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Resumo

Reservatérios de regides tropicais sdo fontes de carbono (C) para a atmosfera e o
metabolismo bacteriano é um processo fundamental na regulacdo dessas emissées. No
entanto, estudos que elucidem os fatores ambientais que determinam o metabolismo
bacteriano em reservatorios tropicais sdo ainda escassos. Neste estudo foram medidas
taxas metabdlicas e parametros limnologicos em quatro reservatorios em cascata que
formam um gradiente de estado tréfico, com o intuito de determinar os reguladores do
metabolismo bacteriano em uma regido tropical e compara-los com dados obtidos a
partir da literatura disponivel (principalmente de regides temperadas). Nossos modelos
de regressao multipla selecionaram variaveis relacionadas ao estado tréfico como os
principais reguladores da producdo bacteriana (PB) e da eficiéncia de crescimento
bacteriano (ECB). Foi encontrada uma relacdo fraca e negativa entre a respiracéo
bacteriana (RB) e o carbono organico dissolvido (COD), diferente dos dados da
literatura. As taxas de RB foram sempre elevadas, especialmente em reservatorios
menos produtivos, nos quais as comunidades planctonicas estavam limitadas por
fosforo. A escassez de nutrientes, as elevadas temperaturas e a alta intensidade de luz
incidente aumentam o grau de hostilidade, e as células devem investir mais energia em
mecanismos de reparacao, o que direciona o metabolismo para a RB. Isso foi observado
nos reservatorios estudados, especialmente, nos ambientes mais oligotroficos (Nova
Avanhandava e Trés Irm&os) nos quais a RB foi mais elevada e a ECB mais baixa.
Nossos resultados indicam que os mecanismos reguladores do metabolismo bacteriano

podem variar de acordo com a latitude.

Palavras-chave: producéo bacteriana, respiracdo bacteriana, eficiéncia de crescimento

bacteriano, demanda de carbono bacteriano, gradiente de produtividade.



Abstract

Reservoirs located in tropical regions are main carbon (C) sources to the atmosphere,
and bacterial metabolism is a key process that regulates those emissions. However,
studies on the environmental drivers of bacterial metabolism in tropical reservoirs are
scarce. By measuring metabolic rates and the limnological parameters in four cascading
reservoirs that form a trophic state gradient, we determined the environmental drivers of
bacterial metabolism in a tropical region, and compared them with those found in the
literature (mainly from temperate regions). Our multiple regression models selected
variables related to the trophic state as the main drivers of bacterial production (BP) and
bacterial growth efficiency (BGE). On the other hand, bacterial respiration (BR), and
consequently bacterial carbon demand (BCD), were weakly and negatively correlated to
dissolved organic carbon (DOC), contrasting with the literature data. BR was always
high, especially in less productive reservoirs where planktonic communities were
limited by phosphorus. Nutrient limitation, high temperatures and high incident light
intensity increased the environmental hostility, and cells must invest more energy in
maintenance mechanisms, which directs the metabolism towards BR. This was
observed in the reservoirs studied, especially in the more oligotrophic environments
(Nova Avanhandava and Trés Irmdos) where BR was higher and ECB lower. Our
results indicate that the regulatory mechanisms of bacterial metabolism may vary

according to latitude.

Keywords: bacterial production, bacterial respiration, bacterial growth efficiency,

bacterial carbon demand, productivity gradient.
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Lista de abreviaturas e siglas

BB — Barra Bonita

BCD - bacterial carbon demand

BGE — bacterial growth efficiency

BP — bacterial production

BR — bacterial respiration

C — carbon ou carbono

Chl a— clorofila a

CO,_carbon dioxide ou didéxido de carbono

DCB — demanda de carbono bacteriano

DOC - dissolved organic carbon

ECB — eficiéncia de crescimento bacteriano

EM — energia de manutengao

GEE - gases do efeito estufa

GF/F - glass-fiber filter

MOD — matéria organica dissolvida

N — nitrogénio

NO — Nova Avanhandava
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P — fosforo

PB — producéo bacteriana

PCH — pequena central hidrelétrica

POC - particulate organic carbon

PON — particulate organic nitrogen

POP — particulate organic phosphorus

PR - Promissdo

RB — respiracdo bacteriana

RE — respiracdo celular especifica

RT — residence time

SGR - specific growth rate

TCA — trichloroacetic acid

Tl —Trés Irmaos

UHE — usina hidrelétrica

Zeu — euphotic zone ou zona eufética
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Introducéo Geral

Bactérias heterotroficas sdo os principais decompositores da matéria organica
em ambientes aquaticos, contribuindo com boa parte da respiracdo e producao
planctonica (Cotner e Biddanda, 2002). Sdo também a principal forma de entrada e de
reintegracdo do carbono organico dissolvido disponivel no ambiente para as teias
troficas aquaticas (Azam et al., 1983), e emitem CO, como subproduto de sua respiracao
(del Giorgio et al., 1997; Cole et al., 2007). Além disso, as bactérias desempenham
importantes processos ecossistémicos como a ciclagem do carbono, nitrogénio e
fosforo, realizando a mineralizacdo desses nutrientes (Tranvik et al., 2009; Amado et
al., 2013). Além de todas essas func@es, bactérias heterotréficas também sdo capazes de
colonizar diferentes zonas climaticas (boreal, temperada e tropical), todos os tipos de
ambientes, como lagos, rios, vulcdes, geleiras, e sé@o elementos essenciais para a

manutencdo dos ecossistemas.

Ha mais de quatro décadas o conceito da teia trofica microbiana foi apresentado
(Pomeroy, 1974) e, posteriormente, compreendida a sua relevancia em ecossistemas
aquaticos (Azam et al., 1983). Nesse modelo, se postula que uma complexa teia
microbiana composta por bactérias, picoplancton autotrofico, flagelados e ciliados,
reciclam e reintegram carbono a teia trofica classica (fitoplancton — zoopléancton -
peixes). O bacterioplancton assimila a matéria organica dissolvida disponivel no
ambiente, transformando-a em matéria organica particulada (Hollibaugh et al., 1980). Ja
0 picoplancton autotrofico € um componente importante na producéo primaria (Callieri
e Stockner, 2002). Posteriormente, as bactérias e o picoplancton autotréfico séo

consumidos por flagelados e/ou ciliados. Os protozoarios, por sua vez, sdo consumidos
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por organismos de niveis tréficos superiores, subsidiando a cadeia tréfica classica. Essa

estrutura trofica foi denominada “al¢ga microbiana” (Azam et al., 1983).

Ambientes de agua doce, constituidos por corregos, rios, riachos, lagos, lagoas,
reservatorios entre outros, tém importante papel e influéncia na ciclagem do carbono em
escala global, sendo bastante ativos no transporte, mineralizagdo e acimulo desse
elemento (Cole et al., 2007). Embora ocupem apenas cerca de 1% da superficie do
planeta, ecossistemas dulcicolas emitem grandes quantidades de carbono para a
atmosfera (Tranvik et al., 2009). Desse total, sistemas tropicais sdo responsaveis por

cerca de 60% das emissBes de gases do efeito estufa (Aufdenkampe et al., 2011).

Metabolismo bacteriano

O metabolismo de bactérias heterotroficas se decompde em producdo de
biomassa pela producdo secundaria (producdo bacteriana [PB]) e utilizacdo de carbono
organico em sua respiracao, que € o conjunto de processos bioquimicos necessarios para
a liberacdo de energia que mantém as funcGes do organismo, liberando como
subproduto o CO, (respiracdo bacteriana [RB]). Denomina-se demanda de carbono
bacteriano (DCB) a quantidade de carbono utilizada pelas bactérias tanto na producéo
de nova biomassa, quanto na respiracédo (representada pela equacdo DCB=PB+RB). Por
fim, eficiéncia de crescimento bacteriano (ECB) ¢é a proporcao de carbono dedicada a
producéo de biomassa, cuja equacdo é ECB=PB/[PB+RB] (del Giorgio e Cole, 1998).
Quanto maior a ECB, maior é o total de matéria e energia disponivel para os niveis
troficos superiores, da mesma forma que quanto menor a ECB, maiores sdo as taxas de

mineralizacdo de carbono (Amado et al., 2013).
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O metabolismo bacteriano é influenciado por fatores ambientais, sejam eles
biodticos (grazing e lise viral), ou abidticos como quantidade e qualidade de matéria
organica dissolvida, disponibilidade e qualidade de nutrientes e temperatura. Diversos
trabalhos exploraram diferentes fatores que tendem a influenciar o metabolismo
bacteriano em sistemas temperados, destacando-se RB e ECB que apresentam relagc0es
positivas com a disponibilidade e/ou labilidade do carbono orgénico dissolvido, e PB
que se relaciona positivamente principalmente com varidveis relacionadas com o
fitoplancton, no caso, clorofila a (Chla), producdo primaria, feopigmentos (Tabela 1).
Entretanto, a maioria dos estudos que investigaram o0s reguladores do metabolismo
bacteriano em ambientes aquaticos foi realizada em regides temperadas, nas quais a
temperatura € um dos principais fatores reguladores do metabolismo bacteriano (Apple
et al., 2006). Em regides tropicais, onde as temperaturas sdao mais elevadas ao longo do
ano, e a dinamica sazonal estd predominantemente ligada a flutuacdes no regime de
chuvas os fatores ambientais que regulam o metabolismo microbiano poderiam ser

outros (Sarmento, 2012; Amado et al., 2013).
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Tabela 1: Revisdo bibliografica de estudos que encontraram relagdes significativas entre varidveis do
metabolismo bacteriano (PB, RB ¢ ECB) com fatores ambientais agrupados por: “Fitoplancton” —
clorofila a, produgdo primaria, feopigmentos; “Carbono” — carbono orgénico dissolvido, carbono
orgénico total, indice de fluorescéncia e indices de absorbancia; “Nitrogénio” — nitrogénio total,
nitrogénio dissolvido, amonia, nitrito; “Fosforo” — fosforo total, fosforo dissolvido; “Outros” — grazing,
infeccéo viral e outros fatores bi6ticos.

Metabolismo Grupo de variaveis N 9% deestudos Referéncias
PB Fitoplancton 14 58 2,5,6,9, 10, 14, 15, 16, 17, 19, 20, 21, 23, 25
Carbono 10 42 3,4,8,9, 12,16, 17, 20, 21, 22
Fosforo 5 21 8, 14, 15, 20, 22
Nitrogénio 4 17 6, 20, 22, 24
Temperatura 4 17 1, 19, 20, 23
Outros 8 33 7,16, 17,18, 19, 20, 21, 25
RB Carbono 6 60 3,8,12, 16, 17, 18
Temperatura 3 30 7,17,18
Fitoplancton 1 10 5
Fosforo 1 10 8
Nitrogénio 1 10 11
Qutros 5 50 11, 14, 16, 17, 18
ECB Carbono 6 60 3,8,16,17, 22,24
Fitoplancton 3 30 5,16 17
Temperatura 3 30 5,7, 24
Fosforo 2 20 8,22
Nitrogénio 1 10 24
Qutros 2 20 17,18

Referéncias: Adams et al. 2010 (1); Présing et al. 1997 (2); Berggren et al. 2009 (3); Bergstrom e Jansson 2000 (4);
Berman et al., 2010 (5); Bertilsson et al. 2007 (6); Biddanda et al. 2001 (7); Cammack et al. 2004 (8); Chrost et al.
2000 (9); Chrzanowski e Hubbard 1988 (10); Cimbleris e Kalff 1998 (11); Jansson et al. 2008 (12); Jugnia et al. 2006
(13); Kritzberg et al. 2005 (14); Ram et al. 2005 (15); Ram et al. 2013 (16); Ram et al. 2015 (17); Ram et al. 2016
(18); Robarts e Wicks 1990 (19); Robarts et al. 1994 (20); Simon e Tilzer 1987 (21); Smith e Prairie 2004 (22);
Tulonen 1993 (23); Vidal et al. 2015 (24); White et al. 1991 (25).

Os ambientes aquéticos apresentam diferentes caracteristicas que podem ser
adversas as comunidades. O grau de estresse do sistema é chamado hostilidade
ambiental e pode ser notado pela limitagdo de nutrientes, excesso de radiacdo UV,
variacdo na temperatura da &gua, do pH, labilidade e disponibilidade de matéria
orgénica dissolvida (MOD) concentracdo de toxinas e poluentes e ditara a plasticidade
das comunidades, podendo proporcionar condi¢cbes adversas ao metabolismo
microbiano, que afetam especialmente a ECB (Carlson et al., 2007). Em ambientes com
maior hostilidade, a quantidade de energia voltada & producdo é reduzida (Figura 1).

Isso se deve ao fato do fluxo de energia ser majoritariamente dedicado a manutengédo
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celular o que, consequentemente, aumenta a respiracdo celular especifica (RE). Sendo

assim, com o aumento do grau de hostilidade, havera decréscimo na ECB.

60

= ECB s RE

() ©o13199d 3 ae[n[d2 ogdeardsay

0 L 1 1 1
0 20 40 60 80 100

% “hostilidade” do ambiente

ECB e % de energia de manutencio (EM)

Figura 1. Diagrama hipotético demonstrando as relaces entre fatores de estresse ambiental (ou
“hostilidade” ambiental) e a particdo da energia em células bacterianas, decorrente da eficiéncia de
crescimento bacteriano (ECB) e respiragdo celular especifica (RE). Com o aumento da hostilidade
ambiental, mais energia é dirigida a manutencdo celular (EM). Dessa forma, a ECB decai e a RE
aumenta. Adaptado e traduzido de Carlson et al. 2007.

A temperatura é um fator chave para a regulacdo do metabolismo bacteriano
(White et al., 1991; Vazquez-Dominguez et al., 2007; Sarmento et al., 2010). Segundo a
teoria metabdlica da ecologia (Brown et al., 2004) o metabolismo dos organismos tende
a ser mais elevado em ambientes com temperaturas mais altas. Devido a maior

incidéncia de radiagdo solar nos tropicos, aliada

as altas temperaturas médias ao longo do ano (Lewis, 1987; Lewis, 1996), as
taxas metabodlicas sdo mais elevadas. Com o aumento da temperatura da agua, pode

haver aumento de PB, RB e ECB (Berman et al., 2010).
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Além da temperatura, a configuracdo da teia trofica pode afetar a abundancia
bacteriana (Sarmento, 2012; Domingues et al., 2016; Segovia et al., 2016). Uma meta-
anélise comparou taxas metabolicas de bactérias heterotréficas (PB, RB, DCB) de aguas
continentais de sistemas temperados e tropicais (Amado et al., 2013), mostrando que em

latitudes mais baixas a ECB € menor que nos ambientes temperados.

Estudos prévios mostram que PB e RB se relacionam positivamente com a
temperatura, porém, com ECB essa relacdo se inverte em ambientes com limitacdo por
nutrientes como nitrogénio e fosforo (Rivkin e Legendre, 2001; Berggren et al., 2010).
A ECB apresenta uma grande variagcdo em diferentes ambientes aquéticos, variando
entre menos de 0,05 e raramente superando 0,6 (del Giorgio et al., 1997; Kritzberg et
al., 2005). Isso ocorre devido as taxas respiratorias bacterianas serem bem maiores que
as taxas de producéo, principalmente em ambientes mais quentes, resultando em menor

ECB (Amado et al., 2013).

Fontes de nutrientes e de matéria organica e metabolismo bacteriano

As fontes da matéria organica que sustentam o metabolismo microbiano podem
ser aloctones, quando carreadas a partir de ambientes externos, ou autoctones, quando
resultam da producdo primaria realizada no proprio ecossistema. Desse modo, é de se
esperar que o balango entre fontes aloctones e autoctones varie ao longo do ano, sendo
influenciado por diferentes fatores climaticos, tais como chuvas degelo, variagcdes no
nivel da agua etc. Alem disso, a entrada de nutrientes em corpos d’agua pode resultar
em eutrofizacdo, um processo natural, mas que pode ser intensificado e acelerado pela

acao antropica (Tundisi e Matsumura-Tundisi, 2008). Atividades humanas como 0 uso
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do solo para agricultura, aliado ao despejo de residuos industriais e domésticos em
corpos d’agua (Abe et al., 2003), causam impactos em ecossistemas aquéticos, e
ambientes tropicais sdo particularmente sensiveis a esses aportes (Downing et al.,
1999). Aportes de nutrientes podem alterar a dindmica das comunidades de ambientes
aquaticos e afetar o ciclo do carbono, nomeadamente, as emissdes de gases de efeito de
estufa para a atmosfera (Schindler et al., 2008). Sistemas eutréficos fornecem substrato
para o desenvolvimento de microalgas (principalmente cianobactérias) e macrdfitas.
Estes produtores primarios sdo a principal reserva de carbono organico desses
ambientes e constituem a principal fonte de matéria organica para as bactérias (Simon et

al., 1992).

Por outro lado, a escassez de nutrientes, principalmente fosforo e a elevada
radiacdo solar aumentam a excrecdo algal, que constitui uma fonte de carbono labil
rapidamente assimilado pelas bactérias heterotroficas (Zlotnik e Dubinsky, 1989;
Morana et al., 2014). Em um estudo classico, Redfield (1958) mostrou que no séston de
sistemas oceanicos a razdo estequiométrica esperada para a propor¢cdo de atomos de
carbono, nitrogénio e fdésforo (C:N:P) seria de 106:16:1. Todavia, em diferentes
sistemas, esta razdo pode variar (Cotner et al., 2010). Além disso, atualmente sabe-se
que as razbes C:P nas teias troficas aquaticas diferem de acordo com o nivel trofico,
havendo seu decréscimo em niveis troficos superiores. Produtores primarios (principais
constituintes do seston) geralmente apresentam uma ampla variagdo nas razdes C:P
(Sterner et al., 1998). Quando o ecossistema apresenta razdo C:P alta, observa-se uma
limitacdo por P dos produtores primérios, causando um desequilibrio nas necessidades
dos consumidores de topo, afetando a eficiéncia da cadeia trofica (Figura 2). Um

estudo recente mostrou que as bactérias heterotréficas sdo os organismos com maior
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magnitude de variagdo das razdes C:P, superando a amplitude observada para algas

(Godwin e Cotner, 2015).

Peixes [ HH

Dissipagio de carbono

Zooplancton | T TR
Bactérias <>

Algas, Seston  e—

0 100 C:P molar 200

mga;o da eficiéncia da

Figura 2. Representacdo da razdo C:P em sistemas aquéticos. Espécies individuais de algas em cultura
(Healey e Hendzel 1979), ou particulas do séston misturadas em amostras de lago (Elser e Hassett 1994),
mostram uma ampla gama de razdes C:P (todas dadas em molar). A razdo C:P de bactérias heterotroficas
parece ser mais limitada, mas novamente, linhagens individuais em culturas (Kyle 1994) e colecGes de
particulas do tamanho de bactérias de ecossistemas naturais (Vadstein et al. 1988) indicam consideravel
variabilidade nas razdes C:P dentro de linhagens, embora a faixa de varia¢do seja menor que a observada
em algas. Em contrapartida, para metazoarios do zooplancton tém mostrado pequena variabilidade
intraespecifica, e variabilidade interespecifica um pouco mais elevada (Hessen 1990; Andersen e Hessen
1991; Hessen e Lyche 1991). A gama total de razdes C:P em metazoarios do zooplancton é
consideravelmente menor que em bactérias ou algas e varia de 100 a 200. Finalmente, as raz6es C:P de
peixes sdo também limitadas, sendo também baixas (Davis e Boyd 1978; Penczak 1985; George 1994).
Adaptado e traduzido de Sterner et al. 1998.

Outro fator que influencia a dindmica do metabolismo bacteriano é o aporte de
COD, que pode ter origem autoctone, que e excretado pelo fitoplancton, microalgas e
macrofitas aquaticas (Bertilsson e Jones, 2003), ou aldctone, isto é, carbono terrestre
carreado pela chuva para dentro do sistema aquatico (Aitkenhead-Peterson et al., 2003).

O aumento da producdo de COD autdctone pode facilitar a assimilacdo de COD
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terrestre na biomassa bacteriana. Mesmo com o aumento da produtividade do sistema, a
utilizacdo de COD alo6ctone serd constante. Porem, ndo é possivel inferir qual o
verdadeiro grau de assimilacdo de COD al6ctone, uma vez que o C é utilizado de
diferentes formas pelas comunidades bacterianas (convertido para producdo ou
respiracdo). Também observaram que C autdctone é principalmente voltado a respiracao
bacteriana e C terrestre para a producdo de biomassa. Além disso, hé preferéncia por C
produzido por algas, devido sua labilidade e qualidade (Guillemette et al., 2016),
embora estudos prévios mostrem que o C autdctone pode ndo ser imediatamente
respirado, mas que uma parcela pode ser acumulada ao longo do tempo (Bade et al.,
2007). Resumindo, os padrbes de degradacdo do carbono orgéanico variam de acordo
com a disponibilidade de nutrientes e o grau de trofia do sistema (Guillemette et al.,

2013).

Reservatdrios em cascata como modelo para o estudo do metabolismo bacteriano

Reservatorios artificiais sdo sistemas aquaticos amplamente distribuidos pelo
globo e, desses, aproximadamente 20% estdo associados a hidrelétricas, que abarcam
uma vasta porcdo dos ambientes de 4gua doce (Barros et al., 2011). Esses ambientes sdo
responsaveis pela emisséo de gases do efeito estufa (GEE) como CO, e CHy4, (Rudd et
al., 1993; St. Louis et al., 2000), principalmente nos primeiros anos de funcionamento
com o alagamento de vastas areas (Barros et al., 2011). Isso ocorre como consequéncia
da decomposicdo da vegetacdo da area alagada e da matéria organica do solo (Abril et
al., 2005). Esses sistemas ocupam posi¢do intermediaria entre o continuum de lagos e

rios, no qual as comunidades respondem as variagdes fisicas, quimicas e morfologicas
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dos cursos d’agua (Fig. 3), tendendo a menor perda de energia (Vannote et al., 1980).
Sao construidos em bacias de drenagem, principalmente em suas extremidades
inferiores (Kalff, 2002) e tém caracteristicas distintas quando comparadas a lagos

naturais (Tabela 2).

De acordo com suas fungdes sdo construidos em rios (reservatorios tradicionais,
para producdo de energia elétrica), no intersticio lago-rio (reservatorios de
armazenamento), ou em lagos, para armazenamento tributario (Kalff, 2002) (Figura 1).
No Brasil, a maior parte da energia elétrica é produzida em usinas hidrelétricas (UHES),
que ultrapassam 100 unidades distribuidas por todo o territorio nacional, tendo como
principal reservatorio a Usina Hidrelétrica de Itaipu, localizada no Rio Parand, na
fronteira entre Brasil e Paraguai. Também ha mais de 70 pequenas centrais hidrelétricas
(PCHs), assim classificadas por suas menores areas e menor capacidade de producéo e

distribuicdo de energia (ANEEL, 2016).
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Caracteristica Lagos Reservatorios
Diferencas quantitativas (absolutas)
Origem Natural Antropogénica

Idade geoldgica
Envelhecimento
Formado por preenchimento
Forma
Taxa de desenvolvimento da margem
Profundidade maxima
Sedimentos do fundo
Gradientes longitudinais
Profundidade de saida
Diferencas qualitativas (relativas)
Bacia: &rea do lago
Tempo de retencdo da gua
Acoplamento com bacia
Morfometria
Nivel de flutuagdes
Hidrodindmica
Causas dos pulsos

Sistema de gestdo da agua

Antiga (> Pleistoceno)
Lento
Depressoes
Regular
Baixa
Préximo ao centro
Mais autdctone
Influenciados pelo vento

Superficie

Menor
Mais longo
Menor
Em forma de U
Menor
Mais regular
Natural

Raro

Maioria recente (< 60 anos)
Répido (primeiros anos)
Vales dos rios
Dendritica
Alta
Extremo (na barragem)
Mais aldctone
Influenciados pelo fluxo

Fundo

Maior
Mais curto
Maior
Em forma de V
Maior
Altamente variavel
Operacgdo humana

Comum

Tabela 2. Comparagdo entre caracteristicas de lagos estratificados e reservatdrios (traduzido de Straskraba
1996.).
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Continuum

<= Rios [—————— T _______ Lagos [—>
«c———————- Reservatorios |———————— >
-———e————> --——— ————>
Reservatérios tradicionais Reservatorios de
armazenamento tributario
——————— *-———— —— >

Reservatorios de armazenamento

Dias Semanas Meses Anos

Aumento médio no tempo de residéncia

Figura 3. Representacdo da fungdo dos reservatorios de acordo com a localizagdo em um continuum rios-

lagos (Adaptado e traduzido de Kimmel e Groeger 1984).

Dentre os reservatorios tropicais brasileiros, aqueles inseridos no Rio Tieté, na
porcao superior do Rio Paran, sdo de porte médio. O Rio Tieté é o maior rio do estado
de S&o Paulo, com aproximadamente 1.100 km de extensdo, com nascente no municipio
de Salesépolis e foz no Rio Parana. Localiza-se em uma area de drenagem de seis sub-
bacias hidrogréaficas (Alto Tieté, Sorocaba/Médio Tieté, Piracicaba-Capivari-Jundiai,
Tieté/Batalha, Tieté/Jacaré e Baixo Tieté) e apresenta confluéncia com o Rio Parana.
Esta inserido na Bacia Hidrogréfica do Rio Parana. E um dos principais rios do Estado
de S&o Paulo, com grande importancia econémica e social (Abe et al., 2003) e o Alto
Tieté € a regido mais urbanizada, sofrendo grande impacto da acdo humana, resultando
na aceleracdo da eutrofizacdo do ambiente (Esteves et al., 2007). Com o rapido aumento
populacional e industrial, essa regido se tornou a mais habitada e industrializada do pais,
exigindo aumento na demanda de energia elétrica e abastecimento de agua. Dessa

forma, foram construidos diversos reservatorios nesse rio.

Entre os reservatérios inseridos no Rio Tieté, podemos destacar quatro: Barra
Bonita, Promissdo, Nova Avanhandava e Trés Irméos (Tabela 3). Estes sdo utilizados
para o fornecimento de energia elétrica, abastecimento de agua e ambiente de recreacao

as populagdes das cidades de seu entorno.
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Tabela 3. Caracteristicas dos quatro reservatérios em cascata do Rio Tieté. CESP , 1998.

Area inundada (km®)  Volume (m®x10% Inicio de operagéo
Barra Bonita 310 3.135 1963
Promissédo 530 7.418 1975
Nova Avanhandava 210 2.720 1982
Trés Irméos 817 13.800 1993

Esse conjunto de usinas hidrelétricas (UHES) forma o que é denominado cascata
de reservatorios, ou seja, um complexo de reservatérios distribuidos ao longo de um
mesmo rio, no caso, 0 Rio Tieté. Essa conformacdo favorece a influéncia do
reservatorio mais proximo a montante sobre 0s subsequentes, mais proximos a jusante.
Dessa forma, a concentracdo de nutrientes de cada sistema varia, havendo a formacéo
de um gradiente de estado trofico. E o caso das quatro usinas hidrelétricas supracitadas,
que formam uma cascata (Barbosa et al., 1999) com nitido gradiente de estado tréfico.
Barra Bonita € o mais impactado devido as grandes descargas de esgoto industrial e
doméstico, provenientes da cidade de Séo Paulo. Ao longo da cascata de reservatorios
0s nutrientes vao sendo retidos na biomassa de produtores primarios e a qualidade da
agua vai melhorando, com diminuicdo na concentracdo de nutrientes, diminuicdo da

biomassa fitoplanctonica e aumento na transparéncia da agua (Barbosa et al., 1999).

Deste modo, o conjunto de reservatorios forma um gradiente de estado trofico de
montante a jusante, e este sistema torna-se ideal para testar a resposta do metabolismo
microbiano as quantidades de recursos (nutrientes e matéria organica) ao longo desse
gradiente. Entretanto, muitos outros fatores podem influenciar a dindmica desses
sistemas, por exemplo, tempo de residéncia, taxas pluviométricas, abertura e
fechamento das comportas da barragem, profundidade e tamanho do reservatoério (Kalff,
2002).

Levando em consideracdo todos esses fatores e tendo em conta a escassez de
estudos da dindmica temporal do metabolismo bacteriano em sistemas tropicais, 0
presente trabalho pretende analisar a influéncia do gradiente de estado trofico ao longo
do conjunto de reservatdrios dispostos em cascata no Rio Tieté, conjuntamente com

outros fatores ambientais (temperatura, pH, disponibilidade de nutrientes e carbono
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organico dissolvido, clorofila a), sobre o metabolismo de bactérias heterotréficas (PB,
RB, ECB e DCB). A anélise de mdltiplos fatores em sistemas tropicais, com um
gradiente de estado trofico ao longo da cascata de reservatorios, deverd permitir
entender quais fatores ambientais determinam o metabolismo microbiano e sua
eficiéncia. Nossas hipdteses sdo que o metabolismo bacteriano responde ao gradiente de
estado trofico e que os reguladores da dindmica do metabolismo bacteriano séo
diferentes e atuam de formas distintas de acordo com a latitude.
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Capitulo 11

Environmental drivers of bacterial
metabolism in tropical reservoir
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Introduction

Heterotrophic bacteria play an important role in aquatic ecosystems carbon cycle
producing carbon dioxide (CO,) through respiration of the organic matter. They are the
main decomposers of organic matter and incorporate DOC into biomass through
secondary production (Cole et al., 1994; Del Giorgio e Cole, 1998). Moreover, this
carbon becomes bioavailable for the aquatic trophic web through the microbial loop

(Azam et al., 1983).

Earlier studies argued that bacteria are more effective than phytoplankton in
absorbing nutrients in oligotrophic conditions due to high surface-to-volume ratio. For
this reason bacteria comprise a high percentage of community metabolism in low
nutrient conditions (Biddanda et al., 2001; Cotner e Biddanda, 2002). However, in more
productive environments bacterial metabolic rates are comparatively lower than

phytoplankton (Cole et al., 1988; Sanders et al., 1992; Simon e Rosenstock, 1992).

Several environmental factors may affect bacterial metabolism. There is a
consensus that temperature is the main regulator of bacterial metabolism (e.g. White et
al., 1991; Kamjunke et al., 2016). Concurrently with organic matter quality and
availability, temperature regulates BP and BGE in temperate ecosystems, when the
whole year cycle is considered (Apple et al., 2006). For this reason bacterioplankton in
tropical regions is expected to have comparatively higher metabolic rates than in

temperate regions (Lewis, 1987; Sarmento, 2012; Amado et al., 2013).

Besides temperature, bacterial metabolism may be regulated by inorganic
nutrients and/or organic carbon quantity and quality (Berggren et al., 2010; Scofield et

al., 2015; Sarmento et al., 2016). Allochthonous organic carbon inputs, phytoplankton
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and macrophytes are the main carbon source in reservoirs (Fearnside, 2005).
Phytoplankton is a major pool of autochtonous organic carbon that fuel bacterial
metabolism (Simon et al. 1992). High light and low nutrient availability enhance
phytoplankton extracellular organic carbon release, which is easily assimilated by
heterotrophic bacteria (Morana et al 2014). For example, in boreal regions, external C
inputs contributed to heterotrophic bacteria biomass and BR (Guillemette et al., 2016).
In turn, subarctic systems BP and BGE increased due to combination of both
allochthonous and algal carbon (Roiha et al., 2016). These results corroborate the
“priming effect”, where algal labile components promote bacterial degradation of
terrestrial recalcitrant DOC (Guenet et al., 2013; Hotchkiss et al., 2014; Guillemette et
al., 2016). Also, DOC degradation patterns vary according nutrient availability and
trophic state (Guillemette et al 2013). On the other hand, in environments in which
respiration exceeds primary production, terrestrial carbon sources may complement

bacterial metabolism (Fonte et al, 2013).

Tropical inland waters are responsible for a substantial share of CO, emissions
to atmosphere (e.g. Aufdenkampe et al., 2011; Abril et al., 2014; Marotta et al., 2014;
Borges et al., 2015). Previous studies have argued that artificial reservoirs located in
tropical regions have particularly high greenhouse gas emissions (Tranvik et al., 2009;
Barros et al., 2011; Raymond et al., 2013). Possible causes for these high emissions at
low latitudes are high heterotrophic respiration rates, which are enhanced by high
temperature (Kosten et al., 2010; Amado et al., 2013; Marotta et al., 2014) and inputs of
allochthonous carbon sources that fuel microbial metabolism (Cole et al., 1994; Del
Giorgio e Peters, 1994; Jugnia et al., 2006). However, a comprehensive study

enlightening the environmental factors that drive bacterial metabolism in tropical
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regions, where temperature is permanently high and the seasonal dynamics is dictated

by the rainfall regime, is still lacking.

Given the relevance of tropical inland waters, especially reservoirs, to global
carbon emissions it is important to elucidate which environmental factors drive bacterial
metabolism in low latitudes, where temperature and light throughout the year is high
and the seasonal dynamics is governed by the rainfall regime. Therefore, the aim of this
study was to quantify bacterial metabolism and the concomitant limnological
parameters in four tropical cascading reservoirs forming a trophic state gradient during
one year, in order to elucidate the drivers of bacterial metabolism seasonal variation in
low latitudes. We used regression models to determine which factors drove bacterial
metabolism variables (BP, BR, BGE and BCD). We hypothesize that (1) bacterial
metabolic rates are high throughout the year and respond to the trophic state gradient,
and (2) the environmental drivers of bacterial metabolism in tropical regions act
differently from those reported in temperate systems, as seasonality indicators are

different.

Materials and methods

Study area and sampling

Samples were taken in four cascading reservoirs in the Tieté River: Barra Bonita
(BB) (22° 32.648> S 048° 27.97> W), Promissdo (PR) (21° 19.123’ S 049° 44.724° W),
Nova Avanhandava (NO) (21° 06.455° S 050° 10.954 W) and Trés Irmaos (TI) (20°
40.110° S 051° 16.855> W), located in the Parana River basin, in Sao Paulo State
(Brazil) (Fig. 1), every two months, from May 2015 to March 2016. The Tieté River

crosses the city of S&o Paulo upstream with high nutrient inputs, and flows inland
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towards the Parana River passing through a series of cascading reservoirs. During this
700 km course the nutrient charge decreases and, consequently, water quality improves,

forming a decreasing trophic state gradient (Barbosa et al., 1999).
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Fig. 1. Location of the Tieté River in the Parand River basin, with the four reservoirs studied.

Water samples were collected using Van Dorn bottle at subsurface and kept in
20 L carboys, and 500 mL to 1 L of water was filtered, in field, through a glass-fiber
filter (GF/F, 47 mm diameter) for chlorophyll a (Chla) concentration, DOC and nutrient

analyses.

Environmental variables

Limnological parameters such as pH and water temperature were recorded in
situ with a multiparameter probe YSI 6600 V2 (YSI, Yellow Springs, OH, USA).
Dissolved and total organic carbon was obtained in a Shimadzu TOC-V cph Analyser.
Nutrients (nitrate, nitrite, ammonium and soluble reactive phosphorus) were quantified
in an lon Chromatography System-Dionex ICS — 1100 (Thermo Scientific).
Carbohydrates were obtained with phenol sulphuric method (Dubois et al. 1956).
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Euphotic zone (Zeu), corresponding to depth of 1% the incident light, was determined
using an underwater photosynthetically active radiation (PAR) sensor (Li-cor Model LI-
250 Light Meter). Chla was extracted in 90% ethanol at 80°C (Marker, 1980; Nush,

1980) and quantified in a spectrophotometer (Lorenzen, 1967).

For particulate organic carbon (POC) and particulate organic nitrogen (PON) in
the seston, water was filtered through previously carbonized GF/F filters. Half of the
filter was used on the CHN TruSpec Micro analyzer (Leco®), following instructions of
manufacturer. Pretreatment consisted in maintaining filters on oven for 24h, at
approximately 50° C and exposed to HCI fume for removal of inorganic carbon. The
other half of the filter was used for particulate organic phosphorus (POP) analysis, by
colorimetric quantification after a digestion with potassium persulfate as described in

Mackereth et al. (1978).
Residence time (RT) was obtained using the following equation:
RT=V/q (1)

where V is the reservoir volume (m®) and q is tributaries inflow (m*® d™). Hydrological
and meteorological data were gently provided by the Agéncia Nacional de Aguas (Ana,

2016) and the Instituto Nacional de Meteorologia (INMET, 2016), respectively.

Metabolic rates

Incubations were performed in the field, immediately after water sampling. BP
was estimated by H*-leucine incorporation method (Kirchman et al., 1985), in four

replicates and two dead controls incubated at dark and in situ temperature for 1,5 hours
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with 40 nM (final concentration) of H3-leucina. The incubations were stopped with 5%
final concentration trichloroacetic acid (TCA). A carbon:protein conversion factor of

0,86 was used (Simon e Azam, 1989).

For BR, approximately 500 mL of water was filtered through 3 pum pore size
polycarbonate membrane (37 mm diameter) discarding the first 200 mL for rinsing the
filter. From these, 50 mL of water was gently dispensed in four replicate previously
carbonized glass flasks, and incubated in the dark, at in situ temperature. Dissolved
oxygen was measured in each flask at TO = initial time, T1 ~ 2h, T2 ~ 6h and T3 ~ 10h,
using an O, optical fiber micro-optode (Unisense©, Aarhus, Denmark) (Briand et al.,
2004). BR rates were transformed to carbon units using a respiratory coefficient of 1

(Del Giorgio e Cole, 1998).
BGE and BCD were obtained according to the following equations:
BGE =BP/ (BP + BR) (2)
BCD =BP +BR (3)

Statistical analyses

In order to achieve a normal distribution, Chla, DOC, RT, Zeu, nitrite and
soluble reactive phosphorus data were log-transformed. For multiple regression
analysis, environmental variables were tested for covariance. The lowest value of
Akaike Information Criterion (AIC) index was used to generate the best multiple
regression models for each metabolic variable (BP, BR, BGE and BCD). Also, a
correlation matrix was made between biological parameters and environmental
parameters. All statistical analyses were performed in R version 3.3.1 (R Development

Core Team, 2016).
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Results

The lowest water temperatures were observed during the dry season (May 2015
and July 2015), and the highest during the rainy season (January 2016 and March 2016),
as expected for this region (Fig. 3A). Retention times (RT) decreased towards the end of

the study period (Fig. 3B) and varied among reservoirs (Fig. 4B).

Chla registered higher values in March 2016, after the major rain events (Fig.
3C). As expected, Zeu increased with oligotrophy along the reservoir cascade (Fig. 4D).
A similar trend was observed in DOC that increased in the rainy season (Fig. 3E) and
was higher in most eutrophic systems, declining along the trophic state gradient (Fig.

4E).
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Table 1: Mean, minimum and maximal values of environmental parameters and bacterial metabolism variables measured in the four reservoirs studied (BB: Barra Bonita; PR:

Promissdo; NO: Nova Avanhandava; TI: Trés Irmaos).

BB PR NO TI
Parameters Min Mean Max Min Mean Max Min Mean Max Min Mean Max
Area (km?) 310 530 210 817
Volume (10° m’) 3.14 7.42 2.72 13.80
Beginning of operation year 1963 1975 1982 1993
Temperature (°C) 20.24 2495 27.79 2201  26.17 29.81 22.62 26.5 28.99 | 2295 27.05 29.54
pH 6.80 7.48 8.00 7.46 8.38 9.00 7.01 8.47 9.50 7.26 8.01 9.20
Residence time (d) 3148 99.76 179.64 | 3573 143.25 283.65 | 13.13 48.80 104.79 | 63.61 357.71 1000.52
Average influx (m®s™) 201.98 553.64 1152.54 | 302.27 971.62 2399.90 | 300.41 1013.48 2397.22 | 159.64 1006.61 2511.11
Euphotic zone (m) 1.42 2.86 4.83 3.3 4.10 5.40 3.64 5.22 7.40 5.41 9.92 14.27
Secchi disk (m) 0.30 1.35 3.80 0.90 1.28 1.60 1.00 1.47 1.90 1.80 4.22 7.60
Chlorophyll a (ug L™ 1.68  33.16 76.31 7.99 19.93 43.58 4.59 13.63 26.41 0.82 491 11.35
Carbohydrates (mg L™) 1.85 3.18 4.78 1.37 1.83 2.26 1.45 2.03 2.50 0.96 1.56 1.85
Dissolved organic carbon (ugC L) 775 1084 2167 | 513  6.22 8.65 5.28 6.12 739 | 409 488 5.46
Particulate organic carbon (mgC L'l) 0.8 7.8 28.1 1.7 3,23 49 1.04 2.7 5.21 0.5 1.51 3.65
Particulate organic nitrogen (mgN L™) 0.2 1.83 6.14 0.53 0.89 1.3 0.21 0.65 1.04 0.09 0.32 0.74
Particulate organic phosphorus (mgP L™) 0.08 0.14 0.25 0.03 0.06 0.08 0.02 0.05 0.08 0.08 0.03 0.60
C:N atomic ratio 3.60 4.88 6.10 2.42 441 6.68 3.24 4.83 6.00 441 5.85 7.89
C:P atomic ratio 20.23 115.11 295.63 | 106.36 153.48 261.26 | 58.88 150.11 336.56 | 68.71 148.60 244.77
N:P atomic ratio 3.97 23.89 55.41 15.92 38.57 59.92 9.81 31.73 57.78 10.58 27.68 52.76
Dissolved inorganic nitrogen (ug L™) 1.70 2.73 4.46 0.15 0.35 0.59 0.00 0.26 0.63 0.01 0.06 0.13
Soluble reactive phosphorus (ug L™) 8.45 49.18 109.21 1.21 4.86 13.73 1.24 4.04 9.04 1.57 9.02 28.90
Bact. abundance (10° mL™) 1.91 5.79 10.34 4.96 6.58 9.44 6.34 7.38 8.37 1.99 3.70 6.56
Bact. production (ugC I h™) 0.21 1.25 3.03 0.42 1.26 2.62 0.32 0.99 2.16 0.04 0.77 3.27
Bact. respiration (ugC L™ h™) 5.83 17.04 29.29 12.19  30.30 50.06 14.63 23.16 37.01 | 1396 3161 46.73
Bact. growth efficiency (%) 1.65 6.26 11.93 1.62 4.33 7.95 1.60 4.27 9.45 0.10 2.36 8.73
Bact. carbon demand (ugC L™ h™) 623 1829 3123 | 1261 3156 50.89 | 15.09 2415  37.95 | 1409 32.38 46.84
Bact. specific growth rate (d™) 0.21 0.55 1.14 0.23 0.49 0.95 0.13 0.39 1.00 0.07 0.47 1.58
Bact. turnover rate (d) 0.61 1.65 3.38 0.73 1.74 3.04 0.69 2.85 5.29 0.44 3.89 9.58
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A: bacterial production; B: bacterial respiration; C: bacterial growth efficiency; D: bacterial carbon
demand

BP and BGE varied along the study period, both increasing in March 2016, just
after the major rain events (Fig. 5A and 5C). In turn, both BR and BCD had no clear
pattern throughout the year (Fig. 5B and 5D). Furthermore, a large proportion of the
BCD was accounted by BR and a small portion of BCD was incorporated into biomass
(BP). BP, BGE and bacterial specific growth rate decreased with increasing oligotrophy
(Fig. 6A and 6C, Table 1). On the other hand, BR, BCD and bacterial turnover rate
tended to increase in the same trophic state gradient (Fig. 6B and 6D, Table 1). Other
pattern observed was that BP tended to be higher at high temperatures, and declined

during the cooler dry season (Fig 5A).
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Significant correlations between bacterial abundance or metabolism and
environmental variables are listed in Table 2. BP were positively correlated to Chla and
carbohydrates and inversely correlated to residence time. Being part of the seston,
bacterial abundance was correlated to POC, PON and all sestonic elemental ratios. BP
was also correlated to temperature. The only variable that correlated to BR was DOC

(negative correlation).
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Fig. 6. Mean and standard deviation of the main biotic variables by reservoir. Barra Bonita: BB;

Promissdo: PR; Nova Avanhandava: NO; and Trés Irmdos: Tl. A: bacterial production; B: bacterial

respiration; C: bacterial growth efficiency; D: bacterial carbon demand
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The selected multiple regression models (Table 3) indicated variations in
bacterial metabolism that were explained by distinct environmental variables. A model
with Zeu and temperature as predictive variables explained 61% of BP variance. Both
BR and BDC had DOC as the main environmental driver, accounting alone for 35% and
34% of their variation, respectively. The best predictors for BGE were Chla, nitrate and
temperature, and the model explained 47% of its variance. According to the regression
coefficients, temperature had relatively low or no influence on BP and BGE,

respectively (Table 2 and Table 3).

C:N atomic ratios in the seston indicated that N was not a limiting factor for
phytoplankton in all reservoirs studied during the study period (Fig. 7). However, P
limitation was frequent, mainly in oligotrophic reservoirs (Nova Avanhandava and Trés
Irmaos). In March 2016 all reservoirs were P limited, when the rains started to decrease

after the major rainy period in January 2016.
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Table 2. Correlation matrix and significance values between environmental parameters and bacterial
metabolism variables (* <0.05; ** <0.001; *** <0.0001; log transformed data, excepting BGE; outlaier

removed Barra Bonita reservoir from March 2016).

Bacterial abundance BP BR BGE SGR
Bacterial abundance - 0.70*** 0.56**
BP 0.70*** - 0.79%** 0.86***
BR -
BGE 0.56** 0.79%** - 0.70%**
SGR 0.86*** 0.70*** -
Temperature 0.44*
Residence time -0.43* -0.54**
Average influx 0.44* 0.45*
Zeu -0.61** -0.46* -0.52*
Chlorophyll a 0.73*** 0.52*
Carbohydrates 0.45* 0.47* 0.46*
DOC -0.59**
CP 0.45*
N:P 0.49*
POC 0.65***
PON 0.67*** 0.46*

Table 3. Multiple regressions coefficients (B) and intercept (13,) of the best models for bacterial respiration

(BR), bacterial production (BP), bacterial growth efficiency (BGE) and bacterial carbon demand (BCD).

Best model BlogD BlogZ Blogc BlogNitr BTe R r2 p F AlC
oc eu mp 0 statistic
Log 0.3 3.08x 11.18
BR logDOC -1.29 2.38 5 10° 2.21) -6.78
Log - 0.0 - 0.6 4.28x 16.87 16.8
gp  l0gZeu, Temp 1.21 8 154 2 10° 221) 9
logChla, logNitrate, 05 ..., 04 437x 599 118
BGE  1emp 2.04 5 127'3 7 10° 221) 12
82.3 0.3 3.71x 10.65 178.
BCD logDOC -70.3 3 4 10° 2.21) 21
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Discussion

A large number of studies related bacterial metabolism with environmental
variables, however, most of them were carried out in mid-high latitudes and analyzed a
restricted number of variables, or only one metabolic parameter (only BP or only BR)
(Amado et al. 2013). In this study we followed bacterial metabolism during one
complete year cycle, contrasting with most reports that cover a specific period of the
year, usually mid latitude summer, when aquatic systems are thermally stratified (e.g.
Cimbleris e Kalff, 1998; Chrost et al., 2000; Cammack et al., 2004; Smith e Prairie,

2004; Kritzberg et al., 2005).

All variables (environmental and biotic) confirmed the trophic state gradient
formed by the cascading reservoirs, from the most eutrophic BB (higher Chla, lower
Zeu, and higher DOC) to the oligotrophic TI (lower Chla, higher Zeu, and lower DOC)
(Table 1). Despite this clear trophic state gradient, dissolved inorganic nutrients (nitrate
and soluble reactive phosphorus) remained low in all reservoirs throughout the year

(Table 1).

In studies from temperate regions that covered a complete year cycle,
temperature was the main factor determining BP and BR (Apple et al., 2006; Jansson et
al., 2008). In our study, temperature had a significant but marginal effect on BP (Table
2) and BGE (low regression coefficient, Table 3). The amplitude of temperature
variation in tropical regions is relatively low, and not as abrupt as in temperate
environments. Thus, temperature plays a secondary role in explaining seasonal
variations of bacterial metabolism in low latitudes. Still, BP increased during the
(warmer) rainy season and declined during the (cooler) dry season, as recurrently

observed in previous studies (e.g. Chrzanowski e Hubbard, 1988; Tulonen, 1993;
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Adams et al., 2010). Our study period covered the most severe drought in 50 years in
this region followed by a strong El Nifio (Wmo, 2016) that caused extreme flooding

towards the end of the study, early 2016 (Fig. 2).

BP and BGE responded primarily to variables related to the trophic state (Zeu
and Chla). Moreover, both BP and BGE were lower in oligotrophic systems, supporting
the hypothesis that trophic state affects strongly bacterial metabolism, as already
pointed out in temperate lakes (Chrost et al., 2000). Several studies found significant
relationships between BP and Chla, suggesting a high efficiency of heterotrophic
bacteria in using organic compounds derived from phytoplankton (e.g. Simon e Tilzer,
1987; Robarts e Wicks, 1990; Tulonen, 1993). In our study, BP was negatively
correlated to water transparency reaching maximal values in reservoirs with highest
Chla (which was inversely correlated to Zeu, data not shown). Most reports available in
the literature (from temperate regions) found similar results (e.g. Bergstrom e Jansson,
2000, Bertilsson et al. 2007, Adams et al. 2010, Ram et al. 2016), indicating BP is

enhanced by autochthonous carbon.

On the other hand, BR was constantly high throughout the year cycle. Moreover,
BR accounted for most of the BCD, indicating that carbon is predominantly allocated in
catabolic metabolism. BR was particularly high in the oligotrophic reservoir (TI), where
P limitation was more frequent (Fig. 7). More productive reservoirs (such as BB) had no
nutrient limitation and also lower BR, certainly allocating more carbon into biomass
production, channeling carbon to other heterotrophs in the food web or removing it from

the system (Biddanda et al., 2001).

Both phytoplankton and heterotrophic bacteria are regulated by nutrient

availability (Fouilland e Mostajir, 2010). Our results of sestonic elemental ratios point

63



towards a frequent P limitation, especially in less productive reservoirs (Fig. 7). This
nutrient limitation associated to high temperature and high light conditions (inherent to
tropical regions) intensified the degree of environmental hostility (Carlson et al., 2007;
Sarmento et al. 2015), and the proportion of the energy devoted to cell maintenance as

well as BR increased, resulting in lower BGE.

Overall, average BGE ranged between 2.36 and 6.26% (Table 1), which fits
within as expected values from temperate lakes (Del Giorgio e Cole, 1998). Our dataset
indicated a strong dependency of BGE from Chla, which might suggest high
incorporation rates of autochthonous carbon into bacterial biomass (Kritzberg et al.,
2005) or a facilitation of allochthonous DOC uptake (Guillemette et al., 2016). In
addition to resource availability (bottom-up control), other factors that may have
affected BGE is top-down control (grazing by heterotrophic nanoflagellates and viral
lysis) (Bergstrom e Jansson, 2000; Ram et al., 2013; Ram et al., 2015; Domingues et al.,

2016), however, the influence of biotic interactions was not evaluated in our study.

The best predictor for BR, and consequently to BCD, was DOC. Surprisingly
this relationship was weak and negative (negative coefficient of correlation and only
35% of the variance explained) (Table 3). If DOC was a limiting factor, a strong
positive relationship between BR (and consequently BCD) and DOC concentration
would be expected, which is apparently the case in numerous temperate aquatic
ecosystems (Berggren et al. 2009, Cammack et al. 2004, Jansson et al. 2008, Ram et al.
2013; Ram et al. 2015). Our results indicated that in our systems DOC might not be a
limiting factor for bacterial metabolism. Instead, low nutrient (especially P) availability
and constantly high temperatures and light incidence might enhance catabolic
metabolism throughout the year. In the “endless summer” (Kilham e Kilham, 1990) of
tropical lakes biological processes dominate turnover rates and nutrient cycling. In turn,
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in temperate lakes, morphometry and physical processes govern nutrients loading, and
temperature is a major controller of planktonic metabolism. Because of high
temperatures in tropical regions that enhance metabolic rates, phytoplankton and
heterotrophic bacteria rapidly assimilate dissolved nutrients, and nutrient limiting
conditions are rapidly imposed (Lewis, 1987; Sarmento, 2012; Amado et al., 2013). As
a consequence, phytoplankton dissolved primary production excreted compounds
accumulates at higher rates in tropical lakes (Morana et al., 2014). The fact that most
studies in temperate region found carbon related variables as environmental drivers of
BGE, and that in our study DOC was not a good predictor for BGE, reinforces the idea
that temperate systems might be often carbon limited while in tropical systems nutrient
limitation might be more frequent. This hypothesis had already been raised in a
literature review but with little support from field data (Amado et al., 2013). An
experimental study carried out in tropical lagoons also support this view, as BR
increased in response to nutrients additions, even in lagoons with the lowest DOC

concentration (Scofield et al., 2015).

Bearing in mind that tropical inland waters, including reservoirs, have an
important contribution to global carbon emissions (Raymond et al., 2013), it is
important to determine which environmental factors drive bacterial metabolism in low
latitudes. Our results suggest that the environmental drivers of BR (but not BP) might
act differently according to latitude. In contrast to temperate environments where
temperature and DOC are the main drivers of BR, in this study in tropical reservoirs we
observed continuously high BR, and environmental hostility (such as nutrient limitation,
high temperature and high incident light intensity) regulated these rates, while
temperature had low effect on both BR and BP. Thus, this study demonstrates that the

mechanisms that drive bacterial metabolism might vary according to latitude.
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Conclusoes

O estudo em reservatorios dispostos em cascata no Rio Tieté, formando um
gradiente de estado trofico elucidou os fatores reguladores do metabolismo bacteriano.
Foi possivel notar grande influéncia do gradiente de produtividade sobre o metabolismo
bacteriano (principalmente PB e ECB). RB e DCB tiveram correlagdo negativa com
COD, em contraste com os dados encontrados na literatura que geralmente indicam
relacbes positivas entre RB e COD. Devido as altas temperaturas ao longo do ano em
ambientes tropicais, as taxas metabdlicas das comunidades fitoplanctonicas sao
elevadas, havendo uma assimilacdo rapida dos nutrientes inorganicos. Dessa forma, a
disponibilidade de nutrientes diminui rapidamente e a ECB é afetada negativamente.
Aliada a escassez de nutrientes, as elevadas temperaturas e intensidade de luz incidente
criam um grau de hostilidades elevado, o que exige que as células dediquem mais
energia a mecanismos de reparacdo, o que direciona o metabolismo para a BR. 1sso foi
observado nos reservatdrios estudados, especialmente, nos ambientes mais oligotroficos
(Nova Avanhandava e Trés Irmé&os) onde a BR foi mais elevada e a ECB mais baixa.
Finalmente, atual estudo demonstrou que os mecanismos reguladores do metabolismo

bacteriano podem variar de acordo com a latitude.
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Supplementary material
System Region n Metabolism  Method Environmental variable Statistical analysis  slope R r2 Reference

Variable

Temperat protein hydrolisate uptake ~ carbon mineralization linear regression . Simon & Tilzer,1987

H m

lakes Temperat dilution culture growth chlorophyll a Pearson’s . Rametal., 2013
e correlations

lakes Temperat thymidine incorporation chlorophyll a correlation analyses Chrost et al., 2000

lakes temperate 63 BP by growth rate chlorophyll a Pearson’s - 0.33 - Ram et al., 2015
correlations

reservoir temperate  30- BP thymidine incorporation chlorophyll a Spearman’s - 0.81 - Robarts and Wicks, 1990
36 correlation
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reservoir temperate  30- BP thymidine incorporation algal extracellular DOC Spearman’s - 0.53 Robarts and Wicks, 1990

39 production correlation

lakes temperate 21 BP Biovolume total dissolved phosphorus Pearson’s - 0.73 - Smith & Prairie, 2004
correlations

temperate leucine incorporation correlation analyses . Bergstrom & Jansson,
2000

lakes boreal leucine incorporation DOC age Pearson’s Berggren et al., 2009
correlations 0.79

boreal leucine incorporation Fluorescence index Pearson’s Berggren et al., 2009
correlations 0.68

by growth rate frequency of infected Pearson’s Ram et al., 2016

prokaryote cells correlations 0.44

reservoir temperate
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lake temperate - BP leucine incorporation Arginine correlation analyses - - 0.66 Bertilsson et al., 2007

lake temperate  21- thymidine incorporation NH3-N Spearman’s Robarts et al., 1994

25 correlation 0.61

temperate leucine incorporation photosynthetic carbon linear regression . . Berman et al., 2010
fixation

reservoir temperate thymidine incorporation pheopigments Spearman’s Robarts and Wicks, 1990

37 correlation

temperate  21- thymidine incorporation POC Spearman’s . Robarts et al., 1994
25 correlation

reservoir temperate 6 thymidine incorporation PP linear regression . 0.97 Balogh & Voros, 1997

lake temperate  21- thymidine incorporation PP Spearman’s Robarts et al., 1994

25 correlation
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lake temperate 54 BP protein hydrolisate uptake PP linear regression 0.63 - - Simon & Tilzer,1987

floodplain tropical - BP leucine incorporation stable isotopic of nitrogen Spearman’s - - - Vidal et al., 2015
lakes, rivers correlation 0.77

lakes and leucine incorporation temperature correlation analyses . Adams et al., 2010
streams

thymidine incorporation temperature Spearman’s Robarts and Wicks, 1990

34 correlation

reservoir temperate

temperate by growth rate Pearson’s . Ram et al., 2015

correlations

temperate thymidine incorporation total phosphorus Spearman’s Robarts et al., 1994

25 correlation
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freshwater all 275 log BP thymide incorporation, BA linear regression 0.81 - 0.21 White et al., 1991
labelled organic
compounds uptake,
frequency of divising cells

freshwater all 219 log BP thymide incorporation,
labelled organic
compounds uptake,
frequency of divising cells

chlorophyll a linear regression . 0.2 White et al., 1991

reservoir temperate 87 log BP thymidine incorporation log chlorophyll a linear regression . 0.2 Jugnia et al., 2007

reservoir temperate 31 log BP thymidine incorporation log PP linear regression . 0.15 Jugnia et al., 2007

temperate 80 log BP leucine incorporation log temperature multiple regression 0.54 Tulonen, 1993

temperate 28 log BP leucine incorporation linear regression . 0.77 Cammack et al., 2004

temperate 14 total respiration, zoo and chlorophyll a linear regression . 0.64 Berman et al., 2010
phytoplankton respiration
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reservoir temperate Winkler (1 um filtered) Pearson’s . Ram et al., 2016

correlations

temperate 63 Winkler (1 um filtered) frequency of infected Pearson’s . Ram et al., 2015

prokaryote cells correlations

lakes temperate 63 BR Winkler (1 um filtered) heterot. nanoflagellates Pearson’s - - - Ram et al., 2015
abundance correlations 0.27

lakes temperate 63 BR Winkler (1 um filtered) temperature Pearson’s - 0.43 - Ram et al., 2015
correlations

lakes temperate 22 BR Winkler (GF/C filtered) TOC Pearson’s - 0.7 - Ram et al., 2013
correlations

reservoir temperate - BR Winkler (1 um filtered) viral abundance Pearson’s - 0.43 - Ram et al., 2016
correlations
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lakes temperate 14 log BR Winkler (0.7) log total planktonic carbon Pearson’s 0.78 - - Cimbleris and Kalff,1998
respired correlations

lakes subartic 13 log BR BGE of other studies log DOC export linear regression 1.776 0.945  Jansson et al., 2008

lakes temperate 28 log BR Winkler T F-DOM linear regression . 0.44 Cammack et al., 2004

lakes temperate 21 BGE BP/(BP+BR) C:P ratio Pearson’s

correlations 0.56

Smith & Prairie, 2004

temperate BP/(BP+BR) chlorophyll a linear regression . Berman et al., 2010

lakes boreal BP/(BP+BR) DOC age Pearson’s Berggren et al., 2009
correlations 0.68

lakes temperate BP/(BP+BR) frequency of infected Pearson’s Ram et al., 2015

prokaryote cells correlations 0.64
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lakes temperate 63 BP/(BP+BR) heterot. nanoflagellates Pearson’s . Ram et al., 2015

abundance correlations

floodplain tropical BGE BP/(BP+BR) stable isotopic of nitrogen Spearman’s Vidal et al., 2015
lakes, rivers correlation 0.75

lakes temperate 28 BGE BP/(BP+BR) linear regression . 0.18 Cammack et al., 2004

temperate 14 BP/(BP+BR) temperature linear regression . 0.32 Berman et al., 2010

lakes temperate 22 BGE BP/(BP+BR) Pearson’s . Ram et al., 2013
correlations

lakes temperate 21 BGE BP/(BP+BR) total dissolved phosphorus Pearson’s - 0.83 - Smith & Prairie, 2004
correlations
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