Figure 24). In the mainstem, the average depth increased from 10 £ 3
(standard deviation) m to 22 + 8 m during low-water phases (Student’s #-test, t = -4.2, df = 18,
P <0.05), but there was not a significant difference between pre- (21 = 5 m) and post-dam (24
+ 6 m) depths during high-water phases (Student’s #-test, = 1.2, df = 18, P = 0.23). The same
occurred in the backflooded tributaries, where depth increased from 1 + 1 m (pre-dam) to 7 =
1 m (post-dam) during low water phases (Student’s #-test, = -15.9, df = 18, P < 0.05), but not
during high-water phases (9 + 1 m pre-dam versus 9 + 2 m post-dam) (Student’s #-test, 1 = 0.7,
df =18, P =0.49).

The dam resulted in the formation of lacustrine conditions in some of the backflooded
tributaries, whereas lotic conditions were retained in the mainstem. Two of the backflooded
tributary valleys occasionally developed thermal stratification after damming, whereas the
water column in the mainstem remained isothermal as before (Figure 25). The stratification of
the backflooded tributaries is a response to the increased residence time caused by dam
closure. In the mainstem, however, the residence time is short (mean: 2.4 days) and the water

flow is too fast (mean: 0.33 m s to allow thermal stratification.
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Figure 25 - Depth profiles of temperature in the mainstem (MS1) and in tributary stations
(CAR, CRC, JAC1, JAC2, and JAT). The vertical black line indicates dam closure.
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The overall water chemistry changed substantially in the backflooded tributaries, but not
in the mainstem (Figure 26). The PERMANOVA indicated that the overall water chemistry of
the mainstem did not significantly differ before and after dam closure (r* = 0.01, P = 0.34),
whereas a significant difference was observed in the tributaries (r* = 0.07, P < 0.05). After
dam closure, the tributaries became chemically more similar to the Madeira River, which is
illustrated by the NMDS polygon with post-dam tributary samples moving towards the

mainstem polygons (Figure 26).
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Figure 26 - Non-metric multidimensional scaling (NMDS) ordination showing the clustering

in water chemistry among the mainstem and tributary samples before and after dam closure.

There was a strong seasonal effect on all variables other than BOD in the mainstem
(Figure 27, Figure 28, Table 4). The seasonal variation of DO, pCO,, pH and conductivity

tracked the hydrograph — DO, conductivity and pH decreased, and pCO; increased during
high-water months (i.e., April). Turbidity, TP and TOC peaked in rising-water months (i.e.,
January), three months earlier than peak water discharge. In the mainstem, there was a
significant interaction between pre/post dam and season for conductivity, DO, TOC and DIC,
TP, turbidity, BOD, pCO; and DOC (Table 4), which suggests that the effect of the dam
cannot be accurately interpreted without accounting for the effect of season. For these
variables, we ran a post-hoc test to understand the effect of the dam within each hydrological
season (Table 5). In high water phases, DO, BOD, and TOC all increased after damming
(Table 5). During receding water phases, TP, turbidity, TOC, and DOC all increased whereas
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conductivity decreased (Table 5). In low water phases, pCO; and TOC increased after dam
closure (Table 5). In rising water phases, pCO,, TOC, and DOC all decreased after damming.
For pH and DIC, there was not a significant interaction between pre/post dam and season, so

that the results of the mixed-effects model (Table 4) can be interpreted without a post-hoc
test; DIC and pH significantly decreased after damming (Figure 27, Figure 28, Table 4).

Backflooded tributaries showed less seasonality compared to the mainstem (Figures 4 and
5), but the seasonal effect was still significant for all variables except BOD, turbidity, and

DIC (Table 4). The seasonal variation of DO, pCO,, TOC, and pH mirrored that of the
mainstem both before and after damming (Figure 27, Figure 28). For conductivity, the pre-

dam phase did not exhibit a marked seasonality in the tributaries; however, after dam closure
the seasonal variation of conductivity in upstream tributaries started to resemble that of the
mainstem (Figure 27). There was a significant interaction between dam closure and season for
TP, pCO,, DOC, and DIC (Table 4). The post-hoc test indicated pCO,, DOC, and DIC all
increased after damming while TP decreased during rising-water phases (Table 5). At low
water, pCO; and DIC increased after dam closure (Table 5). For the high- and rising-water
phases, there were no significant differences in TP, pCO,, DOC, and DIC when comparing
pre- versus post-dam (Table 5). For BOD, TOC, and conductivity, there were no significant

interactions between dam closure and season; BOD, TOC, and conductivity values all

significantly increased in backflooded tributaries after dam closure (Figure 27, Figure 28,

Table 4).

Table 4 - Two-way repeated measures ANOVA computed through a mixed-effects analysis to
determine individual and interactive effects of the dam closure (pre-dam and post-dam) and

season (rising water, high water, receding water, and low waters) in upstream locations.

Mainstem Upstream tributaries

Pre- vs. post-dam Season Interaction Pre- vs. post-dam Season Interaction

F p F p F p F p F p F p
pH 12.2 0.0007 20.8 <0.0001 24 0.07 0.8 0.36 22.3 <0.0001 0.5 0.66
TP 0.5 0.46 23.2 <0.0001 31 0.03 0.1 0.95 45 0.006 3.7 0.02
Conductivity  11.6 0.001 117.6 <0.0001 21.5 <0.0001 24.9 <0.0001 4.5 0.006 2.1 0.11
Turbidity 1.3 0.25 45.7 <0.0001 3.7 0.01 0.1 0.79 1.1 0.34 2.7 0.05
DO 77 0.007 69.5 <0.0001 6.6 0.0005 28 0.09 4.1 0.01 1.0 0.38
BOD 2.6 0.11 1.6 0.21 3.1 0.03 24.0 <0.0001 2.7 0.05 0.9 0.44
pCO2 38 0.06 47.8 <0.0001 7.5 0.0002 13.2 0.0005 114 <0.0001 5.2 0.003
TOC 7.6 0.007 64.1 <0.0001 21.2 <0.0001 9.0 0.003 16.2 <0.0001 1.1 0.36
DOC 1.1 0.28 59 <0.0001 25 <0.0001 7.6 0.007 16.7 <0.0001 3.0 0.04

DIC 7.4 0.008 4.1 0.01 1.8 0.15 3.2 <0.0001 0.2 0.86 4.3 0.007
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Table 5 — Results of the post-hoc test adjusted with Tukey HSD to identify pre- versus post-

dam differences within each hydrological season in upstream locations.

Mainstem

Backflooded

tributaries

TP
Conductivity
Turbidity
DO

BOD

pco2

TOC

DOC

TP
pcoz
DOC
DIC

High water Receding water Low water Rising water
! p f P ! p ! p
0.3 0.73 24 0.02 1.0 0.30 -1.6 0.10
1.7 0.09 8.3  <0.0001 -14 0.16 1.2 0.2
1.1 0.30 3.0 0.003 0.2 0.78 -1.5 0.13
4.8  <0.0001 1.7 0.09 0.3 0.73 -1.2 0.20
3.3 0.001 0.4 0.71 0.8 0.43 0.3 0.75
1.8 0.06 1.3 0.19 3.6 0.0006 -2.8 0.006
2.7 0.009 4.1 0.0001 39  0.0002 <55 <0.0001
1.8 0.07 4.9  <0.0001 1.6 0.10 -6.5  <0.0001
0.6 0.52 -2.6 0.01 1.9 0.05 0.1 0.94
1.7 0.09 4.3 <0.0001 2.7 0.009 -0.9 0.32
1.9 0.07 3.6 0.0006 0.3 0.72 0.3 0.76
1.5 0.12 4.9  <0.00001 43 <0.0001 0.7 0.44
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Figure 27 - Temporal variation of (A) dissolved oxygen saturation (DO), (B) biochemical
oxygen demand (BOD), (C) partial pressure of CO2 (pCO2), (D) total organic carbon (TOC),

and (E) dissolved organic carbon (DOC). The dotted vertical line indicates dam closure. Pre-
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dam data are shown in black and post-dam data are shown in grey. The graphs in the first
column are for mainstem samples, the graphs in the second column are for tributary samples.
The violin plots (i.e. hybrids of box plots and kernel density plots) summarize the data from

the two other columns; the lines within the violins delimit the quartiles.
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Figure 28 - Same as in Figure 27, but for (A) electrical conductivity (EC), (B) pH, (C)

turbidity, (D) total phosphorus (TP), and (E) dissolved inorganic carbon (DIC).
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4.4. DISCUSSION

Our results indicate that the water chemistry of backflooded tributaries was more
affected by dam construction than the chemistry of the Madeira River mainstem itself. First,
the temperature depth profiles demonstrate that unlike the mainstem, some backflooded
tributaries periodically developed thermal stratification (Figure 25). Second, the results of the
NMDS ordination suggest that water chemistry in backflooded tributaries became more
similar to that of the mainstem after damming. In contrast, the overall water chemistry in the
mainstem did not significantly change (Figure 26). Third, a higher number of variables
exhibited significant changes in pre- to post-dam comparisons, in addition to higher F values
of the statistical test when differences were encountered between pre- and post-dam (Table 4).

Our results for the thermal structure of the Santo Antonio reservoir are supported by a
previous study that estimated the densimetric Froude number (Fr) for the mainstem of the
Santo Antonio reservoir (De Faria et al., 2015). The Fr is a dimensionless number that
indicates the likelihood that the main body of a reservoir will develop thermal stratification;
Fr values above 1 indicate that thermal stratification is unlikely. Monthly Fr values of the
mainstem of the Santo Antonio reservoir ranged from 10 (peak of low water) to 62 (peak of
high water) (De Faria et al., 2015). Indeed, we found a well-mixed water column in the
mainstem. In addition, we found occasional thermal stratification in the backflooded
tributaries, which is also in agreement with the predictions of De Faria et al. (2015). The
stability of the thermal stratification in the backflooded tributaries, is higher during the low
water phase, when the water residence time increases due to the lower flows (De Faria ef al.,
2015).

Although some variables displayed differences between pre- and post-dam
comparisons in the mainstem (Table 1), these differences may be due to natural variation in
the water chemistry of the Madeira River. For instance, a previous work has reported as much
as 35%, 110% and 260% of natural interannual variability for conductivity, DOC and DIC
concentrations in the Madeira River (Leite et al., 2011). For comparison, we found 9%, 7%,
and 18% variation between conductivity, TOC and DIC measured before and after damming.
Our results suggest that the effect of season is stronger than the effect of the dam in driving
the variability of the mainstem water chemistry. The strong seasonality of water chemistry is a
well-known characteristic of the Madeira and other large Amazonian rivers (Devol et al.,
1995; Almeida, Tranvik, et al., 2015; Almeida, Pacheco, ef al., 2016), and this seasonal

variability was retained in the mainstem of the Madeira River after damming.
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While the NMDS and the analysis of temporal variations did not indicate a large effect

of the dam on the water chemistry of the mainstem, there were substantial changes in the
backflooded tributaries (Figure 26, Figure 27, Figure 28, Table 4). We attribute the

alterations observed in the backflooded tributaries to two different causes. First, changes in

conductivity and DIC indicate that the tributaries are now chemically more similar to the
mainstem (Figure 27, Figure 28); this is corroborated by the NMDS ordination showing that

the polygon representing post-dam tributary samples moving towards the mainstem polygons
(Figure 26). Second, increases in BOD, pCO,, TOC and DOC are likely a result of increased
organic matter mineralization and input of terrestrial carbon upon backflooding, as is common
for the initial years after damming (Teodoru ef al., 2010). Interestingly, DO did not decrease
as one would expect following organic matter enrichment, likely because phytoplankton
biomass increased as well (Andrade, 2017), possibly counteracting increased heterotrophic
respiration.

Amazonian reservoirs are typically large sources of CO, and methane emissions to the
atmosphere (Barros et al., 2011; Almeida ef al., 2013). Our results suggest that the creation of
the Santo Antonio reservoir did not result in a net increase of CO, supersaturation in the
mainstem. In backflooded tributaries, however, we found a net increase in CO,
supersaturation after dam closure. This is consistent with the findings of a recent study
indicating that the lateral bays of low residence time in Amazonian reservoirs are hot spots for
carbon emissions (De Faria ef al., 2015), and also with findings suggesting that methane
emissions from backflooded tributaries of the Santo Antonio reservoir are substantially higher
than from the mainstem (Grandin, 2012; Héllqvist, 2012). Our results build on previous work,
reinforcing that the mainstem of run-of-river Amazonian reservoirs are not problematic in

terms of carbon emissions, but lateral bays and backflooded tributaries are.

4.5. CONCLUSION

Overall, we found that the run-of-river Santo Antoénio dam had a larger effect on the
water chemistry of backflooded tributaries than of the mainstem of the Madeira River. The
reservoir did not result in substantial alterations in the water chemistry of the mainstem of the
Madeira River, which explains why downstream transport of sediments and nutrients was not
detectably altered (Almeida et al. in review). However, marked changes took place in
backflooded tributaries, where we detected incursion of mainstem water as well as thermal

stratification at some times. While the effects of this run-of-river dam design on the main
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river are minimal, we have shown that lateral bays created by backflooded tributaries are
more susceptible to changes in water chemistry. The effects of dam construction on multiple
upstream and downstream areas near dams should be considered when evaluating the total

environmental impacts of dam construction and management.
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5. CONCLUSAO GERAL

e Cheias extremas no rio Madeira funcionam como pulsos que liberam grandes quantidades
de carbono para atmosfera em curtos espagos de tempo. O aumento da incidéncia de
cheias extremas na Amazonia tende a acentuar a transferéncia de carbono das areas
alagaveis para a atmosfera na forma de CO,.

¢ A hidrelétrica de Santo Antonio ndo resultou em diminuigdes significativas nos
sedimentos em suspensdo e nutrientes associados (fésforo, calcio, magnésio, potéassio e
s0dio) no rio Madeira a jusante da barragem, possivelmente em fun¢do (1) da
predominancia de particulas finas e leves no material em suspensao, (2) do baixo tempo
de residéncia da 4gua, e (3) da elevada velocidade de corrente da agua no canal central do
reservatorio. Esses resultados tém importantes implicagdes para a tomada de decisdo no
que diz respeito a hidrelétricas futuras na Amazonia.

e Na regido a montante do barramento, a hidrelétrica de Santo Antdnio teve um efeito maior
nas caracteristicas da agua dos tributarios remansados (~30% da éarea do reservatério) do
que do canal central do rio Madeira (~70% da area do reservatorio). Houve
desenvolvimento ocasional de estratificagdo térmica e enriquecimento do conteudo de
matéria organica nos tributarios remansados. Esses resultados tém importantes

implicagdes para a gestdo e monitoramento de reservatorios futuros.

6. PERSPECTIVAS

A construcdo de hidrelétricas na Amazodnia resulta em uma enorme quantidade de
impactos sociais e ecoldgicos, o que ¢ evidenciado por estudos conduzidos em hidrelétricas ja
existentes. H4 perda na riqueza de espécies de vertebrados terrestres (Benchimol e Peres, 2015¢;
b), aumento do efeito de borda nas florestas (Benchimol e Peres, 2015a) e impactos na
comunidade de peixes, particularmente nas espécies migratorias (Sa-Oliveira, Hawes, et al.,
2015; Sa-Oliveira, Isaac, ef al., 2015). Uma vez que a lei brasileira ndo permite o alagamento
de areas de unidades de conservagdo para construcao de hidrelétricas, areas de unidades de
conservacdo existentes tém sido desapropriadas para viabilizar legalmente algumas
hidrelétricas amazodnicas (De Marques e Peres, 2015). A perda e transformacdo de habitats
compromete espécies aquaticas e terrestres, ameagando a biodiversidade (Lees et al., 2016).
Alguns estudos sugerem que o aprisionamento de sedimentos e nutrientes nos reservatorios, em

funcdo da reducdo da velocidade da dgua, pode afetar a geomorfologia dos rios (Constantine et
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al., 2014) e o suprimento de nutrientes para os trechos de jusante (Leite ef al., 2011; Almeida,
Tranvik, et al., 2015). Em fung¢ao das altas temperaturas e disponibilidade de matéria organica,
as emissOes de gases de efeito estufa sdo particularmente altas em reservatorios amazonicos
(Barros et al., 2011; Almeida ez al., 2013)°, sendo que alguns reservatérios amazonicos emitem
mais gases de efeito estufa por energia gerada do que termelétricas a carvao (Fearnside e Pueyo,
2012; Rosa et al., 2016). Ha também impactos sociais e perda de patrimonio cultural (Anderson
e Veilleux, 2016).

Em decorréncia da vasta gama de impactos ambientais conhecidos e projetados, ¢
necessario minucioso planejamento e discussdo prévia sobre o desenvolvimento do potencial
hidroenergético amazonico, especialmente porque a magnitude e abrangéncia desses impactos
varia de caso para caso. A ma localizagdo pode resultar em impactos ecoldgicos expressivos
(Aratjo e Wang, 2015; De Faria et al., 2015). Sobretudo, ¢ necessaria uma investiga¢do dos
impactos ambientais em um contexto abrangente da bacia hidrografica nos estudos de
viabilidade (Winemiller et al., 2016). Tradicionalmente, a viabilidade ambiental dos projetos ¢
avaliada pelos 6rgaos ambientais caso a caso, desprezando os impactos cumulativos.

Embora andlises prévias mais robustas sejam necessarias, a tendéncia, pelo menos no
Brasil, ¢ de caminhar no sentido contrario. Por exemplo, a Proposta de Emenda Constitucional
(PEC) 65/2012, que tramita no Senado Federal, propde que a simples apresentacdo de um
Estudo de Impacto Ambiental (EIA), independentemente de sua qualidade, seja suficiente para
a emissao de uma licenga operacional; uma vez emitida a licenga, ela ndo pode ser suspensa ou
cancelada. Essa PEC pode ter efeitos devastadores na Amazonia brasileira'’, especialmente
considerando os projetos de expansao hidrelétrica, hidroviaria e mineraria planejados (Almeida,
Lovejoy, et al., 2016). Outros projetos de flexibilizacdo das leis ambientais também estdo em
pauta (Almeida, Tofoli, et al., 2016; El Bizri et al., 2016; Fearnside, 2016; Tofoli et al., 2016).
Um desses projetos ¢ o Projeto de Lei (PL) 654/2015, que propde licenciamento especifico e
simplificado para empreendimentos de infraestrutura considerados “estratégicos” e de

“interesse nacional”. Uma boa parcela da classe politica brasileira tem se movimentado para

? No ambito dessa tese, foi publicada, apds revisdo por pares, um comentario no periddico cientifico
Nature Climate Change sobre as emissdes futuras de gases efeito estufa das hidrelétricas do Complexo
Hidrelétrico do Tapajos (APENDICE A).

1 No ambito dessa tese, foi publicada uma nota no periodico cientifico Science (APENDICE B) e um
artigo de opinido na Ciéncia Hoje (APENDICE C) sobre os retrocessos na legislagdo ambiental e as
potenciais implicagdes para os ecossistemas brasileiros, em particular os da Amazodnia.
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simplificar o licenciamento ambiental, o que pode ter consequéncias devastadoras para a
Amazodnia.

Em particular, o enfraquecimento das politicas ambientais pode sustentar a volta dos
grandes reservatorios de armazenamento. A fim de reduzir os impactos ambientais, usinas com
reservatério a fio d’agua tém sido priorizadas no Brasil''. Entre 2000 ¢ 2012, 93% da
capacidade hidrelétrica adicionada no Brasil veio de hidrelétricas a fio d’agua (Cerqueira,
2015). Os pequenos reservatorios das hidrelétricas a fio d’agua limitam a geragdo de energia
durante as secas. Consequentemente, mais usinas termelétricas precisaram ser construidas para
garantirem uma maior seguranca energética. Alguns engenheiros e tomadores de decisdo
defendem que as usinas de armazenamento devem ser priorizadas novamente (Abbud e
Tancredi, 2010; Cerqueira, 2015), especialmente no contexto atual de mudangas climaticas
(Hunt et al., 2014). Acionar as usinas termelétricas durante secas extremas ¢ oneroso, tendo
custado ao governo brasileiro US$ 20 bilhdes na forma de subsidios e empréstimos entre 2013
e 2015 apds dois verdes consecutivos com menos chuva do que o esperado (Almeida Prado Jr
etal.,2016).

Por outro lado, ambientalistas, parte da comunidade académica e dos tomadores de
decisdo defendem que se usinas hidrelétricas forem construidas na Amazdnia, elas precisam ser
a fio d’4gua. Na Amazonia brasileira, em especial, a constru¢do de reservatorios de
armazenamento resulta tipicamente no alagamento de grandes areas devido ao relevo plano. No
passado, a construcao de hidrelétricas de armazenamento resultou no alagamento de até 3.000
km? de floresta tropical, como ¢ o caso da UHE Tucurui (8.370 MW). Para comparagio, as
usinas a fio d’agua de Belo Monte e do Madeira, somadas, alagam uma area total de 1,045 km®
para uma capacidade instalada de 18,563 MW — embora a energia média ndo totalize 18,563
MW devido a menor geragdo durante as secas. Ha reducdo dos impactos ecoldgicos por um
lado, mas aumento da inseguranga energética do outro.

Escolhas relativas ao planejamento energético envolvem muitos tradeoffs, como pode
ser visto. Por isso, ¢ fundamental um suporte cientifico s6lido a tomada de decisdo. Nesse

sentido, compreender os efeitos ambientais das usinas recém-construidas na Amazonia ¢

' Ao contrério das hidrelétricas com reservatérios de armazenamento, as hidrelétricas a fio d’agua
ndo possuem reservatorios de armazenamento ou a capacidade de armazenamento de agua € pequena.
A vazado afluente (que chega ao reservatorio) ¢ geralmente igual a vazio defluente (que sai do
reservatorio). Reservatorios a fio d’agua reduzem impactos ambientais devido a menor area alagada,
mas sdo menos seguros do ponto de vista energético pois ndo hé estocagem de agua na forma de
energia potencial.
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fundamental para subsidiar o debate futuro sobre a politica energética dos paises sul-
americanos.

Embora os impactos sociais e ecoldgicos das hidrelétricas amazonicas sejam diversos e
tendam a se manifestar de maneira espacialmente heterogénea, poucos estudos abordam esses
impactos de maneira integrada. Hipoteticamente, uma determinada hidrelétrica pode emitir
menos gases de efeito estufa e reter menos sedimento e nutrientes do que outra, mas a0 mesmo
tempo ter um impacto maior em comunidades indigenas e ribeirinhas e na populagdo de peixes
e mamiferos aquaticos, por exemplo. Nesse sentido, hd um desafio do ponto de vista da tomada
de decisdo: como atribuir pesos e valores aos diferentes impactos socioambientais das
hidrelétricas? Esse tipo de exercicio permite uma compreensdo interdisciplinar dos reais
prejuizos socioambientais de um determinado conjunto de projetos hidrelétricos — e isso s6 é
factivel uma vez que exista um conhecimento s6lido de cada um dos impactos sociais e
ambientais associados a um determinado projeto. Nesse contexto, um dos focos dessa tese foi
nos efeitos de usinas a fio d’agua nas caracteristicas da dgua do rio Madeira, particularmente
nos sedimentos em suspensdo e nutrientes a jusante da barragem, uma vez que a controvérsia
acerca dos impactos no material particulado quase inviabilizou a construg¢do das usinas do
Madeira (Fearnside, 2013).

Um grande desafio para estudos futuros € avaliar maneiras para atribuir pesos e valores
aos impactos socioambientais das hidrelétricas amazonicas, o que pode permitir a criagao de
rankings que classifiquem as hidrelétricas planejadas em fun¢do dos impactos potenciais. Isso
¢ sistematizado na Figura 29. O somatério do valor e da importancia (“peso”) dos impactos
(X V«Py) pode possibilitar a determinacdo, por exemplo, de qual conjunto de hidrelétricas €
menos impactante, quais projetos devem ser priorizados e quais devem ser colocados de lado
devido ao alto potencial de impacto. Atribuir pesos aos diferentes tipos de impactos
socioambientais das hidrelétricas é fundamental para uma analise interdisciplinar. Por exemplo,
qual impacto € mais relevante quando da tomada de decisdo: os impactos na biodiversidade ou
nas comunidades indigenas e ribeirinhas? E quiao mais importante € um impacto em relagdo ao
outro? Além da atribuic@o de pesos, € necessdria a atribui¢@o do valor de cada impacto para um
determinado projeto. A combinagdo da atribuicdo de pesos e valores pode permitir ranquear um
grupo de hidrelétricas planejadas em fun¢do de seu impacto socioambiental potencial global —
e também de acordo com cada classe de impacto separadamente. Esse pode ser um importante
caminho a ser seguido para que os ganhos energéticos e econdmicos € as perdas sociais €

ambientais sejam colocadas em uma balanc¢a visando orientar as tomadas de decisdo.
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Figura 29 - Diagrama esquematico representando o desafio de se integrar os impactos sociais
e ecologicos decorrentes da criacdo de usinas hidrelétricas na Amazonia, no intuito de
subsidiar melhores tomadas de decisdo. O valor (V) se refere a atribuigdo numérica de um
determinado impacto, o que engloba fatores como magnitude, abrangéncia e duracao. Para
cada empreendimento, um X VP pode ser gerado. A comparagdo do X V4P de diferentes
empreendimentos planejados pode ajudar a determinar os projetos menos impactantes e
subsidiar a tomada de decisdo. Esse diagrama ¢ apenas conceitual e ndo incorpora todos os

potenciais impactos sociais e ambientais decorrentes da constru¢do de hidrelétricas.
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opinion & comment

values, and high-resolution devation data.
However, in many developing countries,
these data are not available for cities in spite
of recent efforts to collect them (such as
the CAPRA project’). Lack of data implies
that only simplified methodologies, such as
ours, can be used. By bringing attention to
high-risk locations we underscore the need
for better data to support more detailed,
city-scale analysis, which is essential to
help decision-makers manage risk and
improve safety and well-being in all large
coastal cities.

CORRESPONDENCE:

References

I Jeckreas, 5 N Xware Cive. Chany 3, 1004 (013}

2 Malleguw, 5, Green, C, Nicholie, B ] & Carfee- Moo, |
Netwre Chan Chaape 3, NO2-586 |2813)

Marmas, S et 4! Clenrs: Chage 140, 98-111 {2011}
Raager, N. o1 of Clvwath Change 384, LY2-167 (2001)
Hallegaic 3. et ) Chwnnc Chunge 108 113-157 L0110

b g seord dbwnbooeg SCBAVOTFAD (Weeld Bank. accemed
Argrsl ) 2013

P

Stephane Hallegatte'’, Colin Green’,

Robert ). Nicholls* and Jan Corfee-Marlot®
The Warld Bank, Sustainable Development
Network, 1B1E H Street NW, Washington
DC 20433, USA, “Centre International

de Recherche sur I'Environnement et le
Développemnent (CIRED), Campus du

Jardin Tropecal 45 bis, Avenue de |2 Belle
Gabrielle, Nogent-sur-Mame 94736,

France, *Flocd Hazard Research Centre,
Middlesex University, The Burroughs, London
NW4 4BT, UK, ‘Faculty of Engineering and
the Environment, University of Southampton,
Highfield, Scuthampton SO17 1B), UK,
*Organisation for Economic Co-operation and
Development, 2 rue André Pascal, 75775 Paris
Cedex 16, France.

‘e-mail: shallegattejiworldbank org

Emissions from Amazonian dams

To the Editor — Dams change downstream
inundation dynamics, interrupt fish
migration and compromise aguatic
biodiversity'. These and some other
ecological impacts of the hydropower boom
now underway at low latstudes are receiving
increasing attention'”. However, greenhouse
gas (GHG) emissions, although sometimes

bstantial, are fr g ly not ¢ dered as
part of the environmental licensing process.
Carbon dioxide (CO,) and methane (CH,)
production in hydroelectric reservoirs
stem from the decomposition of flooded
organic matter — especially in the first
years after impoundment’ — although
emissions can remain substantial for
many years if organic matter inputs are
sufficient. In thermally stratified reservoirs,
CH, produced in sediments, anoxic water
and flooded soils tends to accumulate
in anoxic bottom waters, eventually
outg; g to the atmosphere®’. Given
the warm temperatures, large supplies of
organic matter and prevalence of anoxia in
Amazonian reservoirs, high rates of GHG
emissions are both expected and observed™'.
In some cases, emissions can surpass those
from fossil fuel-based power plants’.

After the imbroglio over the approval

of the Belo Monte dam’, now under
construction, Brazil is planning an equally
contraversial hydroelectric complex”. To be
located in the pristine and densely forested
Tapays River basin in the eastern Amazon®,
the five new dams of the planned Tapajos
Hydroelectric Complex (THC) will flood
an area three times larger than Belo Monte
(~2,000 km’) to generate about the same
amount of energy (~11,000 MW).

THC would probably release approximately
6.7 Tg of CO,-equivalent {CO,e) emissions
per year from the surface through diffusive
flux. This is more than twice that estimated
for the highly criticized hydroelectric
complex of the same size planned in

the Mekong River in tropical Asia”.
Considering two different scenarios (that
is, the highest and lowest CO, and CH,
emission rates reported for Amazonian
reservoirs'), the emissions could range
from 2.4 to 36.4 Tg COLe. Hence, even

the most optimistic scenario suggests

large emissions.

Although the contributions of CO, and
CH, to total emissions can vary between
reservoirs, each gas would probably be
responsible for 50% of CO,e evasion.
Usually, CH, is more problematic than
CO,, as the conditions created in reservoirs
(for example, low oxygen concentrations,
formation of littoral marshes) frequently
favour CH, production’**.

Our of GHG emi
although significant, are probably
underestimates. First, we did not consider
GHG emissions from the outflowing
river or degassing on passage through the
turbines. These pathways could nearly
doubl d GHG from the
THC*'. Second, evasion of GHGs from
newly created marshes in the drawdown
area of the reservoirs is not taken into
account, and may represent up to 20% of
surficial emissions’.

Future studies considering the variability
within and between reservoirs will certainly
improve estimates. Nonetheless, although
hydropower generally results in lower GHG
emissions than fossil fuel-based electric

On the basis of the average
of Amazonian reservoirs’ (updated with
data from Balbina reservoir*®), if built, the

power', the existing assessment clearly
indicates that hydroelectric reservoirs
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(especially Amazonian ones) are far
from being GHG-neutral. Several further
dams are planned in the Amazon'*, and
if GHG emi from A
reservoirs continue to be overlooked

in the environmental licensing process,
Brazil's reputation of promoting GHG-
neutral economic growth will be seriously
compromised. Using models to project
GHG emissions from future reservoirs

is more than an academic exercise,

such projections can guide measures to
reduce emissions — possibly through

the formation of reservoirs that are
morphometrically less favourable to GHG
emission — and help to avoid constructing
dams in biomes where emissions tend to

be high. a
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Edited by Jennifer Sills

Mining undermining
Brazil’s environment

ON 5 NOVEMBER 2015, two mining dams
Jjointly owned by Vale and BHP Billiton col-
lapsed in Brazil. The toxic sludge wiped out
whole villages, leaving 19 dead and suffocat-
ing 600 km of one of Brazil’s most valuable
rivers (I). One might expect increased
scrutiny on the mining sector’s social
responsibilities after such an event. Instead,
Brazilian politicians—many of whom owe
their campaign funding to mining compa-
nies—have recently pushed forward three
pieces of legislation intended to neuter
environmental regulations.

The first bill (PL 37/2011) will create the
National Mining Agency, giving more auton-
omy to the sector. In effect, it will allow the
mining industry to decide which areas to
mine. A complementary piece of legisla-
tion (PL 1610/1996) will authorize mining
in indigenous lands. There are 4181 official
requests from mining companies that are
held up by current regulations and await-
ing the vote on this bill. If it passes, this will
open the possibility for these companies
to operate in 177 indigenous territories (2).
Indigenous lands cover one-fifth of the
Brazilian Amazon and currently represent
one of the most effective barriers against
deforestation (3). Finally, the constitutional
amendment PEC 65/2012 aims to weaken
the licensing process of large developments
by eliminating the current power that
environmental agencies have to suspend
a project based on its Environmental
Impact Assessment (4, 5). In practice,
Environmental Impact Assessments will be
reduced to a tick-box requirement for the
mining industry.

The biomes most threatened by min-
ing—Amazon, Atlantic Forest, and Cerrado
(6)—are also the most valuable in terms
of biodiversity and ecosystem services (7).
Approval of these three pieces of legislation
would signify that Brazil is no longer at the
forefront of sustainability and confirm that
its politics are vulnerable to development
pressures and corporate lobby (6). We agree
with Edwards and Laurance (8) that an
independent global authority to police large
multinational mining companies in develop-
ing nations is urgently needed.
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Brazil’s Amazon
conservation in peril

IN HER NEWS In Depth story “Brazilian
crisis threatens science and environment”
(27 May, p. 1044, L. Wade explored the con-
sequences of the controversial constitutional
amendment that is under consideration in
the Brazilian Senate amidst the country’s
economic and political turmoil. This amend-
ment, known as PEC 65/2012, effectively
abolishes Brazil’s environmental licens-

ing process (I). Ratification could lead to
large-scale, indiscriminate destruction of the
Amazon biome.

About 334 dams have been proposed
throughout the Amazon basin, and more
than half of them are in the Brazilian
Amazon (2). In addition, over 1 million
square kilometers of the Brazilian Amazon
have been registered as under consideration
for mining (3). The implementation of many
of these proposed projects is hindered by

environmental restrictions: Sixty percent
of the Amazonian hydropower potential
(4) and 20% of Amazonian areas with
registered interest for mining (3) lie inside
strictly protected areas and indigenous
lands. If ratified, the new amendment will
allow developers to ignore environmental
restrictions.

Brazil’s most recent 10-year energy
expansion plan states that 12 megadams
must be completed in the Amazon basin
by 2024. These dams represent 93% of the
country’s projected increase in hydropower
generation capacity (5). If the amendment
is ratified, these future dams—together with
associated infrastructure megaprojects such
as highways and electricity transmission
lines—would be implemented despite insuf-
ficient impact assessment. If the associated
highway construction also lacks sustainable
planning, the dam project could indirectly
lead to an indiscriminate expansion of
agricultural frontiers and an increase in
deforestation rates.

To protect the Amazon ecosystem, we
must modernize Amazon energy plans,
replace conventional infrastructure with
sustainable infrastructure, and integrate
planning and management. Recent calls for
basin-scale planning before new infrastruc-
ture projects (2, 3) are constructed are on
the right track. The proposed amendment
would derail these plans, putting decades
of conservation efforts and the Amazon
system itself in jeopardy.
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Brazil’'s Amazonian
fish at risk by decree

A MISGUIDED POLICY, based not on sci-
ence but rather on the need to generate
profit, threatens the highly diverse native
fish communities in the Amazon River
Basin. A controversial law—4330/2016
(I)—signed by the governor of Amazonas
State, Brazil, allows the rearing of
non-native fish and genetically modi-
fied species, as well as the damming of
streams for this purpose, even in Areas of
Permanent Protection.

In the midst of a Brazilian political
crisis (2), the law was sanctioned with-
out consulting the federal government,
environmental agencies, or the public. The
ratification of the law was not approved
by the Ministry of Environment, which
opposes it (3). The Amazon Basin hosts
the most species-rich fish fauna in the
world (4), and this fauna remains uncon-
taminated by non-native fishes (5). The
law is dangerous because one of the main
drivers of species introduction in Brazil
is the escape of fish from fish farming

SCIENCE sciencemag.org

facilities (6). Escape of non-native species
with high invasive capacity is a serious
threat to aquatic biodiversity (7, 8), a threat
that can be exacerbated if the escaped fish
are genetically modified.

Moreover, aquaculture with non-native
species in the Amazon Basin is unnecessary
given that native fisheries can be profitable
and provide socioeconomic benefits without
putting the native fauna at risk. Finally, the
new law contradicts current federal laws
5197/67 (9) and 9605/98 (10), which prohibit
and criminalize the introduction of species.
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TECHNICAL COMMENT ABSTRACTS

Comment on “Sensi y of seafloor
bathymetry to climate-driven
fluctuations in mid-ocean ridge
magma supply”

Maya Tolstoy

Olive et al. (Reports, 16 October 2015,

p. 310) and Goff (Technical Comment, 4
September 2015, p. 1065) raise important
concerns with respect to recent findings
of Milankovitch cycles in seafloor
bathymetry. However, their results
inherently support that the Southern
East Pacific Rise is the optimum place to
look for such signals and, in fact, models
match those observations quite closely.
Full text at http://dx.doi.org/10.1126/science.
aaf0625

“e

Resp to C t on itivity
of seafloor bathymetry to climate-
driven fluctuations in mid-ocean ridge
magma supply”

J.-A. Olive, M. D. Behn, G. Ito, W. R. Buck,
J. Escartin, S. Howell

Tolstoy reports the existence of a
characteristic 100,000-year period

in the bathymetry of fast-spreading
seafloor but does not argue that sea

level change is a first-order control

on seafloor morphology worldwide.

Upon evaluating the overlap between
tectonic and Milankovitch periodicities
across spreading rates, we reemphasize
that fast-spreading ridges are the

best potential recorders of a sea level
signature in seafloor bathymetry.

Full text at http://dx.doi.org/10.1126/science.
aaf2022
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Retrocessos na legislagdo
podem causar uma destruicao
em massa e sem precedentes
na Amazonia brasileira.
Aimagem mostra uma
embarcacao transportando
madeira no rio Madeira,

em Ronddnia

Crise e retrocessos na
legislacao ambiental

7 A revista Science publicou recen-

temente trés cartas assinadas
por diferentes grupos de pesquisa-
dores brasileiros, cada uma delas li-
derada por um dos autores deste tex-
to. Em meio ao caos politico e econo-
mico atual, muitas politicas ambien-
tais equivocadas vém sendo acelera-
das para aprovagao, com baixa reper-
cussdo na midia e sem o conhecimen-
to da populacdo. As conclusoes das
cartas sdao convergentes: retroces-
sos na legislacdo ambiental colocam
em perigo os recursos naturais bra-
sileiros, o que certamente terd efei-
tos sociais e ambientais altamente
deletérios.

FLEXIBILIZAGAO DE POLITICAS DE MI-
NERACAO A primeira carta, de Hani
El Bizri e colaboradores, demonstra
que, apesar da grande tragédia so-
cioambiental resultante do rompi-
mento das barragens de rejeitos de
minério de ferro em Mariana (MG),
em novembro de 2015, nao ha previ-
soes de politicas mais restritivas pa-
ra as atividades de mineragdo. Pelo
contrario, as politicas em pauta acen-
tuam as chances de que novos in-
cidentes dessa magnitude ocorram
no pafs.

Por exemplo, o Projeto de Lei
(PL) 37/2011, que prevé a criacao

da Agéncia Nacional da Minera-
¢do, busca dar maior autonomia ao
setor, uma vez que a agéncia pode-
ra definir as dreas passiveis de mi-
neragdo e agilizar os processos mi-
nerdrios. Jd o PL 1.610/1996 prevé
a autorizagdo para atividades de
mineracdo em terras indigenas. Ter-
ras indigenas ocupam um quinto da
Amazonia brasileira e, além de asse-
gurarem o direito territorial, o bem-
-estar e a cultura de 98% dos indi-
genas do pais, constituem uma das
principais barreiras contra o desma-
tamento no bioma.

Atualmente, existem 4.181 pedi-
dos de concessdo minerdria para
atuar em 177 terras indigenas no
pais, e a aprovacao desse PL podera
abrir espacgo para inicio das opera-
¢oes, gerando inimeros impactos
socioambientais, especialmente na
Amazonia.

E feita uma critica também 2 Pro-
posta de Emenda Constitucional
(PEC) 65/2012, que derruba o li-
cenciamento ambiental. A simples
apresentacdo de um Estudo de Im-
pacto Ambiental (EIA) implicaria
a emissao de licenga operacional,
que ndo poderia ser suspensa ou
cancelada. Na pratica, isso signifi-
ca que, no futuro, tragédias simila-
res a de Mariana nédo poderao ser
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evitadas pelos érgaos ambientais,
que passariam a ter uma funcgédo
meramente remediativa, e ndo pre-
ventiva.

ENFRAQUECIMENTO A PEC 65/2012 é
abordada também na segunda car-
ta, de Rafael M. Almeida e colabo-
radores, que mostra por que abolir o
licenciamento ambiental pode cau-
sar uma destruigao de grandes pro-
porg¢des na Amazonia. Mais de 300
hidrelétricas ja foram inventariadas
ou estdo planejadas naquele bioma,
sendo metade delas na parte brasilei-
ra. Além disso, uma drea duas vezes
maior que a de Minas Gerais ja foi re-
gistrada como de potencial interes-
se para atividades de mineracdo na
Amazonia brasileira. Contudo, exis-
tem vdrias restri¢des ambientais pa-
ra a construcao desses projetos, pois
muitos deles estdo dentro de unida-
des de conservacao e territérios in-
digenas. A aprovacao da PEC pode
abrir caminho para ignorar essas res-
tricbes ambientais.

O Ministério de Minas e Ener-
gia projeta a construcdo de 12 usinas
hidrelétricas de grande porte na
Amazoénia até 2024, representan-
do mais de 90% da expansdo da ca-
pacidade instalada de hidrelétricas
prevista para o periodo. Aprovar a
PEC 65/2012 significa construir to-
das essas hidrelétricas — algumas
delas tao ou mais controversas do
que Belo Monte - sem qualquer cui-
dado com os impactos ambientais.

Os projetos de infraestrutura as-
sociados, como rodovias e linhas de
transmissao, também seriam cons-
truidos menosprezando as conse-
quéncias na maior floresta tropical
do planeta. A implantacéo de proje-
tos de infraestrutura na Amazonia
deve considerar ndo apenas os im-
pactos locais dos projetos indivi-
dualmente, mas também os efeitos
sinérgicos da expansao energética,
mineraria, agricola e rodovidria no
contexto de toda a bacia hidrografica.

AMEACA A BIODIVERSIDADE A tercei-
ra carta, de Raffael M. Téfoli e cola-
boradores, critica a lei recém-sancio-

Os prejuizos decorrentes das

irresponsabilidades humanas frente aos recursos

naturais estdo cada vez mais evidentes

nada no estado do Amazonas (Lei
4.330/2016), que permite a criagdo
de peixes ndo nativos e genetica-
mente modificados em rios do esta-
do, assim como a barragem de riachos
(conhecidos como igarapés) para es-
se proposito, mesmo em Areas de Pre-
servagao Permanente (APP). A lei foi
sancionada sem consulta ao governo
federal, as agéncias ambientais ou a
populagdo. O Ministério do Meio Am-
biente manifestou-se contrario a lei e
exerceu forte pressdo para a sua re-
vogacdo. A justificativa para sua re-
vogacao é que ela foi aprovada areve-
lia de leis federais preexistentes, as
quais proibem (Lei 5.197/67) e crimi-
nalizam (Lei 9.605/98) a introducdo
de espécies no Brasil.

A aquicultura é uma das maiores
causas de introducéo de espécies no
Brasil e no mundo devido ao escape
recorrente de individuos. Como agra-
vante, as espécies introduzidas re-
presentam uma das maiores amea-
cas a biodiversidade e comprome-
tem seriamente a conservacao dos
peixes de dgua doce. Quanto as es-
pécies geneticamente modificadas,
pouco se sabe sobre seus potenciais
efeitos. A bacia amazo6nica detém a
maior riqueza de peixes de dgua do-
ce do mundo e até hoje tem resisti-
do aintrodugéao de peixes naonativos.
Nesse contexto, a aprovagao de me-
canismos facilitadores da introdu-
¢do de espécies na bacia amazo6nica
é inaceitavel, além de desnecessa-
ria. A aquicultura com espécies na-
tivas de peixes é uma solucdo alta-
mente vidvel, com potencial de ge-
racdo de beneficios socioeconémicos
e, em especial, ndo coloca a fauna
nativa em risco.

Felizmente, a pressdo exercida
para a revogacao da lei surtiu efeito.
Isso aconteceu sobretudo porque o

governador do Amazonas teve sua
decisdo questionada pelo Banco In-
teramericano de Desenvolvimento
(BID) ao pleitear um empréstimo
de US$ 350 milhées. A oposi¢do do
BID foi um fator-chave para a re-
vogacao, e isso mostra que os gran-
des agentes financiadores tém pa-
pel importante para que retroces-
sos ambientais sejam freados.

NOVOS CAMINHOS Nos tltimos anos,
o Brasil tem perdido seu papel de li-
deranga ambiental no cenario mun-
dial. Ha outras politicas, além das
abordadas na Science, que reforcam
essa tendéncia, como o polémico
Novo Cédigo Florestal. Na contra-
mao de todas as politicas ambien-
tais retrégradas em pauta, a PEC
153/2015 acerta ao propor, como de-
ver do poder publico, o fomento a
praticas sustentaveis na execucdo
de planos, projetos e atividades como
a contratagéo de servigos e obras. Es-
sa PEC defende que 6rgaos ou enti-
dades publicos, ao incorporar crité-
rios de sustentabilidade em seus pla-
nos de agdo, ajudam a viabilizar avan-
¢os tecnoldgicos e econdmicos volta-
dos a questdo ambiental.

Os prejuizos decorrentes das ir-
responsabilidades humanas frente
aos recursos naturais estdo cada vez
mais evidentes. Mudangas climati-
cas, secas duradouras, crises hidricas
e extin¢do em massa de espécies sdo
alguns dos eventos cada vez mais
frequentes. As leis ambientais ndo
podem ser encaradas como barreira
ao progresso. Pelo contrério, a con-
servagao da natureza é o pilar fun-
damental para a sustentagdo das
atividades economicas e sociais e,
como tal, deve ser um alvo elemen-
tar para a subsisténcia das geracoes
futuras. [
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