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ReEsumMo: Na contramdo dos beneficios socioeconémicos advindos dos empreendimentos
hidrelétricos (p.ex. geracdo de energia elétrica, abastecimento humano, regularizacdo de
cheias e atividades de lazer e turismo) a construcdo de reservatorios causa também impactos
ambientais. O barramento de um rio influencia o regime hidroldgico natural, modificando a
frequéncia, duracdo e magnitude dos regimes naturais de vazdo. Essas alteraces modificam
importantes caracteristicas fisicas e quimicas da &gua e do sedimento e, consequentemente,
dos habitats disponiveis para abrigo, alimentacdo e reproducdo de comunidades bioldgicas,
interferindo no funcionamento dos ecossistemas aquaticos. Dentre as comunidades bioldgicas
utilizadas como ferramentas em estudos de avaliacdo de impactos, os macroinvertebrados
bentdnicos tém se destacado. Através da avaliagdo da composicao, estrutura e funcdo destas
comunidades tém sido estudados os impactos causados por alteracdes de vazdo a jusante de
reservatorios. Esta tese de doutorado, apresentada em quatro capitulos, avaliou a influencia de
alteracbes sazonais, intra-sazonais e diarias de vazdo em um trecho médio do Rio Grande
(MG), a jusante do reservatério de Itutinga, sobre a composi¢cdo estrutura e funcdo das
comunidades de macroinvertebrados bentdnicos, além de avaliar a eficiéncia da analise de
conteddo estomacal de peixes como ferramenta complementar em avaliacbes das
comunidades de macroinvertebrados bentonicos. As amostragens foram realizadas em trés
tipos de habitats fluviais (remanso, praia e corredeira) nos periodos seco e chuvoso de 2010 e
2011. No primeiro capitulo foram avaliadas as respostas das comunidades de
macroinvertebrados bentonicos a flutuacbes diarias de vazdo, simulando picos diarios de
vazdo em horéario de pico de geracdo de energia hidrelétrica. Apenas no periodo seco as
comunidades de macroinvertebrados bentdnicos foram alteradas pelas flutuagbes diarias de
vazdo. Estas alteracfes foram influenciadas por modificagdes em caracteristicas fisicas e
guimicas da agua relacionadas ao aumento repentino da area inundavel, que aumentou a
entrada de solidos dissolvidos e nutrientes, vindos das margens, modificando parametros
como turbidez, sélidos totais dissolvidos e fosforo total. No segundo capitulo, foram avaliadas
as respostas das comunidades de macroinvertebrados bentdnicos a alteragfes sazonais e intra-
sazonais de vazdo. Verificou-se que as variagOes intra-sazonais de vazédo (altas e baixas)
influenciam a composicédo, estrutura e funcdes de comunidades bioldgicas, e que os trés
habitats estudados sdo importantes para a estruturacdo e funcionamento dessas comunidades.
O terceiro capitulo avaliou a eficiéncia da analise do conteudo estomacal de espécies
bentofagas de peixes como ferramenta complementar em avalia¢fes de impactos ambientais.

Verificou-se correlagdes positivas entre os taxa de macroinvertebrados nos estomagos dos



peixes com aqueles coletados no sedimento, assim como o grande potencial de Eigenmannia
virescens (Sternopygidae - Gymnotiformes) como ferramenta complementar em avaliagOes de
impactos em ecossistemas aquaticos. O quarto capitulo objetivou a divulgacéo cientifica dos
dados obtidos nos capitulos 1 e 2, sendo apresentado em uma linguagem simplificada com
ilustracdes didaticas visando uma maior abrangéncia dos resultados e discussdes. 1sso pode
contribuir para a divulgacdo de informac6es sobre construcdo de barragens, conservacdo dos
ecossistemas aquaticos e biodiversidade. Conclui-se que as comunidades de
macroinvertebrados bentonicos sdo sensiveis espacial e temporalmente a alteracGes de vazéo.
Portanto, as respostas destas comunidades aos impactos ambientais de alteracdes de vazéo a
jusante de reservatorios podem ser utilizadas durante o planejamento, construgcdo e operacao
dos empreendimentos energéticos no Brasil, como ferramenta para determinacdo de vazdes

ambientais.

Palavras chave: Vazdo Ambiental; Vazdo Ecoldgica; Impacto Ambiental; Bioindicadores;
Comunidades Aquaticas; Ecossistemas Aquaticos, Macroinvertebrados bentdnicos, traits,

métricas biologicas; Conteido estomacal de peixes.
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ABSTRACT: In the unlike way of the socio-economic benefits provided by the reservoirs (e.g.
power generation, human supply, flood regulation and activities of leisure and tourism) the
reservoir construction also causes environmental impacts. The river damming influences the
natural hydrological regime, which changes the frequency, duration and magnitude of natural
flow regimes. These changes alter important physical and chemical characteristics of water
and sediment and consequently the habitats available for shelter, feeding and reproduction of
biological communities, which influence the aquatic ecosystems functioning. Among the
biological communities used as tools in aquatic impact assessments, the benthic
macroinvertebrates have been highlighted. These organisms play a central role in riverine
food webs by converting algae and organic detritus in animal tissue, available for feeding fish.
Trough the evaluation of composition, structure and function of these communities, it has
been possible to detect and quantify their responses to impacts caused by flow changes
downstream of reservoirs. The present thesis evaluated the influence of inter and intra-
seasonal and daily flow changes downstream Itutinga reservoir, and assess the efficiency of
fish stomach analysis as a tool in environmental assessments. Flow manipulation experiments
were performed downstream of ltutinga Reservoir, Minas Gerais, over two years (2010 and
2011) under different flow values in different habitats types (backwater, beach and rapids). In
the first chapter the responses of benthic macroinvertebrate communities to daily flow
peaking were evaluated, simulating the daily hours of power generation peaking. We
observed that benthic macroinvertebrate communities are altered by daily flow peakings only
in the dry period. These alterations were influenced by changes in basic physical and chemical
water characteristics, related to the expansion flow onto the adjacent floodplain, resulting in
increased input of allochthonous organic material and sediments, such as turbidity, total
dissolved solids and nutrients. In the second chapter, the responses of benthic
macroinvertebrate communities to inter-seasonal and intra-seasonal flow alterations were
evaluated. The intra-seasonal variations (high and low values) influenced the abundance,
composition and structure of biological communities. The communities were structured based
in the sediment heterogeneity and composition, forming the available micro-habitats. In the
third chapter the effectiveness of the analysis of stomach contents of benthophagous fish
species as a tool to assess macroinvertebrate communities were evaluated. Positive
correlations have been detected between the benthic macroinvertebrate taxa from fish
stomachs to those taxa from sediment. The taxa accumulation curves show that Eigenmannia

virescens (Sternopygidae - Gymnotiformes) had a rapid ascending curve than the sediment


http://commons.wikimedia.org/wiki/Category:Sternopygidae

samples. In addition, fish stomach samples had higher dispersion values than sediment
samples, which revealed their potential in assessments of benthic communities. The fourth
chapter aimed to disseminate scientific data obtained from Chapters 1 and 2. It is presented in
a dynamic text, with didactic and illustrative graphics, tables and figures that may contribute
to the dissemination of knowledge on dams impacts to the aquatic ecosystems functioning. It
was concluded that benthic macroinvertebrate communities are sensitive to changes in flow,
either in temporal or spatial scales. Other conclusion was that the prediction, evaluation and
monitoring of the dam impacts, especially in the downstream stretches, should be considered
during the planning, construction and operation of reservoirs in Brazil. Thus, as showed, the
macroinvertebrate communities provide relevant information on the functioning of aquatic

ecosystems, and can be used as a tool in Environmental Flows requirements.

Key-words: benthic macroinvertebrates, environmental flows; environmental impacts;
bioindicators; aquatic communities; aquatic ecosystems, macroinvertebrates traits, biological

metrics



INTRODUCAO

O Brasil é hoje a 6% maior economia mundial e encontra-se em acelerado processo de
desenvolvimento associado ao seu crescimento populacional (Ministério da Fazenda, 2012).
Uma das molas mestras que permitiu o avanco do pais foi o investimento na geracéo,
transmissdo e distribuicdo de energia elétrica, da qual cerca de 70% é gerada em usinas
hidrelétricas (von Sperling, 2012). A geracdo de energia hidrelétrica se da, grosso modo, por
gravidade, partir da turbinagem de &gua armazenada em reservatorios formados a partir do

barramento de rios (Kumar et al., 2011; von Sperling, 2012).

A construcdo de reservatdrios € uma antiga pratica humana que visa principalmente
armazenar a agua abundante no periodo de chuvas, garantindo sua disponibilidade nos
periodos de seca (Agostinho et al., 2007). De 1930 até 1970 ocorreu um “boom” mundial na
construcdo de reservatorios para geracdo de energia, que representava o desenvolvimento e
crescimento econdmico, principalmente em paises na Europa e America do Norte (World
Commission on Dams, 2000; von Sperling, 2012). Atualmente, no mundo, mais de 60% dos
grandes rios sdo altamente ou moderadamente barrados (World Commission on Dams, 2000;
Kumar et al., 2011). No Brasil esse incremento na construcdo de reservatorios comecou
timidamente a partir de 1950 e, até hoje, as usinas hidrelétricas sdo a principal forma de
geracdo de energia elétrica (Agostinho et al., 2007; von Sperling, 2012). As informacGes
sobre o histérico da construcdo de reservatérios no Brasil é muito dispersa, ainda assim,
segundo o Balanco Energético Nacional de 2011 estima-se que existam mais de 900 usinas
hidrelétricas distribuidas por todos os estados. Outras centenas de reservatorios estdo em
processo de construgdo e/ou planejamento para atender a crescente demanda (Ministério de

Minas e Energia, 2012; von Sperling, 2012).



Além de propiciar o acumulo da &gua e a geracdo de energia que permitem o
desenvolvimento tecnoldgico, urbano e industrial (Agostinho et al., 2007), os reservatorios
permitem também o desenvolvimento de outros beneficios socioeconémicos, a saber:
provisdo de dgua para consumo e producéo de alimentos; regularizacdo da vazéo e controle de
cheias e secas; além de servigos como geracao de empregos, atividades de recreacdo, esporte,
pesca e turismo (World Commission on Dams, 2000; Tundisi & Matsumura-Tundisi, 2003;

Acreman & Ferguson, 2010; Arthington et al., 2010; Poff et al., 2010).

Paralelamente, na contramdo dos beneficios dos reservatorios relacionados ao
desenvolvimento tecnolégico, urbano, industrial e social propiciados a sociedade, observam-
se também alguns “desservicos” devido as alteracdes na hidrologia e na dindmica natural dos
ecossistemas aquaticos e terrestres (Poff et al., 1997; Agostinho et al., 2007). A ruptura do
regime hidrolégico natural que altera a magnitude, a duracéo e a frequéncia de cheias e secas,
promovendo a estabilizacdo artifical da vazdo ao longo do ciclo hidrolérgico anual nos
trechos a jusante (Bunn & Arthington, 2002; Agostinho et al., 2007). O ambiente I6tico,
tipicamente dindmico, com variagdes sazonais, longitudinais e laterais, tipico dos rios,
claramente descrito por Vannote et al. (1980), é interrompido pelo surgimento de um grande
trecho Iéntico formado pelo reservatorio, que interfere em caracteristicas fisicas e quimicas da
agua e na dindmica dos detritos organicos e inorganicos que ficam retidos no fundo dos
reservatorios (Barbosa et al., 1999; Agostinho et al., 2007). Estas alteragdes hidroldgicas e de
qualidade da agua interferem diretamente na quantidade e qualidade de habitats disponiveis
para abrigo, alimentacéo e reproducdo dos organismos aquaticos, alterando o funcionamento
desses ecossistemas (Bunn & Arthington, 2002; Agostinho et al., 2007) e favorecendo a

extingdo de espécies e/ou a introducdo de espécies exoticas (Dudgeon et al., 2006).



Nas Ultimas décadas, 0 manejo adequado de reservatorios emergiu como um dos
maiores desafios para a conservacdo e manejo dos escossistemas aquaticos continentais
(Dudgeon et al., 2006; Acreman & Ferguson, 2010; Navarro-Llacer et al., 2010).
Acompanhando a tendéncia mundial em conciliar desenvolvimento e crescimento econémico
com a conservacdo ambiental (Desenvolvimento Sustentavel) aumentaram também as
discuss@es sobre as vazdes minimas empregadas a jusante de reservatorios, surgindo assim o
termo “Vazdo Ambiental” ou “Vazao Ecologica” (Suen & Eheart, 2006). Essas vaz0es devem
atender as necessidades socioeconémicas da populacdo e também as necessidades estruturais
e funcionais dos ecossistemas aquaticos (Poff et al., 2010), contribuindo para a conservacgéo

da biodiversidade.

Existem centenas de métodos para determinacdo da Vazdo Ambiental a jusante de
reservatorios (Tharme, 2003). Em geral esses métodos podem ser classificados em quatro
grupos: (i) hidrolégicos (utilizam valores histéricos de vazdo com variavel indicadora de
funcdes ecoldgicas e bioldgicas); (ii) hidraulicos (correlacionam vazdo com area de habitat
disponivel com base na morfologia do rio); (iii) simulacfes de habitats (utilizam dados de
espécies-alvo em conjunto com os dados hidraulicos para determinar o habitat ideal); e (iv)
holisticos (buscam uma avaliacdo mais abrangente do ecossistema, considerando também

aspectos econdmicos e sociais) (Collischonn et al., 2005; Souza et al., 2005).

Entre estas metodologias as mais utilizadas no Brasil sdo as hidroldgicas (p.ex. Q7,10),
por serem de mais facil aplicagdo e de menor custo financeiro (Benetti et al., 2003; Tharme,
2003). A limitacdo destas metodologias é que estdo focadas principalmente na geragdo de
energia, mantendo a jusante, uma vazdo minima (Collischonn et al., 2005), ndo integrando
outros aspectos relacionados ao funcionamento dos ecossistemas, tais como, vazdes extremas,

inundacdo de areas alagaveis, interacGes bidticas e abidticas das comunidades bioldgicas



(Benetti et al., 2003; Acreman & Ferguson, 2010). Em alguns casos sdo consideradas as
necessidades basicas para manutencdo de habitats visando de manter as populacdes de
espécies de peixes “alvo” a jusante de reservatorios, julgando que se as condigdes de habitats
estiverem boas para 0s peixes, estardo também para 0s outros grupos de organismos aquaticos
(Oliveira & Cortes, 2005). Entretanto, a estabilizacdo da vazdo a jusante de reservatorios
provoca diversos impactos nas comunidades aquaticas e no funcionamento dos ecossistemas,
gue ndo necessariamente sao detectadas através do monitoramento de espécies “alvo” (Benetti
et al., 2003). Além disso, cabe resaltar que os padrdes e 0S processos observados nas
comunidades aquaticas sdo determinados localmente e que cada bacia hidrogréfica apresenta
caracteristicas proprias relacionadas a geologia, geomorfologia, regime hidrolégico, pressoes
antropicas (Oliveira & Cortes, 2005). Portanto, essas metodologias mais utilizadas séo

consideradas insuficientes para garantir o funcionamento adequado desses ecossistemas.

Considerando as lacunas deixadas pelas metodologias existentes a utilizagdo de
atributos de comunidades bioldgicas e/ou organismos bioindicadores podem contribuir para a
parametrizacdo da “Vazdo Ambiental” (Suen & Eheart, 2006) e tém se tornado uma tendéncia
mundial (Gore et al., 2001; Poff & Zimmerman, 2010; Rolls et al., 2012). No Brasil, a
utilizacdo de parametros bioldgicos em programas de avaliacdo e monitoramento de impactos
ambientais ndo acompanhou as tendéncias mundiais e encontra-se em fase inicial, entretanto,
algumas instituicGes, alem de empresas publicas e privadas estaduais e federais tém
incentivado e financiado estudos para avaliacdo e monitoramento de bacias hidrograficas, em
parceria com universidades e 6rgdos publicos de regulamentacdo e fiscalizacdo (agéncias,
fundacdes, secretarias). Como exemplo destacam-se 0s projetos de Pesquisa e
Desenvolvimento (P&D) financiados pela ANEEL/CEMIG (informagdes disponiveis no

endereco eletrénico: www.cemig.com.br)


http://www.cemig.com.br/pt-br/A_Cemig_e_o_Futuro/sustentabilidade/Recursos_Hidricos/Paginas/Projeto_GT203.aspx

As comunidades biologicas aquéticas estdo adaptadas ao regime hidroldgico natural
em suas respectivas bacias hidrogréaficas, apresentando caracteristicas adaptativas (p.ex. época
e tipo de reproducédo), morfoldgicas (p.ex. tamanho e formato do corpo) e comportamentais
(p.ex. drift, cuidado parental) (Townsend & Hildrew, 1994). Neste sentido, as respostas destas
comunidades as alteracdes de vazdo, em termos de composi¢do, estrutura e funcdo podem e
devem ser utilizadas como ferramentas complementares (bioindicadores) nas tomadas de

decisOes sobre “Vazdes Ambientais” (Rosenberg & Resh, 1993; Poff et al., 1997).

Dentre as véarias comunidades aquaticas influenciadas pelas alteracdes no regime
hidrolégico, as comunidades de macroinvertebrados bentdnicos estdo entre as mais afetadas
(Dewson et al., 2007). Estas comunidades bioldgicas sdo formadas, em sua maioria, por
insetos em fase imaturas, visiveis a olho nu, que habitam o substrato de fundo e a vegetacédo
marginal de rios e reservatérios (Mandaville, 2002). Estes organismos apresentam
caracteristicas como ciclo de vida longo, pouca mobilidade e sdo relativamente faceis de
amostrar e de identificar (Barbour et al., 1998). Por isso, vém sendo amplamente utilizados
como ferramentas em avaliagdes e monitoramento de impactos humanos em ecossistemas
aquaticos (Rosenberg & Resh, 1993; Callisto et al., 2001; Dolédec & Statzner, 2008),
incluindo impactos causados pela construcdo de barragens, relacionados as alteracdes no
regime hidrologico (Cortes et al., 2002; Almeida et al., 2009; Maroneze et al., 2011b). Além
disso, estes organismos estdo associados aos substratos organicos e inorganicos (Fleituch,
2003) e séo importantes elementos na teia alimentar de rios (Northcote, 1988), convertendo
algas e detritos organicos em tecido animal (Graca, 2001; Barbour et al., 2012) disponivel
para a alimentacéo de vertebrados, em especial das espécies bentofagas de peixes (Armitage,

1995; Tupinambas et al., 2007).



As amostragens de comunidades bentdnicas sdo realizadas através do uso de maltiplas
ferramentas (p.ex. Surbers, Kkicking-nets, dragas,), dependendo do ecossistema estudado
(corregos, rios, reservatérios), do substrato (organico e inorganico) e dos objetivos do estudo
(Buss & Borges, 2008; Chadd, 2010). Em grandes rios as amostragens sdo, na maioria das
vezes, limitadas as margens por questdes logisticas e financeiras (Bartsh et al., 1998; Reece &
Richardson, 2000; Hughes et al., 2012) e, portanto, acredita-se que muitos habitats
permanecem subamostrados nessas avaliagdes (Hughes et al., 2012). Para complementar as
amostragens convencionais das comunidades de macroinvertebrados bentdnicos, alguns
autores tém utilizado e sugerido a analise do conteudo estomacal de peixes bentofagos
(Callisto et al., 2002; Russo et al., 2002; Galina & Hahn, 2004), por estes apresentarem
caracteristicas morfologicas e fisiologicas adaptadas a procura e captura de
macroinvertebrados em diferentes tipos de substratos e micro-habitats, dificilmente
amostrados pelos métodos convencionais de amostragem (Tupinambas et al., 2007; Maroneze

etal., 2011a).

As respostas dos macroinvertebrados as alteragdes no ambiente sdo estudas desde o
inicio do século passado (Statzner et al., 2001). A partir da avaliacdo de atributos destas
comunidades relacionados a composicdo taxondmica, estrutura e funcdo é possivel avaliar a
magnitude dos impactos causados por alteracbes de vazdo a jusante de reservatorios

(Chessman et al., 2010a; Brooks et al., 2011).

H4& cerca de 10 anos a maioria dos estudos utilizando macroinvertebrados benténicos
eram realizados através da utilizacdo de métricas relacionadas & composicdo e estrutura de
comunidades (Figura 1), tais como abundancia relativa, riqueza taxondmica, indices de
diversidade, indices bioldgicos de qualidade de agua, densidade de organismos, entre outras

(Li et al., 2010). Nos ultimos anos observa-se uma tendéncia a inclusdo de meétricas
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relacionadas as funcdes bioldgicas e ecoldgicas destas comunidades, os chamados “traits”
(Usseglio-Polatera et al., 2000; Bonada et al., 2007; Feio & Dolédec, 2012) (Appendices 1 e
2). A abordagem de “traits” acrescenta informagdes biologicas (p.ex. tamanho corporal,
estagios aquaticos, ciclo de vida, habitos alimentares, reproducéo, respiracdo e locomogéo) e
ecologicas (p.ex. distribuicdo transversal, preferéncias pelo tipo de substrato, velocidade da
correnteza, estado tréfico do ambiente) relacionadas aos diferentes taxa de
macroinvertebrados benténicos (Haybach et al., 2004), fornecendo uma imagem funcional dos
ecossistemas (Figura 2), como descrito por Charvet et al. (2000). Estas informac6es podem
ser comparadas entre diferentes eco-regiGes e sdo capazes de detectar os impactos causados
por atividades antrépicas, como por exemplo, construcdo de barragens, desmatamento e
poluicdo (Charvet et al., 2000; Haybach et al., 2004). Assim como as métricas bioldgicas
tradicionais, os “traits” também podem ser comparados a condicGes de referencia para avaliar
0 grau dos impactos em ecossitemas aquaticos (Chessman et al., 2010b; Varandas & Cortes,

2010; Brooks et al., 2011; Ferreira et al., 2011; Feio & Dolédec, 2012).
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Gradiente de condicGes ambientais

Figura 1. Gradiente conceitual de condi¢cbes ambientais, onde se espera encontrar organismos
sensiveis aos impactos humanos em ambientes mais preservados, assim como maiores valores de
riqueza e diversidade de Shannon. Por outro lado, em ambientes mais impactados espera-se encontrar
menores valores de riqueza e diversidade, e maiores valores de densidade (ind/m2), principalmente de
organismos tolerantes e resistentes a impactos humanos.
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Figura 2. Gradiente conceitual de condi¢cBes ambientais, relacionados com o “trait” biologico Numero
de Ciclos de Vida por Ano, onde se espera encontrar uma maior diversidade funcional relacionada ao
numero de ciclos de vida por ano em ambientes mais preservados. Por outro lado, espera-se uma
simplificagdo da diversdidade funcional em ambientes impactados. >1/ano - mais de um ciclo
reprodutivo/ano; =1/ano — um ciclo de vida /ano; <1/ano — menos de um ciclo reprodutivo por ano.

CONTEXTUALIZACAO DA TESE

Esta tese de doutorado é parte do projeto de Pesquisa e Desenvolvimento (P&D) GT-
203, financiado pela ANEEL/CEMIG. O principal objetivo deste projeto foi promover o
desenvolvimento de metodologia para parametrizacdo de Vazdo Ambiental através da
utilizacdo de bioindicadores, envolvendo a participacdo de trés instituicbes de ensino e
pesquisa: Universidade Federal de Minas Gerais (responsavel pelos estudos referentes as
comunidades de macroinvertebrados bentbnicos e parametros fisicos e quimicos da agua e
sedimento), Universidade Federal de Lavras (responsavel pelos estudos da ictiofauna) e o
Centro Federal de Educacdo Tecnoldgica de Minas Gerais (responsavel pela modelagem
hidraulica utilizando os resultados bioldgicos visando uma metodologia para parametrizacéo

de vazGes ambientais).
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Inicialmente o projeto idealizava a realizacdo de experimentos de manipulacdo de
vazdo, viabilizados pela CEMIG, a jusante de dois reservatérios, porém, devido a questdes
logisticas relacionadas aos procedimentos da operacdo dos reservatorios, 0s experimentos
foram realizados apenas a jusante do reservatorio de Itutinga, no sul do Estado de Minas
Gerais (MG). Acreditamos que a oportunidade de manipulacdo de vazdo a jusante do
reservatorio foi inovadora no pais e sinaliza uma mudanca na forma de pensamento dentro do
sistema que administra a geracao de energia hidrelétrica no Brasil, visando a manutencao da
biodiversidade e funcionamento adequado dos ecossistemas aquaticos no Brasil,

paralelamente a geracdo de energia hidrelétrica.

Entre setembro de 2009 e dezembro de 2011foram realizadas todas as amostragens de
campo e cursadas as disciplinas no Programa de P6s Graduagdo em Ecologia, Conservacao e
Manejo da vida Silvestre (PPG-ECMVS). Inicialmente, a bolsa de doutorado foi financiada
pelo projeto P&D. Em 2011, através de uma selecdo interna no PPG-ECMVS, a bolsa de
doutorado passou a ser financiada pelo CNPq e durante o periodo de estagio sanduiche em

Portugal a bolsa foi financiada pela CAPES (PDSE).

Durante o doutorado foram também realizadas apresentacfes dos resultados parciais
através da publicacdo e apresentacdo de trabalhos em eventos nacionais e internacionais
(Congresso de Limnologia - 2011, Simpdsio Brasileiro de Recursos Hidricos — 2011,
Congresso Ibérico de Limnologia - 2012), e também missdes cientificas internacionais para
analise e discussdo de dados (Instituto do Mar / Universidade de Coimbra - 2010 e
Environmental Protection Agency / Oregon State University - 2011). Entre marco e dezembro
de 2012, durante o doutorado sanduiche na Universidade de Trés-os-Montes e Alto Douro,
foram realizadas as anélises finais e a redacdo dos manuscritos, onde, sob a orientagdo do

Prof. Rui Cortes, e sua equipe (Dra. Samantha Hughes, Dra. Simone Varandas) foram
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adaptadas metodologias para a utilizagdo da abordagem de “traits” em regido tropical e

realizadas analises multivariadas.

A presente tese foi desenvolvida em um trecho do rio Grande, a jusante do
reservatorio de ltutinga, em Minas Gerais. A tese estd organizada em 4 capitulos,
apresentados em formato de manuscritos. Trés deles foram escritos e formatados para
submissdo a revistas cientificas e um foi redigido visando a submissdo a uma revista de
divulgacdo cientifica. O primeiro capitulo objetivou a utilizacdo de trés grupos de dados
obtidos a partir das amostragens das comunidades de macroinvertebrados bentonicos:
composi¢do taxonémica (abundancia), estrutura (métricas) e funcdo (“traits”); associados a
variaveis ambientais de coluna d’agua para avaliar o impacto de flutuacGes diérias de vazéo a
jusante do reservatorio. O segundo capitulo objetivou a utilizacdo da mesma abordagem do
capitulo 1 para avaliar a influencia de variagOes sazonais e intra-sazonais para a estruturacdo e
funcionamento dos ecossistemas aquaticos. O terceiro capitulo avaliou a utilizacdo de
espécies bentofagas de peixes como ferramenta em avaliagbes de comunidades de
macroinvertebrados bentonicos. Finalmente, o quarto sintetiza os resultados e as discussdes
obtidas nos capitulos 1 e 2, visando a divulgacdo e popularizagdo dos resultados e das
discussdes levantadas, referentes aos impactos e beneficios da construcdo de reservatorios

hidrelétricos e sobre a geracao de energia no Brasil.
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PERGUNTAS, HIPOTESES E OBJETIVOS

Capitulo 1

Pergunta 1: FlutuacGes diérias de vazdo a jusante de um barramento hidrelétrico influenciam

a estrutura e funcionamento dos ecossistemas aquaticos a jusante?

Hipoteses: FlutuacGes diarias de vazao alteram (i) a qualidade de &gua e (ii) a composicao do
sedimento, que refletem na qualidade e quantidade de micro-habitats disponiveis, (iii) que por

sua vez influenciam a composicdo, estrutura e fungdes das comunidades biolédgicas aquéticas.

Objetivo: Avaliar a influéncia de alteracdes diarias de vazdo sobre a qualidade da agua, a

composigdo do sedimento, e as comunidades de macroinvertebrados bentonicos
Capitulo 2

Pergunta 2: Variacbes sazonais e intra-sazonais de vazdo influenciam a estrutura e

funcionamento de ecossistemas aquaticos?

Hipdteses: Variagbes sazonais e intra-sazonais de vazdo alteram (i) parametros fisicos e
quimicos da agua (ii) a composi¢cdo do sedimento, que reflete na qualidade e quantidade de
micro-habitats disponiveis, (iii) que por sua vez influenciam a composigdo, estrutura e

fungdes de comunidades bioldgicas aquéticas.

Objetivo: Avaliar a importancia de variacdes sazonais e intra-sazonais de vazdo sobre a
qualidade da &gua, a composi¢do do sedimento, e as comunidades de macroinvertebrados

bentdnicos.
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Capitulo 3

Pergunta 3. A andlise do conteldo estomacal de espécies bentdfagas de peixes pode ser

utilizada como ferramenta em avaliacdes de comunidades de macroinvertebrados benténicos?

Hipoteses: Os taxa de macroinvertebrados bentdnicos amostradas nos estdbmagos dos peixes
bentofagos sdo (i) similares aos taxa encontrados no sedimento e (ii) suas abundancias nos
estdmagos estdo significativamente e positivamente correlacionadas com as abundancias
encontradas no sedimento, especialmente quando os habitats tipicos das espécies de peixes e
dos macroinvertebrados se assemelham. (iii). As analises dos contetidos estomacais de peixes
bent6fagos generalistas podem amostrar taxa de maneira mais eficiente do que as amostras de

sedimento e podem contribuir para acrescentar taxa ausentes aos inventarios convencionais

Objetivos: Avaliar a eficiéncia da analise do conteudo estomcal de espécies bentéfagas de

peixes como ferramenta em amostragens de comunidades de macroinvertebrados bentonicos.

Capitulo 4

Este capitulo objetivou a sintetizacdo dos capitulos 1 e 2 para submissdo a uma revista
de divulgacdo cientifica, no sentido de ampliar o as discussdes com a comunidade nao
cientifica acerca de impactos e beneficios da contrucdo de barragens para geracdo de energia

elétrica.
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AREA DE ESTUDOS E DESCRICAO DOS EXPERIMENTOS

Area de Estudos

Este projeto foi desenvolvido ao longo de dois anos (2010 e 2011), em um trecho
I6tico de aproximadamente 20 KM de extensao, localizado entre os reservatorios de ltutinga e

Funil, no Rio Grande, Minas Gerais (44°39°W, 21°16’S; 850 m) (Figura 3).

¢

!

‘ll . Illllllrlllllllllll -
S.ZlolZ

Brasil Minas

erais

Reservatério
do Funil

Bacia do
rio Parana

EEEEEE SR EEEEEEE Ny

S.9L k2

“‘n,,/’ Area de
%% Estudo

barragem

Reservatério :

de ltutinga

Bacia do rio
Paranaiba

Minas Gerais

orizonte

S.0Z ok

Reservatdrio
de Camargos

Bacia do
rio Grande

Figura 3. Localizacdo da area de estudos no trecho l6tico entre os reservatorios de Itutinga e Funil,
bacia do Rio Grande, Minas Gerais, Sudeste do Brasil.

O Rio Grande tem sua nascente localizada na Serra da Mantiqueira (Bocaina de
Minas- MG) e sua foz na confluéncia com o Rio Paranaiba, onde juntos, formam o Rio Parana
(Figura 3), na divisa entre os estados Minas Gerais, S&o Paulo e Mato Grosso do Sul (Santos,
2010). Ao longo de seus 1300 Km de extensdo e area de drenagem de 143.000 Km? est&o
distribuidas 12 usinas hidrelétricas dispostas na seguinte ordem montante-jusante: Camargos,
Itutinga, Funil, Furnas, Mascarenhas de Moraes, Estreito, Jaguara, Igarapava, Volta Grande,

Porto Colémbia, Marimbondo e Agua Vermelha (Santos, 2010).
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O clima da regido é subtropical umido (Classificacdo de Kdppen-Geiger: Cwb), com
invernos secos de abril a setembro, com média de 107 + 12 mm/més, e verdes Umidos de
outubro a marco, com media de 1.410 = 156 mm/més (Van Den Berg & Oliveira-Filho,
2000). A vegetacdo € tipica de "Cerrado™ com predominancia de "Campos” e "Campos
Cerrados™ (Van Den Berg & Oliveira-Filho, 2000).

A éarea de estudos localiza-se a aproximadamente 5 Km a jusante do reservatorio de
Itutinga (Figura 3). Os pontos amostrais foram distribuidos pelos habitats fluviais tipicos
encontrados no trecho estudado (Figura 4): remansos (Figura 4 e 5), praias (Figura 4 e 6) e
corredeira (Figura 4 e 7). Uma base estratégica para estadia da equipe, amostragem e
processamento de amostras foi montada em uma propriedade particular localizada as margens

do Rio Grande, proxima aos pontos amostrais (Figura 8).

“eCorredeira

Pm&ao

\\-Base.estratégnca

Remanso

mage© 2013 DigitalGlobe

.

Figura 4. Imagem de satélite da &rea de estudos, localizada no Rio Grande, a jusante do reservatorio de
Itutinga, destacando os meso-habitats fluviais estudados e a localizacdo da base estratégica da euipe
para amostragem e processamento de amostras.
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Figura 5. Visdo geral do meso-habitat “remanso”, localizado a jusante do reservatorio de Itutinga, Rio
Grande.

Figura 6. Visdo geral do meso-habitat “praia”, localizado a jusante do reservatorio de Itutinga, Rio
Grande.
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Figura 7. Visdo Geral do meso-habitat “corredeira”, localizado a jusante do reservatério de ltutinga,
Rio Grande.

Figura 8. Visdo geral do “Rancho”, base estratégica para coleta e processamento de amostras de agua,
sedimento, bentos e peixes, localizado a jusante do reservatdrio de ltutinga, Rio Grande.

20



Experimentos de manipulacéo de vazéo

O reservatorio de Itutinga pertence a CEMIG (Companhia Energética de Minas
Gerais) e iniciou sua operacdo em 1955. Sua operacdo se dd em regime de fio d’agua, ou seja,
apresenta uma baixa capacidade de acumular agua. Portanto, a realizacéo dos experimentos de
manipulacdo de vazdo foi possivel através de sua operacdo em conjunto com a operacao do
reservatorio de Camargos, localizado logo a jusante (Figura 3), que possui cerca de 70 vezes

maior capacidade de armazenamento de agua (volume) (Tabela 1).

Foram realizados dois experimentos de manipulacdo de vazdo a jusante do
reservatorio de Itutinga, denominados: (i) flutuacdes diarias de vazdo (duas campanhas de
amostragens; uma no periodo chuvoso e outra no periodo seco de 2010) e (ii) flutuacGes
sazonais e intra-sazonais de vaz&o (quatro amostragens em 2010 e quatro amostragens em

2011: duas no periodo chuvoso e duas no periodo seco de cada ano).

Os valores de vazdo, manipulados pela CEMIG foram baseados nas medianas, nos
percentis 25-75% e nos extremos das vazdes historicas entre 1931 e 1953 (Figura 9), periodo
de anterior a construcdo dos reservatorios de Camargos e ltutinga, e também na logistica de

geracdo de energia, conforme a regra operativa do Operador Nacional do Sistema (ONS).

Tabela 1. Caracteristicas gerais dos reservatdrios de ltutinga e Camargos, situados no Rio Grande,
Minas Gerais, Sudeste do Brasil.

Caracteristicas gerais Res. Itutinga Res. Camargos
Inicio da operagéo 1955 1960
Avrea inundada (km?) 2.03 50.46
Volumn(hm?) 11.4 792
Altura da barragem(m) 23 36
Comprimento da barragem (m) 550 608
Capacidade instalada (MW) 52 45
Turbinas 4 2
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Antes de cada amostragem, a vazao a jusante do reservatério de ltutinga foi mantida
estavel por 30 dias consecutivos, conforme o item (2) da Figura 10, com base nos valores

selecionados para o periodo, a partir da analise gréafica das vazGes historicas (Figura 9).
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Figura 9. VariagBes historicas naturais entre os anos de 1931 e 1953 (median, percentis 25-75% e
estremos) anteriores & construcdo do reservatorio de Itutinga, Rio Grande. Fonte: Prof. Paulo Pompeu
(UFLA).
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Figura 10. Esquema dos experimentos de manipulacgdo de vazdo, no periodo chuvoso (janeiro — 2010)
e no periodo seco (julho — 2010), realizados a jusante do reservatorio de ltutinga, Rio Grande, em
2010. O item (1) representa a operacdo normal do reservatorio («0); (2) representa os trinta dias de
estabilizacdo da vazdo pré-coletas; (3) seis dias de amostragens sob influencia da vazdo estavel; (4)
seis dias de amostragens sob influéncia de flutuac6es diarias de vazdo em horario de pico de geracdo
de energia pelas usinas (entre 17:00 e 22:00hs.

Experimento 1

O primeiro experimento é referente ao capitulo 1 desta tese e simulou flutuagoes
diarias de vazdo em horéario de pico de geracdo de energia (entre 17:00hs e 22:00hs) no
periodo chuvoso (380-480 m3/s em janeiro de 2010) e no periodo seco (110-170 m?/s em julho
de 2010). Ap0ds os trinta dias de estabilizacdo da vazéo (327 m3/s — periodo chuvoso; 108 m3/s

— periodo seco) foram realizadas amostragens de agua e sedimento durante seis dias
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consecutivos em duas situacdes hidraulicas distintas: vazdo constante e flutuacdes diarias de

vazéo, conforme itens (3) e (4) da Figura 10

Experimento 2

O segundo experimento é referente ao capitulo 2 desta tese e simulou vazdes altas e
baixas dentro dos periodos chuvoso e seco (intra-sazonais), ao longo de dois anos (2010 e
2011) (Tabela 2), com base nas variagdes intra-sazonais de vazdo, observadas dentro de cada
periodo sazonal (Figura 9). Apos os trinta dias de estabilizacdo da vazdo foram realizadas
amostragens de agua e sedimento durante seis dias consecutivos em cada uma das oito

situacOes hidraulicas distintas (Tabela 2), conforme item (3) da Figura 10)

Tabela 2. Vazbes experimentais altas e baixas (intra-sazonais) selecionadas para amostragem nos
periodos chuvosos e secos (sazonais) de 2010 e 2011, a jusante do reservatorio de ltutinga, Rio
Grande, MG..

Vazdes experimentais

Periodo chuvoso Periodo seco
2010
janeiro - vazdo alta 327 m¥/s  julho - vazdo alta 108 m3/s
marco - vazao baixa 96 m¥/s  outubro - vaz&o baixa 76 m¥/s
2011
marco - vazao alta 222 m3/s  junho - vazdo alta 109 m3/s

novembro - vazdo baixa 110 m3/s setembro - vazdo baixa 65 md/s

Comunidades de macroinvertebrados bentdnicos

Experimento 1

Foram coletadas amostras de sedimento (n=4) com uma draga de Petersen (0.0375 m?)
(Figura 11) em cada um dos trés hébitats (remanso, praia, corredeira) durante seis dias
consecutivos em cada uma das duas amostragens realizadas em janeiro de 2010 (vazéo

constante e flutuacGes diarias) e julho de 2010 (vazdo constante e flutuacdes diarias).
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Resumindo, foram coletadas 24 amostras em cada um dos trés habitats, em cada uma das
quatro situacdes hidraulicas avaliadas, totalizando 288 amostras de sedimento (4 dragas x 6

dias x 3 habitats x 4 situacOes hidraulicas).

(A)

Figura 11. Detalhes das amostragens de sedimento realizadas a jusante do reservatorio de Itutinga, Rio
Grande, utilizando uma draga de Petersen. (A) Coleta do sedimento com a draga; (B) ensacamento das
amostras.

Experimento 2

Foram coletadas amostras de sedimento (n=4) com uma draga de Petersen (Figura 11)
em cada um dos trés habitats (remanso, praia, corredeira) durante seis dias consecutivos em
cada uma das quatro amostragens realizadas em 2010 (janeiro, marco, julho e outubro) e em
2011 (marco, junho, setembro e novembro). Resumindo, foram coletadas 24 amostras em
cada um dos trés habitats, em cada uma das oito situacdes hidraulicas avaliadas, totalizando

576 amostras de sedimento (4 dragas x 6 dias x 3 habitats x 8 situacdes hidraulicas) .
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Processamento das amostras

As amostras foram lavadas sobre peneiras de 1,0, 0,5 e 0,25 mm (Figura 12 - A),
preservadas em alcool 70%. Os organismos foram triados em bandejas transiluminadas
(Figura 12 - B) e identificados ao nivel de familia (Pérez, 1988; Merritt & Cummins, 1998;
Mugnai et al., 2010) no Laboratorio Ecologia de Bentos da Universidade Federal de Minas
Gerais. Em seguida, os organismos foram depositados na Cole¢do de Referéncia do Instituto

de Ciéncias Biologicas da Universidade Federal de Minas Gerais.

Figura 12. Detalhes do processamento das amostras de macroinvertebrados bent6nicos. (A) lavagem
das amostras sobre peneiras; (B) triagem dos macroinvertebrados bentbnicos em bandejas
transiluminadas (B).

Caracterizacdo de parametros fisicos e quimicos na coluna d’agua

As amostras de agua foram coletadas no habitat praia. Através de um estudo piloto
verificou-se inexisténcia de diferencas significativas, nos parametros avaliados, entre 0s

habitats, que estdo situados no mesmo trecho de rio.

Experimento 1

As amostras de 4gua foram coletadas durante seis dias consecutivos em cada uma das
duas amostragens realizadas em janeiro de 2010 (vazdo constante e flutuagdes diérias) e em
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julho de 2010 (vazdo constante e flutuactes diarias), totalizando 24 amostragens (6 dias x 4

situacOes hidraulicas).
Experimento 2

As amostras de agua foram coletadas durante seis dias consecutivos em cada uma das
quatro amostragens realizadas em 2010 (janeiro, marco, julho e outubro) e em 2011 (margo,

junho, setembro e novembro), totalizando 48 amostragens (6 dias x 8 situa¢Ges hidraulicas).
Coleta e processamento das amostras de dgua

Foram mensurados temperatura da agua (°C), condutividade elétrica (uS cm™), pH,
turbidez (NTU), sélidos totais dissolvidos (ug L™) e potencial redox da agua, através de um
aparelho eletrénico multianalisador (YSI-6600). Amostras de agua foram coletadas para
analises laboratoriais de oxigénio (mg L™), alcalinidade total (uEq L™ of CO,), fésforo total
(mg L™ e nitrogénio total (mg L™), baseadas no Standard Methods for Examination of Water

and Wastewater (APHA, 1999).

Caracterizacdo do sedimento
Experimento 1

Foi coletada uma amostra de sedimento (draga de Petersen) em cada um dos trés
habitats (remanso, praia, corredeira) durante seis dias consecutivos, em cada uma das duas
amostragens realizadas em janeiro de 2010 (vazdo constante e flutuacdes diérias) e em julho
de 2010 (vazdo constante e flutuagGes diérias), totalizando 72 amostras de sedimento (3

habitats x 6 dias x 4 situa¢des hidraulicas).
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Experimento 2

Foi coletada uma amostra de sedimento (draga de Petersen) em cada um dos trés
habitats (remanso, praia, corredeira) durante seis dias consecutivos, em cada uma das quatro
amostragens realizadas em 2010 (janeiro, margo, julho e outubro) e em 2011 (margo, junho-
setembro e novembro), totalizando 144 amostras de sedimento (3 habitats x 6 dias x 8

situacOes hidraulicas).

Processamento das amostras de sedimento em laboratério

No Laboratério Ecologia de Bentos a composi¢do granulométrica do sedimento foi
determinada através do meétodo de peneiramento, segundo Suguio (1973), modificado por
Callisto & Esteves (1996). Os teores de matéria organica nos sedimentos foram determinados

através do método gravimétrico.

Amostragens de peixes e analises do contetdo estomcal

As amostragens de peixes foram realizadas pela equipe do Laboratério Ecologia de
Peixes da Universidade Federal de Lavras. Os peixes foram coletados durante seis dias
consecutivos, nas mesmas situagdes hidraulicas descritas anteriormente, em 2010 (janeiro,
marco, julho e outubro) e em 2011 (marco, junho, setembro e novembro), através de redes de
emalhar (cada rede: 10 m x 1,6 m; 2,4 até 10 cm entre nds opostos), armadas ao longo da area
de estudos, distribuidas pelos diferentes tipos de héabitats. As redes permaneceram expostas
por 24 horas e foram vistoriadas a cada 12:00 horas (06:00 hs e 18:00 hs). Todos o0s
especimes capturados foram medidos, pesados, numerados e fixados em formalina 10%. Os
estdmagos foram fixados através da injecdo de formalina 10%. No Laboratorio de Ecologia de
Peixes (UFLA), cada espécime identificado e transferido para alcool 70%.
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Por terem sido relativamente abundantes, por apresentarem alta capacidade de
forrageamento e habitos alimentares bentofagos (Fugi et al., 2001), trés espécies de peixes
foram selecionadas para avaliar seu potencial como ferramenta complementar em
amostragens de macroinvertebrados bentbnicos, sendo: 16 Eigenmannia virescens
(Valelnciennes, 1836) (Sternopyidae - Gymnotiformes); 15 Iheringichthys labrosus (Ltken,
1784) (Pimelodidae — Siluriformes); 13 Leporinus amblyrhynchus Garavelli & Britski, 1987

(Anostomidae - Characiformes) (Figuras 13, 14 e 15).

Os estdmagos destas trés espécies de peixes foram dissecados (Figura 16 -
A) e os contetidos estomacais foram identificados e quantificados no Laborat6rio Ecologia de
Peixes (UFLA) para a caracterizacao da dieta, conforme descrito por Gandini et al. (2012). Os
macroinvertebrados bentdnicos encontrados nos estdmagos destas espécies foram colocados
em alcool 70% e encaminhados para o Laboratério Ecologia de Bentos (UFMG) e
identificados ao nivel de familia (Pérez 1988; Merritt & Cummins 1998; Mugnai et al., 2010)

(Figura 16 — B e C) e quantificados através do método volumétrico (Hyslop, 1980).

Figura 13. Individuo de Engenmannia virescens. Foto cedida pelo ictidlogo Carlos Bernado
Mascarenhas Alves. Os individuos analisados mediram em meédia 5,9 cm de comprimento total (CT).
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Figura 14. Individuo de lheringichthys labrosus - Pimelodidae. Foto cedida pelo ictiélogo Carlos
Bernardo Mascarenhas Alves. Os individuos analisados mediram em média 18,9 cm de comprimento
total (CT).

Figura 15. Individuo de Leporinus amblyrhynchus - Anostomidae. Foto cedida pelo ictidlogo Carlos
Bernardo Mascarenhas Alves. Os individuos analisados mediram em média 18,9 cm de comprimento
total (CT).

Figura 16. Detalhes das andlises de contetudo estomacal: (A) estdbmago dissecado; (B e C) visdo do
contetido estomacal (sob lupa), com destaque para 0s macroinvertebrados bent6nicos.
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ResumMo: O barramento de um rio interrompe sua continuidade lI6tica, criando um trecho
Iéntico a montante e um trecho I6tico a jusante altamente influenciado pelo regime
operacional do reservatorio. Portanto, uma parte essencial em qualquer programa de operacéo
de reservatorios deve considerar um regime de vazfes adequado a manutencdo da estrutura e
funcionamento desse ecossistema. Foi avaliado o impacto de flutuagdes diérias de vaz&o sobre
a composicdo taxondmica, estrutura e funcdo das comunidades de macroinvertebrados
bentbnicos jusante do reservatorio de Itutinga no Rio Grande, Minas Gerais. Os experimentos
de manipulacdo de vazdo foram realizados no periodo chuvoso (janeiro) e no periodo seco
(julho) de 2010. As amostragens foram realizadas em duas situa¢des hidraulicas (vazao fixa e
flutuacBes diarias). Os macroinvertebrados bentdnicos e as amostras do sedimento foram
coletados em trés tipos de habitat (remanso, praia e corredeira), enquanto que as variaveis
fisicas e quimicas da agua foram mensuradas apenas no habitat praia. As variaveis abioticas
(dgua e sedimento) foram fortemente influenciadas pela capacidade de retencdo do
reservatorio, mas nao sofreram grandes alteracdes relacionadas as flutuagdes diarias de vazao.
A abordagem bioldgica utilizando os “traits” foi mais sensivel do que a abundancia relativa e
as métricas tradicionais para detectar os efeitos das flutuacdes diarias de vazdo. Em geral, as
comunidades de macroinvertebrados bentdnicos amostrados a jusante do reservatério de
Itutinga foram mais influenciados pela composi¢do dos sedimentos em cada um dos trés

ambientes estudados, do que pelas flutuacGes diarias de vazéo.

Palavras chave: ecossistemas; barragens; rios regulados; bioindicadores; traits; métricas;

composicao taxondmica
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ABSTRACT: Damming disrupts lotic continuity, creating a lentic water body upstream of the
dam and a lotic stretch downstream that is highly vulnerable to temporal fluctuations in flow
and physiochemical quality depending on the operational regime of the dam. Thus, an
essential part of any dam operation program must take into account a typologically suitable
environmental flow regime, in order to maintain downstream structure and function. We
assessed the seasonal impact of daily flow peaking regimes on the taxonomic composition,
metrics and traits of the macroinvertebrate community in the lotic section situated
downstream of the ltutinga reservoir on the Rio Grande in the state of Minas Gerais in
southeast Brazil. The flow manipulation experiments were carried out in both wet (January)
and the dry periods (July) of 2010. The samplings were carried out in two hydraulic situations
(fixed flow and daily flow peaking). Benthic macroinvertebrates and sediment were collected
in three habitat types (backwater, fluvial beach, running water). Water variables were
measured only in the fluvial beach habitat. Both water column and sediment variables
downstream were heavily influenced by the retention capacity of the reservoir rather than the
daily flow peak value. The trait approach was more sensitive than abundance and metrics and
could detect the effects of daily flow peaking. The benthic macroinvertebrate communities
sampled downstream from the Itutinga reservoir were more influenced by the sediment

composition at each of the three studied habitats, than by the tested daily flow peaking.

Key-words: ecosystem; dams; river regulation; assessment; bioindicators; macroinvertebrate

traits, macroinvertebrate metrics; taxonomic composition
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INTRODUCTION

The past 50 years has witnessed a notable increase in the construction of hydroelectric
dams in Brazil (Bortoleto, 2001). Damming severely disrupts lotic continuity (Barbosa et al.,
1999), creating an artificial lentic water body upstream and, a lotic stretch downstream that
can be subject to considerable temporal fluctuations in flow and water parameters, depending
on the operational regime of the dam and reservoir (World Commission on Dams, 2000;
Smokorowski et al., 2011). The operational regime of a given reservoir will result in
alterations in the natural hydrologic regime of the lotic environment situated downstream
(Poff et al., 1997), altering the frequency, magnitude and duration of extreme flows (Richter
et al., 1996). This hydrological alteration influences the physical and chemical processes and
properties in both water column variables and substrate composition, influencing energy
dynamics and physical habitat availability (Bunn & Arthington, 2002; Suen & Eheart, 2006)
which will be reflected in changes in the biological community structure, function (e.g., life
cycles, connectivity, feed habits) and ecosystems integrity (Statzner et al., 1988; Allan, 1995;
Bunn & Arthington, 2002; Bonada et al., 2008; Poff & Zimmerman, 2010). Therefore,
suitable management of downstream flows is one of the great challenges for the conservation
and management of regulated rivers (Dudgeon et al., 2006; Acreman & Ferguson, 2010;

Navarro-LIacer et al., 2010).

Ecological assessment methods are now a routine tool in aquatic resource management
and planning, used to evaluate anthropogenic impacts on aquatic ecosystems (Li et al., 2010).
The benthic macroinvertebrate community is a taxonomically and functionally diverse group
commonly used in the ecological assessment of diverse anthropogenic impacts on aquatic
ecosystems (Rosenberg & Resh, 1993; Bonada et al., 2008). Smokorowski et al. (2011)

pointed out that constant changes in flow alter the wetted area, influencing the distribution of
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groups of benthic macroinvertebrates due their specific adaptive characteristics to aspects of
the flow regime. For example, organisms such as Odonata and Plecoptera have low mobility
and are crawlers, so they commonly suffer from desiccation and predation in the littoral zone
during low flow periods (Smokorowski et al., 2011), and are passively carried via drift during
flow peaking (Wilcox et al., 2008). On the order hand, wormlike organisms such as Diptera,
Trichoptera, Ephemeroptera, and Coleoptera can burrow into the sediment in response to
changes in flow resulting in their relatively common presence in regulated river segments

(Smokorowski et al., 2011).

The use of biological and ecological attributes of benthic macroinvertebrates (traits) in
ecological assessment is becoming increasingly popular (Feio & Dolédec, 2012). Traits
aggregate both biological information (e.g., body size, aquatic stages, life cycle, dispersion,
feed habits, food, reproduction, respiration or locomotion), and ecological information (e.g.,
transversal distribution, preferences for substrate type, current velocity, trophic status or
saprobity) of the different macroinvertebrate taxonomic groups (Haybach et al., 2004),
providing a “functional community image” of the ecosystem, as described by Charvet et al.
(2000). This information can be compared between different ecosystem types and eco-regions
and are able to detect impacts caused by anthropogenic activities (e.g., dam building,
deforestation, pollution) (Charvet et al., 2000; Haybach et al., 2004). Like metrics and indices,
traits can be compared against reference conditions to assess the degree of change of an
impacted system (e.g., Chessman et al., 2010; Varandas & Cortes, 2010; Ferreira et al., 2011;

Brooks et al., 2011; Feio & Dolédec, 2012).

Many studies in temperate regions already consider both biological and ecological
benthic macroinvertebrate traits to evaluate the impact of flow alterations in regulated rivers

(Statzner et al., 1988; Cortes et al., 2002; Bunn & Arthington, 2002; Armitage, 2006; Dewson
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et al., 2007; Chessman et al., 2010; Brooks et al., 2011). However, in tropical regions, such as
Brazil, there are virtually no studies on the response of macroinvertebrate traits to dam
mediated flow alterations. Dam operation regimes can be run-of-the-water or peaking,
depending of the size and operating criteria (Smokorowski et al., 2011). Many dams that
operate under a peaking regime need to increase daily power generation in direct relation to
energy demands. Thus, dam operation based on peaking can result in constant increases and
decreases in downstream flow concomitant with periods of high and low peaking of power

generation (Pompeu & Vieira, 2002; Smokorowski et al., 2011).

This study assesses the response of benthic macroinvertebrate communities
(taxonomic composition, metrics and traits) to simulations of daily full peaking operation,
downstream of a dam situated in a high regulated river in the southeast of Brazil. We tested
the following hypotheses, in both wet and dry periods: (i) daily flow peaking would alter
water column variables (e.g., temperature, dissolved oxygen, turbidity, pH, nutrients) and (ii)
sediment composition (e.g., organic matter concentration, particle sizes), affecting the quality
and quantity of available habitats which would (iii) influence the composition (taxonomy)
structure, metrics, and function (traits) of benthic macroinvertebrate communities. Finally, we
hypothesized (iv) that a trait based assessment approach would best express the impact of
daily flow peaking, due to its capacity to aggregate both biological and ecological

characteristics of the communities.
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METHODS
Study design

The study was carried out with the direct collaboration of the Electric Company of
Minas Gerais (CEMIG) and National Electric Energy Agency (ANEEL), through financial

support and implementation of flow rates for the experiments.

The Rio Grande, located in the state of Minas Gerais, southeast Brazil (Figure 1), is a
highly regulated system (12 hydroelectric power plants and dams installed along the river’s
length) with a length of 1,300 km and a catchment area of 143,000 km? (Santos, 2010). The
Itutinga reservoir is the second reservoir situated along the Rio Grande (upstream-downstream
direction) and was chosen based on the logistical criteria that would not detrimentally
influence electric energy production of the CEMIG system. The ltutinga reservoir has both
low height and reduced holding capacity, operating in run-of-the-river regime. Thus, the flow
manipulation experiments were carried out in association with Camargos reservoir, situated
approximately 2 Km upstream of the Itutinga reservoir (Table 1; Figure 1) and with about 70

times more holding capacity than the Itutinga reservoir (Table 1).

The region’s climate is humid subtropical (K6ppen-Geiger classification: Cwb) with
dry winters (April-September, mean 107 + 12 mm precipitation month ) and wet summers
(October-March, mean 1410 + 156 mm precipitation month ™) (Van Den Berg & Oliveira-
Filho, 2000). The vegetation is typical of “cerrado” (tropical savanna like) with

predominating “Campos” and “Campos Cerrados” (Van Den Berg & Oliveira-Filho, 2000).

The samplings sites (habitats) are located about 5 Km downstream of the ltutinga

reservoir (44°39°W, 21°16°S; 850 m) (Figure 1).
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Figure 1. Map of the study area and the location of the habitats where the samples were
collected downstream of the Itutinga reservoir, Rio Grande, Southeast Brazil.

Table 1. General characteristics of Itutinga and Camargos reservoirs situated on the Rio Grande,
Southeast Brazil.

General characteristics Itutingg Camarg_os
reservoir reservoir
Start of operation 1955 1960
Flooded area (km?) 2.03 50.46
Volume (hm®) 11.4 792
Dam height(m) 23 36
Dam length (m) 550 608
Installed capacity (MW) 52 45
Generating units (turbines) 4 2

Experiments, samplings and data analysis

The flow manipulation experiments were carried out in January (wet period) and July

(dry period) of 2010. In order to evaluate the effect of full peaking operation regimes on
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macroinvertebrate communities, we imposed two distinct hydraulic situations, namely the
“fixed flow” (reference) and “daily flow peaks”. The historical average flow between 1931
and 1953 was analyzed prior to dam construction to determine the “fixed flow” in the both
wet and dry periods. The “daily flow peaks” applied in this study were based on the full

peaking operations applied by the management requirements for energy production.

Sampling was carried out in both wet and dry periods. Prior to each sampling period,
flow from the Itutinga dam was stabilized for thirty consecutive days, based on the higher
values of long-term average flow values for each period (fixed flow: 327 m3.s™ in the wet
period, January and 108 m2.s™ in the dry period, July). Following the thirty day stabilized flow
period, samples of water, sediment and benthic macroinvertebrates were collected for six
consecutive days. After the thirty-sixth day, the full peaking flow regime simulation was
started (daily flow peaking between 5:00 to 10:00 pm) and water, sediment and benthic
macroinvertebrate collections were carried out for another six consecutive days. The daily
flow fluctuation was between 380 - 480 m3 s for the wet period in January and 110 - 170 m3
s for the dry period in July (Figure 2). Sampling was carried out in three different habitat

types, namely backwaters (BW), fluvial beaches (FB) and running waters (RN) (Table 2).
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Figure 2. Scheme of the six days of experiment, simulating daily flow peaking (between 5 and 10 pm)
in both seasons: wet (A), ranging from 380 to 480 me.s™ and dry (B), ranging from 110 to 170 m.s™),
downstream from the ltutinga reservoir, Rio Grande, Southeast Brazil (2010).
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Table 2. General characteristics of the three habitat types (BW - backwaters, FB - fluvial beaches, RN
- running waters) sampled downstream of the Itutinga reservoir, Rio Grande, Southeast Brazil.

General characteristics BW FB RN
Depth (m) 1 1 1
Width (m) 50 50 50
Flow (m3.s™) 0 0 0.48
Predominant habitat type pools beach riffles
Predominant substrate particle size ~ <0.50 mm 0.50-1.00mm >1.00mm
Aquatic macrophytes absent absent present
Organic matter (%) 1.62 0.52 0.70

Characterization of physical and chemical variables
Water column

Water temperature (°C), electrical conductivity (uS.cm™), pH, turbidity (NTU), total
dissolved solids (ug.L™) and water redox potential (mV) were measured daily (a total of 12
days) in the water column in the FB habitat only (preliminary studies showed no significant
difference in these parameters between all three habitats) in both hydraulic situations during
both the wet and dry period, using an electronic multi-parameter probe (YSI — model 6600,
Yellow Springs, Ohio, USA (total of 24 water samples). Water samples were taken for
laboratorial analyses of dissolved oxygen (mg.L™), total alkalinity (uEg/L of CO,), total

phosphorous (mg.L™) and total nitrogen (mg.L™) (APHA, 1999)
Sediment

Sediment and macroinvertebrate samples were collected daily using a Petersen dredge
(0.0375 m?) during the two 6 day sampling cycles (fixed flow and daily fluctuation) in each
habitat type for both hydraulic situations during both the wet and dry periods (a total of 72
sediment samples). The granulometric composition of substrate (%) was determined using a

screening method (Suguio, 1973), modified by Callisto & Esteves (1996). Organic
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concentrations (%) were determined using the gravimetric ash free dry weight method.
Aliquots (0.3 + 0.1 g) were ashed (550 ° C for 4 h) and weighed; the difference between the
initial weight of sample and weight after ashing gave the percentage of content of organic

sediment samples.

Benthic macroinvetebrates

Benthic macroinvertebrates samples were collected for 6 consecutive days using a
Petersen dredge. Four replicates (4 dredges) were collected from each habitat type, in both
hydraulic situations (fixed flow and daily flow peaking) in wet and dry periods giving a total
of 288 benthic macroinvertebrate samples. The samples were washed through 1.0, 0.5 and
0.25 mm sieves and preserved in 70% alcohol. Material was identified to family level using
specialized literature (Pérez 1988; Merritt & Cummins 1998; Mugnai et al., 2010) and
deposited in the reference collection of the Instituto de Ciéncias Bioldgicas of the

Universidade Federal de Minas Gerais.

Data analysis

Physical and chemical variables

Prior to statistical analyses we confirmed normality and homogeneity of variance of
water column and sediment data using the Kolmogorov-Smirnov test and Levene’s test
respectively. The samples of each water column variable were standardized (the values of
each sample within each water column variable was divided by the total values of samples
within each water column variable); sediment granulometry composition and organic matter

concentrations were expressed as percentage.

We tested for differences for water parameters between both hydraulic situations in

wet and dry periods using the t-test (significance level: p < 0.05). For the substrate variables
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we tested for differences between both hydraulic situations, in each habitat type, in wet and
dry periods by using a one-way analysis of variance (ANOVA) and Tukey’s honestly
significant difference post hoc test (significance level: p < 0.05) to determine where the

detected significant differences resided in the data set.
Benthic macroinvertebrate communities

To characterize and compare the benthic macroinvertebrate communities in each
habitat and hydraulic situation, we calculated family level richness (S), Shannon-Wiener
diversity index (H) and density (ind.m™). To compare the effect of both hydraulic situations
(fixed flow and daily flow peaking) and the substrate composition (habitat types) on
macroinvertebrate community structure and function, we derived three data sets, namely
taxonomic composition (family level identification, relative abundance log (x+1)
transformed), structure and composition metrics (standardized) and biological and ecological

traits (percentage of individuals).

Metrics were calculated using the Asterics software, version 3.3.1 (AQEN Assessment
system-http://www.agen.de, Essen, Germany) developed as part of the EU funded assessment
system for the ecological quality of streams and rivers throughout Europe using benthic
macroinvertebrates (AQEM) project (Hering et al., 2004). Because many of the AQEM
metrics such as biotic indices, or tolerance descriptors could not be directly extrapolated from
European river systems to tropical rivers, we selected a subset of fifty-nine generic metrics
describing macroinvertebrate composition and structure. Redundant metrics were removed
using the Spearman Rank Correlation (highly correlated variables, based on a threshold value
of r>0.6 or r <-0.6). A subset of 23 non-redundant metrics was tested for hydraulic situation
(fixed flow versus daily flow peaking) and habitat sensibility using the Kruskal-Wallis non-

parametric variance analysis (significance level: p < 0.05). Similarity percentages (SIMPER)
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analysis was used to detect the contribution of each selected metric to the degree of
dissimilarity between the two hydraulic situations (fixed flow and daily flow peaking) and

substrate composition (habitats).

Biological and ecological traits were selected based on Usseglio-Polatera et al.
(2000b) (Appendices 1 and 2). Five of 22 ecological traits, related with these characteristics
were discarded since the data derived from a relatively small study area, without marked
altitudinal, longitudinal, temperature gradients. Each trait was divided into modalities (trait
categories), following the “fuzzy coding” approach described in (Tachet et al., 1994;
Usseglio-Polatera et al., 2000b; Feio & Dolédec, 2012). This method involves the assignment
of an affinity score of each taxon to each category for a given trait. The original affinity
scores matrix of (Usseglio-Polatera et al., 2000b) is based on genus and species taxonomic
level data; we adapted the original database affinity scores for family level identification by
averaging the affinity scores of genera belonging to the same family. An affinity score
ranging from O to 3 was allocated to each taxon for each trait category in the following way: 0
- no affinity of taxon to a given category, 1 - a weak affinity to a given trait category, 2 - a
substantial affinity to a given trait category and 3 - a high affinity to a given trait category.
Missing information on invertebrate traits or modalities was taken from available literature,
summarized in Varandas & Cortes (2010). Traits for which no information was available were
scored O (zero). For more details about the fuzzy coding procedure see also Tachet et al.
(1994), Usseglio-Polatera & Biesel (1994). Subsequent analyses were based on the
assumption that this adapted family level identification affinities matrix approach could be

applied in different geographic regions.

Traits were coded for 32 of the 37 identified taxa, representing 86% of the individuals

sampled. The taxa-trait fuzzy matrix was multiplied by the number of individuals in the
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respective family at each site and subsequently transformed in a site-trait array of the number
of taxa. Redundant modalities were removed using the Spearman Rank Correlation (threshold
value of r > 0.6 or r < - 0.6) and by observing draftsman plots of variables. Non-redundant
traits (n=37) were tested for hydraulic situation (fixed flow versus daily flow peaking) and
substrate composition (habitat type) using the Kruskal-Wallis non-parametrical variance
analyze (significance level: p < 0.05). SIMPER analysis was used to detect the contribution of
each selected trait to the dissimilarity of hydraulic situations (fixed flow and daily peaking)

and substrate composition (habitats).

PERMAVOVA, a permutational multivariate analysis of variance, based on a Bray-
Curtis similarity matrix was used to test for differences in benthic community response
(taxonomic composition, metrics and traits) in wet and dry periods for (i) hydraulic situation
(three fixed factors, hydraulic situation and habitats; one random factor, days); (ii) habitats

(two fixed factors were habitats and days, sampling units (dredges) were the random factor).

Distance-based linear models (DISTLM) were derived for each biological data set to
assess and compare the links between (i) water column variables and (ii) sediment and benthic
macroinvertebrates structure and function, due to the difference in the total number of water
column samples (n = 24) and sediment samples (n = 72). To evaluate overall links between
sediment variables and benthic macroinvertebrates communities, we based DISTLM analyses
on grouped data by calculating mean values of the four dredges collected in each habitat type
per day (288 samples + 4 dredges (per habitat) = 72 samples). We applied the same approach
to DISTLM analyses between water column variables and benthic macroinvertebrates
communities, by calculating the mean value of the four dredges collected in each day and
grouped (average) the data from three habitats (288 samples + 4 dredges = 72 samples + 3

habitats = 24 samples).
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DISTLM predictors were environmental variables, which were fitted individually or
together in three different matrices data sets (taxonomic composition, metrics and traits). The
corrected Akaike Information Criterion (AICc) was used to establish the selection criteria,
based on step-wise selection procedure, to evaluate the “best” model (for taxonomic
composition, metrics or traits) that explaining benthic macroinvertebrates distribution patterns
and their responses to natural and anthropogenic pressures (Anderson et al., 2008). AlCc
(Sugiura, 1978; Hurvich, 1989) is a derivation of AIC that is used when the number of
samples (N) is small in relation to the number of predictor variables (Burnham et al., 2010).
AIC is a likelihood based measure of model goodness-of-fit and the lowest number of
environmental parameters necessary to optimize the global AIC by significantly increasing
the amount of explained variation in a given model (Akaike, 1974). For visual interpretation
of the models in multi-dimensional space, we used distance-based redundancy analysis
(dbRDA) to generate ordination plots to illustrate associations between environmental

variables and biological data.

All analyses were carried out using Primer 6 software (PRIMER-E Ltd) (Clarke &
Gorley, 2006) PERMANOVA+ for PRIMER software (Anderson et al.,, 2008) or

STATISTICA 8.0 software (StatSoft, 2007).

RESULTS

Physical and chemical descriptors

T-test results revealed significant differences between the water column parameters
turbidity, total dissolved solids and phosphorous for fixed flow and daily flow peaking during

the wet period only (Table 3). Highly significant differences were found between habitat
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sediment parameters in both the wet (ANOVA one-way: Fi5 5, = 3.54; p = 0.0002) and the dry
periods (ANOVA one-way: Fi55, = 5.36; p = 0.000002) (Table 4). However, no significant
differences were found between fixed flow and daily flow peaking, independent of habitat or

seasonal period.

Benthic macroinvertebrates

A total of 15,462 benthic macroinvertebrates were collected and identified from 37
taxa, comprising Arthropods (33 taxa), Annelids (2 taxa), Molluscs (1 taxon) and Nematodes
(1 taxon) (Appendices, 3 and 4). Higher levels of richness and Shannon-Weiner diversity
occurred during the wet period (Table 5), but higher density values occurred during the dry
period (Table 5). The Chironomidae was the dominant macroinvertebrate family in the three
habitats for both hydraulic situations and two seasonal periods (Appendices 1 and 2). Higher
diversity values, including a higher proportion of rheophilic taxa (e.g., Hydropsychidae,
Hydroptilidae, Simuliidae) occurred in the RN habitat (Appendices 1 and 2; as well as Table

5).

Table 3. Physical and chemical variables of water column (mean = SD) sampled under influence of
both hydraulic situation, fixed flow and daily flow peaking in both periods, wet period (January) and
dry period (July). **: In each line within each seasonal period, the means followed by the same letter
are not significantly different from each other test- test - significance level of 0.05).

wet period dry period

Abiotic variables Fixed flow Dail;_/ Fixed flow Dail;_/

fluctuations fluctuations
Water temperature (°C) 25.24 + 0.18* 2503 + 0.21* 18.00 + 0.13*  18.05 + 0.15°
pH 7.23 + 0.24° 7.14 + 0.13°% 7.39 + 0.26% 7.37 + 0.09%
Electrical conductivity (uS.cm™)  13.33 + 0.52® 13.00 + 0.71* 14.83 + 2.04® 16.00 + 0.63°
Total dissolved solids (ug.L™) 9.00 + 0° 8.20 + 0.45°  10.00 + 1.67° 10.17 + 0.41°
Turbidity (NTU) 48.95 + 6.47° 59.62 + 6.89° 204 + 0.13°  2.03 + 0.16°
Water Redox (mV) 275.67 + 55.51% 225.75 + 59.4% 277.67 + 48.12% 256.80 + 69.03%
Dissolved oxygen (mg.L™) 7.60 + 0.32° 7.35 + 0.66° 9.02 + 0.26° 8.77 + 0.15°
Total nitrogen (ug.L™) 0.07 £0.01% 0.07 £0.022 0.05+0.01° 0.05+0.012
Total Phosphorus (mg.L™) 51.33+22.8° 29.16 + 1.99° 28.90 +0.98° 31.35+7.40°
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Dissolved oxygen saturation (%)

Total alkalinity (LEg/L of COy,)
Total carbon dioxide (%)

91.98

45.35
51.56

+ 3.90°
+ 23.21°
+ 27.14°

88.95
46.02
53.78

7.95%
2.52°
4.38°

95.17
121.90
136.42

+
+
+

2
1

64%  92.67

7.42% 11752

1.90% 130.38

+ + I+

151°
19.75%
23.92°
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Table 4. Percentage of organic matter and sediment fractions (mean + SD) sampled in three fluvial
habitats (BW - backwaters, FB - fluvial beaches, RN - running waters) in both periods, wet period
(January) and dry period (July). *°: In each line within each seasonal period, the means followed by
the same letter are not significantly different from each other by Tukey’s test, significance level of

0.05).
Sediment dry period wet period
variables (%) BW FB RN BW FB RN

Organic matter YM  1.0+0.8° 05+0.2° 0.8+05*° 1.8+1.8* 0.6+04° 0.9+05°
Pebbles P 0 0 3.9+96° 0 3.8+7.3% 1.1+1.8°
Gravel G 0 6.8+82" 245+293" 2.8+6.5° 8.4+10°  31.2+217°
Very coarse sand V€S 0.1+0.1°% 24+25° 73+7.9° 4+9.4° 29+29  10.7+83*°
Coarse sand CS  07+07° 5.4 +5.4° 76+7° 23+43" 59+51° 7.7+6.6"
Medium sand MS  122+87% 137+91% 159+131% 116+87° 1714103 115+8.2*"
Fine sand FS  383+13.1% 37.8+139° 17+132° 32.7+141* 3524125 155+11.8*°
Very finesand  VFS 4504167 335+16.2*° 232+202° 41.1+237° 263+13" 21.6+19.7°
Silt plus clay S  38+58° 05+03%  08+1.0° 55+6.2° 03+02*" 08 +0.9°

Table 5. Basic metrics of benthic macroinvertebrates communities (mean + SD) sampled during fixed

flow and daily flow peaking in wet period (January) and dry period (July), in three fluvial habitats

(BW - backwaters, FB - fluvial beaches, RN - running waters).

Basic metrics BW FB RN BW FB RN
Fixed flow Daily fluctuations

wet period

Richness (S) 17 20 14 22 17

Diversity (H") 1.06 0.94 1.69 1.03 0.90 1.71

Density (ind.m?) 6,625 8,250 11,350 8,488 8,075 13,838
dry period

Richness (S) 16 10 18 8 17

Diversity (H") 0.28 0.24 0.62 0.44 0.25 0.69

Density (ind.m?) 23,100 20,675 25,100 21,663 27,788 18,325

The metrics selection procedures revealed six metrics that were sensitive to the

different hydraulic situations. Five metrics were selected for the wet period (22 %

contribution to the total dissimilarity) and one selected for the dry period (3.38 % contribution

to the total dissimilarity). The same procedure carried out to select metrics sensitive to habitat
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level effects (i.e., substrate) identified 13 metrics. Six metrics were selected for the wet period
(30% contribution to total dissimilarity) and 11 metrics selected for the dry period (45%

contribution to total dissimilarity).

The traits selection procedures identified a total of 16 traits modalities sensitive to the
different hydraulic situations; 10 were selected for the wet period (61% of contribution to the
total dissimilarity), and eight were selected for the dry period (48% of contribution to the total
dissimilarity) (Table 6). For habitat level effects a total of 26 traits were selected; 19 traits for
the wet period (95% of contribution to the total dissimilarity), and 23 traits for the dry period

(90% of contribution to the total dissimilarity) (Table 6).

PERMANOVA results comparing two hydraulic situations showed significant
differences only in dry period and the different types of biological data presented different
levels of significance (p-values). Metrics and traits showed a better response to hydraulic

situation (fixed factor) than the taxonomic composition data (Table 7).

Significant differences were also observed in benthic macroinvertebrates in relation to
habitat types. There were significant differences in taxonomically based abundance between
habitats in the wet and dry seasons and the fixed and daily peaking flow regimes (Table 8).
Significant differences were found between habitats for metrics for both wet and dry periods,
but only during the fixed flow regime (Table 8). Significant differences were detected in
macroinvertebrate traits between habitats for daily fluctuations during the wet period and both

fixed and daily flow peaking situations during the dry period (Table 8).
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Table 6. Traits selected from specific pressures (percentage of individual), daily flow peaking and
substrate composition, with the percentage of contribution of each category for the total data set in the
SIMPER analysis, two periods, wet period (January) and dry period (July), downstream from the

Itutinga reservoir (2010).

Trait Category Code H_ydra_ullc Substr_a_te
situation composition
Biological Traits wet dry wet  dry
Maximal body size >2-4cm >2-4 3.34
Life duration <1 year <ly 14.72
> | year >ly 16.85 14.72 16.85
Reproductive cycles >1 >1 6.16
Agquatic stages egg egg 7.62 817 7.62
larv larv 3.43 3.43
Reproduction types clutches, in vegetation clveg 2.31
Dispersion aquatic passive agpass 3.69 3.69
aerial active aeact 6.73 6.73
Resistance forms eggs, statoblasts egst 5 5
housings against desiccation desic 0.55
diapause or dormancy diap 7.85 785 7.85
none none 8.04 8.04
Respiration tegument teg 9.23
plastron plast 1.73
spiracle spir 4
Locomotion and flier flier 0.72
substrate relation surface swimmer suswin 0.58
full water swimmer fuswin 311 6.01 311
crawler craw 6.09 6.09
Food living macrophytes limacrop 4.78 478 4.78
living microinvertebrates limicroin 2.05
living macroinvertebrates limacroin ~ 2.59 2.59 3 3
Feeding habits absorber absor 1.57 159 159
scraper scrap 7.3 3.86
filter-feeder filfeed 4.97
piercer pierc 0.48
predator pred 1.83
Ecological Traits
Transversal distribution river channel chann 3.9
Substrate flags/boulders/cobbles/pebbles  boulder 25
sand sand 1.03
Current velocity null null 2.98
Trophic status mesotrophic meso 3.76 2.82
Saprobity a-mesosaprobic amesosap 225 154
pH >5 pH>5 577 3.79
Total contribution to dissimilarity (%) 60.88 48.10 90.31 98.72
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Table 7. PERMANOVA results (Pseudo-F e p) of macroinvertebrate taxonomic composition
(abundance), metrics and traits for fixed flow and daily flow peaking in both periods, wet
period (January) and dry period (July), in three fluvial habitats (BW - backwaters, FB - fluvial
beaches, RN - running waters).

Abundance Metrics Traits
F P F p F p

wet period
Hydraulic situation 0.91 0.455™ 3.46  0.088"™ 3.96  0.058™
Habitats 281  0.004” 3.73  0.010” 349  0.028
Days 2.46  0.0007" 1.55 0.077™ 2.3 0.003™

dry period
Hydraulic situation 2.19 0.060™ 6.25 0.044" 564  0.035
Habitats 2.81  0.004” 1.7 0.209™ 569  0.008"
Days 2.94  0.0007" 3.3 0.004™ 259  0.005"

P.S. ns=P>0.05; *=P <0.05; ** =P <0.01; *** =P <0.001; ****=P<.0001

Table 8. PERMANOVA results (Pseudo-F e p) of three macroinvertebrate data set, abundance, metrics
and traits for the three habitats types (BW - backwaters, FB - fluvial beaches, RN - running waters)
sampled in fixed flow and daily flow peaking for wet period (January) and dry period (July).

Abundance Metrics Traits
F P F P F p
wet period - fixed flow
Habitats 2.88 0.008™ 3.65 0.05" 227  0.114™
Days 2.08 0.003"” 0.35 0.948 296  0.0017"
Dredges 0.9 0.580" 1.61 0.180"™ 2.02  0.050™
wet period - daily flow peaking
Habitats 2.29 0.029" 1.84  0.144™ 512  0.005"
Days 2.67  0.0007 2.38 0.020” 2.2 0.009"
Dredges 1.44 0.103"™ 0.91 0.517"™ 1.01  0.433™
dry period- fixed flow
Habitats 718 0.006” 4.21 0.020" 426  0.023"
Days 1.09 0.386" 0.61 0.804" 111 0.371™
Dredges 1.89 0.052" 1.68 0.283"™ 1.95  0.324™
dry period- daily flow peaking
Habitats 3.28 0.027" 2.59 0.095 748  0.001""
Days 3.68  0.0007 3.84  0.0007" 233 0.011°
Dredges 1.11 0.341" 2.65 0.099" 1.11 0.38™

P.S. ns=P>0.05; *=P <0.05; ** =P <0.01; *** =P <0.001; ****=P<.0001
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Table 9. Results of AICc, F and p from DISTLM analyse for the 3 sets of macroinvertebrate data
(abundance, metrics and traits) in both the wet period (January) and dry period (July).

Sediment variables Abundance Metrics Traits

(%) AlCc F p AlCc F p AlCc F p
Gravel 513.1 3.478 0.004”  457.6 6.452 0.008" 2246 4241 0.016™
Medium sand - - - 449.4 3.369 0.048" 220.4 4.051 0.010™"
Very fine sand 511.7 3.512 0.004”  450.6 9.336 0.001"" 2224 4335 0.008""
Silt plus Clay - - - 44855 2.96 0.059™ - - -

P.S. ns=P>0.05; *=P <0.05; ** =P <0.01; *** =P <0.001; ****=P<.0001

DISTLM, AlICc results and dbRDA ordination plots revealed distinct associations
between different benthic macroinvertebrate data sets and water column variables (Table 9).
Taxonomic composition data and metrics do not present any strong links with water column
variables. However there was a strong association between both biological (e.g., aquatic
stages, food, respiration, dispersion, resistance forms, feeding habits, life cycle, locomotion
and substrate relation) and ecological macroinvertebrate traits (pH preference and transversal
distribution), with pH (p = 0.002), Turbidity (p = 0.090) and Total Dissolved Solids (p =
0.018) (Best solution- AIC: 51.48; R2 = 0.45; Figure 3). The 1% axis of the dbRDA plot
described 34.1% of total variation (Figure 3) revealing that total dissolved solids had more
influence on macroinvertebrate structure and function during the dry period, while turbidity

had more influence during the wet period.

DISTLM, AICc results and dbRDA ordination plots for benthic macroinvertebrates
data and sediment variables indicated that the best variables fitting the abundance data (Best
solution- AICc: 511.75; R? = 0.09) were gravel and very fine sand. Gravel, very coarse,
medium sand, very fine sand substrates (Best solution - AlCc: 448.55; R2 = 0.26) provided the
best fit for explaining changes in metrics. The sediment variables best describing the
macroinvertebrate trait model (Best solution - AlICc: 220.42; R2 = 0.15) were gravel, medium

and very fine sand fractions (Table 9). The lowest AICc value of the trait model indicates that
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this is the best model for assessing the effect of daily flow peaking on facets of the benthic
macroinvertebrates community. The dbRDA ordination plot (Figure 4) clearly shows how
gravel, medium sand and very fine sand were significantly related with both biological (life
cycle, feeding habits, reproduction) and ecological traits (transversal distribution, trophic
status, saprobity and pH). The percentage of total variation along axis 1 was lower than the
dbRDA for water column variables (14.1%). There was no clear seasonal difference in
substrate composition or between fixed and peaking hydraulic situations. Gravels were more
closely associated with the running waters, while very fine sand and medium sand were

related with backwaters and fluvial beaches habitat types.
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Figure 3. Distance-based RDA ordination of first and second fitted axes relating water column
variables with selected macroinvertebrate traits downstream of the ltutinga reservoir. The length and
direction of the vector projections for the water column variables, previously selected by DISTLM,
represent the strength and direction of the relationships. Full description of the abbreviations attributed
to the traits are given in the table 3. The acronyms mean: TDS = total dissolved solids; Turb =
Turbidity. The other acronyms in the figure are the combination of the follow acronyms related with
hydraulic situation (FF = fixed flow and DF = daily fluctuations), and seasonal period (Wet = wet
period and dry) = dry period. (e.g., FFWet = sampled in under fixed flow situation in the wet period).
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Figure 4. Distance-based RDA ordination of first and second fitted axes relating sediment composition
with Dbiological and ecological invertebrates traits set downstream Itutinga reservoir, Rio Grande,
southeast Brazil in 2010. Vectors projections are given for the water column variables selected by the
DistLM routine. The length and direction of the vector projections for the water column variables
selected by the DistLM routine represent the strength and direction of the relationship. Full
descriptions of the abbreviations attributed to the traits are given in the table 3. The acronyms mean: G
= gravel; MS = medium sand; VFS = very fine sand. The other acronyms in the figure are the
combination of the follow acronyms related with hydraulic situation (FF = fixed flow and DF = daily
fluctuations), fluvial habitat type (BW = backwater, FB= fluvial beach and RN = running water) and
seasonal period (Wet = wet period and dry) = dry period (e.g., FFBWWet = sampled in under fixed
flow situation, in the backwater habitat type in the wet period).

DiscuUssION

Dams disrupt downstream natural lotic flow regimes (Poff et al., 1997) as a result of
the operational flow regimes (Pompeu & Vieira, 2002) that differ greatly from natural flow
regime of unregulated river systems they were built on (World Commission on Dams, 2000;
Cortes et al., 2002; Maroneze et al., 2011). Reservoirs formed upstream of dams retain

organic and inorganic particles derived from the upstream section of the drainage system
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(Barbosa et al.,, 1999), altering important physicochemical and biological processes
downstream. These alterations disrupt the continuity and natural river processes such as the
flow of nutrients and energy (Vannote et al., 1980). As a result, stretches of rivers situated
downstream of dams are highly dependent on the physicochemical characteristics of the

reservoir situated upstream.

Our first hypothesis that the daily flow peaking can alter the water column variables
was not supported by our results since most water column parameters did not differ
significantly between the tested hydraulic regimes (Table 3), although there was a significant
increase in turbidity during the daily fluctuation phase of the wet period. This is probably due
to the expansion flow onto the adjacent floodplain, resulting in increased input of
allochthnous organic material and sediments (Poff et al., 1997). Despite detection of
significant changes in these values (Tukey’s HSD post hoc test), values for turbidity, total
dissolved solids and total phosphorous were considered low, according to the established
limits defined by CONAMA (National Council of Environment), resolution number 357/2005

(Brasil, 2005).

We detected significant differences in the substrate composition between habitat type
although they were apparently unaffected by the daily flow peaking regime tested in this
study. The size and complexity of habitat substrate were related with specific hydraulic
conditions in each habitat type. For example, running water habitats, i.e. riffles are more
complex in terms of habitat diversity (Brooks et al., 2005), with diverse particle sizes. The
size and complexity of substrate decreased in habitats with high hydraulic dissipation of
energy, such as the fluvial beach habitat and the smallest particle sizes were found in the
backwater habitat. The organic matter content of the substrates was low in the three habitats

studied due to the retention of fine and coarse organic matter by the reservoir situated
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upstream of the study area, affecting river continuum dynamics (Vannote et al., 1980;

Barbosa et al., 1999).

Our second hypothesis was that alterations in water column variables and sediment
composition due to daily flow peaking would result in changes in different facets of the
benthic macroinvertebrates community. The lack of observed significant differences in the
benthic macroinvertebrate taxonomic composition data between fixed flow and daily
fluctuations indicates that this type of data is unsuitable for detecting alterations in dam
mediated flow regimes, as observed by Cortes et al. (2002) and Almeida et al. (2009). Benthic
macroinvertebrate traits and, to a lesser extent, metrics better reflected changes in and flow
regime (Dolédec & Statzner, 2008; Tomanova et al., 2008; Brooks et al., 2011), particularly
in the dry period. In the dry periods the rainfall levels are low with less flow variations. Thus
the susceptibility of the macroinvertebrate communities increased under the effect of daily
fluctuations, which was better detected using biological and ecological macroinvertebrate
traits. The lower AICc from DISTLM analysis (Table 9) and higher percentage dissimilarity
between flow regimes from the SIMPER analysis (Table 6) support the applicability of traits
as a tool for evaluating the effect of regulation on river systems. This supports the findings of
several studies that have evaluated the use of traits to detect and predict different types of
natural and anthropogenic impacts on freshwater ecosystems, (Charvet et al., 2000; Usseglio-
Polatera et al., 2000a; Haybach et al., 2004; Statzner et al., 2008; Feio and Dolédec, 2012,
Dolédec and Statzner, 2008; Tomanova et al., 2008; Brooks et al., 2011 ). The findings of
many of these studies suggest that a trait based approach results in a more robust data set that

is less susceptible to the influence of seasonal and geographic patterns.

Alterations in the downstream benthic macroinvertebrate communities caused by

daily flow peaking regimes result from the interplay of environmental, ecological and

64



biological factors, based in physical and chemical parameters of the water body,
geomorphological characteristics of the river basin, connectivity (lateral and longitudinal),
physical characteristics of habitats (pools, fluvial beaches, rifles) and micro-habitats
(predominant substrates) (Ligeiro et al., 2010), inter and intra-specific competition and the
type of anthropogenic impacts around. The homogenization of available habitats and the
constant alterations in flow (seasonal, daily or hourly) and in the some water column
parameters simplify the aquatic ecosystems, altering the communities structure and function,
favoring the dominance of groups like dipterans (e.g., Chironomidae), trichopterans (e.g.,
Hydropsichidae) and ephemetopterans (e.g., Leptohyphidae), with life history strategies and
evolutionary adaptations for natural flow alterations (Ogbeibu and Oribhabor, 2002; Silva-
Santos et al., 2004), and hindering the survival of groups like Odonata and Plecoptera, that

suffer more influence of the variation in water level (Smokorowski et al., 2011).

CONCLUSIONS

The results of this study indicate that the structure and function of the macroinvertebrate
community downstream of the ltutinga reservoir are influenced predominantly by substrate
type and to a lesser extent by water column variables. The predominance of biological traits
such as respiration, life cycle, locomotion and feeding habits are generally correlated with
substrate composition, in particular the levels of organic particulate matter. The daily flow
peaking hydraulic regimes tested by the experiment at the Itutinga reservoir do not appear be
sufficiently different from the fixed flow regime to provoke detectable changes in the water
column variables substrate composition and consequent influences on macroinvertebrate
structure and function. Further similar studies in other dams covering a range of operation

regimes would provide more information about the influence of daily flow peaking on the
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hydraulic habitats and macroinvertebrates downstream dams and the macroinvertebrate trait

responses proved to be a good tool.

Based on the results of the statistical analyses, the influence of daily flow peaking on
sediment composition (hypothesis two) appears to be negligible however there was partial
influence of daily flow peaking on some water column variables (hypothesis one) and on
benthic macroinvertebrate traits and metrics (hypothesis three) in the dry period. Our results
confirmed hypothesis four, namely that traits provide the best way to evaluate the impact of
daily flow peaking on macroinvertebrate communities. A trait-based approach has
considerable potential for assessing anthropogenic impacts on aquatic ecosystems by river
regulation. However, we recommend further studies in other river basins, countries and
continents, during more hydrological cycles and with higher levels of taxonomic resolution to

substantiate the results of this study.

Finally, it is vital that decision makers pay close attention to the influence of reservoir
operations on the processes that determine substrate composition (habitat availability)
downstream when determining environmental flow regimes. Substrate composition is an
important factor that determines patterns in the structure and function in aquatic ecosystems.
Suitable flow regimes and restoration measures promote the input of fine medium and coarse
organic particulate matter, increasing ecosystem complexity and providing habitats and

services for the biota, thereby mitigating the impacts caused by dams.
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APPENDICES

Appendix 1. Mean and standard deviation of main benthic macroinvertebrates taxa sampled in the wet
period (January of 2010), in three habitat types (BW = backwater, FB= fluvial beach and RN =
running water) under fixed flow and daily flow peaking in two distinct seasonal periods (wet and dry),
downstream ltutinga reservoir, Rio Grande basin, southest of Brazil. The taxa are organized based on

their abundance.

wet period
fixed flow daily fluctuation
BW FB RN BW FB RN

Chironomidae 202.6 +152.8 3149+4493 128.1+139.2 269.8+269.4 2989+580.3 133.7+156.2
Oligochaeta 18.1+18.1 18.8+18.8 25.0+25.0 433+433 21.9+219  140.6 +£140.6
Baetidae 425+425 271271 18.8+18.8 55.0+55.0 25.0+25.0 41.1+411
Amphipoda - - - - -
Bivalvia - - - - -
Ceratopogonidae 15.6 £15.6 125+125 125+125 125+125 125+125 -
Chaoboridae - - - 125+125 125+125 -
Culicidae - - - - 125+125 -
Elmidae 25.0+£25.0 125+125 125+125 125+125 25.0+25.0 15.3+15.3
Empididae - - 20.8+20.8 - 125+125 -
Gerridae - - - - - -
Gelastocoridae 125+125 - - - - -
Gomphidae 125+125 125+125 - 125+125 125+125 -
Gyrinidae - - - - - -
Hidracarina - 125+125 - - - 125+125
Hirudinea 125+125 - - 125+125 - 125+125
Helichopsychidae - - - 125+125 - 125+125
Hydrophilidae - 25.0+25.0 125+125 - 20.8+20.8 -
Hydropsychidae 218.8+218.8 15.6 +15.6 725.0+725.0 20.0+20.0 65.6 +65.6  640.3 +£640.3
Hydroptilidae 25.0+25.0 225+225 189.6 + 189.6 30.4+30.4 25.0+250  100.0 +100.0
Leptoceridae - 125+125 - - - 125+125
Leptophlebiidae 125+125 125+125 - 25.0+25.0 125+125 -
Leptoyphidae 16.1+16.1 55.6 + 55.6 55.0 +55.0 31.9+31.9 23.8+23.8 87.5+875
Libellulidae 125+125 125+125 - - - 125+125
Naocoridae 125+125 - - - 125+125 -
Nematoda - 125+125 - 20.8+20.8 125+125 475+475
Ostracoda - - - 125+125 - -
Polycentropodidae 25.0+25.0 219+219 125+125 25.0+25.0 50.0 £ 50.0 3754375
Polymitarcyidae - 125+125 - - 125+125 125+125
Pyralidae - 3751375 50.0 +£50.0 25.0+25.0 16.7 £16.7 25.0+25.0
Simuliidae 125+125 125+125 27752775 125+125 125+125 60.4 +60.4
Staphilinidae - - - 125+125 - -
Tabanidae - - - - - -
Tipulidae 25.0+£25.0 125+125 125+125 - 125+125 -
Vellidae - - - - 125+125 -
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Appendix 2. Mean and standard deviation of main benthic macroinvertebrates taxa sampled in the dry
period (July of 2010), in three habitat types (BW = backwater, FB= fluvial beach and RN = running
water) under fixed flow and daily flow peaking in two distinct seasonal periods (wet and dry),
downstream ltutinga reservoir, Rio Grande basin, southwest of Brazil. The taxa are organized based
on their abundance.

dry period
fixed flow daily fluctuation
BW FB RN BW FB RN

Chironomidae 918.2+726.9 8245+648.7 9141+7346 825+797.6 1104+8355 646.9+578.9
Oligochaeta 26.8 +26.8 33.3+333 3751375 69.8 +69.8 46.9+46.9 57.7+57.7
Baetidae 125+125 18.8 +18.8 26.8 +26.8 125+125 125+125 29.2+29.2
Amphipoda - - - 125+125 - -
Bivalvia - - - 125+125 - -
Ceratopogonidae 229+229 21.9+219 50.0 £ 50.0 18.8+18.8 135+135 16.7£16.7
Chaoboridae - - 125+125 - - -
Culicidae 50.0 +50.0 - - - - -
Elmidae 125+125 125+125 125+125 18.8+18.8 - 125+125
Empididae - - - - - 12.5+125
Gerridae - - - 125+125 - 125+125
Gomphidae - - - - - 125+125
Gyrinidae 125+125 - - - - -
Hidracarina - - 125+125 - - -
Hirudinea - - 125+125 - - -
Hydropsychidae 125+125 25.0+25.0 69.3 +69.3 - 125+125 58.3+58.3
Hydroptilidae 125+125 - 125+125 - - 125+125
Leptoceridae 37.5+375 125+125 - 125+125 - -
Leptophlebiidae - - 125+125 125+125 - 125+125
Leptoyphidae 40.6 £40.6 323+323 66.1 + 66.1 55.0+550 39.8+39.8 64.6 + 64.6
Libellulidae 37.5+£375 - 31.3+£313 125+125 - 125+125
Naocoridae - - - - - -
Nematoda 125+125 - - 15.0+15.0 125+125 20.8+20.8
Ostracoda - - 125+125 - - -
Polycentropodidae 125+125 - - 125+125 - -
Polymitarcyidae - 125+125 - 125+125 - -
Pyralidae - - 125+125 - - 125+125
Simuliidae 125+125 - 229229 125+125 - 875+875
Tabanidae - - - 125+125 - -
Tipulidae 15.0+15.0 125+125 125+125 15.6 +15.6 125+125 125+125
Vellidae - - 31.3+313 - - -
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Appendix 3. Calculated biological traits

Biological traits

Category

Maximal potential size

Life cycle duration

Potential number of cycles per
year

Aguatic stages

Reproduction

Dispersal

Resistance forms

Respiration

<.25cm
>.25-5cm
> 5-1cm
>1-2cm
>2-4cm
>4-8cm
>8cm

<1 year

> 1 year

<1

=1

>1

€99

larva

nymph

adult

ovoviviparity

isolated eggs, free
isolated eggs, cemented
clutches, cemented or fixed
clutches, free

clutches, in vegetation
clutches, terrestrial
asexual reproduction
aquatic passive

aquatic active

aerial passive

aerial active

eggs, statoblasts
cocoons

housings against desiccation
diapause or dormancy
none

tegument

gill

plastron

spiracle

hydrostatic vesicle
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Appendix 3. Continuation

Biological Traits Category

Locomotion and substrate relation  flier

surface swimmer
full water swimmer
crawler

burrower

interstitial
temporarily attached
tempattach

permanently attached
Food microorganisms
detritus (< 1mm)
dead plant (>= 1mm)
living microphytes
living macrophytes
dead animal (>= 1mm)
living microinvertebrates
living macroinvertebrates
vertebrates
Feeding habits absorber
deposit feeder
shredder
scraper
filter-feeder
piercer
predator
parasite




Appendix 4. Calculated ecological traits

Ecological Traits Category

Transversal distribution river channel
Substrate (preferendum) flags/boulders/cobbles/pebbles
gravel
sand
silt
macrophytes
microphytes
twigs/roots
organic detritus/litter
mud
Current velocity (preferendum) null
slow (< 25 cm/s)
medium (25-50 cm</s)
fast (> 50 cm/s)
Trophic status (preferendum) oligotrophic (olig)
mesotrophic
eutrophic (eutrof)
Saprobity xenosaprobic
oligosaprobic
b-mesosaprobic
a-mesosaprobic
polysaprobic
pH (preferendum) <4
>4-4.5
>45-5
>5-55
>5.5-6
> 6




CAPITULO 11

Macroinvertebrate responses to distinct
hydrological patterns in a tropical regulated
river
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REsumMo: O crescimento econdémico do Brasil resultou em um aumento notavel na construgdo
de usinas hidrelétricas. Apesar de sua grande importancia para o desenvolvimento econdmico
e social humano, a presenca de barragens e reservatorios provoca alteracdes de grande escala
no regime hidrolégico natural dos rios, influenciando profundamente a biodiversidade
aquatica. Este estudo assume que as comunidades de macroinvertebrados bentbnicos sdo
significativamente influenciadas pela (i) sazonalidade (periodo Umido e periodo seco), (ii) por
diferentes valores de vazao dentro de cada periodo sazonal (valores altos e baixos), e (iii) pela
composicao do substrato nos distintos tipos de habitats fluviais. Correlagdes significativas (iv)
também foram avaliadas entre as variaveis ambientais (pardmetros fisico-quimicos da agua e
do sedimento) e as comunidades de macroinvertebrados bentdnicos. As amostragens de
macroinvertebrados bentdnicos, sedimento e agua foram realizadas em duas situacdes
hidraulicas distintas, ou seja, valores altos e baixos dentro dos periodos secos e chuvosos de
2010 e 2011, em trés diferentes habitas fluviais tipicos (remanso, praia e corredeira). Os
resultados demonstraram claramente a sensibilidade das comunidades de macroinvertebrados
bentbnicos a alteracdes sazonais e intra-sazonais de vazdo, bem como entre os habitats
amostrados. As comunidades de macroinvertebrados bentdnicos foram mais complexas e
distintas no habitat corredeira em relacdo aos demais habitats. As alteracBes nas comunidades
de macroinvertebrados bent6nicos estdo altamente associadas a alguns parametros abioticos
mensurados na coluna d’agua parametros (temperatura, turbidez e nutrientes) e a composigao
do substrato nos diferentes habitats estudados. Com base nos resultados, sugere-se que as
comunidades de macroinvertebrados benténicos sdo indicadores adequados para avaliar e

monitorar 0s ecossistemas I6ticos a jusante de barragens em rios regulados tropicais.

Palavras chave: ecossistema; manejo; avaliagdo  bioldgica, bioindicadores,

macroinvertebrados
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ABSTRACT: Brazil’s burgeoning economic growth has resulted in a remarkable increase in
hydroelectric power plant construction. Despite their considerable importance for human
economic and social development, the presence of dams and reservoirs provokes large scale
alterations in the natural flow regime of the rivers, profoundly influencing aquatic
biodiversity. This study assumed that benthic macroinvertebrate community would be
significantly influenced by (i) seasonality (wet period and dry period), (ii) different flow
values (high and low flows) within each seasonal period, and by (iii) substrate composition in
distinct fluvial habitat types. Significant correlations (iv) were also evaluated between the
environmental variables (physicochemical parameters of water and sediment) and the benthic
macroinvertebrate community. Benthic macroinvertebrates, sediment and water samplings
were carried out in two hydraulic situations, namely high and low flow within the both wet
and dry periods for two years (2010 and 2011), in backwater, fluvial beach and running water
habitats. Results clearly demonstrated benthic macroinvertebrates community responses to
flow variability between and within the seasonal periods, as well as the habitat types. The
benthic macroinvertebrate communities in running water habitats were more complex and
displayed a distinct composition compared to backwater habitats. Changes in the
macroinvertebrate community were closely associated with water parameters (temperature,
turbidity, nutrients) that showed seasonal differences and with substrate characteristics as
particle size and heterogeneity of micro-habitats. Based on the results, we suggest that benthic
macroinvertebrate communities are suitable indicators for evaluating and monitoring lotic

ecosystems downstream of dams in tropical regulated rivers.

Keywords: ecosystem; management; river regulation; biological assessment; bioindicators;

macroinvertebrate traits
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INTRODUCTION

Aquatic ecosystems have a long story of disturbance by man’s activities (Poff et al.,
1997). Dam construction is a global phenomenon; currently more than half of world’s large
rivers are regulated by dams (World Commission on Dams, 2000; Richter et al., 2003).
Starting in the latter half of the twentieth century, there has been a remarkable increase in the
planning and construction of hydroelectric dams in Brazil concomitant with the countries in
considerable economic growth (Bortoleto, 2001; Agostinho et al., 2005). The reservoirs
associated with hydroelectric plants have multiple uses beside generating electricity, such as
water storage for human supply, attenuation of extreme flows, fishing, leisure and tourism

(Tundisi and Matsumura-Tundisi, 2003).

Despite their obvious socio-economic importance, the presence of reservoirs causes
large scale alterations in the natural flow regime and dynamics of river systems (Poff et al.,
1997). Reservoir operation regimes will alter the frequency, magnitude and duration of
extreme flows, decreasing natural flow variations imposed by the inter and intra-seasonal
characteristics (Bunn and Arthington, 2002). Such alterations in the natural hydrological
regime directly affect vital support elements that shape downstream ecosystems such as
organic matter and energy flow patterns and the physicochemical quality of both the water
column and sediment (availability and diversity of aquatic habitats) (Richter et al., 2003;
Chung et al., 2008), ultimately influencing the composition and structure of the aquatic

communities (Allan, 1995; Bunn and Arthington, 2002; Suen and Eheart, 2006).

These impacts on regulated rivers have generated considerable discussion on
environmental flow requirements (The Brisbane Declaration, 2007; Acreman and Ferguson,
2010; Poff et al., 2010). Appropriate integrated management of both existing and planned

reservoirs is a considerable challenge for ensuring the sustainability and conservation of the
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affected aquatic ecosystems and the services they supply (Dudgeon et al., 2006; Poff, 2009;

Acreman and Ferguson, 2010; O’Keeffe, 2013).

Environmental flow regimes developed for employed in regulated rivers must consider
the natural variations that occurs in downstream flows (Collischonn et al., 2005; Shenton et
al., 2012). They should be based on information on the historical natural flow variations and
the hydrological cycle maintain the structure and function of aquatic ecosystems thereby

conserving aquatic biodiversity (Shenton et al., 2012).

Previous commonly used methods for downstream flow requirement were mainly
based on hydrological parameters and habitat classification (Tharme, 2003; Anderson et al.,
2011; Shenton et al., 2012), not taking into account natural temporal patterns of variation in
the hydrological regime nor biological community response (Acreman and Ferguson, 2010;
Shenton et al., 2012). The importance of inter and intra-seasonal flow variation is recognized
nowadays (Richter et al., 2003; Poff, 2009; Belmar et al., 2011), and the inclusion biological
community responses in environmental flow requirements is the norm (Belmar et al., 2011,

Rolls et al., 2012; Shenton et al., 2012).

Benthic macroinvertebrate communities are an excellent tool for assessing flow effects
(Statzner et al., 1988; Dewson et al., 2007; Chessman et al., 2010). The relative abundance,
ubiquity and taxonomic and functional diversity of this group ensures that some components
of the community will respond to changes in flow (Armitage et al., 1987; Gore et al., 2001,

Wills et al., 2006).

Taxonomic composition and metrics summarizing facets of community structure can
be affected by alterations in the natural flow regimes resulting from river regulation (Statzner

et al., 1988; Poff et al., 1997; Gore et al., 2001; Tupinambés et al., 2013). Further,
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macroinvertebrate biological and ecological traits such as small size (less time without
disturbance), many offspring per reproductive cycle (improve the rate of survival), flatted
body shape (hydrodynamics) have been reported to be favored by the conditions created by
river regulation, while others such as large size, few offspring per reproductive cycle, lack of
attachment capacity and low tolerance to desiccation are detrimentally affected by such
conditions (Ward, 1992; Townsend & Hildrew, 1994; Ogbeibu & Oribhabor, 2002; Silva-
Santos et al., 2004; Silva et al., 2009; Smokorowski et al., 2011). Thus traits describing
functional characteristics of benthic macroinvertebrate community can provide important
information on how flow alterations caused by the presence of dams can affect composition

and structure (Bonada et al., 2007; Tupinambas et al., 2013).

This study assesses the association of benthic macroinvertebrate abundance, estructure
metrics and functional metrics (‘traits”) with environmental parameters of water and
sediment composition as a tool to detect responses to the natural hydrological variation affects
in a highly regulated tropical river system. The natural range of inter and intra-seasonal and
variations of the hydrological cycle was manipulated covering high and low flows within wet
and dry periods and the distinct habitat types formed over two different hydrological years. It
was assumed that benthic macroinvertebrate community would be significantly influenced by
(i) seasonality (wet and dry periods), (ii) differences in flow (high and low flows) within each
seasonal period (intra-seasonal), and by (iii) benthic substrate composition in distinct fluvial
habitats types. Significant correlations (iv) were also evaluated between the environmental
variables (physicochemical parameters of water and sediment) and the benthic
macroinvertebrate communities. We intended to discuss how this community could be an
appropriate instrument in environmental flow requirements and to monitor the functioning of

those regulated river segments.
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METHODS
Study design

The Rio Grande, located in the state of Minas Gerais, southeast Brazil (Figure 1), is a
highly regulated system (12 hydroelectric power plants and dams installed along the river’s
length) with a total length of 1,300 km and a catchment area of 143,000 km? (Santos, 2010).
This study was carried out on the section of the river containing the Itutinga and Camargos
reservoirs. The Itutinga reservoir, situated downstream of the Camargos reservoir, is
characterized by both low dam height, reduced holding capacity and a run-of-the-river
operational regime. The Camargos reservoir, located approximately 2 km upstream of the
Itutinga reservoir, has a holding capacity approximately 70 times greater than the Itutinga
reservoir (Figure 1; Table 1). The lotic reach downstream of the Itutinga reservoir is
approximately 20 km long. Flow dynamics and sediment composition along this reach (Table
3) result in the presence of three predominant fluvial habitat types, namely backwaters (BW),
fluvial beaches (FB) and running waters (RN). The study area was located approximately 5

km downstream of the Itutinga reservoir (44°39°W, 21°16°S; 850 m) (Figure 1).
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The region has a humid tropical climate (Képpen-Geiger classification: Cwb) with dry

winters (April-September, mean 107 + 12 mm month™)) and wet summers (October-March,

mean 1410 + 156 mm month™) (Van Den Berg and Oliveira-Filho, 2000). The vegetation is

typical of “Cerrado” (tropical savanna like) with predominating “Campos” and “Campos

Cerrados” (Van Den Berg and Oliveira-Filho, 2000).

Table 1. General characteristics of ltutinga and Camargos reservoirs situated on the Rio Grande,

Southeast Brazil.

General characteristics Itutmgg Camarg_os
reservoir reservoir
Start of operation 1955 1960
Flooded area (km?) 2.03 50.46
Volume (hm?) 11.4 792
Dam height(m) 23 36
Dam length (m) 550 608
Installed capacity (MW) 52 45
Generating units (turbines) 4 2
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Experimental design

In order to evaluate the effect of intra-seasonal flow variation on the benthic
macroinvertebrate community, two distinct experimental flow regimes, namely high and low
flows were tested during the both wet and dry periods of two hydrological cycles (2010 -
2011). The amplitude of 25-75% percentiles of historic flow from 1931 to 1953 for the
Itutinga reservoir for each season, prior to dam construction (Figure 2), were analyzed to
determine the experimental flow regimes. The final flow values selected for experimental
testing (Table 2) were always made in accordance with the management requirements
imposed for energy production by the Energetic Company of Minas Gerais (CEMIG) in

agreement with National Operator of Electric System (ONS).

Table 2. Selected experimental flows for sampling in the wet and dry periods, based on the range
(median and 25-75% percentiles) of historical flows prior to regulation).

Experimental Experimental

Period/2010 Period/2011

flows flows
Wet - January  High —327 m3.st  Wet - March High - 222 m3.s1
Wet - March Low - 96 m3.s? Wet - November Low - 110 m3.s?
Dry - July High - 108 m3.s*  Dry - June High - 109 m3.s1

Dry - October Low - 76 m3.st Dry - September Low - 65 m3.s?t

The derived experimental flow regimes (Table 2) were imposed for thirty consecutive
days prior to each sampling campaign. Following this period, water, sediment and benthic
macroinvertebrates were collected for six consecutive days in each sampling period (wet and
dry) over two years (2010 and 2011). Sediment and benthic macroinvertebrate samples were

collected from the BW, FB and RN habitat types (Table 3).
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Figure 2. Box whisker plots (range, median and 25-75% percentiles) of seasonal historical flows
(prior to construction of the ltutinga reservoir) for the period 1931 to 1953 in the area of the Rio
Grande where the ltutinga reservoir is now situated

Table 3. General characteristics of the three habitat types (BW - backwaters, FB - fluvial beaches, RN
- running water) sampled downstream of the Itutinga reservoir, Rio Grande, Southeast Brazil.

General characteristics BW FB RN
Average depth (m) 1 1 1
Average width (m) 50 50 50
Average flow (m3s™) 0 0 0.48
Predominant habitat type pools beach riffles
Predominant substrate particle size  <0.50 mm 0.50-1.0mm >1.0mm
Aquatic macrophytes absent absent present
Average organic matter (%) 1.62 0.52 0.7

Benthic macroinvetebrate communities

Benthic macroinvertebrate samples (4 dredges) were collected for a consecutive 6 day

period using a Petersen dredge (0.0375 m?) in BW, FB and RN habitat types, in each of four

experimental periods over the both years (2010 and 2011), yielding a total of 576 benthic

macroinvertebrate samples. The samples were washed through 1.0, 0.5 and 0.25 mm sieves
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and preserved in 70% alcohol. Material was identified to family level using specialized
literature (Pérez 1988; Merritt and Cummins 1998; Mugnai et al., 2010) and deposited in the
reference collection of the Instituto de Ciéncias Bioldgicas of the Universidade Federal de

Minas Gerais.
Characterization of physical and chemical variables
Water column

Water quality samples were taken from the FB habitat type only since preliminary
sampling showed no significant difference in water column parameters between all three
habitats, which were all situated in the same reach. Water temperature (°C), electrical
conductivity (uS cm™), pH, turbidity (NTU), total dissolved solids (ug L™) and water redox
potential (mV) were measured daily over the same consecutive 6 day period as the biological
sampling programme using an YSI-6600 electronic multi-parameter probe (total of 48 water
samples). Water samples were taken for laboratorial analyses of dissolved oxygen (mg L™),
total alkalinity (uEq L™ of CO,), total phosphorous (mg L™) and total nitrogen (mg L™),

following the Standard Methods for Examination of Water and Wastewater (APHA, 1999).
Sediment

Sediment samples (1 dredge) were collected over the same consecutive 6 day period
from all habitat types using a Petersen dredge (0.0375 m?2) in wet and dry periods of 2010 and
2011, yielding a total of 144 sediment samples. The granulometric composition of each
substrate (%) was determined using a screening method developed by Suguio (1973) and
modified by Callisto and Esteves (1996). Organic content of the sediment was determined

using the gravimetric ash free dry weight method. Aliquots were weighed (0.3 + 0.1 gr) and
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ashed (550 ° C for 4 h); the difference between the initial weight of sample and weight after

ashing gave the percentage of the organic sediment content.
DATA ANALYSIS
Biological data

Family level benthic richness (S), Shannon-Wiener diversity index (H’) and density
(ind m™) were calculated for each habitat and experimental flow situation. Three data sets
were derived, namely family level abundance data, structural and composition metrics
(standardized data) and biological and ecological traits (percentage of individuals) to test the
effect of seasonality, experimental flow values and substrate composition (habitat types) on

different aspects of the macroinvertebrate community.
Calculation and selection of metrics and traits

Biological macroinvertebrates metrics were calculated using the Asterics software

(Version 3.3.1, http://www.agem.de) developed as part of the EU funded AQEM project
(Hering et al., 2004) Since many of the AQEM metrics such as biotic indices, or tolerance
descriptors were developed for European river systems, a subset of fifty nine more generic
metrics describing macroinvertebrate composition and structure were selected. Redundant
metrics (highly correlated variables with a threshold value of -0.6 > r > 0.6) were removed
using the Spearman Rank Correlation (Feld and Hering, 2007; Hughes et al., 2009) and by

observing draftsman plots of these variables.

Biological and ecological traits were selected based on Usseglio-Polatera et al.
(2000b). Five of 22 ecological traits were discarded since the data derived from a relatively
small study area, without marked altitudinal, longitudinal, temperature gradients inherent to

such traits. Each trait was divided into trait categories or modalities following the “fuzzy
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coding” approach described in Tachet et al. (1994); Usseglio-Polatera et al. (2000); Feio and
Dolédec (2012). This method involves the assignment of an affinity score of each taxon to
each category for a given trait. The original affinity score matrix of Usseglio-Polatera et al.
(2000) is based on genus and species level data; the original database affinity scores were
adapted for family level identification by averaging the affinity scores of genera belonging to
the same family (Tupinambéas et al., 2013). An affinity score ranging from 0 to 3 was
allocated to each taxon for each trait category in the following way: 0 - no affinity of taxon to
a given category, 1 - a weak affinity to a given trait category, 2 - a substantial affinity to a
given trait category and 3 - a high affinity to a given trait category. Missing information on
invertebrate traits or modalities was taken from available literature, summarized in Varandas
and Cortes (2010). Traits for which no information was available were scored 0 (zero). For
more details about the fuzzy coding procedure see also Tachet et al. (1994), Usseglio-Polatera
and Biesel (1994). Subsequent analyses were based on the assumption that this adapted family
level identification affinities matrix approach could be applied in different geographic

regions.

Traits were coded for 32 of the 37 identified taxa, representing 86% of the individuals
sampled. The taxa-trait fuzzy matrix was multiplied by the number of individuals in the
respective family at each site and subsequently transformed in a site-trait array of the number
of taxa. Redundant modalities were again removed using the Spearman Rank Correlation
(threshold value of r > 0.6 or r < - 0.6) and by observing draftsman plots of variables. The
Kruskal-Wallis non-parametrical test (significance level: p < 0.05) was used to test non-
redundant traits (n = 37) for hydraulic situation (fixed flow versus daily flow peaking) and
substrate composition (habitat type). SIMPER analysis was used to detect the contribution of
each selected trait to the dissimilarity of hydraulic situations (fixed flow and daily peaking)

and substrate composition (habitats).
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Statistical differences

PERMANOVA, a permutational multivariate analysis of variance based on a Bray-
Curtis similarity matrix (Anderson et al., 2008), was used to test for differences in benthic
community response (taxonomic composition, metrics and traits) to seasonal period (wet
versus dry), flow regimes (high versus low) and habitats (BW versus FB versus RN) for each
year. This analysis applied four factors, where experimental periods, flows and habitat types
were fixed, while days were the random factor. A posteriori pair-wise tests were performed to

identify where differences occurred between habitats.

Indicator selection

General Discriminant Analyses (GDA) was applied. Habitat type was a categorical
variable and relative abundance of taxa, metrics or traits were continuous variables, to identify
the most significant variables in the 3 biological data sets and to detect those more strongly
associated to changes in flow levels. Due to the low number of variables retained by GDA for
each biological data type, they were grouped for subsequent analyses including environmental

variables.

Environmental influences

Canonical Correspondence Analyses (CCA) were carried out to depict associations
between the biological variables and the environmental variables (water column and sediment
composition). CCA is a direct gradient analysis technique that uses data sets of biotic and
abiotic variables to select the linear combination of environmental parameters that maximize

the dispersion of species scores obtained in a separated ordination (Cortes et al., 2008).

A total of eight CCA were carried out: 4 CCA to assess the association of benthic

macroinvertebrate assemblages attributes with water column variables and 4 CCA to assess
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the association of benthic macroinvertebrate assemblages with sediment variables (in both
cases, wet and dry in both 2010 and 2011). The inter-species distances in a biplot scaling were
used, without transformation. A global test Monte Carlo using unrestricted permutations was
carried out to verify the axes significance. Variables with Variance Inflation Factors (VIFs)

greater than 15 were rejected in order to avoid multicollinearity (O’Brien 2007).

All analyses were carried out using Primer 6 software (Clarke and Gorley, 2006)
PERMANOVA+ for PRIMER software (Anderson et al., 2008), STATISTICA 8.0 software

(StatSoft, 2007) and CANOCO 4.5 for Windows (Ter Braak and Smilauer, 2002).

RESULTS

A total of 30,726 benthic macroinvertebrates were collected from 38 taxa comprising
Arthropods (34 taxa), Annelids (2 taxa), Mollusks (1 taxon) and Nematodes (1 taxon)
(Appendix 1 and 2). BW and RN habitats had higher taxonomic richness (30 taxa) but
Shannon-Wiener (H’) was higher in the RN habitat (RN =1.09; BW = 0.36; FB = 0.29).
Higher taxonomic richness (38 taxa) and Shannon-Wiener (H’) (0.72) occurred in 2010
compared to 2011 (Richness = 25; H = 0.52). The Chironomidae was the dominant family (>

80 % of identified taxa) in all periods and habitats.

Applied selection procedures resulted in final subsets of 9 metrics and 16 trait
modalities (Table 4). Results of the PERMANOVA analyses (Table 5) showed that all three
biological data sets differed significantly between dry and wet periods for both years. There
were significant differences in macroinvertebrate relative abundance data between high and
low flow regimes for both sampling years, while metrics showed significant differences
between high and low flow regimes for 2011 only (Table 5). There were significant
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differences in macroinvertebrate traits between high and low flow regimes for 2010 (Table 5).
Macroinvertebrate abundance, traits and metrics were all significantly different between
habitat types in 2010 (Table 5) while only abundance and metrics showed significant

differences in 2011 (Table 5).

GDA results selected the most important variables, related to flow variation and
habitat type for each biological data set. A total of 11 taxa, 6 structural metrics and 5 traits
categories were retained in 2010: 4 taxa, 3 metrics and 1 trait in the wet period and 6 taxa, 3
metrics and 2 traits in the dry period. In 2011, 4 taxa, 5 metrics, 4 traits were retained: 3 taxa,
4 metrics and 3 traits in the wet period and 2 taxa, 1 metric and 1 trait in the dry period (Table

5).

Table 4. Non redundant data set of benthic macroinvertebrate attributes retained for analyses
following selection procedures to remove multicollinearity.

Metrics Traits
Density (ind.m?)  Max. potential size (>0.25-0.5)
Richness Life cycle duration (pi_<ly)

% Oligochaeta Aquatic stages (pi_larv)
% Ephemeroptera  Reproduction (pi_clveg)

% Odonata Dispersal (pi_ agpass)
% Trichoptera Food (pi_detritus)

% Lepidoptera Foof (pi_deadpl)

% Coleoptera Food (pi_livmacrop)
% Diptera Food (pi_livmacroi)

- Feeding habits (pi_filfeed)
- Feeding habits (pi_pred)

- Repiration (pi_spir)

- Subtrate (pi_macroph)

- Locomaotion (pi_crawl)

- Locomation (pi_bur)
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Table 5. PERMANOVA results (Pseudo-F e p) of benthic macroinvertebrate taxonomic composition
(abundance), metrics and traits for wet and dry periods, flow regime and habitat type in 2010 and

2011. BW-backwater; FB-fluvial beach; RN-running water.

Abundance Metrics Traits
2010 F p F p F p
Period (Wet x Dry) 15.059 0.005™ 23.262 0.004™ 4.471 0.018"
Flow regime (High x low) 6.775 0.019" 2.872 0.082 6.282 0.006™
Habitats (BW x FB x RN) 6.608 0.001"" 4.665 0.011" 3.655 0.004™
2011 F p F p E D
Periods (Wet x Dry) 11.928 0.005™ 4.471 0.018" 6.497 0.028"
Flow (High x low) 15.544 0.002" 6.282 0.006"™ 1.867 0.157
Habitats (BW x FB x RN) 20.561 0.000™" 3.655 0.004™ 2.454 0.058

P.S. ns=P>0.05; *=P <0.05; ** =P <0.01; *** =P <0.001

Water column parameters exerted a greater influence on the benthic macroinvertebrate

assemblage than sediment variables (Table 7). Axis one of the CCA based on water quality

variables and invertebrates indicated a strong association with fluctuations in flow (Figures 3

A, 4 A and 5 A), except for the dry period of 2011 (Figure 6 A). Temperature, turbidity,

dissolved oxygen, pH, alkalinity and nutrients appeared to be the principal water column

parameters describing patterns of change in the benthic macroinvertebrate assemblages. Axis

one of the CCA based on macroinvertebrate data and sediment parameters showed a clear

association with substrate granulometry (Figures 3 B, 4 B, 5 B and 6 B), in particular gravel

and fine sand. The CCA triplots showed a clear separation of RN, FB and BW habitats which

were associated with coarser, middle and fine substrates respectively (Figures 3 B, 4 B, 5 B

and 6 B).
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Table 6. Results of General Discriminant Analyses for selecting benthic macroinvertebrate data of
significant importance in relation to flow within each period in 2010 and 2011.

2010 2011
wet dry wet dry
F p F p F p F p

Abundance

Chironomidae 35.004 0.000™" - - 56.027 0.000™" - -
Baetidae 16.823 0.000™" - - - - - -
Pyralidae 14.226  0.000™" - - - - - -
Leptophlebiidae 13.691 0.000™" - - - - - -
Hydropsychidae - - 8942 0.003™ 4.677 0.032° 4.478 0.036
Collembola - - 7.691  0.006™ - - - -
Elmidae - - 6.884  0.009™ - - - -
Ceratopogonidae - - 5774  0.017" - - - -
Leptoyphidae - - 5567 0.019" 25773 0.000"" - -
Empididae - - 5.302  0.022" - - - -
Simuliidae - - - - - - 3.967 0.048"
Metrics

Density (ind. m2) 17.053  0.000"" - - 32.924 0.000™" - -
%Trichoptera 11155  0.001™" 12,967 0.000”" 16.294 0.000"" - -
Richness 4,589 0.033" - - 13.308 0.000™" - -
%Diptera - - 6.473  0.012" - - 8.669 0.003™
%Coleoptera - - 5.069 0.026" - - - -
%0ligochaeta - - 8.542  0.004™ - -
Traits

% livmacroph 18.133  0.000™"  17.439 0.000""

%filfeed - - - - 15.297 0.000™" - -
%0.25-0.5 - - 5.463 0.020° 6572 0.011" - -
%Crawl - - - - - - 10.454 0.002™
% Clveg 9.007 0.003" - -

P.S. ns=P>0.05; *=P <0.05; ** =P <0.01; ¥*** =P <0.001

Table 7. Summary of CCA analyses outputs carried out between benthic macroinvertebrate data and
water column and sediment variables in the wet and dry periods of 2010 and 2011.

Water column (n=12) Sediment (n=36)

Source of variation 2010 2011 2010 2011
wet dry wet dry wet dry wet dry
Total inertia 0.575 0.872 0.472 0.777 1.189 2.027 1.316 1.252
Som of cannonical variables 0.481 0.780 0.420 0.628 0.261 0.744 0.299 0.801
variables explication tax (%) 83.6 894 889 808 219 36.7 227 64.0
First axis explication (%) 63.5 515 719 707 444 391 720 70.0
Second axis explication (%) 271 249 172 292 325 207 19.0 29.0

Significance first axis (F-ratio) 0.688 2.557 7.109 4.000 3.023 4.514 5.677 21.9
Significance first axis (p-values) 0.033 0.008 0.002 0.200 0.541 0.061 0.044 0.000
Significance all axis (F-ratio) 2.915 3.161 4.625 1576 1.124 1.955 1.423 5.982
Significance all axis (p-values) 0.012 0.008 0.003 0.202 0.309 0.004 0.128 0.001
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Figure 3. Triplots of CCA analysis representing (A) associations between benthic macroinvertebrates
abundance, traits and metrics, water column variables and sampling period, and (B) between benthic
macroinvertebrates variables, sediment composition and sampling habitats for the wet period of 2010
Brazil. DO - dissolved oxygen; TN - total nitrogen; TP - total phosphorous ; Wredox - water redox;
Turb - turbidity; Temp - water temperature; OM - organic content; G - gravel; VCS - very coarse sand,;
CS - coarse sand MS: medium sand; FS - fine sand; S+C - silt plus clay; %livmacr - percentage of
individual that food on live macrophytes; BW - backwater; FB - fluvial beach. RN - running water.

/A BW - High flow [e)

S O Highflow g (A) S O FB - High flow i ()
@® Low flow | [ RN - High flow ;
/A BM variables ; : 5:‘ 'I\jm\ {I:uu ‘MS
B RN - Low flow
% Coleoptera | > BM variables
a pH e O VFS
| o o spC
. Sjte (% ?0‘25—0. 3) u Ceratopogonidae & oM
P Empididae g CergopogonidaddQ . BT A
ondge 1Y/, a0 ol G el o Rl
‘2 Alcalerroyphidae “Hul'f?i)'ap;vrhfdae Q'E Alollembola ®
TDS i Leptovphida Elmidae pg
TN Empididae N (e Diptera
ETP Wredox G .A | < Food (% livmacr)
A i o e
Collembolla Size (% >0.25-0.3)
[ ]
[ ]
L]
< e
-1.0 Axis 1 1.0 -1.0 Axis 1 1.0

Figure 4. Triplots of CCA analyses illustrating associations between benthic macroinvertebrates
abundance, traits and metrics, water column variables and sampling periods , and (B) relative
abundance of benthic macroinvertebrate families sediment composition and sampling habitats for the
dry period of 2010, downstream ltutinga reservoir, Brazil. Alcal - total alkalinity; Cond - electrical
conductivity; TDS - total dissolved solids; %>0.25-0.5 - percentage of individuals with size between
0.25mm and 0.5 mm.
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Figure 5. Triplots of CCA analyses illustrating (A) associations between benthic macroinvertebrate
abundance, traits and metrics, water column variables and sampling periods, and between benthic
macroinvertebrates abundance, traits and metrics, sediment composition and sampling habitats for the
wet period of 2011, downstream ltutinga reservoir, Brazil. % clveg - percentage of individuals with
reproduction through clutches (in vegetation); % filfeed - percentage of filter feeder individuals; BW -
backwater; FB - fluvial beach. RN - running water.
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Figure 6. Triplot of CCA analysis (A)representing the correlations between benthic
macroinvertebrates abundance, traits and metrics, water column variables and sampling periods, and
(B) benthic macroinvertebrate abundance, traits and metrics, sediment composition and sampling
habitats, in the dry period of 2011, downstream ltutinga reservoir, Brazil. % Crawler: percentage of
crawler individuals.
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DiscussiON

Despite the Brisbane Declaration and the Global Actions Agenda (The Brisbane
Declaration, 2007) drawn up during the 10" International River Symposium and
Environmental Flows Conferences, many environmental flow regimes implemented in
regulated river systems around the world do not take into account the natural temporal
variation in the hydrological cycle or consider biological communities (Acreman and
Ferguson, 2010; Shenton et al., 2012). Prominent freshwater scientists have referred
emphatically to the important role of inter and intra-seasonal variation in flow (Poff et al.,
1997; Richter et al., 2003) for maintaining ecosystem function, providing something closer to
the natural ecological services that these systems provide (Poff, 2009). Poff et al. (2003)
describe steps to improve the suitable management of freshwater ecosystems, especially those
located downstream dams namely (1) the importance of large-scale experiments to drive
theoretical advances; (2) improved cooperation between scientists, managers, stakeholders
and society to meet common goals; (3) the importance of well designed case studies to
provide general information on environmental and ecological responses; and (4) the creation

of an innovative funding partnership to sustain such initiatives.

This study provides an example of an holistic integrated approach (The Brisbane
Declaration, 2007; Poff, 2009; O’Keeffe, 2013) based on active cooperation between
scientists and managers (CEMIG) to develop sustainable and typologically appropriate
environmental flow regimes in tropical regulated rivers. The results of this study add to the
discussion on environmental flow determinations (Bunn and Arthington, 2002) using an
integrated approach to test how flow manipulation influences hydrological, environmental and

biological responses in a highly regulated tropical river system.
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First, seasonal differences were evaluated, using flow manipulations. Seasonality in
benthic macroinvertebrate communities is a well known phenomenon (Tupinambas et al.,
2007; Tomanova et al., 2008; Rios-Touma et al., 2011) and the results also showed that
abundance data, structural metrics and traits were sensitive to seasonal changes in both

hydrological years with detected significant differences among wet and dry periods.

The sensitivity of benthic macroinvertebrates to intra-seasonal variations (high and
low flows within both seasonal periods) was assessed as described by Lajoie et al. (2007) and
Mori (2011). Only abundance data was sensitive to inter-seasonal variation in flow, revealing
alterations on the community’s taxonomic composition. The lack of response showed by
metrics and traits suggests that the benthic macroinvertebrate communities are structurally
and functionally persistent to these types of flow variation (Arthington et al., 2006), possibly
as a result of adaptive evolution (Statzner et al., 1988, 2001; Mori, 2011) and exploitation of

available habitat (Southwood, 1977).

Testing for the influence of substrate composition on the benthic macroinvertebrate
communities showed that habitat structure is a vital component for determining flow
requirements downstream of dams (Usseglio-Polatera and Beisel, 1994; Statzner et al., 2001;
Cortes et al., 2008). Differences in the substrate composition, represented by the distinct
fluvial habitats, influenced benthic macroinvertebrate communities, a phenomenon also
described in several other studies (Southwood, 1977; Brown and Brussock, 1991; Townsend
and Hildrew, 1994; Beisel et al., 1998; Gallo et al., 2010). Running water habitats were
markedly different from BW and FB habitat types in all tested situations, related to the greater
habitat heterogeneity and instability that is common to riffles (Statzner et al., 2008; Gallo et
al., 2010). The greater complexity and dynamics of running water habitats are well known

(Brown and Brussock, 1991; Brooks et al., 2005; Gallo et al., 2010). However, Gallo et al.
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(2010) found that pool habitats had higher substrate instability and were more impacted by

dams.

The results clearly indicate the importance of habitat heterogeneity when developing
environmental flow for tropical rivers in the river continuum in order to maintain
taxonomically, functionally and structurally diverse communities (Vannote et al., 1980;
Anderson et al., 2006). This will also be important for other biological communities, as fishes,
plankton and riparian vegetation (Richter et al., 2003; Santos et al., 2006; Hughes et al., 2008;
Navarro-Llacer et al., 2010). The three habitats studied differed in their sediment
composition, but the running water habitat was the most heterogeneous. Despite these
differences, the habitats were not heavily influenced by flow variations. We believe that other
factors not directly related to flow such as the capacity to retain organic matter and detritus
(Barbosa et al., 1999) influence the river processes such as the flow and uptake of nutrients
and energy, making those habitats more stable along the hydrological cycles for the
establishment of macroinvertebrate communities specifically adapted to exploit these

resources.

The CCA results revealed key associations between benthic macroinvertebrate
communities and water column and sediment variables. Benthic macroinvertebrates
abundance, metrics and traits retained following GDA analyses were sensitive to flow
alterations and were more closely associated with environmental parameters of water
(turbidity, dissolved oxygen, nutrients and temperature) and sediment composition. Taxa ,
such as Hydropsychidae, Leptohyphidae, Leptophlebiidae, Simuliidae as well as selected
metrics and traits (% Trichoptera, % Clevg % of individuals that deposit their eggs in
macrophytes) were more closely associated with coarser, more heterogeneous sediment

fractions, confirming their affinity for rheophilic reaches (Jackson et al., 2010) dominant in
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the RN habitat. On the other hand, taxa such as Chironomidae, EImidae, and metrics/traits (%
Coleoptera, % > 0.25-0.5 organisms with size > 0.25 - 0.5) were more closely associated with
fine sediment fractions, which were more frequent in FB and RN habitats. These results are in
accordance with previous studies defining macroinvertebrate preferences in the both lentic
and lotic reaches, as described by Mérigoux and Dolédec (2004) and confirm the importance

of habitat quality and heterogeneity in the maintenance of ecosystem function.

CONCLUSIONS

The results of this study highlight the importance of an integrated approach, based on
collaboration of key stakeholders and scientist to study the effect of experimental flow
regimes on difference facets of freshwater communities to develop typologically appropriate
environmental flow regimes. The results clearly show how effective use of macroinvertebrate
data can be used to evaluate modifications in flow resulting from river regulation, providing
useful information on how flow limits and flow variability drive changes in habitat

availability and the structural and functional complexity of this freshwater community.

Taxonomic composition data responded to inter-seasonal flow variability downstream
of the Itutinga reservoir, but metrics and traits also responded to other kinds of flow and
habitat variations. We advocate the use of traits to contribute to environmental flow
requirements in tropical regions. In the present study, due the relatively low taxonomic
identification level (family) it was adapted the traits approach by calculating a weighted
average based on previous European studies. However, it will be necessary to further refine
this approach by using higher levels of taxonomic resolutions and relating them with flow
variations and other types of assessment methods, including the development of biological

indices.
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However, it is necessary to build further partnerships and collaborations among
universities and countries, through the realizations of field and laboratorial experiments across
different river basins and typologies, in order to maintain and restore the biodiversity and
functioning of aquatic ecosystems around the world. Further studies must consider several
compartments of river basins, such as land use, hydrological parameters, water quality,
physical habitats and different fluvial biological communities (e.g. fishes, invertebrates,
riparian vegetation). These studies must also consider Man’s socio-economic needs in order to

improve the health of these ecosystems.
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Appendix 1. Mean and standard deviation of main benthic macroinvertebrates taxa sampled in three habitat types (BW = backwater, FB = fluvial
beach and RN = running water) under high and low flow values within both the wet and dry seasonal periods, downstream Itutinga reservoir, Rio

Grande basin, southwest of Brazil (2010). The taxa are organized based on their abundance.

2010
Taxa wet period dry period
high flow low flow high flow low flow
BW FB RN BW FB RN BW FB RN BW FB RN
Chironomidae 202.6 +152.8 287.5+437.9 128.1+139.2 4054+317 741+528 397.9+401.2 933.9+7441 763+6125 903.1+7443 982.8+847.4 9255+705.9 835.9+501.7
Oligochaeta 6.8+11.6 33+86 8.3+13.6 43+8.1 3+83 18.8+35 7.8+208 8.3+18.3 29.7+32.1 745 +227.7 20.3+48.3 31.5+69.9
Baetidae 8.9+226 71+15 6.3+104 0526 0525 42+109 1+51 05+2.6 78+147 21+6 2148 33+6.8
Amphipoda - - - - - - - - - - - 05+2.6
Bivalvia - - - 05+2.6 - 1.6+5.6 - - - - - 05+26
Ceratopogonidae 26+6.4 1.1+3.6 1+35 2.7+53 - 31+129 42+8 6.3+11.1 6.3+23.3 16 +5.6 - 05+2.6
Chaoboridae - - - - - - - - 05+26 1+51 - 05+26
Collembola - - - - - - - - 05+26 36+94 1+35 -
Culicidae - - - - - - 21+102 - - - - -
Dytiscidae - - - - 05+25 - - - - - - -
Elmidae 42+131 05+26 42+6 49+82 2+59 26+64 1+35 05+2.6 05+2.6 6.3+104 05+26 27+65
Empididae - - 26+82 - 05+25 - - - - 05+26 1+35 71+112
Ephidridae - - - - - - - - - - 05+26 -
Gelastocoridae 05+26 - - - - - - - - - - -
Gomphidae 05+26 11+36 - 11+36 - 16+5.6 - - - - - -
Gyrinidae - - - - - - 05+26 - - - - 05+26
Hydracarina - 05%26 - - - 1+£51 - - 05+26 05+26 - 05+26
Hirudinea 05+26 - - - - - - - 1+35 16+4.2 05+26
Helichopsychidae - - - - - 05+26 - - - 05+26 05+26 -
Hydrophilidae - 43+11.1 05+2.6 - 05+25 - - - - 05+26 - -
Hydropsychidae 36.5+129 27+65 181.3+5196 05+26 05%25 31+66 05+2.6 1+51 31.8+45.6 - - 33+94
Hydroptilidae 31+9.2 49+105 47.4 £162.1 - - 3.6+13 - - 16+42 - - 54+0.1
Leptoceridae - 11+36 - - - 1+51 31+129 05+26 - - - -
Leptophlebiidae 05+2.6 05+26 - 11+36 0525 26+74 - - 05+2.6 05+26 - -
Leptoyphidae 47+89 21.7+59.4 22.9+455 11+36 4+10 31.3+62.9 135+456 16.1+243 385+67.4 8.3+159 28.1+344 1321+1376
Libellulidae 05+2.6 05+26 - 11+36 - 05+26 16+77 - 26+104 - 1+51 -
Muscidae - - - 05+26 - - - - - - - -
Naocoridae 05+26 - - - 05+25 - - - - - - -
Nematoda - 05+26 - - 15+4.1 - 16+42 - - - 05+26 -
Ostracoda - - - - - - - - 05+26 - - -
Polycentropodidae 21+8 3.8+109 05+26 - - 16+4.2 1+35 - - - - -
Polymitarcyidae - 05+26 - - - 1+51 - 05+26 - - - 1.1+36
Psephenidae - - - 05+£26 - - - - - - - -
Pyralidae - 14.7+25.7 104 +22.9 - - - - - 1+35 - - -
Simuliidae 05+2.6 05+26 57.8+198.4 - - 16+7.7 16+42 - 57+128 05+26 3.6+17.9 74.5 + 256.7
Staphilinidae - - - - - 05+26 - - - - - -
Tipulidae 1+51 16+43 16+42 05+2.6 - 1+35 31+6.6 1+35 05+2.6 - 05+26 1.6+43
Vellidae - - - - - - - - 26+104 - - -
Richness (S) 17 20 14 14 11 20 16 10 18 15 13 17
Diversity (H") 2.136 2.194 1.727 1.364 0.7951 2.284 1.255 0.8537 1.493 1.219 0.8891 1.565
Density (ind.m-2) 700 675 1550 575 9125 7875 1250 1000 1362.5 1325 1187.5 1375
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Appendix 2. Mean and standard deviation of main benthic macroinvertebrates taxa sampled in three habitat types (BW = backwater, FB = fluvial
beach and RN = running water) under high and low flow values within both the wet and dry seasonal periods, downstream Itutinga reservoir, Rio
Grande basin, southwest of Brazil (2011). The taxa are organized based on their abundance.

2011
Taxa wet period dry period
high flow low flow high flow low flow
BW FB RN BW FB RN BW FB RN BW FB RN
404.2 £

Chironomidae 434.1 52.3+46.2 90.8+78.8 11135+ 734.1 496.9 + 237 432.8 £307.9 1000 + 754.9 613 + 368 666.1 + 390.7 731.3+377.6 578.6 + 267.3 393.2+ 186
Oligochaeta 16+16 51%51 41.8+418 1+1 1+1 12+£12 2121 16+1.6 10.9+10.9 1474 +147.4 19.3+19.3 141+14.1
Baetidae 05%05 - 54+54 - 16+1.6 94+94 - 05+05 42+42 - - 104+104
Ceratopogonidae 1+1 0.6 £0.6 0505 16+1.6 05%05 1+1 1+1 05%05 31+31 36%3.6 16+1.6 73%£73
Chaoboridae 05+05 - - - - - - - - - - -
Collembola - 11+11 2727 - - - - - - - 1+1 -
Dytiscidae - 0.6+0.6 - - - - - - - - - -
Elmidae - - - - - 16+1.6 - - 1+1 - - -
Empididae - - - - - 05+05 - - 05+05 - - 16+1.6
Gomphidae 1+1 - - - - - - - - - - 1+1
Hydracarina - - - - 05+05 - - - - 16+1.6 1+1 -
Helichopsychidae - - - - - - 05+05 - - 21+21
Hydropsychidae 05+05 - 41.3+41.3 05%05 - 60.4 +60.4 - - 5.7+5.7 - - 31+£31
Hydroptilidae - - 05+05 - - 05+05 - - 6.3+6.3 - - 13+13
Leptoceridae - - 05+05 - - - 05+05 - - 05+05 - -
Leptophlebiidae - - - - - 31+31 - - 05+05 - - -
Leptoyphidae - - 49+49 2121 73+73 323+323 2121 6.8+6.8 219219 05+05 26+26 67.7+67.7
Nematoda - - - - - - 16+1.6 - - - - -
Polycentropodidae - - - - - 2626 - - 1+1 - - 21+21
Polymitarcyidae - - - - - 31+31 - - 1+1 - - -
Pyralidae - - - - - 05+05 - - - - - -
Simuliidae - - 43+43 - - 31+31 - - 79.7 £79.7 - - 19.3+19.3
Staphilinidae - - 05+05 - - - - - - - - -
Tipulidae - - 1+1 - 1+1 - 21+21 05+05 - - 1+1
Vellidae - - - - - - - - - - - -
Richness (S) 7 5 11 6 6 13 6 6 15 7 6 14
Diversity (H") 0.71 1.45 2.07 0.85 0.66 1.73 0.33 0.67 1.75 0.43 0.52 1.60
Density (ind.m?) 475 138 375 1113 688 725 1188 588 775 1088 688 1225
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ABSTRACT: The choice of sampling gears to assess benthic macroinvertebrate communities
depends on environmental characteristics, study objectives, and cost effectiveness. Because of
the high foraging capacity and diverse habitats and behaviors of benthophagous fishes, their
stomach contents may offer a useful sampling tool in studies of benthic macroinvertebrates,
especially in large, deep, fast rivers that are difficult to sample with traditional sediment
sampling gear. Our objective was to compare the benthic macroinvertebrate communities
sampled from sediments with those sampled from fish stomachs. We collected benthic
macroinvertebrates and fish from three different habitat types (backwater, beach, riffle) in the
wet season, drying season, and dry season along a single reach of the Grande River (Parana
River Basin, southeast Brazil). We sampled sediments through use of a Petersen dredge (total
of 216 grabs) and used gill nets to sample fish (total of 36 samples). We analyzed the stomach
contents of three commonly occurring benthophagous fish species (Eigenmannia virescens,
Iheringichthys labrosus, Leporinus amblyrhynchus). Chironomids dominated in both
sampling methods. Macroinvertebrate taxonomic composition and abundances from fish
stomachs differed from those from sediment samples, but less so from riffles than from
backwater and beach habitats. Macroinvertebrate taxa from E. virescens stomachs were more
strongly correlated with sediment samples from all three habitats than were those from the
other two species. The species accumulation curves and higher mean dispersion values,
comparing with sediment samples suggest that E. virescens is more efficient than sediment
samples and the other fish studied at collecting benthic taxa. We conclude that by analyzing
the stomach contents of benthophagous fishes it is possible to assess important characteristics
of benthic communities (dispersion, taxonomic composition and diversity). This is especially
true for studies that only sample fish assemblages to evaluate aquatic ecosystem impacts.
Therefore, this approach can be useful to amplify assessments of human impacts, and to
incorporate additional bioindicators.

Key-words: Large rivers sampling; fish stomach contents; trophic interactions; habitats;
bioindicators.
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Resumo: A escolha da ferramenta adequada para avaliar as comunidades de
macroinvertebrados bentbnicos depende dos objetivos do estudo, das caracteristicas
ambientais e dos recursos financeiros disponiveis. Devido a alta capacidade de forrageamento
apresentada por espécies de peixes bentéfagas e seu acesso a diversos tipos de habitats, a
andlise do conteido estomacal destas espécies pode ser uma ferramenta util em avaliacdes de
assembleias de macroinvertebrados bentonicos, especialmente em rios grandes, profundos e
rapidos, que sdo dificeis de amostrar através de métodos convencionais de coleta de
sedimento. Nosso objetivo foi comparar as assembleias de macroinvertebrados bentdnicos
amostrados no sedimento com as assembleias amostradas nos estbmagos de espécies de
peixes bentdfagas. Foram coletados peixes e sedimento em trés diferentes tipos de habitats
(remanso, praia, corredeira) nos periodos Umido e seco ao longo de um Unico trecho do rio
Grande (bacia do rio Parand, sudeste do Brasil). O sedimento foi amostrado através de uma
draga Petersen (total de 216 dragas) e os peixes através de redes de emalhar (total de 36
amostras). Foram analisados 0s conteudos estomacais de trés espécies de peixes
(Eigenmannia virescens Gymnotiformes, lheringichthys labrosus Siluriformes; Leporinus
amblyrhynchus Characiformes). Chironomidae foi a familia dominante em ambos os métodos.
A composicdo taxondmica de macroinvertebrados bentdnicos encontrados nos estdbmagos foi
diferente daquela amostrada no sedimento. Os taxa de macroinvertebrados amostrados nos
estdmagos de E. virescens foram mais correlacionados com os trés tipos de habitats do que os
taxa obtidos nos estdmagos das outras duas espécies. As inclinagdes das curvas cumulativas,
assim como os maiores valores de dispersdo média, demonstram que E. virescens possuli
potencial como ferramenta ecol6gica para acessar as assembleias de macroinvertebrados
bentdnicos, assim como o0s maiores valores de dispersdo observados. A familia
Philopotamidae foi encontrada apenas no estdmago de L. amblyrhynchus. Concluimos que
através da andlise do conteldo do estdmago de peixes é possivel acessar importantes
caracteristicas das assembleias bentdnicas (p.ex. dispersdo, composicdo taxonémica e
diversidade). Esta abordagem € especialmente verdadeira em estudos que utilizam apenas as
assembleias de peixes para avaliar e/ou monitorar ecossistemas aquaticos. Desta maneira, esse
enfoque pode ser util, aumentando o conhecimento acerca dos impactos humanos sobre 0s
ecossistemas aquaticos e contribuindo para a utilizacdo de diferentes grupos de
bioindicadores.

Palavras chave: Amostragem em grandes rios; conteudo estomacal de peixes; interacoes

tréficas; habitats; bioindicadores.
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INTRODUCTION

Human occupation of river basins has deteriorated water quality, limited the quantity
and availability of freshwater resources for multiple human uses, and diminished
opportunities for wildlife conservation. Therefore, the conflict between population and
economic growth and aquatic ecosystem conservation has become a substantial challenge
(Dudgeon et al., 2006; Limburg et al., 2011). Increasingly, biological assemblage assessments
have been used as tools to evaluate anthropogenic impacts on aquatic ecosystems (Barbour et
al., 1998; Li et al., 2010; Tupinambas et al., 2013). Benthic macroinvertebrate communities
have frequently been used in these assessments because of their sensitivity to environmental
changes and their ease of sampling (Hellawell, 1986; Rosenberg and Resh, 1993; Dolédec and
Statzner, 2008). Benthic macroinvertebrates are associated with organic and inorganic
substrates (Fleituch, 2003) and are important elements in the bottom-up trophic processes of
aquatic ecosystems (Northcote, 1988), converting algae and organic debris into animal tissue
(Graga, 2001) available for fish consumption. Thus, benthic macroinvertebrates reflect the
physical-chemical-biological quality of freshwaters and are important in aquatic food-webs.

Benthic macroinvertebrates are sampled through use of multiple gears (e.g., Surber
sampler, dredges, kick-nets, rock baskets) depending of the type of ecosystem (streams,
rivers, lakes), substrates (organic and inorganic), and study objectives (Buss and Borges,
2008; Chadd, 2010). In large rivers, sampling is mostly limited to margins for logistical and
financial reasons (Bartsh et al., 1998; Reece and Richardson, 2000; Hughes et al., 2012);
therefore, many habitats remain un-sampled and the taxonomic richness of river benthos is
substantially underestimated in surveys (Hughes et al., 2012).

To complement traditional macroinvertebrate sampling, especially when concurrent
with fish sampling, some authors have suggested using stomach content analysis of

benthophagous fishes (Callisto et al., 2002; Russo et al., 2002; Galina and Hahn, 2004). The
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rationale for using fish gut contents as a tool to assess benthic macroinvertebrate communities
is based on two factors. 1) Morphological and physiological adaptations aid fish in finding
and consuming macroinvertebrates from many substrates and micro-habitats that are difficult
to sample with conventional sediment sampling gear in large, deep, fast rivers (Gerking,
1994; Fugi et al., 2001). 2) Most environmental studies in Brazil focus only on the fish fauna,
especially those involved with environmental licensing. Therefore, stomach contents analysis
of benthophagous fishes can easily yield ancillary information about benthic
macroinvertebrate communities.

We evaluated the efficacy of using stomach content analysis of three commonly
occurring benthophagous fishes belonging to three different orders and foraging strategies
(Eigenmannia virescens (Valenciennes, 1836) - Gymnotiformes, electrical; Iheringichthys
labrosus (Lutken, 1874) - Siluriformes, olfactory; and Leporinus amblyrhynchus Garavello
and Britski, 1987 - Characiformes, visual) as a proxy for providing information about benthic
macroinvertebrate communities. We tested three hypotheses: 1) benthic macroinvertebrate
taxa in fish stomachs and sediments are similar; 2) the abundances of benthic
macroinvertebrate taxa in fish stomachs and sediments are similar, especially when assessed
by habitat type; and 3) samples from benthophagous fish can add taxa to inventories quicker

than additional sediment samples.

MATERIAL AND METHOdS
Study Area

The Rio Grande, located in the state of Minas Gerais, southeast Brazil (Figure 1), is a
highly regulated river (12 hydroelectric power plants and dams installed along the river’s

length) with a length of 1,300 km and a catchment area of 143,000 km? (Santos, 2010). The
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sampling stations were located in a river reach located about 5 km downstream of the Itutinga
Reservoir in the upper area of the Rio Grande (Figure 1).

The region’s climate is humid subtropical (Kppen-Geiger classification: Cwb) with
dry winters (April-September, mean 107 + 12 mm precipitation month ) and wet summers
(October-March, mean 1410 + 156 mm precipitation month ™) (Van Den Berg and Oliveira-

Filho, 2000). The vegetation is cerrado (tropical savanna) (Van Den Berg and Oliveira-Filho,
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Figure 1. Location of study area on the Rio Grande, Parana River Basin, southeast Brazil

Ecological Sampling

We sampled benthic macroinvertebrates and fish for six consecutive days in each of
the three different periods of the hydrological regime in 2010: January (high water level),
March (falling water) and July (low water level). We sampled biota from three different
habitat types (backwater, beach, riffle) (Table 1). Because of the relative low number of fish

stomachs collected from each sampling, we did not consider seasonal variations.
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Fish sampling and stomach contents analysis

We collected fish using two gill nets (each net 10 m X 1.6 m, 2.4 to 16 cm between
opposing knots) placed in the three different habitat types (Table 1) in each of the three
seasons, exposed for 24 hours and inspected at 06:00 am and 18:00 am, during six consecutive
days (total of 36 samples). All captured specimens and their stomachs were fixed in a 10%
formalin solution in the field. In the laboratory, we measured each fish’s standard length and
weight, tagged each specimen, and placed it in 70% alcohol. Because of their greater
abundances and foraging capacities, three benthophagous fish species were selected for
stomach contents analysis. We evaluate 16 Eigenmannia virescens with sizes ranging from 12
to 19 cm standard length, 15 Iheringichthys labrosus ranging from 5 to 14 cm standard length,
and 13 Leporinus amblyrhynchus ranging from 14 to 20 cm standard length. The stomachs

were dissected and the food items found were identified (Gandini et al., 2012).

Table 1. Environmental characteristics of the Rio Grande sampling sites.

General characteristics backwater beach beach
Average depth (m) 1 1 1
Average flow (m3s™) 0 0 0.48

Predominant substrate particle size <0.50 mm  0.50-1.0mm  >1.0mm
Aquatic macrophytes absent absent present
Average organic matter (%) 1.62 0.52 0.7

Benthic macroinvertebrates

We collected benthic macroinvertebrates from sediments through use of a Petersen
dredge (0.0375 m2). During each of the six consecutive days, four replicates were collected
from each of three habitat types in each of three periods giving a total of 216 benthic

macroinvertebrate samples. The samples were washed through 1.0, 0.5 and 0.25 mm sieves
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and preserved in 70% alcohol. Individuals from both stomachs and sediments were identified
to family level, whenever possible, by using taxonomic keys (Pérez, 1988; Merritt and
Cummins, 1998; Mugnai et al., 2010). Voucher specimens were deposited in the reference
collection of the Instituto de Ciéncias Biologicas of the Universidade Federal de Minas

Gerais.

Data analyses

To run all the following analyses, the data from sediment (number of individuals) and
stomachs (volume) were standardized by dividing the number of individuals within each
taxon by the total number of individuals to eliminate differences in measurement units.

To test hypothesis 1 we used an analysis of similarity (ANOSIM, a = 0.05) with log
(x+1) transformed data from the Bray-Curtis distances to assess the significance of
differences between benthic macroinvertebrate composition of samples from fish stomachs
and sediments. ANOSIM analyses were performed with PRIMER 6.0 (Anderson et al.,
2008). ANOSIM values of R > 0.75 indicate distinct groups, 0.50 < R < 0.75 indicates
separate but moderately overlapping groups, 0.25 < R < 0.50 indicates separate but strongly
overlapping groups, and R < 0.25 represents groups that cannot be distinguished (Maroneze et
al., 2011a). A randomization process using Monte Carlo testing with 9,999 interactions was
conducted to validate the R values observed. A value of p < 0.05 indicates that the R value
observed was not randomly obtained.

To test our second hypothesis, we first used Spearman’s correlation analyses to assess
the significant correlations between macroinvertebrate taxa from sediment samples against
those from fish stomachs. For those that were significant, we then regressed the log (x+1)

transformed relative abundances of benthic macroinvertebrate taxa from the sediment from
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those in fish stomachs to illustrate some alimentary preferences. We used STATISTICA 7.0
software (StatSoft, 2007) in both analyses.

To test our third hypothesis, we calculated and plotted the cumulative observed
richness for benthic macroinvertebrate families from stomach contents and sediment samples
through use of EstimateS 8.2.0 (Colwell, 2009). We used STATISTICA 7.0 software
(StatSoft, 2007) for graphs. To test for statistically significant differences in
macroinvertebrate assemblage composition between stomach and sediment samples we used a
test of homogeneity of dispersions (PERMDISP) with PRIMER 6.0 software (Anderson et al.,
2008). PERMDISP (permutational analysis of multivariate dispersions) calculates the
distances between observations and their centroids for a group, and then compares the
averages of these distances among groups through use of ANOVA. We conducted pairwise
tests to assess the significance of differences. We assumed that the greater the dispersion or

variability, the more effective the method is at sampling a wide range of taxa.

RESULTS

We collected 33 macroinvertebrates taxa from the 216 sediment samples and 23 taxa
from the 44 fish stomach samples (Table 2). We collected 20 taxa from E. virescens, 6 taxa
from I. labrosus and 10 taxa from L. amblyrhinchus. Chironomids were the dominant group
in both sediment (>80%) and fish stomach (> 63%) samples. Thirteen taxa were collected
from sediments but not fish stomachs, and one taxon (Philopotamidae) found in the stomachs
of L. amblyrhinchus was not present in the sediment samples (Table 2).

The Global R values obtained by ANOSIM indicated that benthic macroinvertebrate
taxa from fish stomachs were significantly separated from those from sediment samples

(Table 3). However, there was strong overlapping between fish and sediment samples from
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backwater and beach habitats, and fish and sediment samples from riffle habitats were

indistinguishable.

Table 2. Proportional abundances (mean and standard deviation) and total richness of benthic
macroinvertebrate assemblage samples from sediment and fish stomachs.

Taxa Benthophagous fish stomachs Sediment samples
E. virescens I. labrosus L. amblyrhynchus Petersen Dredge
(N=16) (N=15) (N=13) (N=216)

Baetidae 1.5+ 3.65 0 0 0.94+1.16
Bivalvia 0.1+£0.39 8.99 + 15.36 0 0.04+£0.14
Ceratopogonidae 3.22+8.17 0 0 0.45+0.51
Chironomidae 66.47 + 20.28 69.83 + 26.93 54.96 + 43.01 83.14 + 20.44
Elmidae 3.2+5.06 0 0 0.49 £ 0.56
Empididae 0.06 £0.25 0 0 0.09£0.21
Gelastocoridae 0 0 0 0.02 £0.10
Gomphidae 0 0 0 0.11+£0.18
Gyrinidae 0 0 0 0.01+0.04
Helichopsychidae 1.01+4.03 0 2.46 + 8.88 0.01 +0.06
Hidracarina 1.98 £ 3.85 1.93+5.25 1.62 £3.23 0.04 £0.09
Hirudinea 0.35+1.39 0 0 0.05+0.14
Hydrophilidae 0 0 0 0.15+0.24
Hydropsychidae 492 +12.83 9.24 £22.34 16.76 £ 29.58 517 £11.77
Hydroptilidae 0 0 11.24 + 29.56 1.25+ 3.08
Leptoceridae 0.2+0.81 0 3.4+9.23 0.15+0.32
Leptophlebiidae 0.49+1.78 0 1.58 £ 3.56 0.15+0.36
Leptoyphidae 181+4.6 0 7.48 £10.31 3.05%+25
Libellulidae 0 0 0 0.1+£0.15
Muscidae 0 0 0 0.02 £0.08
Naucoridae 0 0 0 0.03+£0.08
Nematoda 4.31 +16.63 3.71+£7.68 0 0.05+0.08
Oligochaeta 0.77+2 0 0 1.75+0.97
Ostracoda 0.13+£0.52 6.29 £11.77 0 0.01£0.03
Philopotamidae 0 0 0.25+0.89 0
Polycentropodidae 0 0 0.25+£0.89 0.24 £ 0.46
Polymitarcyidae 0.26 +1.04 0 0 0.05+0.13
Psephenidae 0 0 0 0.02 £0.07
Pyralidae 0.06 £ 0.25 0 0 09172
Simuliidae 7.76 £16.71 0 0 1.2+3.93
Staphilinidae 0 0 0 0.02 £0.07
Tipulidae 14+£46 0 0 0.25+£0.32
Vellidae 0 0 0 0.03+0.14
Total richness 20 6 10 35

We observed significant and positive correlations in macroinvertebrate abundances

only between sediment samples and E. virescens, especially in riffle habitats (Table 4).

However, E. virescens consumed several taxa at proportionately greater rates than occurred in

the sediments (Figure 2).
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Table 3. ANOSIM results comparing macroinvertebrate taxa collected from sediment versus
fish stomachs.

ANOSIM
backwater R P
E. virescens 0.498 0.001
I. labrosus 0.349 0.002"
L. amblyrhynchus 0.380 0.001"
beach -
E. virescens 0.464 0.001"
I. labrosus 0.300 0.004
L. amblyrhynchus 0.328 0.004"
riffle -
E. virescens 0.259 0.002"
I. labrosus 0.268 0.001"
L. amblyrhynchus 0.235 0.006"

*significant (P<0.05)

Table 4. Spearman correlations comparing macroinvertebrate abundances in fish stomachs
with those in sediment samples from different habitat types.

Spearman's correlation

backwater R t(n-2) p__

E. virescens 0.466 2.933 0.006

I. labrosus 0.175 0.989 0.330

L. amblyrhynchus 0.327 1.929 0.063
beach - - -

E. virescens 0.432 2.667 0.012

I. labrosus 0.102 0.573 0.571

L. amblyrhynchus 0.307 1.798 0.081
riffle - - -

E. virescens 0.576 3.921 0.000"

I.labrosus 0.190 1.080 0.288

L. amblyrhynchus 0.343 2.035 0.050"

*significant (P<0.05)
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Figure 2. Relationship between the abundances of benthic macroinvertebrate taxa in E.
virescens stomach contents and riffle habitats. Taxa above the 45° degree line were collected
in proportionately greater abundance by E. virescens than they occurred in riffle sediments.
Comparing taxa accumulation curves for fish stomach and sediment samples we
observed that E. virescens had a relatively high potential to collect benthic macroinvertebrate
taxa (Figure 3). The PERMIDISP analysis revealed significant greater differences in benthic
macroinvertebrate community dispersions from fish stomach samples than from sediment
samples (F = 18.513; p = 0.001; Table 5). The dispersion of benthic macroinvertebrate taxa
from E. virescens and I. labrosus were significantly different from those from backwater and
beach sediments, but not from riffle sediments. Leporinus amblyrhynchus had the greatest

mean dispersion of all (Table 5).
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Table 5. Average distance to the centroid and standard errors from PERMIDISP analysis,
comparing the variability in benthic macroinvertebrate assemblages collected from fish
stomachs and sediments. The superscript letters represent pairwise tests indicating significant
differences among samples.

PERMDISP analyses

Tool Average and standard errors
Eigenmannia virescens (N=16) 29.03 + 3.07*
Iheringichthys labrosus (N=15) 29.17 + 3.77°
Leporinus amblyrhynchus (N=13) 45.42 +5.18"
Backwater (N=72) 11.12 £1.39°
Beach (N=72) 13.81 +2.11°
Riffle (N=72) 27.38 +2.08°

a, b, c letters represent significant differences
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Figure 3. Taxa accumulation curves of benthic macroinvertebrates from fish stomach and
sediment samples from three habitat types.
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DISCUSSION

Dominance of chironomids is common in stomachs of E. virescens (Castro and
Cassati, 1997; Tupinambés et al., 2007; Branddo-Gongalves et al., 2009), I. labrosus
(Fagundes et al., 2008; Maroneze et al., 2011b; Masdeu et al., 2011), and L. amblyrhynchus
(Callisto et al., 2002; Mendonga et al., 2004; Maroneze et al., 2011b). The three fish species
studied have high foraging capacities because of their morphological and physiological
adaptations (Gerking, 1994; Fugi et al., 2001). Nonetheless, the predominance of chironomids
at the site and aquatic ecosystems in general (Maroneze et al., 2011a) seems to drive the food
of the studied fishes. In addition, chironomid larvae have a high nutrient content and high
digestibility (Armitage, 1995). However, some alimentary preferences have been observed in
fish species (Strauss, 1979), especially in E. virescens.

Benthic macroinvertebrate community composition in sediment samples and fish
stomachs exhibited low similarity. Therefore, we reject our first hypothesis; although, the
benthic macroinvertebrates in fish stomachs were more similar to those in riffle sediments
than to those in other habitats. This dissimilarity between gut contents and sediments indicates
that fish feed opportunistically, select certain prey over others, or both (Hyslop, 1980;
Kasumyan and Doving, 2003). However, the observed differences may arise from insufficient
sample sizes, differential prey availability, and varied prey digestion rates (Strauss, 1979).

Our second hypothesis was that there would be positive and significant correlations in
the abundances of benthic macroinvertebrate taxa from fish stomachs and sediment samples.
We accepted this hypothesis only for E. virescens and in all three habitat types. This suggests
that E. virescens exploits all three habitat types, despite its tendency for territorial behavior
and occupancy of pools with submerged vegetation and snags (Branddo-Gongalves et al.,

2009).
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The taxa accumulation curves show that E. virescens had a more rapidly ascending
curve than the sediment samples. In addition, fish stomach samples had higher dispersion
values than sediment samples, likely because of the high foraging capacities of the fish. L.
amblyrhynchus, especially, showed significantly higher dispersion values than the other fish
species and consequently added one taxa absent from the sediment and from the other fish
species studied (Philopotamidae). Therefore, we conclude that stomach content analysis of at
least one benthophagous fish species can be a useful proxy to assess benthic
macroinvertebrates communities, and a means to add new taxa to conventional sediment
samples. Consequently, we accept our third hypothesis only for E. virescens.

Because of limitations in environmental laws, it is common in Brazil to use only fish
assemblages for evaluating human impacts on catchments and rivers during environmental
impact evaluations and licensing processes. In those cases, stomach content analyses can be
useful to amplify the assessment of human impacts, and to add additional bioindicators. To do

so, we recommend focusing on mobile benthophagous fishes.
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CAPITULO IV

Os “detetives” derio:

Invertebrados aquaticos ajudam a avaliar
impactos ambientais de barramentos

hidrelétricos
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O CASO: PANORAMA DAS USINAS HIDRELETRICAS

No Brasil, mais de 80 % da energia elétrica € gerada em usinas hidrelétricas (Figura
1). O pais apresenta um dos maiores potencias mundiais para este tipo de geracdo de energia,
gracas ao seu grande territdrio e a existéncia de muitos rios com potencial de serem barrados
para a construcdo de usinas hidrelétricas. Atualmente, mais de 800 usinas hidroelétricas estao
em funcionamento no pais, utilizando apenas cerca de 30% do potencial existente. Este
namero tende a aumentar, pois centenas de usinas hidroelétricas estdo em construgdo e/ou em
planejamento pra atender as demandas de energia que garantam o crescimento econdémico do

pais (mais informac6es disponiveis em: http://www.mme.gov.br/mme).

Gerag¢ao de Energia Elétrica no Brasil

4%
%3% ©
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outras fontes

Figura 1. Principais fontes de geracdo de energia elétrica no Brasil em 2011. Fonte: Balango
Energético Nacional 2012 — Ministério de Minas e Energia

As usinas hidrelétricas resultam do barramento dos rios para formagéo de reservatorios,
que acumulam a &gua para ser turbinada e gerar energia elétrica. A dgua abundante no periodo
de chuvas é entdo armazenada e garante a geracdo constante de energia também no periodo de

estiagem. Desta forma, os reservatorios geralmente reduzem e estabilizam a vazao nos trechos
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de rio a jusante das barragens, isto é, nos trechos de tio localizados abaixo das barragens,
minimizando os problemas socio-econémicos enfrentados pelas cidades em periodos de
enchentes e secas extremas. Além disso, 0s reservatorios sdo ainda utilizados para
abastecimento humano e atividades esportivas, de lazer, pesca e turismo. Portanto, sdo

Importantes para a economia e o desenvolvimento regional.

Na contramdo dos beneficios sdcio-econdmicos descritos acima, a construcdo de
reservatorios representa uma forte ameaca a biodiversidade aquatica. Os reservatorios
funcionam como um “filtro”, que retém particulas organicas e sedimentos transportados pelos
rios, originados da erosdo natural do leito dos rios e do solo de suas bacias hidrogréficas.
Todo este material é retido no fundo dos reservatorios. Além disso, o barramento do rio e a
formacdo do reservatério alteram as caracteristicas naturais, importantes para 0s organismos
aquaticos nativos (p. ex. peixes, insetos aquaticos, plantas aquaticas, algas e micro-
organismos). Assim, observam-se modificacbes na qualidade de &gua e sedimento, nos
periodos de cheias e secas e na disponibilidade de locais para abrigo, alimentacdo e
reproducdo de organismos aquaticos, levando a simplificacio do ambiente e,
consequentemente, a perda de biodiversidade aquatica, o que favorece a invasdo,
estabelecimento e reproducdo de espécies exoticas, que pode causar a extingdo de espécies

nativas.

As oscilagbes naturais de vazdo sdo comuns em bacias hidrografias brasileiras,
apresentando uma grande variacdo principalmente entre os periodos de cheias (no veréo) e
seca. Apos a construcdo das barragens e o inicio da operacdo dos reservatorios, para geracao
de energia, estas oscilagfes naturais do rio sdo suprimidas por vazfes estaveis, com poucas
variagfes ao longo do ciclo hidrolégico anual, alterando a dindmica natural destes

ecossistemas. Podem ainda ocorrer flutuagbes diarias de vazdo, causadas pelo aumento na
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producdo de energia durante o horario de pico, geralmente nas primeiras horas da noite, onde
0 consumo de energia elétrica € maior. Atualmente, 0 manejo adequado de reservatdrios € um
desafio global que visa equilibrar os beneficios e os prejuizos gerados pelos barramentos

hidrelétricos.

Atualmente, a quantidade de &gua liberada pelos reservatorios no trecho a jusante é
denominada “Vazdo Ecologica ou Vazdo Ambiental” e vem sendo vendo intensivamente
discutidas, pois incorporam necessidades ecoldgicas dos ecossistemas aquaticos aos calculos
de geracdo de energia, visando atender as necessidades humanas, garantindo também as
condicBes béasicas para a manutencdo dos organismos aquaticos e do funcionamento dos
ecossistemas. E importante que a “vazio ambiental” ndo seja um valor Unico, e sim, um
hidrograma ambiental, ou seja, um conjunto de valores ao longo do ano, que se aproximem ao
maximo dos valores naturais que existiam antes do barramento do rio, favorecendo as

necessidades para conservacao das espéecies aquaticas.

Na grande maioria dos reservatorios de paises em desenvolvimento a “Vazdo
Ambiental” ndo ¢ calculada de maneira adequada, pois ndo consideram as necessidades dos
organismos aquaticos. O foco principal nestes empreendimentos é apenas a geracdo de
energia elétrica para atender a demanda voltada a manutencéo do crescimento econémico e 0s
métodos para calcular a “Vazdo Ambiental” sdo baseados em caracteristicas hidroldgicas, sem

considerar as comunidades bioldgicas que ali vivem.

Nesse sentido, observa-se a tendéncia em associar os métodos hidroldgicos as respostas
das comunidades bioldgicas, incluindo caracteristicas bioldgicas dos organismos, tais como:
riqueza taxonémica (numero de diferentes especies), abundéncia relativa (percentual de cada
espécie para o total de espécies), densidade (quantidade de organismos em um metro
quadrado), tamanho dos organismos, habitos de alimentares, entre outros. Assim, a
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quantidade de agua liberada pelos reservatorios pode ser manejada ao longo do ciclo
hidrolégico de maneira a atender as necessidades minimas dos organismos aquaticos
(incluindo quantidade e qualidade de habitats), as necessidades de geracdo de energia, além

dos demais usos diretos e indiretos da sociedade humana.
OS DETETIVES: MACROINVERTEBRADOS BENTONICOS COMO BIOINDICADORES

Vérios grupos de organismos sdo utilizados para avaliar impactos em ecossistemas
aquaticos, podendo ser utilizados como “detetives” da qualidade das aguas, pois atuam como
bioindicadores. Dentre eles, os macroinvertebrados bentdnicos (invertebrados visiveis a olho
nu que vivem no fundo dos rios) vém se destacando por possuirem caracteristicas ecologicas
tipicas, como: pouca mobilidade; ciclos de vida longos (vivem de meses até anos); sdo
facilmente coletados e identificados; aléem de apresentarem conhecida sensibilidade a
presenca de poluentes. Através da avaliacdo das caracteristicas destas comunidades € possivel
avaliar o grau de impacto causado por alteraces de vazdo devido a construcdo de

barramentos hidrelétricos (Figura 2).
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Figura 2. Macroinvertebrados benténicos como bioindicadores (detetives). Gradiente conceitual de
sensibilidade aos impactos humanos em ecossistemas aquaticos. Os diferentes grupos de organismos
apresentam diferentes graus de sensibilidade.
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A CENA DO CRIME: AREA DE ESTUDOS

Nesse sentido, foi desenvolvido um estudo ecoldgico utilizando comunidades de
macroinvertebrados bentbnicos como ferramenta para avaliar o impacto de alteragbes de
vaz&o a jusante do reservatério de Itutinga, no Rio Grande, Minas Gerais (Figura 3), através
de um projeto de pesquisa e desenvolvimento (P&D) financiado pela Agéncia Nacional de
Energia Elétrica (ANEEL) em parceria com a Companhia Energética de Minas Gerais
(CEMIG). A CEMIG manipulou a vazdo a jusante do reservatorio de ltutinga para a
realizacdo de dois experimentos hidraulicos para avaliar o efeito de: (i) flutuacGes diarias de
vazdo simulando operacdo em horario de pico de demanda energética; (ii) flutuacoes de vazédo
altas e baixas dentro de um mesmo periodo sazonal, simulando as flutuacdes naturais

anteriores a construcdo do reservatorio.

FE s S EEENEEEE SN SESESEEEEESESEEESEAEEEEEEE

= Barramente M

t

B

i

o Brasil  Minas

¥4 2

Reservalirio
oo Fuanil

Bacia do
rig Parand _

|- [T

'& \ Aroa oo
% Estudo
% |
%

q{
'

Roservataria ;

die lutings

Bacia do rio
Paransiba Minas Gerais

CED CERTEUOIERECLERIEOCNE

torizante

S0 41T

Resorvatoria

e — de Camargos
Bacia do N .
rio Grande

W RIS RN E IR N AN R R

llllfllll1!lllll!Illlllf1-.ll!lllll!Illlrlflllll!lllll‘llllllfl:

1" W WY T A0 &8 W

Figura 3. Mapa da area de estudos no Rio Grande, bacia do Parana, sudeste do Brasil
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A INVESTIGAGAO: CAMPO, LABORATORIO E GABINETE

O primeiro experimento foi realizado nos meses de janeiro (periodo chuvoso) e julho
(periodo seco) de 2010. O segundo experimento foi distribuido em oito coletas ao longo dos
anos 2010 e 2011, sendo duas no periodo chuvoso e duas no periodo seco de cada ano. Antes
de cada amostragem, a vazdo a jusante do reservatorio foi estabilizada por trinta dias
consecutivos e, em seguida, foram realizadas as coletas de A&gua, sedimento e
macroinvertebrados. As variaveis abidticas fisicas e quimicas da agua foram mensuradas com
o auxilio de equipamentos portateis e posteriormente em laboratério, enquanto que a
composi¢do do sedimento do fundo do rio foi determinada em laboratério a partir da
separacdo das fracbes de sedimento em peneiras de diferentes tamanhos. O sedimento do
fundo do rio, onde os macroinvertebrados vivem, foi coletado em trés diferentes tipos de
habitats (Figura 4), utilizando um equipamento de coleta de sedimento, chamado draga de
Petersen (Figura 5). Em seguida, o sedimento coletado foi lavado em peneiras para eliminacéo
do sedimento e retencdo dos macroinvertebrados, que foram separados em bandejas
transiluminadas (Figura 5), identificados em laboratério e depositados na Colecdo de
Referéncia do Laboratério Ecologia de Bentos (UFMG). Os dados obtidos foram submetidos
analisados estatisticamente para avaliacdo dos impactos causados pelas barragens através da

utilizacdo dos macroinvertebrados bentdnicos como “detetives” (bioindicadores).

Figura 4. Visdo geral dos ambientes estudados: Remanso, Praia e Corredeira.
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Figura 5. Detalhes dos procedimentos de coleta, lavagem e triagem das amostras de sedimento para
avaliagdo dos organismos

SOLUCIONANDO O CASO

Foram encontrados no total 38 grupos taxondmicos de macroinvertebrados benténicos,
utilizados como “detetives” do rio: 32 insetos aquéticos, 2 anelideos, 1 molusco e 1 aracnideo,
sendo estes entdo utilizados como os “detetives” do rio. A familia Chironomidae, insetos
aquaticos pertencentes a ordem Diptera, predominaram em mais de 80% em todas as
amostragens, seguidos pelas minhocas aquéticas (Oligochaeta) e outras familias de insetos
aquaticos  pertencentes as ordens Ephemeroptera (Leptohyphidae), Trichoptera
(Hydropsychidae) e Diptera (Simuliidae). Os Chironomidae vivem na interface
sedimento/agua e sdo geralmente os organismos dominantes em grandes rios. Eles sdo
conhecidos pela sua capacidade de resistir a impactos humanos em ecossistemas aquaticos,
inclusive a impactos causados por alteragdes de vazdo, gracas a sua capacidade de cavar o

sedimento para se “esconder” e a sua resisténcia a baixas concentra¢des de oxigénio e altos
116



teores de matéria organica. As minhocas aquéaticas também sdo bastante utilizadas como
bioindicadores e sua presenca em altas densidades indica que o ambiente estd muito poluido.
Os demais grupos dominantes apresentam caracteristicas adaptativas especificas que
permitem identificar os tipos de habitats disponiveis e 0s potenciais impactos de atividades
humanas. Os Hydropsychidae (Trichoptera) possuem corpo em formato hidrodindmico e sdo
escaladores, enquanto os Simuliidae aderem-se ao substrato rochoso, ambos resistindo a
correnteza, onde sdo frequentemente encontrados. Os Leptohyphidae (Ephemeroptera) sédo
comuns em habitats com muita areia, onde coletam seu alimento formado por particulas finas

de matéria organica.
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Figura 6. Proporcéao percentual dos principais organismos encontrados na area estudada.

Dessa forma, observando os grupos de organismos presentes e a forma como se

organizam e utilizam os recursos ambientais disponiveis foram detectadas modificacGes
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significativas na composicdo taxondmica, estrutura e funcionamentos das comunidades
qguando submetidas as flutuacbGes diarias de vazdo, simuladas no primeiro experimento
hidraulico e quando submetidos as vazdes altas e baixas dentro do mesmo periodo sazonal,

simuladas no segundo experimento.

As alteragbes nas comunidades bentbnicas referentes ao primeiro experimento séo um
reflexo do aumento repentino da area inundada do trecho a jusante da barragem, que permitiu
a entrada de materiais organicos e inorganicos (p.ex. sedimento, nutrientes, detritos organicos)
vindos das margens do rio, diminuindo a transparéncia da agua. Estas alteragdes foram mais
evidentes no periodo seco, assim como as mudancas na composicdo e estrutura das
comunidades benténicas. Naturalmente, alteracdes de vazdo sdo mais frequentes no periodo
chuvoso, devido a maior frequéncia e intensidade com que as chuvas ocorrem nesse periodo
e, portanto, as comunidades aquéaticas estdo adaptadas as alteragdes de vazdo durante o
periodo chuvoso. Sendo assim, as alteracbes de vazdo impostas pelos barramentos
hidrelétricos no periodo seco sdo mais atipicas, e, portanto, as comunidades aquéaticas sofrem
mais os efeitos das flutuacBes diarias de vazdo no periodo de seca. Por outro lado, as
alteracbes nas comunidades bentdnicas referentes as manipulacBes de vazdes altas e baixas
sdo reflexo das alteragdes na qualidade da &gua, relacionadas aos diferentes valores de vazdo
simuladas. Naturalmente durante o ciclo hidrologico ocorrem variagcdes sazonais na vazao e
na qualidade da agua, sendo comuns variagcbes em parametros fisicos e quimicos da agua, tais
como temperatura, transparéncia, solidos em suspensao, oxigénio dissolvido e concentracao

de nutrientes.

Além das respostas as alteracBes nas caracteristicas fisicas e quimicas da agua, as
comunidades de macroinvertebrados bentbnicos mostraram-se diferentes dependendo do

habitat onde foram coletadas. Nos habitats com pouca correnteza (remansos e praias),
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observou-se menor riqueza taxonémica, enquanto que nos habitats com maior correnteza
(corredeiras) a riqueza taxondmica e a diversidade foram maiores. Essas diferencas estdo
relacionadas a maior variedade em tamanho e tipo do sedimento, que sdo utilizados como
micro-habitats pelos organismos. Quanto maior for a variedade de habitats (p.ex. remansos,
praias, corredeiras) e de micro-habitats (variedade e dimensdo das particulas que compdem o
substrato dos habitats), maiores serdo as oportunidades para alimentacéo, abrigo e reproducéo
dos organismos aquaticos. Portanto, avaliar a influencia das alteracGes de vazdo sobre cada
tipo de habitat é importante para conhecer as condi¢cbes minimas de abrigo, oferta de alimento

e sitios para reproducao dos organismos aquaticos.

Além dos macroinvertebrados bentdnicos como ferramenta para avaliar os impactos
causados por barramentos hidrelétricos, eles possuem importante papel ecolégico no
funcionamento dos ecossistemas aquaticos, transformando material organico, vindo da
vegetacdo marginal em tecido animal, disponivel para os niveis superiores das cadeias
alimentares aquéticas. Portanto, a utilizagdo destes organismos como “detetives” vai além da
simples avaliacdo de impactos de atividades humanas. A presenca desses organismos nos rios
indica que o ecossistema continua em funcionamento. A avaliagdo e monitoramento da
“situagdo” desses organismos permite acompanhar processos de mudanga na maneira com que
0 homem relaciona-se com o ambiente fisico e com os seres vivos. Afinal, como disse
Mahatma Gandhi, “Um pais, uma civiliza¢ao, podem ser julgados pela forma com que tratam

seus animais .
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Figura 7. Cadeia alimentar tipica em rios, com destaque para o importante papel dos
macroinvertebrados para o funcionamento do ecossistema aquatico: A folha cai da arvore e se
acomoda no fundo do rio. Em seguida, micro-organismos (fungos e bactérias) iniciam o processo de
decomposicdo, juntamente com 0s macroinvertebrados bentbnicos, que aumentam em numero e
tamanho, tornando-se importantes para a alimentacéo dos peixes.

CASO ENCERRADO

A relacdo entre o desenvolvimento socioecondmico e a manutengdo da biodiversidade
vem sendo amplamente discutida na busca do chamado desenvolvimento sustentavel. Vérias
fontes alternativas para a geracdo de energia elétrica existem e muitas outras estdo sendo
desenvolvidas em diferentes partes do mundo como a energia edlica, energia termoelétrica,
energia nuclear, energia hidrocinética, energia a partir de biomassa, entre outras. Entretanto, a
construcdo de usinas hidrelétricas é ainda uma realidade no Brasil e na maioria dos paises em
desenvolvimento, visando atender de imediato as necessidades de desenvolvimento social e
econdmico, aproveitando o potencial dos rios existentes.
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Avaliar cuidadosamente as consequéncias desse tipo de geracdo de energia deve
rigorosamente envolver, aléem das necessidades econémicas, as necessidades sociais e
ambientais incluindo o conhecimento da ecologia dos seres vivos (Figura 8). A partir dai as
relacGes entre custo e beneficio ficardo mais claras e o investimento em novas tecnologias
poderdo superar os interesses individuais e institucionais envolvidos no processo de geracao
de energia no Brasil. Seja como for, é importante monitorar os impactos e a eficacia das
medidas de minimizacdo. Assim, as comunidades de macroinvertebrados bentonicos, tal como
apresentado, oferecem indicacdes relevantes sobre o funcionamento dos ecossistemas
aquaticos e podem ser utilizadas como “detetives”, na detec¢do e quantificacdo da intensidade
dos impactos causados pela construcdo de barragens e no monitoramento dos efeitos de

medidas de minimizacgdo/requalificacdo dos ambientes aquaticos impactados.

“ turismo

Figura 8. Quebra cabeca para o desenvolvimento sustentavel e manejo adequado dos ecossistemas
aquaticos.
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CONCLUSOES DA TESE

* A abordagem utilizando os “traits” foi mais sensivel as flutuacdes diarias e vazao no periodo
seco (experimento 1), enquanto os dados de abundancia foram mais sensiveis as variacGes
intra-sazonais de vaz&o, em todas as situac¢fes hidraulicas amostradas (experimento 2). As trés
abordagens (abundéncia, métricas e traits) foram sensiveis as diferencas sazonais e a

composicdo do sedimento.

* A utilizagdo de diferentes abordagens relacionadas a composi¢do taxonémica (dados de
abundancia), estrutura (métricas) e funcdo (traits) das comunidades de macroinvertebrados
bentbnicos permitiu uma maior capacidade de detectar e interpretar os impactos causados por

alteracOes de vazdo a jusante do reservatdrio.

» Associados a variaveis ambientais da coluna d’agua e sedimento, as comunidades de
macroinvertebrados benténicos, através das abordagens utilizadas, revelaram-se uma
potencial ferramenta para contribuir com informacdes biologicas em parametrizacdes de

VazBes Ambientais a jusante de reservatorios.,

* A analise do conteudo estomacal de E. virescens apresentou potencial para ser utilizada em
avaliacbes de comunidades de macroinvertebrados bentonicos, permitindo o acesso a
composicao e estrutura dessas comunidades, indicando que esta abordagem pode também ser

utilizada em avalia¢fes de impactos em ecossistemas aquaticos.
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PERSPECTIVAS FUTURAS

Os produtos desta tese reforcam a importancia de uma abordagem mais holistica e
integrada em avaliagBes de impactos humanos sobre ecossistemas aquaticos. Reforgcam
também a importancia da utilizacdo da anélise do conteudo estomacal de peixes bent6fagos
como ferramenta em avaliagcdes de comunidade bentbnicas, e ainda sugerem a importancia da
divulgacdo cientifica como uma maneira de ampliar o alcance da ciéncia. Neste sentido,
alguns pontos devem ser considerados no sentido de aferir, incrementar e utilizar os

resultados aqui obtidos. Sao eles:

Capitulos 1 e 2

* Replicagdo dos estudos a jusante de outros reservatorios, outras bacias, regifes e

continentes.

* Aprofundamento da resolucdo taxonOmica na identificacdo dos macroinvertebrados

bentdnicos.

» Aprofundamento da abordagem de “traits” para utilizagdo em regides tropicais, através de

levantamento bibliografico e realizacdo de experimentos em campo e laboratdrio.

« Avaliar a eficiéncia dessa abordagem integrada na avaliagdo de outros tipos de impactos

humanos em ecossistemas aquaticos.

* Integrar respostas biologicas as metodologias utilizadas para a parametrizacdo de Vazdes
Ambientais a jusante de reservatorios, atraves do desenvolvimento de parceiras
multidisciplinares e interinstitucionais, visando uma abordagem holistica sobre o0 manejo

adequado de bacias hidrograficas.
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Capitulo 3

* Aumentar o nimero de estdmagos analisados, assim como, avaliar a eficiéncia de outras
espécies bentdfagas de peixes em amostragens de macroinvertebrados bentdnicos, que
permitam a comparacgdo entre diferentes periodos sazonais e situaces hidraulicas e desta
forma inserir efetivamente a anélise do conteudo estomacal com ferramenta complementar em

avaliacdes de impactos ambientais em ecossistemas aquaticos.

* Transcender a utilizagao da analise do contetido estomacal como ferramenta para avaliar as
comunidades bentdnicas para a avaliacdo de preferéncia alimentar de espécies bentofagas de
peixes, permitindo inferéncias sobre suas estratégias de forrageamento. Observacgdes

subaquéticas podem ser também utilizadas, assim como experimentos em laboratorio.

Capitulo 4

» Ampliar a discussdo na sociedade atraves de palestras, audiéncias e seminarios, visando
conscientizar sobre os beneficios e prejuizos relacionados a exploracdo inadequada dos
recursos hidricos, com o intuito de criar uma cultura participativa nas tomadas de decisdes

sobre 0 manejo adequado dos ecossistemas aquaticos e gestao de bacias hidrograficas..

* Desenvolver projetos em parceria com escolas, empresas e instituigdes publicas no sentido
de promover atividades de pesquisa e educacdo ambiental junto ao ensino basico da rede

publica estadual.
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