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E multinacionais, 
Quantos ais! 

 
A dívida interna. 
A dívida externa 
A dívida eterna. 

 
Quantas toneladas exportamos 

De ferro? 
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Barragens de rejeito e seus efeitos sobre a assembleia de peixes 

 

RESUMO 

Considerada um dos principais impactos antrópicos sobre o meio ambiente, a mineração 

apresenta uma séria de atividades que vão desde a extração até o beneficiamento do 

minério. Nesse processo, as barragens de rejeito são construídas para estocar a parte não 

comercial do minério. Impactos ocasionados por esse tipo de empreendimento vão desde 

o seu rompimento, afetando rios inteiros, até impactos mais locais, como a fragmentação 

e a transformação de um ambiente lótico em lêntico. No presente estudo, abordaremos os 

impactos ocasionados por barragens de rejeito, tanto em uma escala de bacia, quanto em 

riachos localizados a montante dessas. Para isso, estruturamos essa tese em três sessões, 

sendo a primeira sessão relacionando o rompimento de uma barragem de rejeitos no 

município de Mariana,  sobre a assembleia de peixes do rio Doce, a segunda sessão traz 

um crítica sobre os motivos que levaram ao novo desastre, dessa vez em Brumadinho, e 

a última sessão sobre às alterações ocasionadas pela implementação dessas estruturas nos 

riachos que deságuam no corpo do reservatório. Os estudos foram realizados em três 

áreas, sendo duas na bacia do rio Doce (Sessões 1 e 3), e uma na bacia do rio São 

Francisco (Sessão 2), sudeste do Brasil. Para a primeira sessão, coletas empregando redes 

de emalhar foram realizadas entre os anos de 2006 e 2018. Os tratamentos temporais 

foram definidos levando-se em consideração grandes alterações ambientais na bacia, 

como a construção da uma hidrelétrica e o rompimento da barragem de rejeitos em 

Mariana. Para a segunda sessão, a área de estudo foi definida como a bacia do rio 

Paraopeba, um dos principais afluentes do rio São Francisco. Nessa sessão, levantamos 

os porquês do rompimento de mais uma barragem. Já as coletas da sessão três ocorreram 

em uma área com grande concentração de minas de ferro. Foram selecionados dois 

tratamentos: riachos que deságuam em reservatórios de barragens de rejeito e riachos 

livres desse impacto, considerados tratamento controle. Ao final, conseguimos entender 

como esses empreendimentos afetam a ictiofauna, facilitando o diálogo com a 

conservação das espécies aquáticas em áreas afetadas diretamente pela atividade de 

mineração. 

Palavras-chave: Ictiofauna; conservação; mineração; alterações ambientais  
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Tailing dams and their effects on the fish assemblage 

 

ABSTRACT 

Considered one of the main anthropic impacts on the environments, mining has a series 

of activities ranging from extraction to ore beneficiation. Along this process, tailings 

dams are built to stock the non-commercial part of the ore. Impacts caused by this type 

of structure range from its rupture, affecting whole rivers, to local impacts, such as the 

fragmentation and transformation of a lotic environment into a lentic one. In the present 

study, we will cover the impacts caused by tailings dams, both on a basin scale and on 

streams which flow into to the pounds. For this, we structured this thesis in three sessions, 

the first session relating the disruption of a tailings dam in the municipality of Mariana, 

on the Doce river fish assembly, the second session brings a critique about the reasons 

that led to a new disaster, now in Brumadinho, and the last session on the changes caused 

by the impact of those structures in the streams that drain into the tailings pounds. The 

studies were carried out in three areas, two in the Doce river basin (Sessions 1 and 3), and 

one in the São Francisco river basin (Session 2), southeast of Brazil. For the first session, 

collections using gillnets were carried out between the years 2006 and 2018. The temporal 

treatments were defined taking into account large environmental changes in the basin, 

such as the construction of a hydroelectric plant and the rupture of the tailings dam in 

Mariana. For the second session, the study area was defined as the Paraopeba river basin, 

one of the main tributaries of the São Francisco river. In this session, we raised the reasons 

for the rupture of one more dam. Already the collections of the session three occurred in 

an area with great concentration of iron mines. Two treatments were selected: streams 

which flow for tailings pounds and streams free of this impact, considered control 

treatment. In the end, we can understand how these ventures affect the ichthyofauna, 

facilitating the dialogue with the conservation of the aquatic species in areas directly 

affected by the mining activity. 

Keywords: Ichthyofauna; conservation; mining; environmental changes 
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1. INTRODUÇÃO GERAL 

Os metais são uma classe de elementos químicos com inúmeras propriedades uteis, como 

força, maleabilidade e condutividade ao calor e elétrica (Hudson et al., 1999). O processo de obtenção 

desses elementos ocorre através da mineração, e ela foi um dos pilares para o desenvolvimento da 

humanidade (ICMM, 2012). Esse processo “compreende um conjunto de atividades destinadas a 

pesquisar, descobrir, mensurar, extrair, tratar ou beneficiar e transformar recursos minerais de forma 

a torná-los benefícios econômicos e sociais” (IBRAM, 2016). Uma mina pode ser vista como um 

mosaico de atividades que englobam a extração do minério na região cava, o beneficiamento desse 

na área de usinagem e a estocagem da porção não comercial e do estéril em barragens de rejeitos e 

pilhas de estéril, respectivamente (Figura 1-1). 

 
Figura 1-1. Exemplo de complexo minerário localizado no estado de Minas Gerais mostrando o mosaico 
de atividades que podem ser observadas em uma área de extração de minério de Ferro, como a cava, área 
de usinagem, barragem de rejeitos e pilha de estéril. 

O minério de ferro é um dos principais produtos da mineração e a América Latina se destaca 

em sua produção (WEF, 2010). Ele é quase que exclusivamente extraído em operações na superfície 
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(U.S. DOI/ Bureau of Mines, 1983). Após o beneficiamento, a parte não comercial é separada do 

minério (Kossoff et al., 2014) e uma das vias de armazenamento desse material ocorre em barragens 

(Espósito and Duarte, 2010). No Brasil, os dois principais estados produtores desse mineral são Minas 

Gerais e Pará (IBRAM, 2011), e a região do quadrilátero ferrífero se destaca nesse cenário (Roeser 

and Roeser, 2010). O Quadrilátero Ferrífero é uma estrutura geológica de aproximadamente 7.200 

km² e que apresenta uma grande heterogeneidade de paisagens (Jacobi and Carmo, 2008). Possui 

diversos complexos para exploração mineral, sendo o minério de ferro o principal material explorado 

(Figura 1-2). 

 
Figura 1-2. Localização do Quadrilátero Ferrífero em relação ao Brasil, mostrando seus limites 
e uso de solo (imagem SENTINEL 2 – NDVI), bem como suas barragens de rejeito (fonte: 
Agência Nacional de Mineração). 

Apesar dos benefícios econômicos produzidos pela mineração, ela tem papel preponderante 

na degradação ambiental, incluindo nos sistemas aquáticos (Earle et al., 2018; Hughes et al., 2016). 
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Um dos distúrbios dessa atividade sobre o meio ambiente está na utilização das barragens de rejeito 

como forma de estocar a parte não comercial do minério (Espósito and Duarte, 2010). Somente no 

Brasil há registro de 600 barragens para essa finalidade, muitas delas instaladas em riachos do QF 

(ANA, 2016) (Figura 1-2). Seu principal impacto está relacionado ao rompimento dessas estruturas, 

e apesar de pouco noticiado ocorrem com dada frequência. São decorrentes de erros de engenharia e 

de inspeção de segurança, falha nas fundações do barramento e chuvas atípicas (Rico et al., 2008).  

Mesmo havendo casos precedentes de ruptura de barragens de rejeito no Brasil (Abdelouas, 

2019; Monteiro et al., 2014), somente após o rompimento da barragem de rejeito de Fundão, no 

município de Mariana, MG, que esse tipo de impacto passou a chamar atenção pública no Brasil. O 

rompimento e lançamento de 30 milhões de m³ de rejeito de minério de ferro no dia 5 de novembro 

de 2015 na bacia do rio Doce foi considerado o pior desastre ambiental brasileiro (Escobar, 2015; 

Fernandes et al., 2016). A contaminação das águas utilizadas para abastecimento por diversas cidades 

ao longo dos rios afetados, a impressionante devastação ocorrida no trecho alto, a extensa mortandade 

de peixes e a possibilidade de contaminação de um dos principais sistemas marinhos brasileiros 

(Escobar, 2015) chocou uma nação. Dessa forma, se tornou essencial entender a magnitude e os 

impactos desse desastre sobre a fauna aquática. Somente com esse entendimento será possível montar 

um plano de recuperação ambiental e propostas de manejo para a bacia.   

A magnitude do desastre ambiental causado pelo rompimento da barragem de Fundão parecia 

colocá-lo como algo único, que não se repetiria no Brasil. Planos de segurança de barragens de rejeito 

começaram a ser desenhados. Porém, mesmo diante de um desastre de tamanha magnitude como foi 

Fundão, a velocidade de atuação das empresas e do governo brasileiro para a não repetição desses 

acontecimentos foi consideravelmente lenta (Oliveira and Oliveira, 2019). Aquilo que parecia 

distante, impossível, aconteceu, um novo desastre. O rompimento da barragem B1 na mina de 

Córrego do Feijão, em Brumadinho, MG, lançou grande parte dos 12 milhões de m³ de rejeito de 

minério de ferro no rio Paraopeba. Apesar de serem os impactos ambientais decorrentes desses 

desastres os mais proeminentes e agudos, também existem os impactos crônicos, menos visíveis aos 

olhos da opinião pública. 

As barragens de rejeito apresentam impactos sobre o riacho semelhantes aqueles observados 

para grandes reservatórios. Elas podem causar a fragmentação e alterações físico-químicas na água 

em decorrência da transformação do ambiente lótico em lêntico (Agostinho et al., 2016, 2007). 

Supõe-se que tais transformações atuem de forma negativa sobre a fauna de peixes desses riachos, 

selecionando espécies generalistas em detrimento daquelas comumente encontradas em riachos. É 
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interessante ponderar que o tipo de material estocado nas barragens pode ser determinante nessa 

transformação da ictiofauna, uma vez que os componentes químicos resultantes do beneficiamento 

de minério podem alterar ainda mais as características físico-químicas da água. Essa fragmentação, 

somada as substituições da fauna aquática no corpo do reservatório podem afetar as comunidades 

isoladas a montante desses barramentos (Brosse et al., 2011).  

Diante disso, faz-se pertinente entender como as alterações ocasionadas por uma barragem de 

rejeitos pode afetar a fauna aquática, em especial a ictiofauna. Para isso, trabalharemos em duas 

frentes. A primeira voltada para os impactos do rompimento de barragens de rejeito, com um estudo 

de caso sobre o rompimento da barragem de Mariana (Sessão 2), e uma opinião sobre os caminhos 

que levaram ao rompimento da barragem de Brumadinho (Sessão 3). A segunda terá como objetivo 

estudar os efeitos de barragens de rejeito na assembleia de peixes em riachos localizados à montante 

de seus respectivos reservatórios (Sessão 4). 

MATERIAL E MÉTODOS 

Área de Estudo 

O estudo foi realizado em duas bacias hidrográficas limítrofes, a do rio Doce e a do rio São 

Francisco (Figura 1-3). A bacia do rio Doce faz parte da ecorregião “Northeastern Mata Atlantica” 

(nº. 328) (Abell et al., 2008), e pode ser considerada uma das principais bacias dos estados de Minas 

Gerais e Espírito Santo, Sudeste do Brasil, drenando uma área de aproximadamente 83.400 km² 

(Vieira, 2009). Desde a confluência dos rios Carmo e Piranga, local onde passa a receber o nome de 

rio Doce, o rio percorre aproximadamente 600 km até sua foz no oceano atlântico, no município de 

Regência, Espírito Santo. Nesse percurso, recebe as águas de grandes afluentes, como os rios 

Piracicaba, Santo Antônio, Corrente Grande, Suaçuí-Grande, Guandu, Manhuaçu, Caratinga-Cuieté, 

Matipó e Casca. Pode ser dividida em três seções, sendo o trecho alto compreendido entre a nascente 

e a foz do rio Matipó, o médio entre a foz do Matipó e a divisa entre os estados do Espirito Santo e 

Minas Gerais, e o baixo entre essa divisa e o oceano Atlântico, onde o rio desagua em Regência/ES 

(Vieira, 2009). A sessão 2 foi amostrada no trecho médio da bacia do rio Doce, onde, entre os anos 

de 2007 e 2009, foi instalada uma hidrelétrica cujo reservatório se estende desde o município de Pedra 

Corrida/MG, até Governador Valadares/MG. A área de influência dessa hidrelétrica foi intensamente 

afetada pelo rompimento da barragem de rejeitos de Fundão (Escobar, 2015; Neves et al., 2016). 
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Figura 1-3. Localização espacial das bacias dos rios Doce e São Francisco em um 
contexto da América do Sul, e das áreas onde foram realizadas as amostragens (1/2) 
em relação à bacia dos rios Doce e São Francisco. Área 1: Área referente ao capítulo 
1, sendo localizada no trecho médio do rio Doce, entre a confluência dos rios Santo 
Antônio e Suaçuí Grande. Área 2: Rio Paraopeba, desde a confluência do Cór. Do 
Feijão até a hidrelétrica de Três Marias. Área 3: Trecho alto da bacia do rio Doce, nas 
cabeceiras dos rios Gualaxo do Norte e Piracicaba. 

No trecho alto das bacias dos rios Doce e São Francisco está localizado o quadrilátero 

ferrífero, com sua parte direita drenando para afluentes do rio Doce, e sua parte esquerda para 

afluentes do São Francisco. Como consequência do grande número de minas instaladas ao longo de 
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sua área, também existem diversas barragens de rejeito (Figura 1-2). A sessão 3 se refere ao 

rompimento da barragem B1 no complexo minerário do Feijão. Essa mina drena para o rio Paraopeba, 

um dos principais afluentes do trecho alto da bacia do rio São Francisco (Alves and Leal, 2010).  

A sessão 4 foi realizada em riachos que drenam a parte do Doce do QF. Drenam as cabeceiras 

dos rios Gualaxo do Norte e Piracicaba entre as cidades de Mariana e Itabira, MG. Eles apresentam 

um elevado declive, principalmente aqueles localizados ao sopé da serra do Caraça, um maciço 

rochoso com picos de mais de 2000 metros de altitude (Canelas and Bertoluci, 2007). Nessa região 

estão localizadas duas importantes unidades de conservação, o Parque Nacional do Gandarela e a 

Reserva Particular do Patrimônio Natural do Caraça. 
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2. Sessão 1 

 

 

Influences of multiple anthropogenic disturbances 

coupled with a tailings dam rupture on spatiotemporal 

variation in fish assemblages of a tropical river 

 

 

 

 

A primeira sessão desta tese foi publicada no periódico 

científico Freshwater Biology, disponível em: 

https://onlinelibrary.wiley.com/doi/abs/10.1111/fwb.139

67   
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INFLUENCES OF MULTIPLE ANTHROPOGENIC DISTURBANCES COUPLED WITH 

A TAILINGS DAM RUPTURE ON SPATIOTEMPORAL VARIATION IN FISH 

ASSEMBLAGES OF A TROPICAL RIVER 

 

ABSTRACT 

The Mariana disaster, resulting from the rupture of the Fundão tailings storage facility (TSF) in 2015, 

is a large-scale environmental disaster, and it drastically affected the entire channel of the Rio Doce, 

southeastern Brazil. The disaster produced substantial channel siltation, increased turbidity, riparian 

damage, and a massive fish kill. However, the Rio Doce basin has a long history of environmental 

degradation, including hydroelectric dams. The latter are major threats to the ichthyofauna because 

they affect flow regimes, trap sediments and large wood, select generalist species, impair fish 

migrations, and favor non-native invasive species. In this study, we analyzed the effects of the rupture 

as well as impacts from the construction of a run-of-the-river hydroelectric dam on native and non-

native fish abundances and species richness and composition in the middle Rio Doce. To do this, we 

examined fish survey data collected before and after each disturbance upriver of the reservoir, in the 

reservoir area, and downriver of the dam. The data were separated into three temporal intervals: free 

flowing river, post-filling reservoir, post-TSF disaster. To assess temporal changes in native and non-

native fish species richness we used a rarefaction method and tested it with two-way ANOVA, which 

was also used to compare fish abundances. To test temporal changes in fish assemblage composition 

we used a PERMANOVA test. We observed no significant differences in total native or non-native 

species richness as a result of the dam or the disaster. However, we did observe increased non-native 

individual abundances after the TSF rupture as well as native individual abundances, depending on 

the location studied. The assemblage composition also changed after dam construction and the TSF 

rupture, except for the upriver reach after dam construction. We conclude that both the dam and the 

TSF rupture affected fish assemblages, favoring increased non-native abundances and also changed 

fish assemblage composition.  Our results suggest that a century of landscape and riverscape pressures 

had extirpated the sensitive fishes from the Rio Doce prior to the TSF rupture. We conclude that 

multiple long-term chronic disturbances can be as harmful to aquatic biota as the acute effects of a 

major environmental disaster.The 2015 Mariana disaster resulting from the rupture of the Fundao 

Tailings Dam is considered the largest in Brazil and it drastically affected the entire channel of the 

Doce River. The disaster produced substantial channel siltation, turbidity, riparian damage, and a 

massive fish kill. In this study, we analyzed the temporal and spatial effects of the rupture as well as 
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a run-of-the river hydroelectric dam in the middle Doce River through use of seasonal fish assemblage 

collections from 2006 to 2018 at pairs of sites upriver of the reservoir, in the reservoir area, and 

downriver of the dam. We observed no significant differences in total, native, or non-native species 

richness as a result of the dam or the disaster. However, we did observe differences in fish assemblage 

abundances and composition. We conclude that assessments based on entire fish assemblages are 

more sensitive than those based on fish species richness, that gillnetting misses some small benthic 

fishes, and that a century of previous landscape and riverscape pressures had already led to extirpation 

of sensitive fishes from the Doce River. 

 

Keywords: Fish communities, hydroelectric dam, mining activities, Neotropical Savanna, 

environmental disaster 
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INTRODUCTION 

Mining activities are major sources of environmental disasters, either from chronic leakages 

(Woody et al., 2010; Daniel et al., 2015) or catastrophic failures (Luino & de Graff, 2012; Escobar, 

2015). One of the most frequent catastrophes is the rupture of earthen tailings storage facilities (TSF) 

where non-commercial residues resulting from ore beneficiation are retained (Espósito & Duarte, 

2010; Bowker & Chambers, 2017). Although not widely reported, TSF disasters are routine around 

the world, and their number is growing every year (Bowker & Chambers, 2017). Between 1915 and 

2015, 308 such failures were reported globally (Carmo et al., 2017), an average of three failures per 

year. In Brazil, 10 such failures were reported in the last 30 years, including six in the last six years 

(Salvador et al., 2020). The immediate causes of these failures vary, but usually include inappropriate 

engineering, incorrect management and inspections, dam foundation failures, and atypical weather 

events (Rico, Benito & Díez-Herrero, 2008). The great majority of these failures occur at mines still 

in operation, and high metal prices lead to increased ore mining and processing and increased tailings 

storage without due care (Rico et al., 2008; Bowker & Chambers, 2017). Following dam ruptures, 

the release of tailings to downstream waters jeopardizes water quality and physical habitat structure, 

with direct effects on aquatic biodiversity and human health. Those effects include species losses and 

changes in fish abundances and assemblage composition (Swales et al., 1998; Daniel et al., 2015). 

Another consequence of these disasters is long-term metal contamination of sediments, riparian 

vegetation, and aquatic fauna (Swales et al., 1998; Hatje et al., 2017).  

In 2015, the Fundão TSF ruptured in southeastern Brazil, causing a large-scale environmental 

disaster. The direct cause of the failure was an improper axis retreat of the dam foundation and 

drainage problems, leading to dam collapse (Carmo et al., 2017). The dam contained 63 million m³ 

of iron ore tailings, of which 36 to 43 million m³ spilled into the Rio Gualaxo do Norte (Morgenstern 

et al., 2016; Carmo et al., 2017). The tailings then flowed into the Rio Doce and traveled 633 km 

until reaching the Atlantic Ocean, from where they dispersed by tens of kilometers (Marta-Almeida 

et al., 2016; Rudorff et al., 2018). The disaster left 19 people dead, hundreds homeless, and directly 

affected the health and livelihoods of thousands of people (Escobar, 2015). The spill produced ferric 

oxide flocs on channel substrates, silted the Rio Doce channel, contaminated the river with metals 

(Hatje et al., 2017) and produced a massive fish kill (Neves et al., 2016; Grilo et al., 2018). It also 

destroyed 457 ha of Atlantic Forest, a global biodiversity hotspot (Myers et al., 2000; Omachi et al., 

2018). 
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Prior to the catastrophic spill of iron ore tailings into the Rio Doce, the aquatic ecosystems of 

this basin had experienced a long history of environmental degradation, which negatively affected 

their biodiversity and ecological processes from species to ecosystem levels (Vieira, 2009). In the 

first half of the 20th century, much of the basin was deforested for timber and agriculture, leaving 

only 27% of native forest cover (Espíndola et al., 2016). The basin also suffers from insufficient 

sewage treatment, fragmentation by multiple hydropower dams, and widespread mining and non-

native species introductions (Alves et al., 2007; Vieira, 2009; FEAM, 2015).  

Perhaps the major impact on fish assemblages in the Rio Doce basin has been the construction 

of multiple hydroelectric dams. Considered the main renewable energy source in the world 

(Matarazzo & Sgandurra, 2018), hydroelectric plants also are considered major anthropogenic 

pressures on fish faunas (Agostinho et al., 2016; Winemiller et al., 2016). The creation of an artificial 

lentic-like environment homogenizes the river ecosystem and changes its water quality, decreasing 

turbidity and dissolved oxygen, among other parameters (Dendy & Cooper, 1984; Agostinho, Gomes 

& Pelicice, 2007). Such changes can lead to reduced fish species richness and changes in fish 

assemblage composition, benefiting omnivorous, tolerant and non-native species (Agostinho et al., 

2007; Muniz et al., 2021). Fish assemblages also change in downriver sections following dam creation 

because of regulated flows, diminished flood pulses, and daily freshets (Agostinho et al., 2007; 

Buenaga et al., 2017). Dams and reservoirs act as barriers for upstream and downstream migratory 

species, reducing the stocks of those species (Pelicice & Agostinho, 2008; Pompeu, Agostinho & 

Pelicice, 2012). Although there are often accumulations of fish just downstream of the dam 

(increasing local species richness), those fishes are often more intensively fished at such sites by 

humans (Phelps et al., 2016). The less-disturbed, upriver sections typically show few alterations in 

fish assemblages, except as an indirect result of the proliferation of lentic species from the reservoirs 

(Agostinho et al., 2007). 

Although reservoirs often affect native species negatively, they tend to favor non-native fishes 

(Agostinho et al., 1999; Blackburn et al., 2011; Becker et al., 2016). The translocation of a species is 

the first step of a biological invasion. Subsequently, a species needs to break through a series of 

barriers to establish, reproduce, and disperse in the new environment (Blackburn et al., 2011). 

Reservoirs facilitate breaking many of these barriers for fish (Agostinho et al., 1999; Loures & 

Pompeu, 2018; Daga et al., 2020), leading to increased abundance of non-native fishes over time 

(Franco et al., 2018; Loures & Pompeu, 2018). The Rio Doce has 40 non-native species, and 

reservoirs facilitated the establishment of many of them, such as Cichla kelberi and Oreochromis 

niloticus (Bueno et al., 2021). However, the first introductions of fish species preceded all the 
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mainstem Rio Doce dams, and they occurred to increase the basin’s fisheries for such species as 

Salminus brasiliensis, Pimelodus maculatus and Prochilodus costatus (Ruschi, 1965; Vieira, 2009). 

Therefore in this paper, we report the findings from a survey of the middle Rio Doce after two 

major impacts on its fish fauna, a run-of-river impoundment and the TSF rupture. Following Nimmo 

et al. (2015), the first one is categorized as a press disturbance and the second one as a pulse 

disturbance. To do so, we evaluated the effect of both disturbances on fish abundance and species 

richness and composition. Comparing the river before and after the dam construction , we made three 

predictions. 1) Native fish species richness would decrease after dam creation in the reservoir and 

downriver sections as a result of the creation of an artificial lentic-like environment and altered river 

flow regimes; but it would not change native fish species richness immediately upriver of the 

reservoir. 2) Non-native species would increase in abundance because of the environments provided 

by reservoirs for this group of fishes. 3) Fish assemblage composition would change after dam 

implementation, but not upstream of the reservoir. Comparing the period after the dam 

implemantation and before and after the TSF rupture, we added one more prediction. 4) The fish 

assemblage indicators would decrease in all three sections (upriver, reservoir, downriver) as a result 

of fish mortalities and physicochemical changes in the river mainstem.   

METHODS 

Study area 

The Rio Doce basin is one of the most important hydrographic basins in the northeastern Mata 

Atlântica ecoregion (Abell et al., 2008), draining an area of approximately 83,400 km² and flowing 

for approximately 600 km before reaching the Atlantic Ocean (Vieira, 2009).  Along its course, it 

receives water from large tributaries, such as the Piracicaba, Santo Antônio, Corrente Grande, Suaçuí 

Grande and Manhuaçu. The basin is sub-divided into three reaches: upper, middle and lower Rio 

Doce (Vieira, 2009). 

There are 40 hydroelectric power plants throughout the major tributaries of the Rio Doce. 

They include 10 large-sized hydropower plants (LHP, with gross production > 30 MW/h) and 30 

small hydropower plants (SHP, with gross production < 30 MW/h) (Zambaldi & Pompeu, 2020). 

There are another 97 such plants in the planning phase (22 LHP and 75 SHP) in this basin. In the Rio 

Doce mainstem, four of the 11 planned power plants are already operating (ANEEL, 2010). 
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Our survey was restricted to the middle Rio Doce, which flows 315 km between the Rio 

Matipó confluence, in the state of Minas Gerais, to the border with the state of Espírito Santo (Vieira, 

2009). Our sampling sites encompassed 50 km of the middle Rio Doce between the municipalities of 

Naque and Governador Valadares. Two large tributaries enter the Rio Doce in this reach: the Rio 

Santo Antônio and the Rio Corrente Grande. In 2010, a run-off-the-river hydroelectric power plant 

(Baguari) was built in the Rio Doce, flooding an area of 16 km² along 22 km of the Rio Doce, and 5 

km of the Rio Corrente Grande. The dam is 25 m tall and 478 m wide, built just downriver of the 

Fumaça Waterfall, a sequence of rapids and cascades with a 9-m drop. In November, 2015, this river 

section was seriously altered by the Fundão tailings storage facilities (TSF) rupture located 300 km 

upriver (Figure 2-1). 

Acquisition of environmental data 

We obtained water quality data from the Hidroweb project of the Brazilian environmental 

agency, which measures flow and water quality parameters from the main rivers in Brazil (ANA, 

2018). In the studied reach, data from one station was available, and it is located at the middle Rio 

Doce near the Governador Valadares municipality (station code: 56849000) and downstream of 

Baguari Dam. Water quality measurements began in 1997 and stopped in 2010. After the TSF rupture, 

measurements were made daily for several months in the first year and monthly subsequently. Four 

variables were measured during our study period: temperature (°C), pH, turbidity (NTU), and 

dissolved oxygen (DO, mg/L). 

Ichthyofaunal sampling 

Our fish survey was split into three different temporal phases. 1) A pre-dam phase included 

the period before dam construction from May 2006 to February 2007 (hereafter called “River”).  2) 

A reservoir phase included the reservoir post-filling period from November 2009 to August 2013 

(hereafter called “Dam”). 3) The TSF rupture phase included the post-TSF rupture period from April 

2016 to March 2018 (hereafter called “Rupture”). There were two periods not sampled, ranging from 

March 2007 to October 2009 and from September 2013 to February 2016. Because of the differing 

spatial effects of dams (Agostinho et al., 2007, 2016), the river reach studied was spatially divided 

into three sections that were each sampled during every visit: UPRIVER, located upriver of the 

hydroelectric reservoir, RESERVOIR, located in the reservoir, and DOWNRIVER, located 

downriver of the hydroelectric dam. We chose not to evaluate the longitudinal gradient in the 

RESERVOIR section, because the run-of-river Baguari Reservoir has very little slope, low water 
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residence time, and little increment in sedimentation rates or water transparency (Thornton et al., 

1981; Carneiro & Bini, 2020). 

 
Figure 2-1. Locations of middle Doce River sampling sites. UPRIVER: sites located upriver of 
the hydroelectric reservoir; RESERVOIR: sites located in the run-of-river hydroelectric 
reservoir; DOWNRIVER: sites located downriver of the hydroelectric dam. Black represents 
water; dark-gray represents exposed soil, and white represents forest. It was not possible to 
distinguish between forest and forest plantation areas. 
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We sampled fish quarterly whenever conditions were safe, totaling 25 field visits (4 during 

River, 13 during Dam and 8 during Rupture phases). During each visit, we took three composite 

samples, each one coinciding with a section (UPRIVER, RESERVOIR and DOWNRIVER). We used 

two sets of gillnets per sample, 100 m long each (mesh sizes of 3, 4, 5, 6, 7, 8, 10, 12, 14, and 16 cm 

between opposite knots), varying from 1.5 to 1.8 m-high. The gillnets were fished overnight between 

16:00 and 07:00 (15 hours). Although this method is widely used in the Neotropics (e.g., Pinto, Araujo 

& Hughes, 2006; Barbosa et al., 2015; Sanches et al., 2016), it is considered selective for more mobile 

larger-sized species and individuals (Kotwicki et al., 2017). Collected specimens were fixed in 10% 

formalin and subsequently transferred to 70% alcohol. In the laboratory, fish species were identified 

to the lowest possible taxonomic level, usually species, and assigned as native or not for the basin 

following Viera (2009). Voucher specimens were deposited in five Brazilian ichthyological 

collections (Museu de Ciências Naturais da PUC Minas, Museu de Zoologia da UNICAMP, Museu 

Nacional – MNRJ, Coleção Ictiológica do Nupélia – UEM, and Museu de Biologia Professor Mello 

Leitão). 

Data analyses 

Water quality  

We obtained 120 samples each of temperature, dissolved oxygen (DO), turbidity, and pH: 44 

for the River phase, 8 for the Dam phase, and 68 for the Rupture phase from Hidroweb. We performed 

a principal component analysis (PCA) based on a Euclidean distance matrix using standardized data. 

This method is recommended to analyze metrics measured in different levels of resolution, and after 

standardization, data reflect the distance from the mean in units of standard deviation (Legendre & 

Legendre, 2012). To test for differences between phases (River, Dam, and Rupture), we used a 

permutational multivariate analysis of variance (PERMANOVA) (Anderson, 2001; Legendre & 

Legendre, 2012). 

Fish assemblages 

Seeking to understand the temporal variation in fish assemblages, the data from each section 

(UPRIVER, RESERVOIR and DOWNRIVER) were analyzed separately (Figure 2-1). We chose to 

test those data separately because the spatial effects of dams are already well documented in the 

literature (Agostinho et al., 2007, 2016). Because abundance is affected by sampling effort (Harley, 

Myers & Dunn, 2001), abundance data were converted to catch per unit effort (CPUE), calculated by 

the number of fish caught in 100 m² of gillnets fished (100 m²/15 h). To consider the abundance effect 
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on the number of species collected, species richness for each site was assessed by applying an 

individual-based extrapolation method (n = 300) using the iNext package in R  (Colwell et al., 2012; 

Oksanen et al., 2015; R Core Team, 2017). Because CPUE can be affected by seasonal influences, 

we assessed the difference in species richness between seasons (receding, low, rising and high water) 

using ANOVA. Once we observed no significant seasonal variation in species richness for any of the 

sections (UPRIVER: F = 2.080; d.f. = 3; p = 0.133/ RESERVOIR: F = 0.188; d.f. = 3; p = 0.903/ 

DOWNRIVER: F = 1.420; d.f. = 3; p = 0.265) (Supplementary 2-1), we combined data from all 

seasons in the analyses.  

To assess differences in species richness and abundance, we used native and non-native 

extrapolated species richness and CPUE by phases/section. We assessed native and non-native data 

separately because anthropogenic impacts can favor the establishment and spread of non-natives, 

leading to different patterns than for natives (Martins et al., 2015; Loures & Pompeu, 2018). To do 

so, both, richness and abundance values were log-transformed and examined using two-way 

ANOVA, with phases and sections the categorical variables. For significant differences, we 

performed an a posteriori multiple comparison test (Zar, 2010). All statistical tests were carried out 

considering a 5% significance level. We chose not to use a temporal analysis because we paused our 

collections for two years twice, between March 2007 to October 2009 and from September 2013 to 

February 2016, making this kind of analysis inappropriate.  

Changes in fish assemblage composition among the three phases (River, Dam and Rupture) 

were analyzed using a PERMANOVA, and the results were summarized using a Principal 

Coordinates Analysis (PCoA) based on a Bray-Curtis dissimilarity index for each section (UPRIVER,  

RESERVOIR, DOWNRIVER; Anderson, 2001; Legendre & Legendre, 2012). To reduce the effects 

of dominant species, we log-transformed [log(10)(x + 1)] species abundance data. To assess how each 

species contributed to differences among treatments we conducted a similarity percentile analysis 

(SIMPER) (Clarke, 1993; Legendre & Legendre, 2012). Both analyses were performed in R (R Core 

Team, 2017). 

RESULTS 

Water quality  

Among the water quality variables, turbidity showed considerable changes during the phases, 

decreasing in Dam (55 ± 70) when compared with River (85 ± 142), and increasing in Rupture (4,408 

± 18,073), when compared with both River and Dam (Table 2-1). Just after the rupture, turbidity 

reached a peak of 140,000 NTUs and then decreased gradually during the entire year until the next 
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wet season, when it again reached a small peak of 2,003 NTUs (Supplementary 2-2). Dissolved 

oxygen remained near 7 mg/l in all three phases (River = 7.69 ± 0.11 mg/l; Dam = 7.73 ± 0.16 mg/l; 

Rupture = 6.89 ± 0.16 mg/l) (Table 2-1). However, just after the rupture, DO decreased to near anoxic 

(0.50 mg/l) in some days (Supplementary 2-2). Neither temperature nor pH showed marked changes 

during the temporal phases (Table 2-1; Supplementary 2-2).  

The first two PCA axes explained 75.0 % of the water quality data variation, with the first axis 

explaining 47.5 %, and the second axis explaining 27.5 % (Figure 2-2). PCA-1 was positively 

correlated with turbidity (loading = 0.63), and negatively with DO (loading = - 0.69). PCA-2 was 

positively correlated with pH (loading = 0.84), and negatively with temperature (loading = - 0.47). 

We found no significant difference in water quality between phases (PERMANOVA: pseudo-F = 

2.442; d.f. = 2; p = 0.06), although greater variability occurred in the Rupture phase. 

 

Table 2-1. Water quality conditions of the main channel of the middle Rio Doce. 

Variables Phase N Min. Mean Max. 

Te
m

p.
 

(°
C)

 River 44 19.0 26.4 ± 0.44 32.5 
Dam 8 24.3 27.9 ± 0.91 31.8 

Rupture 68 21.2 27.6 ± 0.34 34.3 

pH
 River 44 6.20 7.08 ± 0.06 8.20 

Dam 8 6.40 6.81 ± 0.13 7.50 
Rupture 68 6.00 6.96 ± 0.05 7.80 

Tu
rb

. 
(N

TU
) River 44 5 85 ± 141 794 

Dam 8 6 54 ± 70 206 
Rupture 68 3 4,407 ± 18,073 140,000 

D
.O

. 
M

g/
L River 44 6.00 7.69 ± 0.11 9.30 

Dam 8 7.10 7.73 ± 0.16 8.50 
Rupture 68 0.50 6.89 ± 0.16 8.60 
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Figure 2-2. Water quality variables through the middle Rio Doce sampling phases showing the TSF disaster effect on 
turbidity and dissolved oxygen. River = pre-dam; Dam = reservoir post-filling; Rupture = TSF rupture. PERMANOVA 
was used to test the differences between phases (River x Dam x Rupture). 

Fish assemblages 

Our ichthyofaunal collections produced six orders, 18 families, and 42 species, 28 of which 

are native to the basin and 14 non-native (Table 2). The total richness in each section differed only 

slightly during the study:  UPRIVER (39), RESERVOIR (32), DOWNRIVER (38). Thirty species 

occurred in all three sections; however, Brycon dulcis, Australoheros cf. ipatinguensis and 

Synbranchus sp. were collected only in the UPRIVER section, whereas the hybrid Colossoma 

macropomum x Piaractus mesopotamicus and Gymnotus sylvius occurred only in the DOWNRIVER 

section. Seven other species occurred in two sections (Table 2-2). 

Table 2-2. Fish species collected in the main channel of the middle Rio Doce between 2006 and 2018. † Non-native 

species. 

ORDER/Familly/Species 
SECTION 

UPRIVER RESERVOIR DOWNRIVER 

CHARACIFORMES    

Anostomidae    

Hypomasticus copelandii (Steindachner 1875) x x x 
Megaleporinus conirostris (Steindachner 1875) x x x 
Megaleporinus obtusidens (Valenciennes 1837) † x x x 

Bryconidae    

Brycon dulcis Lima & Vieira 2017 x   

Salminus brasiliensis (Cuvier 1816) † x x x 
Characidae    

Astyanax lacustris (Lütken 1875) x x x 



    19 

 

ORDER/Familly/Species 
SECTION 

UPRIVER RESERVOIR DOWNRIVER 
Astyanax sp. x  x 
Deuterodon aff. taeniatus (Jenyns 1842) x  x 
Oligosarcus acutirostris Menezes 1987 x x x 
Psalidodon aff. fasciatus (Cuvier 1819) x x x 

Curimatidae    

Cyphocharax gilbert (Quoy & Gaimard 1824) x x x 
Erytrinidae    

Hoplias gr. malabaricus (Bloch 1794) x x x 
Hoplias intermedius (Günther 1864) x x x 

Prochilodontidae    

Prochilodus costatus Valenciennes 1850 † x x x 
Prochilodus vimboides Kner 1859 x x x 

Serrasalmidae    

Colossoma macropomum x Piaractus mesopotamicus †   x 
Metynnis cf. lippincottianus (Cope 1870) † x  x 
Pygocentrus nattereri Kner 1858 † x x x 

GYMNOTIFORMES    

Gymnotidae    

Gymnotus aff. carapo Linnaeus 1758 x x x 
Gymnotus sylvius Albert & Fernandes-Matioli 1999   x 

CICHLIFORMES    

Cichlidae    

Australoheros cf. ipatinguensis Ottoni & Costa 2008 x   

Cichla cf. kelberi Kullander & Ferreira 2006 † x x x 
Coptodon rendalli (Boulenger 1897) † x x  

Crenicichla lacustris (Castelnau 1855) x x x 
Geophagus brasiliensis (Quoy & Gaimard 1824) x x x 
Oreochromis niloticus (Linnaeus 1758) † x x x 

PERCIFORMES    
Scianidae    

Pachyurus adspersus Steindachner 1879 x x x 
SILURIFORMES    

Auchenipteridae    

Glanidium botocudo Sarmento-Soares & Martins-Pinheiro 2013 x x x 
Pseudauchenipterus affinis (Steindachner 1877) x x x 
Trachelyopterus striatulus (Steindachner 1877) x x x 

Callichthydae    

Hoplosternum littorale (Hancock 1828) † x x x 
Clariidae    

Clarias gariepinus (Burchell 1822) † x x x 
Heptapteridae    

Pimelodella sp. x  x 
Rhamdia quelen (Quoy & Gaimard 1824)  x x 

Loricariidae    

Delturus carinotus (LaMonte 1933) x  x 
Hypostomus affinis (Steindachner 1877) x x x 
Hypostomus luetkeni (Steindachner 1877) x x x 
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ORDER/Familly/Species 
SECTION 

UPRIVER RESERVOIR DOWNRIVER 
Loricariichthys castaneus (Castelnau 1855) x x x 
Pogonopoma wertheimeri (Steindachner 1867) † x x x 

Pimelodidae    

Pimelodus maculatus Lacepède 1803 † x x x 
Pseudopimelodidae    

Lophiosilurus alexandri Steindachner 1876 † x x x 
SYMBRANCHIFORMES    

Symbranchydae    

Synbranchus sp. x   

 

The extrapolated total native and non-native species richness showed no significant 

differences among phases or sections (native/phase: F = 1.012, p = 0.369; native/sections: F = 1.155, 

p = 0.321; native/interactions: F = 0.489, p = 0.743) (non-native/phase: F = 0.274, p = 0.761; non-

native/sections: F = 0.542, p = 0.583; non-native/interactions: F = 0.880, p = 0.480) (Figure 2-3; 

Supplementary 2-3). Unlike total species richness, native species CPUE was significant for 

interaction between phases and sections (native/phase: F = 6.359, p = 0.003; native/sections: F = 

1.538, p = 0.222; native/interactions: F = 4.814, p = 0.001). The results also show distinct temporal 

patterns for sections, with higher native species CPUE values in River (23.75 ± 4.98) and Dam (23.20 

± 4.25), compared with Rupture (8.71 ± 3.15) in UPRIVER. Similarly, for all temporal phases, native 

species CPUE values in RESERVOIR (River = 10.73 ± 1.11; Dam = 13.48 ± 1.35) were higher than 

in Rupture = 9.61 ± 2.79). However, native species CPUE values were lower in River (4.71 ± 1.33) 

when compared with Dam (17.31 ± 3.35) and Rupture (16.96 ± 4.02) in DOWNRIVER (Figure 2-3; 

Supplementary 2-4 and Supplementary 2-5). Non-native fish species CPUE was significant for 

temporal phases, showing similar patterns between sections (non-native/phase: F = 14.650, p < 0.001; 

non-native/sections: F = 0.799, p = 0.454; non-native/interactions: F = 0.806, p = 0.525). Non-native 

fish species CPUE during Rupture (UPRIVER = 7.86 ± 0.74; RESERVOIR = 7.11 ± 0.78; 

DOWNRIVER = 6.18 ± 1.27) was higher than during both River (UPRIVER = 4.34 ± 2.78; 

RESERVOIR = 4.78 ± 3.51; DOWNRIVER = 1.77 ± 0.91) and Dam temporal phases (UPRIVER = 

3.42 ± 0.64; RESERVOIR = 2.90 ± 0.43; DOWNRIVER = 3.54 ± 0.71) (Figure 2-3; Supplementary 

2-4, and Supplementary 2-6). 
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Figure 2-3. Native and non-native extrapolated species richness and CPUE variation in the middle Rio Doce during the 
three sampling phases (River = pre-dam; Dam = dam post-filling; Rupture = TSF rupture) by section (UPRIVER, 
RESERVOIR and DOWNRIVER). * indicates significative p values. Central lines represent medians, boxes represent 
quartiles (25% and 75%), external lines represent non-outlier ranges (95%), dots represent outliers. 

 

 Fish assemblage composition as measured by a Bray-Curtis dissimilarity index differed 

between River and Dam temporal phases versus the Rupture phase in the UPRIVER section (pseudo-

F = 4.100; d.f. = 2; p = 0.001/ Pairwise test: River x Dam = 0.540; River x Rupture = 0.006; Dam x 

Rupture = 0.003) (Figure 2-4). This dissimilarity was influenced by decreased abundances of 

Oligosarcus acutirostris, Astyanax lacustris, Trachelyopterus striatulus, Loricariichthys castaneus, 

Pogonopoma wertheimeri and Gymnotus aff. carapo, and increased abundances of Pimelodus 

maculatus, Hoplosternum littorale and Pygocentrus nattereri (Table 2-3). On the other hand, fish 
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assemblage composition changed between all three temporal phases for RESERVOIR and 

DOWNRIVER sections (RESERVOIR: pseudo-F = 5.015; d.f. = 2; p = 0.001/ Pairwise test: River x 

Dam = 0.003; River x Rupture = 0.009; Dam x Rupture = 0.003/ DOWNRIVER: pseudo-F = 5.170; 

d.f. = 2; p = 0.001/ Pairwise test: River x Dam = 0.006; River x Rupture = 0.018; Dam x Rupture = 

0.003) (Figure 2-4). For the RESERVOIR section, A. lacustris and Prochilodus costatus were more 

abundant in the River phase; L. castaneus, Megaleporinus conirostris, O. acutirostris and T. striatulus 

were more abundant in the Dam phase; and Pachyurus adspersus and P. nattereri were more 

abundant in the Rupture phase (Table 2-3). For the DOWNRIVER section, Hypostomus luetkeni and 

P. maculatus were more abundant in the Dam phase and A. lacustris, Hypostomus affinis, O. 

acutirostris, P. adspersus, P. nattereri and T. striatulus were more abundant in the Rupture phase 

(Table 2-3). 

Table 2-3. Most important species selected by SIMPER for distinguishing the UPRIVER section during the three 
study periods (River, Dam, Rupture) between 2006 and 2018.  † Non-native species. The complete table for each 
section can be found in Supplementary 2-7. 

Section Taxon Av. Dis. 
Contr. 

(%) 
Cum. 
(%) 

Mean 

River Dam Rupture 

U
PR

IV
ER

 

Oligosarcus acutirostris 4.63 8.37 8.37 0.85 0.95 0.22 
Astyanax lacustris 4.53 8.19 16.55 1.47 1.53 0.82 
Pimelodus maculatus† 4.12 7.43 23.98 0.08 0.73 1.14 
Trachelyopterus striatulus  3.09 5.57 29.56 0.66 0.38 0.30 
Lorichariichthys castaneus 2.97 5.36 34.92 0.82 0.62 0.32 
Pogonopoma wertheimeri† 2.59 4.68 39.59 0.51 0.44 0.40 
Hoplosternum li orale† 2.54 4.59 44.18 0.25 0.09 0.56 
Pygocentrus na ereri † 2.53 4.57 48.75 0.25 0.02 0.46 
Gymnotus aff. carapo 2.30 4.16 52.91 0.52 0.34 0.10 

RE
SE

RV
O

IR
 

Pygocentrus na ereri† 5.43 9.46 9.46 0.25 0.26 1.15 
Astyanax lacustris 4.31 7.52 16.98 1.24 0.83 0.68 
Megaleporinus conirostris 3.80 6.61 23.59 --- 0.62 0.20 
Trachelyopterus striatulus 3.76 6.55 30.14 0.18 0.72 0.49 
Oligosarcus acutirostris 3.65 6.37 36.51 0.48 0.68 0.35 
Pachyurus adspersus 3.37 5.86 42.37 --- --- 0.69 
Loricariichthys castaneus 2.96 5.16 47.53 0.66 0.80 0.70 
Prochilodus costatus† 2.74 4.77 52.30 0.45 0.33 0.26 

D
O

W
N

RI
VE

R 

Hypostomus luetkeni 5.89 9.34 9.34 --- 1.05 0.29 
Astyanax lacustris 4.63 7.34 16.68 0.65 0.96 1.01 
Oligosarcus acutirostris 4.53 7.18 23.86 --- 0.60 0.79 
Pygocentrus na ereri† 4.45 7.05 30.91 0.08 0.20 0.94 
Pachyurus adspersus 4.27 6.76 37.68 --- --- 0.87 
Trachelyopterus striatulus 4.21 6.67 44.35 0.20 0.39 0.87 
Pimelodus maculatus† 3.18 5.03 49.38 0.41 0.69 0.52 
Hypostomus affinis 2.74 4.35 53.73 0.41 0.56 0.77 
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Figure 2-4.  Principal Coordinates 
Analysis of middle Rio Doce fish 
assemblage composition. River = 
pre-dam; Dam = dam post-filling; 
Rupture = TSF rupture. 
PERMANOVA was used to test the 
differences between phases (River x 
Dam x Rupture). 
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DISCUSSION 

Water quality  

The Fundão TSF rupture was a critical environmental disaster in Brazil and one of the largest 

mining accidents in the world (Escobar, 2015; Abdelouas, 2019; Salvador et al., 2020). The volume 

of tailings carried downriver, and the length of river affected by the tailings are the largest recorded 

in mining history (Abdelouas, 2019). As a direct consequence, we observed sudden changes in both 

turbidity and DO concentration soon after the disaster. Values above 1,000 NTU were measured 

throughout the first year after the disaster. Nearly anoxic DO levels were observed for a month after 

the disaster. The peak of turbidity, reduction of DO, and the deposit of ore tailings in the Rio Doce 

are believed to be the main causes of mass mortality of fish observed in the Rio Doce after the disaster 

(ANA, 2016a). After the rupture, iron ore tailings were deposited along the Rio Doce channel, 

changing its hydrology and coating substrates with ferric oxide flocs (Grilo et al., 2018). However, 

contrary to our expectations, no significant variation in those parameters was observed. 

Turbidity would be expected to vary between all three phases. A reservoir tends to act as a 

sediment trap and it is common to observe a reduction in turbidity downstream of hydroelectric dams 

(de Cesare, Schleiss & Hermann, 2001). The location for measuring water quality variables was 

downstream from the Baguari hydroelectric plant and it did not receive any large effluent that could 

significantly alter turbidity. A plausible explanation is that Baguari HPP reservoir is a small run-of-

river system that traps little sediment (Dendy & Cooper, 1984). This is reinforced by the fact that the 

lowest turbidity value recorded occurred during Dam phase. Also, the Fundão TSF spill produced a 

pulse of turbidity in the Doce River and a gradual return to pre-Rupture values (Rudorff et al., 2018), 

with turbidity oscillating around 3000 NTUs just one month after Rupture and DO returning to 

acceptable values after a few days (ANA 2018). This quick return, combined with the type of analysis 

(grouping the data into categories) and sample series used in our study, may have resulted in our 

missing short-term differences between Rupture and the River and Reservoir phases.   

The returns of those parameters to prior disaster values do not indicate that the rupture did not 

affect the Rio Doce. Many parameters, such as metals and organic chemicals, were not measured 

throughout our entire study period by ANA (2018) and, consequently, were not analyzed here. 

However, studies carried out after the disaster (Rupture phase) showed increased metals 

concentrations along the river, leading to contamination of aquatic life (Hatje et al., 2017; Omachi et 

al., 2018; Weber et al., 2020; Vergilio et al., 2021). The contamination of water and aquatic life, 

especially fish, is considered one of the worst consequences of this disaster. The Rio Doce basin is 
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home for more than 1 million people, and thousands of those are dependent on water supply from the 

Rio Doce, and other thousands lived on the river’s fisheries (Viana, 2017; Santana et al., 2021). 

Fish assemblages 

Although we hypothesized that there would be River, Dam, and Rupture phase changes in 

native, and non-native species richness in river sections, we observed no significant differences. The 

reasons seem to differ for native versus non-native fish. Usually, a dam affects the fish fauna upriver, 

in the reservoir, and downriver of the dam (Agostinho et al., 2007, 2016). The major effects are 

observed in the reservoir as a consequence of the creation of a lentic-like environment, with the 

replacement of many lotic fish species by lentic species. However, Baguari produced a run-of-river 

reservoir that filled the seasonal riverbed almost entirely in the fluvial zone, which usually shows 

lower impacts than in the lacustrine zone (Agostinho et al., 2007, 2016; Baumgartner, Baumgartner 

& Gomes, 2018; Sanches et al., 2016). River fragmentation also could extirpate migratory fishes 

(Pelicice & Agostinho, 2008). Nonetheless, there are many dam-free river reaches up- and down-

river of Baguari, many of which are more than 100 km long and in which migratory fishes can 

reproduce (Santos et al., 2012). Another factor that helps explain the absence of differences between 

River and Dam phases for both native and non-native species richness was the previous extirpation 

of sensitive species (Ruschi, 1965; Alves et al., 2007; Vieira, 2009; Gomes et al., 2020) and the prior 

occurrences of resistant non-native species (Magurran, 2013; Soares et al., 2017; Bueno et al., 2021). 

These factors may explain the absence of differences between River and Dam temporal phases, but 

not the absence of expected differences between Dam and Rupture. We expected reduced species 

richness in all sections as a result of the high fish mortality following the rupture (Neves et al., 2016; 

Grilo et al., 2018). However, recolonization occurred quickly, except for native species in 

DOWNRIVER and non-natives in RESERVOIR during the first year. In this case, the quick return 

of water quality (especially turbidity and DO) and refuges in large nearby tributaries provided 

conditions for relatively rapid fish recolonization of the Rio Doce mainstem. Those tributaries contain 

all the species recorded in the Rio Doce mainstem (Barbosa et al., 1997; Vieira, 2006; 2009) and 

were not directly affected by the mudflow. Unfortunately, our method prevents detecting how this 

recolonization occurred. 

Unlike fish species richness, we observed the expected differences in fish abundance (CPUE) 

among sampling phases. Native fish abundance showed distinct patterns between sections and phases, 

but non-native abundance showed a pattern only among sections. The absence of difference in native 

abundance between River and Dam in UPRIVER was expected given its minimal change following 



    26 

 

dam construction (Agostinho et al., 2007, 2016; Mazzoni & Petito, 2012). For RESERVOIR, the 

maintenance of the native fish abundance likely resulted from the run-of-river or fluvial character of 

Baguari reservoir (Okada et al., 2005).  The greater abundance of native species in the DOWNRIVER 

section during the Dam phase versus the River phase likely resulted from the creation of a lentic-like 

environment just downstream of the Baguari dam spillway. The 600-m reach between the spillway 

and the tailrace receives little water during most of the year, mostly occurring during the November-

February wet season. Those conditions favored increased abundances of lentic species (Gomes et al., 

2015; Loures & Pompeu, 2018). Comparing Dam and Rupture phases, we observed a decline in native 

fish abundance only in the UPRIVER section, which could be linked to its sinuosity and substrate 

type. The UPRIVER section meanders, with sandy beaches inside the curves. Tailings were deposited 

on the beaches and remained after the wet season. The DOWNRIVER section is nearly straight and 

the principal substrate is bedrock, from which most of the tailings were washed during the wet season.  

The results for abundance of non-native species also showed unexpected responses in the 

sections. Some non-native species increased in abundance in the Dam phase, other species 

experienced reduced abundance, resulting in a turnover of more abundant non-native species. 

Comparing Dam and Rupture phases, non-native abundance increased in all sections. Hoplosternum 

littorale, Pygocentrus nattereri and P. maculatus increased in abundance during the Rupture phase. 

Those species have traits that increase their capacities to colonize new environments, such as high 

fecundity and accessory respiration (Jucá-Chagas & Boccardo, 2006; Maia et al., 2007; Arantes et 

al., 2019; Su, Villéger & Brosse, 2020). Such traits may have helped them establish populations in 

the Rio Doce faster than native species.  

Although total species richness and native abundance were poor predictors of the dam and 

TSF rupture impacts, fish assemblage composition showed clear changes from both pressures, as we 

hypothesized. We observed distinct phase changes in fish assemblage composition for the 

RESERVOIR and DOWNRIVER sections, and between River and Dam phases versus the Rupture 

phase for the UPRIVER section. The similarity between fish assemblage composition in the River 

and Dam phases in the UPRIVER section is likely the result of minimal hydrologic alterations upriver 

of the run-of-river reservoir (Agostinho et al., 2007, 2016; Baumgartner et al., 2018). We expected 

differences in fish assemblage composition between the River and Dam phases in the RESERVOIR 

section because of the transformation of a lotic environment into a somewhat more lentic 

environment. Such changes usually lead to changes in both species composition and abundance, 

reflecting lost connectivity and altered hydrologic conditions (Pelicice & Agostinho, 2008; Petesse 

& Petrere, 2012; Agostinho et al., 2016). However, in our study the proximity of a long free-flowing 
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upriver section relative to the small run-of-the-river reservoir that we sampled led to few local 

extirpations or assemblage composition changes. In addition, some large migratory species had been 

introduced to the Rio Doce prior to dam construction. The abundances of those two species were 

reduced, but they were not extirpated, after the Dam phase. On the other hand, some small- and 

medium-sized species became more abundant following reservoir creation by providing them with 

improved spawning and rearing conditions (Gomes et al., 2011; Ferreira et al., 2013). The change in 

fish assemblage composition after the Rupture phase was associated with increases in non-native 

species that had previously established populations in the Rio Doce (Vieira, 2009). Some native 

generalist benthic invertivores also benefited from the disaster, probably because of increased 

amounts of tolerant macroinvertebrates (Linares et al., 2019) and molluscs. 

In all cases, it is important to consider our study in the context of earlier historical landscape 

and riverscape changes (Harding et al., 1998; Fausch et al., 2002). Although we assessed two major 

environmental changes in the Rio Doce basin, the degradation of this basin began in the eighteenth 

century, with the discovery and extraction of gold in its headwaters (Borba et al., 2000). Today, most 

of the native Atlantic Forest has been replaced by human land uses (Pinto, 1945; ANA, 2016b). Rivers 

lacking riparian forests are more susceptible to bank erosion (Barrella et al., 2001), which is occurring 

throughout the basin, and even small amounts of forest removal can eliminate sensitive taxa (Dala‐

Corte et al., 2020; Martins et al., 2021). Large continuous forests remain in only three protected areas: 

Rio Doce State Park, Serra do Brigadeiro State Park, and Gandarela National Park, lying in the upper 

and middle reaches of the Rio Doce basin. Elsewhere, high levels of soil erosion are common. 

Historical records show that the Rio Doce was once deep (Mascarenhas, 1898), but in recent years its 

average depth has been <3 m. Such massive changes in vegetation cover and soil erosion can 

substantively alter river flow regimes, bed substrate, and channel morphology (Poff, Bledsoe & 

Cuhaciyan, 2006; Wohl, Lininger & Baron, 2017). 

The Rio Doce basin’s previous history of deforestation, soil erosion, riverbank erosion, and 

industrial and domestic pollution limited the potential impact to fish assemblages from the dam and 

TSF rupture. Some species that once inhabited the river (e.g., Henochilus wheatlandii, 

Steindachneridion doceanum) are currently extirpated (Vieira, 2006). The sum of all these impacts, 

including those we studied, favored increased numbers of non-native fish species. This prevalence of 

non-native species may affect the long-term ecological stability of the river if they are more resilient 

than native species to climate change and further anthropogenic changes. The losses from those 

impacts can be even greater if we consider the possible loss of cryptic or spatially rare species present 

in the basin (Sales et al., 2018; Hughes et al., 2021). 
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It is important to note that gillnets are a poor sampling method for small-sized benthic species 

that move small distances such as Trichomycterus spp. (Kotwicki et al., 2017; Miranda-Chumacero 

et al., 2015), which are present in the Rio Doce, but which we never collected. Gillnets also do a poor 

job of collecting eel-like fishes such as Symbranchus sp. and Gymnotus spp., which we rarely 

collected. Therefore, gillnetting, or any single river sampling method for riverine fishes, usually 

underestimates the entire fish assemblage (Curry et al., 2009; Guy et al., 2009; Dunn & Paukert, 

2020). Such small-sized species usually are less resilient than medium- and large-sized species and 

have lower migratory capacities (Hitt & Angermeier, 2008; Matthews, 2012).  Nonetheless, it would 

be interesting to understand how the TSF rupture influenced such species. Furthermore, although we 

observed fish recolonization in the study area after the TSF rupture, it is 300 km from the TSF. The 

middle Rio Doce has two hydroelectric reservoirs, but also has long free-flowing segments (Zambaldi 

& Pompeu, 2020). It would be interesting to evaluate the mainstem recovery from the TSF over the 

entire Rio Doce, thereby incorporating a study perspective based on Riverscape (Fausch et al., 2002; 

Herlihy et al., 2022) and Serial Discontinuity (Ward & Stanford, 1995) concepts. Nonetheless, we 

believe that our observed changes in fish assemblage composition indicated clear effects on middle 

Rio Doce fish assemblages resulting from both the dam and the TSF rupture. 

Summary, Conclusions & Recommendations 

Although our study design was not ideal to analyze a pulse disturbance, the changes in fish 

assemblage composition that we observed indicate clear effects on middle Rio Doce fish assemblages 

resulting from both the dam and the TSF rupture. Even a run-off-the-river reservoir may favor more 

generalist species while maintining lower abundances of riverine species. The presence of free-

flowing reaches in the Doce basin also permitted the maintenance of migratory fishes up- and down-

river of Baguari dam. Changes in substrate and water quality were rapid and relatively short-lived, 

but changed fish assemblage composition and favored non-native and generalist native species.  

Because of the limited extent of our monitoring, we recommend additional TSF and dam 

studies in the Rio Doce basin based on four perspectives. Firstly, the survey should be conducted 

throughout the affected and unaffected segments of the basin, preferably based on a systematic 

probability survey design (e.g., LaVigne, Hughes & Herlihy, 2008; Hughes et al., 2012; Herlihy et 

al., 2022). Secondly, environmental parameters should include sedimentary metals, which are 

persistent contaminants after dam failures (Woody et al., 2010; Hughes et al., 2016), as well as 

quantitative measures of physical habitat structure (Herlihy et al., 2022; Leal et al., 2016; Leitão et 

al., 2018). Thirdly, the fish assemblage indicators should include tolerant and non-native species 
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abundances, fish assemblage composition and a multimetric index (Terra et al., 2013; de Carvalho et 

al., 2017). Fourthly, it is important to create baseline data for fish assemblages throughout the entire 

basin given the high probabilty of new ruptures. It would then be essential to be prepared to implement 

monthly fish assemblage collections just after the rupture to understand the degree to which the 

ichthyofauna recolonized and the resilience capacity of the river.    

Nonetheless, we believe that the Doce basin native fish assemblages could eventually be rehabilitated 

as they were in the Willamette River, Oregon, and Scioto River, Ohio, both of which were once 

severely polluted (Hughes et al., 2019; Yoder et al., 2019). To increase the probability of doing so, it 

will be necessary to reforest much of the basin and large extents of its riparian forest (Pires et al., 

2017). It will also be necessary to increase riverscape connectivity (Fausch et al., 2002), discouraging 

the construction of new hydroelectric plants in the basin and facilitating fish passage around dams 

and reservoirs and locating them more strategically (O’Hanley et al., 2020; Twardek et al., 2022). 

New methods of tailings storage are needed to reduce or eliminate the probability of further dam 

failures, including removal of existing tailings storage facilities (Davies, 2011; Franks et al., 2011; 

Salvador et al., 2020). Further recuperation of the Rio Doce basin requires sewage and industrial 

waste treatment, recovery of the river’s flow regime, and reduced non-native species abundances, as 

has occurred in some USA and European basins (e.g., Schinegger et al., 2016; Hughes et al., 2019). 

In other words, to rehabilitate the Rio Doce, we must consider historical factors and the considerable 

investments needed throughout the entire basin to recover riverine ecosystem processes and functions 

(Pires et al., 2017).  
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SUPPLEMENTARY MATERIAL 

 
Supplementary 2-1. Species richness variation through seasons in the middle 
Rio Doce. 
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Supplementary 2-2. Water quality variables through time in the middle Rio Doce sampling phases. 
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Supplementary 2-3. Native and non-native extrapolated species richness variation through time in the middle Rio Doce 
during the three sampling phases (River = pre-dam; Dam = dam post-filling; Rupture = TSF rupture) by section 
(UPRIVER, RESERVOIR and DOWNRIVER). 
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Supplementary 2-4. Native and non-native abundance in CPUEn variation through time in the middle Rio Doce during 
the three sampling phases (River = pre-dam; Dam = dam post-filling; Rupture = TSF rupture) by section (UPRIVER, 
RESERVOIR and DOWNRIVER). 
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Supplementary 2-5. Post-hoc Tukey test for native CPUE between sections and phases. 

  Sections UPRIVER RESERVOIR DOWNRIVER 

Sections Phase River Dam Rupture River Dam Rupture River Dam Rupture 

UPRIVER 

River #                 

Dam 1.000 #               

Rupture 0.073 0.011 #             

RESERVOIR 

River 0.805 0.767 0.948 #           

Dam 0.866 0.765 0.386 1.000 #         

Rupture 0.107 0.021 1.000 0.977 0.521 #       

DOWNRIVER 

River 0.015 0.003 0.963 0.509 0.084 0.924 #     

Dam 0.947 0.920 0.226 0.998 1.000 0.332 0.045 #   

Rupture 0.932 0.910 0.432 1.000 1.000 0.559 0.100 1.000 # 

 

Supplementary 2-6. Post-hoc Tukey test for non-native CPUE between phases. 

 RIVER DAM RUPTURE 
RIVER #   
DAM 0.251 #  
RUPTURE 0.000 0.000 # 
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Supplementary 2-7. Most important species selected by SIMPER for distinguishing the UPRIVER, RESERVOIR and 
DOWNRIVER sections during the three study periods (River, Dam, Rupture) between 2006 and 2018.  † Non-native 
species. 

UPRIVER 

Taxon Av. Dis. 
Contr. 

(%) 

Cum. 

(%) 

Mean 

River Dam Rupture 

Oligosarcus acutirostris 4.63 8.37 8.37 0.85 0.95 0.22 
Astyanax lacustris 4.53 8.19 16.55 1.47 1.53 0.82 
Pimelodus maculatus† 4.12 7.43 23.98 0.08 0.73 1.14 
Trachelyopterus striatulus  3.09 5.57 29.56 0.66 0.38 0.30 
Lorichariichthys castaneus 2.97 5.36 34.92 0.82 0.62 0.32 
Pogonopoma wertheimeri† 2.59 4.68 39.59 0.51 0.44 0.40 
Hoplosternum li orale† 2.54 4.59 44.18 0.25 0.09 0.56 
Pygocentrus na ereri † 2.53 4.57 48.75 0.25 0.02 0.46 
Gymnotus aff. carapo 2.30 4.16 52.91 0.52 0.34 0.10 
Hypostomus affinis 2.30 4.15 57.06 0.71 0.46 0.71 
Prochilodus costatus† 2.22 4.01 61.06 0.40 0.27 0.25 
Cyphocharax gilbert 2.13 3.85 64.92 0.29 0.34 0.08 
Pseudauchenipterus affinis 2.07 3.73 68.65 0.18 0.26 0.27 
Hoplias intermedius 1.50 2.71 71.36 0.35 0.17 0.11 
Megaleporinus conirostris 1.34 2.42 73.78 0.08 0.15 0.21 
Hoplias gr. malabaricus 1.29 2.33 76.11 0.23 0.15 0.17 
Salminus brasiliensis † 1.22 2.21 78.32 0.18 0.14 0.10 
Psalidodon aff. fasciatus 1.21 2.18 80.50 0.08 0.20 --- 
Clarias gariepinus† 1.12 2.02 82.52 0.35 0.09 --- 
Pachyurus adspersus 1.05 1.89 84.41 --- --- 0.23 
Lophiosilurus alexandri† 0.91 1.65 86.05 0.15 0.11 0.04 
Prochilodus vimboides 0.90 1.63 87.69 0.28 0.02 0.08 
Oreochromis nilo cus† 0.82 1.48 89.17 --- 0.07 0.12 
Glanidium botocudo 0.77 1.39 90.55 0.25 --- 0.04 
Geophagus brasiliensis 0.73 1.32 91.87 0.15 0.07 0.04 
Cichla cf. kelberi† 0.72 1.29 93.17 0.12 0.08 0.04 
Coptodon rendalli† 0.57 1.04 94.20 --- --- 0.11 
Brycon dulcis 0.56 1.01 95.21 --- 0.05 0.11 
Australoheros cf. 
ipatinguensis 

0.48 0.86 96.07 --- --- 0.10 

Pimelodella sp. 0.33 0.59 96.66 0.12 --- --- 
Hypostomus luetkeni 0.33 0.59 97.25 --- 0.06 --- 
Metynnis cf. 
lippinco anus† 

0.31 0.57 97.82 --- 0.02 0.04 

Delturus carinotus 0.31 0.56 98.38 0.08 0.02 --- 
Synbranchus sp. 0.21 0.37 98.75 0.08 --- --- 
Megaleporinus obtusidens† 0.19 0.35 99.10 --- 0.04 --- 
 Deuterodon aff. taeniatus 0.15 0.27 99.37 0.08 --- --- 
Crenicichla lacustris 0.14 0.25 99.62 --- --- 0.04 
Astyanax sp. 0.11 0.21 99.83 --- 0.02 --- 
Hypomasticus copelandii 0.10 0.17 100.00 --- 0.02 --- 
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RESERVOIR 

Taxon Av. Dis. 
Contr. 

(%) 

Cum 

(%) 

Mean 

River Dam Rupture 

Pygocentrus na ereri† 5.43 9.46 9.46 0.25 0.26 1.15 
Astyanax lacustris 4.31 7.52 16.98 1.24 0.83 0.68 
Megaleporinus conirostris 3.80 6.61 23.59 --- 0.62 0.20 
Trachelyopterus striatulus 3.76 6.55 30.14 0.18 0.72 0.49 
Oligosarcus acutirostris 3.65 6.37 36.51 0.48 0.68 0.35 
Pachyurus adspersus 3.37 5.86 42.37 --- --- 0.69 
Loricariichthys castaneus 2.96 5.16 47.53 0.66 0.80 0.70 
Prochilodus costatus† 2.74 4.77 52.30 0.45 0.33 0.26 
Hoplosternum li orale† 2.60 4.53 56.83 0.31 0.14 0.34 
Pimelodus maculatus† 2.42 4.22 61.05 0.37 0.59 0.71 
Hypostomus affinis 2.36 4.11 65.16 0.20 0.64 0.38 
Pseudauchenipterus affinis 2.33 4.07 69.22 0.08 0.32 0.26 
Gymnotus aff. carapo 2.29 3.99 73.21 0.60 0.23 0.14 
Hoplias gr. malabaricus 1.85 3.23 76.44 0.18 0.15 0.26 
Pogonopoma wertheimeri† 1.60 2.79 79.23 --- 0.16 0.20 
Prochilodus vimboides 1.26 2.19 81.41 0.33 0.05 0.08 
Clarias gariepinus† 1.21 2.11 83.52 0.27 0.10 --- 
Hoplias intermedius 1.19 2.07 85.59 0.08 0.19 0.08 
Lophiosilurus alexandri† 1.13 1.97 87.56 0.27 0.08 --- 
Psalidodon aff. fasciatus 0.99 1.73 89.29 0.15 0.11 --- 
Hypostomus luetkeni 0.94 1.64 90.93 --- 0.14 0.04 
Glanidium botocudo 0.91 1.58 92.51 0.23 0.02 --- 
Salminus brasiliensis† 0.89 1.55 94.06 0.20 0.07 0.04 
Coptodon rendalli† 0.85 1.48 95.54 0.23 0.05 --- 
Cichla cf. kelberi† 0.71 1.23 96.77 --- 0.08 0.08 
Geophagus brasiliensis 0.53 0.92 97.69 0.15 --- --- 
Hypomasticus copelandii 0.37 0.64 98.32 --- 0.02 0.04 
Oreochromis nilo cus† 0.25 0.43 98.76 --- 0.05 --- 
Megaleporinus obtusidens† 0.24 0.42 99.18 --- 0.04 --- 
Cyphacharax gilbert 0.19 0.34 99.52 --- --- 0.04 
Crenicichla lacustris 0.16 0.28 99.80 --- --- 0.04 
Rhamdia quelen 0.12 0.20 100.00 --- 0.02 --- 
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DOWNRIVER 

Taxon Av. Dis. 
Contr. 

(%) 

Cum. 

(%) 

Mean 

River Dam Rupture 

Hypostomus luetkeni 5.89 9.34 9.34 --- 1.05 0.29 
Astyanax lacustris 4.63 7.34 16.68 0.65 0.96 1.01 
Oligosarcus acutirostris 4.53 7.18 23.86 --- 0.60 0.79 
Pygocentrus na ereri† 4.45 7.05 30.91 0.08 0.20 0.94 
Pachyurus adspersus 4.27 6.76 37.68 --- --- 0.87 
Trachelyopterus striatulus 4.21 6.67 44.35 0.20 0.39 0.87 
Pimelodus maculatus† 3.18 5.03 49.38 0.41 0.69 0.52 
Hypostomus affinis 2.74 4.35 53.73 0.41 0.56 0.77 
Prochilodus costatus† 2.45 3.89 57.62 0.20 0.33 0.40 
Delturus carinotus 2.38 3.76 61.38 0.15 0.36 --- 
Megaleporinus conirostris 2.17 3.44 64.82 0.20 0.26 0.17 
Hoplias intermedius 2.12 3.37 68.19 0.15 0.26 0.53 
Gymnotus aff. carapo 1.92 3.04 71.23 0.31 0.15 0.11 
Clarias gariepinus† 1.92 3.04 74.27 0.27 0.20 0.06 
Lophiosilurus alexandri† 1.73 2.75 77.01 0.15 0.29 0.04 
Hoplosternum li orale† 1.67 2.64 79.66 0.08 0.02 0.32 
Salminus brasiliensis† 1.41 2.23 81.89 0.08 0.12 0.22 
Loricariichthys castaneus 1.39 2.19 84.08 0.08 0.24 0.08 
Glanidium botocudo 1.30 2.06 86.14 0.36 --- --- 
Hoplias gr. malabaricus 1.23 1.95 88.09 --- 0.15 0.16 
Psalidodon aff. fasciatus 1.04 1.65 89.74 0.12 0.12 --- 
Pseudauchenipterus affinis 0.96 1.52 91.26 0.08 0.08 0.06 
Cichla cf. kelberi† 0.95 1.50 92.76 --- 0.15 0.04 
Pogonopoma wertheimeri† 0.55 0.87 93.63 --- 0.04 0.08 
Oreochromis nilo cus† 0.50 0.80 94.43 --- --- 0.11 
Prochilodus vimboides 0.48 0.76 95.19 0.08 --- 0.04 
Hypomasticus copelandii 0.42 0.66 95.85 --- 0.02 0.08 
Crenicichla lacustris 0.38 0.60 96.45 --- 0.04 0.04 
Geophagus brasiliensis 0.28 0.44 96.90 0.08 --- --- 
Rhamdia quelen 0.27 0.43 97.33 --- 0.02 0.04 
Deuterodon aff. taeniatus 0.27 0.43 97.76 0.08 --- --- 
Astyanax sp. 0.26 0.42 98.17 0.08 --- --- 
Cyphocharax gilbert 0.26 0.41 98.58 --- --- 0.06 
Colossoma macropomum x 
Piaractus mesopotamicus† 

0.23 0.36 98.94 --- --- 0.06 

Megaleporinus obtusidens† 0.21 0.33 99.28 --- 0.04 --- 
Pimelodella sp. 0.16 0.26 99.53 --- 0.02 --- 
 Metynnis cf. 
lippinco anus† 

0.15 0.23 99.77 --- 0.02 --- 

Gymnotus sylvius 0.15 0.23 100.00 --- --- 0.04 
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3. Sessão 2 

 

 

Mining activity in Brazil and negligence in action: when the 

cheap is expensive 

 

 

A primeira sessão desta tese foi publicada no periódico 

científico Perspective in Ecology and Conservation, 

disponível em: https://www.sciencedirect.com/science 

/article/pii/S2530064420300249 
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MINING ACTIVITY IN BRAZIL AND NEGLIGENCE IN ACTION: WHEN THE CHEAP 

IS EXPENSIVE 

 

ABSTRACT 

The number of tailings dam failures has increased in Brazil. Only in the last six years there have been 

four disasters involving this type of structure. Despite the great socio-environmental impacts of these 

disasters, little has been done to mitigate the damage caused. The inaction of mining companies and 

the absence of river basin-level management approaches have greatly hampered efforts for 

environmental recovery. In addition, there has been a slowdown in Brazilian environmental 

legislation, leaving us as a society to question which path we intend to follow in the future, one which 

prioritizes socio-environmental health and the recovery of degraded ecosystems, or the maintenance 

of a system that so far has caused untold damage to Brazilian society and the environment. 

 

Keywords: Brumadinho; Mariana; Fundão; Disaster; Tailings dam; Rupture. 

  



    53 

 

Brazil is the second largest producer of mineral ores in the world (National Minerals 

Information Center/ US Geological Survey, 2017). This prominent position in the global market 

comes with a downside, the immense environmental liabilities generated along the production chain 

(Mechi and Sanches, 2010). Tailings dams are one of the main liabilities associated with mining 

activities, and approximately 600 of these structures are found in Brazil (ANA, 2016). When they 

fail, the environmental impacts can be huge, and recently the number of collapsed dams has increased 

both globally and in Brazil (Abdelouas, 2019; Escobar, 2015; Fernandes et al., 2016; Pereira et al., 

2019). 

Since 1986, eight tailings dams have failed in Brazil, four in just the last six years (Abdelouas, 

2019, 2006) (Figure 3-1). The most recent occurred this January when the rupture of the B1 dam at 

the Córrego do Feijão mine complex in Brumadinho, Minas Gerais, dumped much of the 12 million 

m3 of stored waste into the surrounding landscape, killing hundreds of people in the process. The 

magnitude of the disaster and the fact that it happened just over three years after another major dam 

collapse, the Fundão dam disaster in Mariana (Escobar, 2015), also in Minas Gerais, has reopened 

discussions about the social and environmental impacts of ore tailings storage. With 700 m in length 

and 86 m in height, Vale S.A. built Brumadinho’s dam to receive waste produced during the 

enrichment of iron ore. The number of deaths in Brumadinho (231 dead and 41 missing, Defesa Civil 

de Minas Gerais, 2019) is incomparably higher than that observed in the Mariana disaster, when 19 

people lost their lives. These numbers will be near to the records for the dam collapse in Stava, Italy, 

considered one of the world’s worst mining tragedies (Luino and De Graff, 2012). The waste from 

Brumadinho’s dam wiped out the Ferro Carvão stream and its surroundings, reaching the Paraopeba 

River, which is one of the main tributaries of the Upper São Francisco River basin. Since 1998, the 

Paraopeba River is considered a high priority for fish conservation, due to the presence of endangered 

species and the high abundance of migratory species (Alves and Leal, 2010; Costa et al., 1998; 

Drummond et al., 2005). The region is not only important for fish conservation, the Paraopeba River 

also shelters the endangered Black-collared swallow, Pygochelidon melanoleuca, a river-dwelling 

bird species (Silva et al., 2017). The river also provides other essential ecosystem services for millions 

of citizens, being an important source of water for human consumption and agriculture irrigation (da 

Silva et al., 2015). After the disaster, water contamination occurred along a 271 km stretch 

downstream, up to the Retiro Baixo Hydroelectric Plant (IBAMA/IEF, 2019) (Figure 3-2). 
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Figure 3-1. Distribution of all tailing’s dams along Brazilian territory. Red dots: tailing dams failures; Black dots: tailing 
dams. Source: Agência Nacional de Mineração (ANM). 

Despite the increasing number of collapsed dams in Brazil, little has been done to mitigate the 

environmental damage. Little has been learned as well. The disaster in Brumadinho join to the Fundão 

tailings dam failure in Mariana as one of Brazil’s worst environmental disaster (Escobar, 2015; 

Fernandes et al., 2016). Following the Mariana disaster, most of the studies that were made available 

to society resulted from initiatives other than those carried out by the Renova Foundation (for details 

see Fundação Renova, 2019), an entity created by the mining company Samarco to understand the 

environmental impacts and propose solutions. In contrast to the studies of the Renova Foundation, 
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these independent studies included data from prior to the collapse, using a before-after control-impact 

approach, enabling a more accurate estimate of the environmental impacts. However, these studies 

could only evaluate a short time and were limited in their scope (e.g. focusing on single taxonomic 

groups) or covered only a small proportion of the overall affected area (e.g. Hatje et al., 2017; Marta-

Almeida et al., 2019; Omachi et al., 2016). These spatial and temporal limitations should have been 

met quickly by the mining company as a mandatory counterpart, in the form of a robust integrated 

assessment of all affected ecosystems, freshwater, terrestrial and, when necessary, marine. However, 

these limitations were not addressed by the mining company. 

 

 
Figure 3-2. Iron ore waste way along Rio Paraopeba basin after the rupture of B1 dam at the municipality of 
Brumadinho, Minas Gerais, Brazil. 

The lack of organization and access to information maintained by environmental agencies on 

studies about the impacts of mining activities hampers our ability to learn from the past. Data 
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generated in studies carried out along river basins required by the Brazilian government for the 

licensing and monitoring of mining activities could provide this information. However, although the 

companies allocate large amounts of money for this purpose, often, this expense does not return good 

quality data, and this is not an exclusive problem from mines companies (Dias et al., 2017). Even 

when the results obtained in the monitoring are reliable and could be published in scientific journals, 

it is necessary to comply with confidentiality agreements, which prevents publication without the 

consent of the companies involved. And mining companies are generally not keen on making 

available data that could damage their public image. It would be expected that at least these data 

would be used for decision-making by Brazilian environmental agencies. However, after being 

delivered to government agencies, these data are rarely systematically compiled, or used for the 

development of evidence-based management practices. 

In a historical context, all these disasters were not enough to bring governments and society 

to a serious debate about the risks of mining activities in Brazil, including the problem of tailing 

dams. What we observe is a process of privatization of regulatory powers in this sector (from Santos 

and Milanez, 2017), where the whole process of licensing, monitoring, and the environmental 

recovery following disasters is made by the companies themselves. Since the approval of the 

provisional measure 790 (Brasil, 2017), this situation seems to have moved towards a darker scenario, 

seen by the simplification of the environmental licensing and allowance of mineral exploitation inside 

conservation units, and the territories of indigenous and “quilombola” communities (Lopes and 

Oliveira, 2018). Given the history of mining activities in Brazil, it is likely that companies will use 

tailings dams to store ore in those important areas for biodiversity conservation. Other large-scale 

measures, carried out by executive and legislative powers, also have the potential to relax 

environmental licensing for these activities (see Azevedo-Santos et al., 2017), leaving the path open 

for natural resource exploitation without proper socio-environmental responsibilities. 

Several Brazilian states, in particular, Minas Gerais and Pará, are economically-dependent on 

mining activities (Reis and Silva, 2015). The complex relationships between individual states’ and 

municipalities’ financial rewards, policies, and liabilities for environmental damage from mining 

makes this an extremely thorny issue. For instance, Mariana disaster was not enough to stop or 

engender in-depth discussions about the MP 790, which simplified environmental licensing in Brazil 

(Brasil, 2017). Even after Brumadinho disaster, the discussions were still superficial, only being based 

on the decommissioning of dams raised by the upstream method (for larger details of construction 

methods, see Cardozo et al., 2016). Although important, this decision will lead to the 

decommissioning of only 20% of tailings dams included in the Brazilian national dam safety plan 
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(ANM, 2019). With the development of more efficient methods of storing mining tailings, or even 

their recycling (Edraki et al., 2014; Franks et al., 2011; Kinnunen et al., 2018), it remains unclear 

whether the maintenance of existing tailings dams, and the risks these structures pose to society and 

the environment, is in fact necessary at all. Are arguments of higher operational costs for mining 

companies enough for the continuity of such a serious problem? Even with so many human lives lost, 

the financial costs of rebuilding affected urban areas, and the destruction of the natural ecosystems? 

However, some actions in the sector have taken different paths, and show the companies' 

commitment to environmental problems. After media reports of ore tailings overflow because of a 

high precipitation event in the state of Pará, the company responsible for the ore beneficiation has 

partnered with NGOs and public universities to assess the environmental impacts (pers. obs.: 

Salvador, G. N.). These studies, if truly independent of the company involved, are essential to 

understand the real extent of the socio-environmental impacts of such disasters. An example of the 

absence of this was the plume of waste that reached the mouth of the Doce River in 2015 due to the 

Mariana disaster (Escobar, 2015). Preliminary measurements using satellite images showed that their 

effect would not reach the Abrolhos archipelago (Marta-Almeida et al., 2016). However, recent 

studies, three years on from the disaster, indicated the contamination of corals in Abrolhos by tailings 

(Floresti, 2019). Regarding the Brumadinho disaster, data generated both by independent and official 

organizations in Paraopeba River are conflicting, and the misinformation produces more 

apprehension among the general public (IBAMA/IEF, 2019). An example was the extent of fish 

mortality recorded after Brumadinho, which unlike Mariana where the entire range of Doce River 

was affected, was concentrated in the first few kilometers downstream from the collapsed dam 

(IBAMA/IEF, 2019). However, it is plausible to expect further medium and long-term consequences 

for the ichthyofauna in the Paraopeba River, for instance changes in the species composition and 

increases in contamination by heavy metals, especially near the dam collapse.  

Governmental negligence occurs around the world (Hyndman, 2001; Luino and De Graff, 

2012; Smith and Morris, 1992), and Brazil is no different. Little has been learned from the disasters 

of the last two decades, on both how to avoid problems and the monitoring of environmental 

restoration efforts. The warnings prior to the Brumadinho disaster were ignored, which led to the loss 

of hundreds of lives, the pollution of rivers and fisheries by heavy metals, and a change in the biota 

of the affected watercourses. Maybe now, Brazilian society should wake up and demand tougher 

regulation of governments and corporations. In this context, it is necessary to reflect on which paths 

to follow: 1. One which prioritizes socio-environmental health and the recovery of degraded 

ecosystems, and that incorporates the hard lessons learnt from past mistakes, or 2. To continue on the 
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path traveled until now, with the reduction of operating costs of mining companies trumping socio-

environmental impacts. For us, the latter option is a dangerous and irresponsible route where the 

possibility of new disasters is well-known and extremely high. It is also necessary to go further than 

close some endangered tailing dams. It is necessary to change the rules for new mining activities and 

choose recycling methods of ore tailings.   
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TAILINGS DAMS AND RESERVOIRS CHANGE UPSTREAM FISH ASSEMBLAGES IN 

ATLANTIC FOREST STREAMS 

 

ABSTRACT 

Riverscape connectivity is a critically important component determining the ecological condition of 

lotic ecosystems. We evaluated the changes in fish assemblages caused by the loss of connectivity by 

mine tailings storage dams (TSDs), hypothesizing that headwater fish assemblages are restructured 

by TSDs located downstream, even though the upstream habitats are not altered. We used standard 

methods to collect fish in 24 first to third order sites, with half draining to TSDs (dammed) and the 

other half free from this impact (undammed). To identify differences between treatments, we used 

PERMANOVA to test both environmental variables and ichthyofauna composition (Bray-Curtis) and 

evaluate the biological metrics that most influenced assemblage composition change. As expected, 

we observed no difference between treatments for environmental variables, but we did observe 

differences in fish assemblage composition. We also observed five metrics with lower values in 

dammed streams (richness and abundance of intolerant species, siluriform richness, and abundance 

of Pareiorhaphis proskynita and Trichomycterus brasiliensis) and two metrics with higher values in 

dammed streams (perciform richness and abundance of Oligosarcus argenteus). We postulated that 

these changes can be an effect of stream fragmentation by TSDs plus source-sink mechanisms and 

conclude that mine TSDs located downstream change headwater fish assemblages, a factor often 

neglected in biomonitoring studies.  

 

Keywords: Habitat fragmentation; Source-Sink dynamics; Iron ore mining; Rio Doce Basin  
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INTRODUCTION 

Headwater streams are complex and dynamic ecosystems, representing over 90% of the 

channel length in hydrographic networks (Welcomme, 1985; Meyer et al., 2007; Colvin et al., 2019). 

They incorporate a diverse set of microhabitats and zones along elevation gradients (Vannote et al., 

1980; Winemiller et al., 2008), which are reflected in their biological diversity patterns (Winemiller 

et al., 2008; Colvin et al., 2019). However, headwaters have become increasingly impaired (Hancock, 

2002) because they are very susceptible to anthropogenic disturbances because of their small sizes 

(Meyer et al., 2007) and their dependency on riparian and catchment conditions (Hughes et al. 2006; 

2019). 

In many regions of the world, mining processes greatly alter stream fish faunas (Mechi and 

Sanches, 2010; Daniel et al., 2015; Hughes et al., 2016). Those impacts include increased 

concentrations of pollutants, metals, fine sediments and turbidity (Malm et al., 1997; Mechi and 

Sanches, 2010; Barros et al., 2014), and reduced flows (Hughes et al., 2016). These changes degrade 

stream habitat structure and water quality (Wallace et al., 1996; Snyder et al., 2003; Pirhalla, 2004), 

leading to altered fish assemblages (Brosse et al., 2011; Soares et al., 2017; Salvador et al., 2022). 

The negative effects of mining can be perceived regionally (Freund and Petty, 2007; Lobo et 

al., 2018, Salvador et al. 2020). Nonetheless, most studies aiming to understand the environmental 

consequences of mining in watercourses focus on their downstream impacts (Barros et al., 2014). 

This may result from the common assumption that pollution of upstream reaches affects downstream 

reaches (Allan, 2004). However, aquatic communities are influenced by the whole river network and 

not only unidirectionally (Fausch et al., 2002). 

Tailing storage dams (TSDs) also influence riverscapes in mining areas (Ward and Stanford, 

1983; Cooper et al., 2017). These structures aim to store the non-commercial portion of processed 

ores, and usually they are built on small streams (Espósito and Duarte, 2010). Because they fragment 

river networks, they reduce aquatic biodiversity (Vörösmarty et al., 2010; Brasil et al., 2014; Leitão 

et al., 2018). Such fragmentation impairs the dispersal of organisms (Perkin and Gido, 2012) by 

isolating upstream populations from downstream ones, precluding some fish species from completing 

their life cycles (Colvin et al., 2019). Many neotropical fishes require connected reaches and 

spatiotemporal segregation to complete the spawning and rearing components of their life cycles 

(Abilhoa et al., 2011; Mazzoni and Iglesias-Rios, 2012; Mazzoni et al., 2018). It is common for many 

adult fishes of Atlantic Forest streams to pass the fast currents of rapids to reach river headwaters 

(Mazzoni and Iglesias-Rios, 2012; Mazzoni et al., 2018). However, after reproduction, eggs and 
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larvae of many of those species drift downstream, reside there as juveniles, and migrate upstream 

again as adults (Abilhoa et al., 2011; Mazzoni and Iglesias-Rios, 2012). 

Besides stream fragmentation, reservoirs may lead to local restructuring of the ichthyofauna 

when generalist taxa prevail over specialists (Rahel, 2002; Poff et al., 2007). Moreover, the word 

"tailings" is generic and can apply to a series of compounds resulting from mining processes (Kossoff 

et al., 2014). These compounds, often found in high concentrations in TSDs, can increase the 

deleterious effect of the reservoir by favoring water-quality tolerant species. Those species can 

influence assemblage structure in reaches upstream from the dams through mechanisms like source-

sink dynamics, in which population performances are influenced by population movements from 

refuges into less suitable habitats and vice versa (Pulliam, 1988).  

One way to assess the impact of anthropogenic changes on the environment is through use of 

multimetric indices (MMIs; Carvalho et al., 2017; Ruaro et al., 2019; Vadas et al., 2022). An MMI is 

composed of multiple metrics or variables. Those metrics may be indices themselves (e.g., a diversity 

index or a tolerance index) or simpler variables (e.g., species richness, species abundance, sensitive 

or tolerant species richness or abundance, or % sensitive or tolerant taxa, etc.). MMIs indices were 

first proposed by Karr (1981) to indicate biological condition and they have been used in the 

neotropical region for several purposes, such as assessing the effect of landscape changes and 

assessing the environmental quality of an area (Terra et al., 2013; Carvalho et al., 2017; Ferreira et 

al., 2018; Prudente et al., 2018). To generate an index, it is necessary to compare disturbed streams 

with reference streams and then, incorporate biological information through use of biological metrics 

that can be related to species richness, composition, abundance, diversity, and function (Karr et al., 

1986; Fausch et al., 1990; Carvalho et al., 2017). 

In the Atlantic Forest, pristine streams are dominated by Characiformes and Siluriformes 

(Casatti et al., 2001; Uieda and Uieda, 2001; Abilhoa et al., 2008; Terra et al., 2013), which is typical 

of other South American ichthyofauna (Reis et al., 2016). Some groups of Siluriformes are considered 

indicators of good stream environmental quality, for both Atlantic Forest and Brazilian Savanna 

(Cerrado) streams. For example, these include Trichomycteridae species richness and the proportion 

of invertivorous individuals, such as those belonging to the Neoplecostomus genus (Braga and 

Gomiero, 2009; Terra et al., 2013; Carvalho et al., 2017). 

Conversely, Perciformes, the third most representative order of Neotropical fish species, are 

associated with environments of calmer waters and low energy, such as pools, lagoons and lower 

river reaches (Kullander, 2003). Species of this group also have been introduced around the world 
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(Alves et al., 2007; Mohanty et al., 2015; Hasan and Tamam, 2019). Such non-native species are 

scarce or absent in pristine Atlantic Forest streams (Casatti et al., 2001; Uieda and Uieda, 2001; Terra 

et al., 2013). On the other hand, perciforms and non-natives are commonly associated with 

hydroelectric reservoirs in the neotropical region (Alves et al., 2007; Garcia et al., 2017; Casimiro et 

al., 2018). 

The effects of isolating headwater streams by artificial dams are poorly understood (Pringle, 

2001) and downstream modifications can cause negative effects upstream, which are often difficult 

to associate with those modifications (Pringle, 1997). Therefore, our objectives were to 1) evaluate 

the effect of downstream dams on fish assemblage structure and 2) develop an MMI calculated from 

multiple fish assemblage structural variables, such as those mentioned above, for comparing 

neotropical fish assemblages in dammed and undammed headwater streams. We also evaluated the 

ability of the MMI to discriminate changes in assemblage structure. Our hypothesis was that 

headwater fish assemblages are restructured by downstream TSDs, even though the local physical 

and chemical habitats are not influenced. Specifically, we expected a decline of Siluriformes and dam 

intolerant species as well as a prevalence of dam-tolerant species, Perciformes and non-native species 

in dammed stream sites. 

MATERIAL AND METHODS 

Study area 

The Rio Doce Basin drains approximately 83,000 km2 (Vieira, 2009) and is located in the 

northeastern Atlantic Forest biome (Abell et al., 2008). The headwaters of some principal streams in 

the upper basin drain the Quadrilátero Ferrífero geologic formation (QF). The QF covers 

approximately 7,200 km2 and has a very diverse landscape with peaks up to 2,000 m tall (Jacobi and 

Carmo, 2008). It is named for its abundance of iron ore (Roeser and Roeser, 2010), and is the location 

of many iron mines and TSDs. Despite the many mines, the QF is mostly forested (Lamounier et al., 

2011). We selected 24 headwater stream sites distributed near large iron mines within the Rio Doce 

Basin portion of the Quadrilátero Ferrífero, 12 sites upstream of TSDs and 12 sites lacking 

downstream TSDs (Figure 4-1). Sites were sampled where they were most easily and safely accessed. 

Because of low map resolution and the proximities of some unmapped streams (Hughes & Omernik 

1981; 1983), it appears that some streams were sampled at multiple sites. That was not the case.  Each 

stream was sampled at only one site (Figure 4-1). The sampled streams share the same set of regional 

species, similar climate, native vegetation, catchment conditions, topography, geology and local 

habitat, but differ by the presence or absence of TSDs downstream. 
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Figure 4-1. Spatial distribution of sites collected in streams dammed and undammed 
in Rio Doce Basin, one coastal drainage of “Northeastern Mata Atlantica” ecoregion. 

Environmental variables  

To evaluate the effect of the dam on the local habitat, we measured three groups of 

environmental variables at all 24 of the 50-m long stream sites. The first group included local physical 

habitat variables. We measured mean stream width (X_WIDTH) and mean depth (X_DEPTH) before 

fish collection at the beginning, middle and end of the sites. We also estimated the proportion of 
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primary riparian forest (RIP-FOR) along the site and stream flow (STR-FLOW) by using ecologic-

economic zonation data of the Minas Gerais State project (ZEE; Mello et al., 2008). 

The second group of environmental variables comprised hydrographic variables: upstream 

basin area (BAS-AREA), downstream distance to a major watercourse (DIST-RIVER), topographic 

difference (SLOPE-RANGE) and stream slope (SLOPE). To do so, we used georeferenced 

information system (GIS) tools. First, we delimitated the catchment areas upstream of the sites using 

the hydrography present in ZEE (Mello et al., 2008). We did this manually because some basins are 

very small, and computational algorithms generate high levels of error. We also used the hydrography 

information provided by ZEE to calculate stream length, i.e., the distance between the collection site 

and stream spring, and the distance between the collection site and the TSD, or the first major 

watercourse downstream for undammed sites. We defined major watercourse as a river of fourth order 

or higher. Basin boundaries were used to obtain the highest and lowest values of altitude from the 

Shuttle Radar Topography Mission (SRTM) database; that information also was used to calculate the 

topographic difference and stream slope. The first was the difference between the highest and lowest 

values of altitude; the second variable was determined by dividing the topographic difference by 

stream length.  

Land-use variables composed the last group. Such variables affect watercourses by changing 

stream metabolic rates, hydrologic parameters (Poff et al., 2006; Silva-Junior, 2016), and 

ichthyofauna (Molina et al., 2017; Hughes et al., 2006; 2019). To calculate the proportion of land-

use, we used the entire catchment upstream of the sites, classifying land use into five categories: 

natural cover (%_NAT-COV), mining (%_MINE), road (%_ROAD), forestry (%_FORESTRY) and 

pasture (%_PAST). Again, because of the small size of some basins, we classified the images 

manually, using images available from Google Earth (Ayach et al., 2012). 

Fish collection 

We collected fish from all 24 of the 50-m long sites during the dry season in both 2011 and 

2012 through the use of two distinct and complementary methods, one passive and the other active. 

For the passive method, we placed three traps in each site in the afternoon, baited with meat, and 

removed them the following morning for a fishing time of 16 hours. For the active method, we used 

a 5-mm mesh hand-net with a mouth size of 0.25 m². At each site, we dipped at 100 randomly chosen 

stations, thoroughly disturbing the bed and vegetation substrates. The fish were euthanized using a 

lethal dose of eugenol and fixed in 10% formalin and taken to the laboratory where they were 

identified to species. We deposited voucher specimens in the Natural History Museum of the Catholic 



    70 

 

University of Minas Gerais (MCNIP), the Ichthyological Collection of the Taxonomic Collection 

Center of the Federal University of Minas Gerais (ICT-UFMGMHN), and the Zoology Museum of 

the University of Campinas (ZUEC). 

Data analyses 

To test if TSDs were the principal predictor for altered fish assemblages in the streams, we 

first determined whether environmental variables differed between dammed and undammed sites. To 

do so, we performed a series of metric screens to ensure the effectiveness of variables. First, we 

excluded variables with coefficients of variation (CV) <30%. We also examined variable Spearman 

correlations (rs  0.7; p  0.05) to identify multicollinearity, retaining those variables with higher 

predictive importance for tropical stream fish assemblages. With the retained variables, we performed 

a principal component analysis (PCA) using standardization data transformation, which aims to 

facilitate the comparison between variables. To test for difference between treatments, we used a 

permutational multivariate analysis of variance (PERMANOVA) (Legendre and Legendre, 2012). 

To assess changes in assemblage structure between the two treatments, we tested species 

richness and abundance using a t-test after ensuring normality and homoscedasticity. We also 

performed a PERMANOVA based on a Bray-Curtis similarity matrix for log-transformed (Log(x+1)) 

abundance of fish species, followed by a principal coordinates analysis (PCoA) to visualize 

differences between the fish assemblage composition of the two treatments. To assess how each 

species contributed to the difference between treatments, we conducted a similarity percentile 

analysis (SIMPER). These analyses were performed in R (R Core Team, 2017). We also calculated 

78 candidate biological metrics based on richness and abundance (number and percentage; 

Supplementary 4-1). 

To calculate the MMI, we first classified fish species as native or non-native following Vieira 

(2009) and by their ability to survive in reservoirs (dam-tolerant or dam-intolerant) based on data 

from other mine monitoring programs in the region (personal observation: G.N. Salvador). We 

eliminated metrics with CV < 30% to remove metrics with a low range (Klemm et al., 2003). We also 

eliminated metrics with 80% or more of 0 values and examined variable Spearman correlations (rs 

 0.7; p  0.05) to identify multicollinearity, retaining the variables with higher predictive importance 

for tropical stream fish assemblages (Whittier et al., 2007a). We tested the remaining metrics for their 

relationship with the environmental variables to eliminate metrics that are strongly affected by natural 

gradients (Whittier et al., 2007a). To assess fish metrics differing between treatments, we used the 
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quartile overlap method of Barbour et al. (1996), comparing the two treatments through a t-test after 

ensuring normality and homoscedasticity of the data. 

Finally, to calculate MMI scores, each metric was scored continuously from 0 (poor) to 1 

(good) using the metric upper and lower limits (Hughes et al., 1998). We used the 5th and 95th 

percentiles of the raw values to exclude extreme values, which can interfere with metric 

interpretation. Metrics that decreased in dammed sites compared with undammed sites were scored 

with 1 based on the 95th percentile of observed raw values and 0 based on the 5th percentile of 

observed raw values. For metric values decreasing in dammed sites, raw observed values that fell at 

the 25th, 50th and 75th percentiles were scored as 0.25, 0.5, and 0.25, respectively.  Metrics that 

increased in dammed sites compared with undammed sites were scored with 0 based on the 95th 

percentile of raw observed values and with 1 based on the 5th percentile of raw observed values. This 

meant that for those metric values that increased in dammed sites, raw observed values that fell at the 

25th, 50th and 75th percentiles were scored as 0.75, 0.5, and 0.25, respectively. The scores of each of 

the 7 variables (each ranging from 0 to 1) were added to produce a final MMI score ranging from 0 

(very poor) to 7 (good). 

 

RESULTS 

Environmental variables 

From 16 environmental variables, we excluded one because of its low coefficient of variation 

and four because of multicollinearity, leaving eleven variables (Supplementary 1). The PCA 

generated using those variables explained 45.83% of data variation, with the first axis explaining 

24.53%, and the second axis explaining 21.31%. Four variables had loads higher than 0.5 on the PCA: 

X_WIDTH and BAS-AREA with the first axis, %_NAT-COVER and SLOPE with the second axis. 

X_WIDTH varied from 6.0 m to 0.5 m with a mean of 2.1±1.5 m, and BAS-AREA varied from 36.4 

ha to 0.2 ha with a mean of 5.5±7.7 ha. The % NAT-COVER varied from 100% to 14% with a mean 

of 82±27 %, and SLOPE varied from 421 m/km to 19 m/km with a mean of 169±113 m/km (Table 

4-1). The PERMANOVA test did not show a significant difference between treatments for those 

variables (F = 1.505, p = 0.138) (Figure 4-2). 
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Table 4-1. Environmental conditions of dammed and undammed sites. 

Environmental 
variable 

DAMMED UNDAMMED 

Mean SD Max. Min. Mean SD Max. Min. 

%_NAT-COVER 85% 25% 100% 21% 79% 30% 100% 14% 
%_MINE 7% 23% 79% 0% 9% 18% 62% 0% 
%_ROAD 0% 1% 3% 0% 0% 0% 1% 0% 
%_CATTLE 5% 12% 42% 0% 4% 12% 42% 0% 
RIP-FOR 62% 32% 100% 0% 74% 35% 100% 0% 
X_DEEP 0.63 0.35 1.30 0.30 0.93 0.60 2.50 0.30 
X_WIDTH 1.88 1.42 4.60 0.50 2.32 1.60 6.00 0.70 
BAS-AREA 2.41 2.34 7.97 0.16 7.81 10.13 36.40 0.52 
DIST-RIVER 0.59 0.68 2.53 0.02 2.72 2.48 6.16 0.10 
SLOPE 192 98 421 79 145 126 377 19 
SLOPE-RANGE 434 245 868 133 500 303 919 163 

 

 
Figure 4-2. Bidimensional projection of environmental variables showing similarity between the treatments. 

Fish assemblages 

Assemblage composition 

We collected a total of 1,431 fishes, and the average abundance was 60±14 fishes per site, 

with the range varying from 263 fishes to 1 fish per site. We found 21 species, distributed in four 

orders and seven families (Table 2). Eleven of those species were classified as dam-tolerant because 

of their occurrence in TSDs. The dam- tolerant species included two non-natives (Oreochromis 

niloticus, Poecilia reticulata) and nine natives (Astyanax gr. lacustris, Astyanax gr. scabripinnis, 

Oligosarcus argenteus, Hoplias intermedius, Rhamdia quelen, Hypostomus affinis, Australoheros 
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ipatinguensis, Geophagus brasiliensis, Phalloceros aff. uai). One non-native species, Knodus aff. 

moenkhausii was classified as dam-intolerant because it had not been recorded as occurring in tailings 

dams. 

 

Table 4-2. Fish species collected from 24 dammed and undammed sites, voucher number from Natural History 

Museum of PUC-Minas. 

TAXON 
VOUCHER 

(MCNIP) 
DAM-

TOLERANT 
NON-

NATIVE 

CHARACIFORMES     

CHARACIDEA     

Astyanax fasciatus (Cuvier 1819) 520   

Astyanax lacustris (Linnaeus 1758) 522 x  

Astyanax gr. scabripinnis (Jenyns 1842) 217 x  

Astyanax taeniatus (Jenyns 1842) 523   

Hyphessobrycon aff. santae (Eigenmann 1907) 273   

Knodus cf. moenkhausii (Eigenmann & Kennedy 1903) 220  x 

Oligosarcus argenteus Günther 1864 236 x  

ERYTHRINIDAE     

Hoplias intermedius (Günther 1864)  x  

SILURIFORMES     

HEPTAPTERIDAE     

Rhamdia quelen (Quoy & Gaimard 1824) 224 x  

TRICHOMYCTERIDAE     

Trichomycterus aff. alternatus (Eigenmann 1917) 280   

Trichomycterus brasiliensis Lütken 1874 214   

Trichomycterus immaculatus (Eigen. & Eigen. 1889) 530   

LORICARIIDAE     

Hypostomus affinis (Steindachner 1877) 223 x  

Neoplecostomus doceensis Roxo et al. 2014 239   

Pareiorhaphis scutula Pereira, Vieira & Reis 2010 512   

Pareiorhaphis cf. proskynita Pereira & Britto 2012 216   

PERCIFORMES     

CICHLIDAE     

Australoheros ipatinguensis Ottoni & Costa 2008 227 x  

Geophagus brasiliensis (Quoy & Gaimard 1824) 219 x  

Oreochromis niloticus (Linnaeus 1758) --- x x 

CYPRINODONTIFORMES     

POECILIIDAE     

Phalloceros cf. uai Lucinda 2008 221 x  

Poecilia reticulata Peters 1859 218 x x 
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In undammed sites, average fish richness was 4.3±2.5, and abundance was 54±17 individuals, 

whereas in dammed sites, average fish richness was 2.7±2.0, and abundance was 65±22 individuals. 

The differences in species richness and abundance seemed to be related to chance because there was 

no statistical difference between treatments (Species Richness: U = 1.669, p = 0.095; Abundance: U 

= 0.318, p = 0.751). Fish assemblage structure differed between treatments (PERMANOVA; F = 

2.101; p = 0.033), but the degree of segregation was weak (R² = 0.09), as summarized by PCoA 

(Figure 4-3). The undammed sites supported 17 species, six of which were exclusive to that treatment 

(Astyanax fasciatus, A. lacustris, H. intermedius, Hyphessobrycon aff. santae, Neoplecostomus 

doceensis and P. aff. uai). The dammed sites contained 15 species, four restricted to that treatment 

(A. ipatinguensis, Hypostomus affinis, O. niloticus and P. reticulata). The contribution of each species 

to the difference between treatments (SIMPER) indicated that approximately 50% of the variation 

was related to the abundance of five species. The two most frequent in undammed sites were 

Pareiorhaphis cf. proskynita and Trichomycterus brasiliensis and the three most frequent in dammed 

sites were Oligosarcus argenteus, A. gr. scabripinnis and R. quelen (Table 4-3). 

 
Figure 4-3. Bidimensional projection of Bray-Curtis fish assemblage similarities of dammed and undammed sites. 
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Table 4-3. Results of SIMPER analysis showing the percent contributions of the species that influenced 

the dissimilarity between fish assemblages of dammed and undammed sites. 

Taxon 
Mean 

dissim. 
% Cum. % 

Mean 

Dammed Undammed 

Oligosarcus argenteus 12.22 13.9 13.9 0.588 0.232 

Pareiorhaphis cf. proskynita 11.94 13.6 27.6 0.158 0.574 

Trichomycterus brasiliensis 8.02 9.2 36.7 0.050 0.401 

Astyanax scabripinnis 7.14 8.1 44.9 0.247 0.319 

Rhamdia quelen 6.05 6.9 51.8 0.155 0.284 

Poecilia reticulata 4.98 5.7 57.5 0.314 --- 

Pareiorhaphis scutula 4.95 5.6 63.1 0.096 0.277 

Astyanax taeniatus 4.88 5.6 68.7 0.151 0.238 

Geophagus brasiliensis 4.51 5.1 73.8 0.308 0.090 

Phalloceros cf. uai 4.13 4.7 78.5 --- 0.354 

Trichomycterus aff. alternatus 3.68 4.2 82.7 0.065 0.100 

Trichomycterus immaculatus 3.59 4.1 86.8 0.025 0.198 

Australoheros ipatinguensis 3.55 4.1 90.9 0.279 --- 

Hyphessobrycon aff. santae 2.25 2.6 93.4 --- 0.172 

Astyanax fasciatus 1.52 1.7 95.2 --- 0.140 

Knodus cf. moenkhausii 1.51 1.7 96.9 0.040 0.075 

Hypostomus affinis 1.11 1.3 98.1 0.070 --- 

Astyanax lacustris 0.65 0.7 98.9 --- 0.050 

Oreochromis niloticus 0.40 0.5 99.3 0.040 --- 

Hoplias intermedius 0.33 0.4 99.7 --- 0.025 

Neoplecostomus doceensis 0.25 0.3 100.0 --- 0.025 

 

Multimetric Index determinations 

From 78 candidate metrics, we excluded 35 metrics with a high frequency of zero values, 29 

were redundant, and seven did not distinguish treatments, leaving seven metrics (defined below). 

Three of the metrics were richness based (R_DIN; R_SIL; R_PER), and the other four were 

abundance based (A_DIN; A_OL-AR; A_PA-PR; A_TR-BR). The remaining metrics were checked 

for correlation with environmental variables and four of those showed significant results. Stream 

width was correlated with both R_SIL (p = 0.037; rs = 0.429) and A_PA-PR (p = 0.007; rs = 0.532). 

Basin area was correlated with R_DIN (p = 0.046; rs = 0.188) and slope was correlated with A_TR-

BR (p = 0.049; rs = -0.407). Although those variables were correlated with the fish metrics, the 

correlations were weak, explaining <30% of metric variability.  

Of the metrics selected, five had higher values in undammed sites (Figure 4-4). We collected 

an average of 2.8 ± 0.4 dam intolerant species (R_DIN), and 2.4 ± 0.5 siluriform species (R_SIL) in 

undammed sites, versus 0.7 ± 0.3 intolerant species, and 0.7 ± 0.3 siluriform species in dammed sites. 
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The average abundance of dam intolerant individuals (A_DIN) was 29.1 ± 9.7 in undammed sites 

versus 10.5 ± 6.6 in dammed sites. The abundance of P. proskynita (A_PA-PR) was 6.3 ± 2.8 

individuals in undammed sites versus 3.3 ± 3.2 in dammed sites. The abundance of T. brasiliensis 

(A_TR-BR) was 4.3 ± 2.2 individuals in undammed sites versus 0.3 ± 0.3 in dammed sites. Two 

metrics had higher values in dammed sites (Figure 4-5). In dammed sites, we collected an average of 

0.7 ± 0.3 perciform species (R_PER), versus 0.2 ± 0.1 species in undammed sites. We also caught an 

average of 13.9 ± 7.7 individuals of O. argenteus (A_OL-AR) in dammed sites versus 3.5 ± 2.8 

individuals in undammed sites. 

 
Figure 4-4. Fish assemblage metrics with values higher in undammed sites: dam intolerant species richness 
(a), siluriform species richness (b), dam intolerant abundance (c), Pareiorhaphis proskynita abundance (d), and 
Trichomycterus brasiliensis abundance (e). Central square represents median, box represent quartiles (25% 
and 75%), lines represent non-outlier range, circle represent outlier and star represent extremes values. 
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Figure 4-5. Fish assemblage metrics with values higher in dammed sites: perciform species richness (a), and 
Oligosarcus argenteus abundance (b). Central square represents median, box represent quartiles (25% and 
75%), lines represent non-outlier range, circle represent outlier and star represent extremes values. 

The mean MMI score for the 12 dammed sites (2.6 ± 0.5) was significantly lower than that in 

the 12 undammed sites (5.4 ± 0.6) (t = 3.669; DF = 21; p = 0.001). All high scores (>6) occurred in 

the undammed sites, whereas all low scores (< 3) were in dammed sites (Figure 4-6). 

Figure 4-6. Multimetric index value generated for 
sites in dammed and undammed streams. Central 
square represents mean of the sites, box represents 
mean plus standard error, lines represent mean 
plus standard deviation, and circle represents 
outliers. 

 

 

 

 

DISCUSSION 

Mining is considered a cornerstone of human development (Ghose, 2009). However, it often 

impairs the structure and function of downstream aquatic ecosystems (Hughes et al., 2016) by 

degrading water quality (Smolders et al., 2003; Lin et al., 2005; Besser et al., 2007, 2009). Although 

mining has the capacity to degrade environmental characteristics, we did not detect any difference in 

environmental characteristics between upstream reaches of dammed and undammed sites. This 

similarity led us to believe that those variables are poor predictors for describing fish assemblage 

composition in our treatments and led us to question why the fish assemblages were dissimilar. We 
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believe there are at least four explanations: life-cycle disruption, species intolerance or tolerance to 

lentic conditions, and non-native species. 

The presence of a TSD was not enough to significantly change species richness and abundance 

values at the sites. Although average species richness was lower in dammed streams than undammed 

streams, the variability of this parameter was high in both treatments, leading to no statistical 

significance. Other studies have shown that species richness is often not a good parameter for 

assessing environmental disturbances (Soares et al., 2017; Ferreira et al., 2018; Vadas et al., 2022). 

One explanation for this is the substitution of some species groups, like dam intolerant species by 

Perciformes species. The abundance of individuals also did not differ significantly between 

treatments, again because of the high variablility of abundance. For this reason, total abundance is 

rarely used in MMIs (Terra et al., 2013; Carvalho et al., 2017; Ruaro et al., 2019). 

Despite similarities in species richness and abundance of individuals, fish assemblage 

composition was not similar between treatments. This difference is mostly related to the species 

exclusively recorded in each treatment. Nearly half of the species were caught only in one or the other 

treatment. Some of those species exclusively recorded in undammed streams are rare in the Rio Doce 

basin, and they live in rarely occurring habitats. Neoplecostomus doceensis is found in clear running 

water (Roxo et al., 2014), and H. aff. santae, is found in marshland (a similar habitat of the closely 

related Hyphessobrycon uaiso (Carvalho and Langeani, 2013). Other species are abundant along 

small and medium sized rivers, like A. fasciatus, A. lacustris and H. intermedius, but they are 

uncommon in small streams. 

The species exclusively in dammed sites were linked to the presence of TSD reservoirs. Two 

of those species (O. niloticus and P. reticulata) are non-native to the Rio Doce basin. The occurrence 

of some non-native species is strongly correlated with degraded habitats (Casatti et al., 2006). 

However, the presence of those species in some pristine upstream environments is related to stream 

fragmentation by TSDs. A non-native species must overcome several challenges to establish a viable 

population in a new environment (Blackburn et al., 2011). The creation of a reservoir can facilitate 

this process to species adopted to live in lentic-like environments, once new opportunities for 

establishment are generated by the many environmental changes caused by the reservoir, which some 

native species cannot overcome (Agostinho et al., 1999, 2007). After its establishment in a TSD, the 

non-native species usually experiences high population growth (Agostinho and Júlio Jr., 1996; 

Sanches et al., 2016) favoring dispersal (Leibold et al., 2004) and consequent colonization of the 

upstream reaches of dammed streams. 
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The other two species exclusively recorded in dammed streams were the native species H. 

affinis and A. ipatinguensis. H. affinis is a relatively large-growing species, reaching up to 31-cm 

standard length (Albieri et al., 2014). It is usually found in Rio Doce basin rivers in lentic 

environments, including reservoirs (Freitas and Salvador, 2022). A. ipatinguensis also prefers lentic 

environments, although it reaches small sizes as adults (Barbosa et al., 1997; Salvador et al., 2018). 

For both species, our collections were unexpectedly made in high-slope and rapidly flowing sites, but 

not in undammed sites. These results indicate that TSDs function as refuges and sources of these 

species, which find TSDs ideal locations to establish their populations. 

Although the exclusive species are part of the explanation of the difference in fish assemblage 

composition, they were not common species. Thus, another explanation is found in the MMI metrics. 

In undammed sites, mean siluriform richness was greater than in dammed sites. This pattern in 

minimally disturbed sites, is commonly observed for the fish fauna of the neotropical region (Lowe-

McConnell, 1999; Reis et al., 2016), and has also been observed in other Rio Doce basin streams 

(Vieira et al., 2005, 2015). However, the life cycle of some Atlantic Forest fishes is an important 

factor to understand this pattern, with higher values of R_DIN, R_SIL and A_DIN observed in 

undammed sites. Many small fishes of the Atlantic Forest show an ontogenetic segregation among 

downstream and upstream reaches, with juveniles living in downstream reaches and adults living in 

upstream reaches (Menezes and Caramaschi, 2000; Mazzoni et al., 2004; Braga et al., 2007). The 

presence of rapids and cascades preclude juveniles with low swimming performance from upstream 

reaches (Abilhoa et al., 2011). Streams fragmented by TSDs block passage of adults of these species, 

as observed in larger rivers fragmented by hydropower dams (Pelicice et al., 2015).  

Dam-intolerant species (R_DIN and A_DIN) and the abundance of P. aff. proskynita (A_PA-

PR) and T. brasiliensis (A_TR-BR) also have been negatively affected in dammed streams. This can 

be related to the specialist-disturbance hypothesis, which states that specialist species are more 

affected by habitat disturbance than generalists (Vázquez and Simberloff, 2002). These benthic 

species can colonize high-altitude environments (>1,300 m) (Pereira and Britto, 2012; Vieira et al., 

2015), and are associated with riffle areas, like many other siluriform species (Casatti, 2005). 

Upstream areas more frequently experience hydraulic disturbances (Peres-Neto et al., 1995), leading 

to those species being carried downstream during peak flow events, which frequently occur in the 

rainy season. In undammed streams, those species can recolonize upstream areas after recession of 

peak flows (Buckup et al., 2000; Carvajal-Quintero et al., 2015; Miranda-Chumacero et al., 2015). 

However, in dammed streams, the TSDs act as ecological traps, eliminating individuals that are 

confined in them. Possible reasons for their elimination include predation and inability to survive in 
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lentic environments, like that observed for reservoirs above hydroelectric dams (Agostinho et al., 

2012). In addition, recolonization by dam-intolerant species following disturbances is hindered by 

the presence of TSDs, which isolate upstream from downstream reaches. 

The greater richness of perciforms (R_PER) in dammed sites is related to the ability of those 

species to survive in the TSDs and disperse from them. This group is not abundant in high energy 

streams (Casatti, 2005; Fagundes et al., 2015), like our sampled sites. However, the TSDs can 

maintain large populations of these species, creating a mass-effect in dammed streams. The ponds act 

as source of perciforms, donating individuals to lotic upstream reaches, even when conditions are 

unfavorable for the establishment of those species. Some perciforms can also alter conditions in the 

new environment (Blackburn et al., 2014) through increased competition, predation, and genetic 

degradation of native species, thereby reducing or extirpating wild stocks (Agostinho and Júlio Jr., 

1996; Simberloff, 2003). In such situations, the Perciformes (all of which were cichlids in our study) 

benefited in the dammed streams because cichlids are highly resilient in lentic environments 

(Kullander, 2003). Therefore, the mean perciform richness was increased in dammed streams 

compared with undammed streams. 

Although individual metrics did not always show significant differences between dammed 

and undammed sites (Fig. 4 and 5), when combined into an MMI the average scores for the dammed 

sites were significantly lower than those of the undammed sites (Fig. 6). This indicates the usefulness 

of the MMI approach for assessing biological condition (Karr, 1981; Ruaro and Gubiani, 2013; Terra 

et al., 2013; Ruaro et al. 2019; Vadas et al., 2022). Sites with MMI scores <3 were almost always 

observed in dammed streams, and dammed sites with minimally disturbed environmental conditions 

still had MMI scores lower than those in undammed sites. This reflects the negative upstream effects 

of TSDs on fish assemblages. These results can be extrapolated to other mountainous Atlantic Forest 

streams, because the general patterns of assemblage structure are similar. However, additional studies 

on the effects of other types of landscape fragmenting agents on neotropical fish assemblages in small 

streams and other biomes are needed. For example, poorly constructed road crossings were found to 

alter stream habitats and fish assemblages in small Amazonian streams (Leal et al., 2016; Leitão et 

al., 2018). Plus, it is important to investigate how small headwater dams affect the functional ecology 

of streams and their fish assemblage traits (Leitão et al. 2018). 

Our results also have important implications for biomonitoring. In most biomonitoring 

approaches, the measure of how much a site deviates from integrity is usually made by comparing 

sites to a reference condition (Hughes et al., 1986; Hawkins et al., 2010), i.e., sites minimally or least-
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disturbed in a given region (Stoddard et al., 2006). The methods to select those sites often consider 

the ecological conditions of the catchment area upstream of the sites (Collier et al., 2007; Whittier et 

al., 2007b; Ligeiro et al., 2013), downstream conditions being mostly neglected. However, we showed 

that downstream conditions can be decisive, and the longitudinal riverscape profile should be 

investigated when selecting reference sites. 

We conclude that TSDs and other dams work as strong filters for species inhabiting upstream 

reaches, which lead to changes in the composition of the ichthyofauna. They do so by negatively 

affecting the richness and abundance of species whose environmental requirements are negatively 

affected by their impacts and positively affecting those that benefit from their impacts. Therefore, 

despite the apparent similarity of local habitat characteristics, upstream reaches of dammed and 

undammed streams do not contain the same fish assemblages, which has important implications for 

biomonitoring, aquatic management and conservation planning. 
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SUPPLEMENTARY MATERIAL 

Supplementary 4-1. Candidate and final metrics (in bold), its description and exclusion reason. 
Métric Description Exclusion reason 

R_TOT Total species richness Excluded by quartis 
R_CHA Species richness of Characiformes Excluded by quartis 

R_SIL Species richness of Siluriformes 
 

R_PER Species richness of Perciforme 
 

R_CYP Species richness of Cyprinodontiformes Excluded by the high number of 0 
R_NON Non-native species richness Excluded by the high number of 0 
R_NAT Native species richness Excluded by correlation 
R_DTO Dam tolerant species richness Excluded by quartis 

R_DIN Dam intolerant species richness 
 

R_%_TOT Percent of total species richness Excluded by correlation 
R_%_CHA Percent of species richness of Characiformes Excluded by correlation 
R_%_SIL Percent of species richness of Siluriformes Excluded by correlation 
R_%_PER Percent of species richness of Perciforme Excluded by correlation 
R_%_CYP Percent of species richness of Cyprinodontiformes Excluded by correlation 

R_%_NON Percent of non-native species richness Excluded by the high number of 0 
R_%_NAT Percent of native species richness Excluded by correlation 
R_%_DTO Percent of dam tolerant species richness Excluded by correlation 
R_%_DIN Percent of dam intolerant species richness Excluded by correlation 
A_TOT Total abundance Excluded by quartis 
A_CHA Abundance of Characiformes Excluded by correlation 

A_SIL Abundance of Siluriformes Excluded by correlation 
A_PER Abundance of Perciforme Excluded by correlation 
A_CYP Abundance of Cyprinodontiformes Excluded by correlation 
A_NON Abundance of non-native species Excluded by the high number of 0 
A_NAT Abundance of native species Excluded by quartis 
A_DTO Abundance of dam tolerant species Excluded by quartis 

A_DIN Abundance of dam intolerant species 
 

A_AS.FA Abundance of Astyanax fasciatus Excluded by the high number of 0 
A_AS.LA Abundance of Astyanax lacustris Excluded by the high number of 0 
A_AS.SC Abundance of Astyanax scabripinnis Excluded by correlation 
A_AS.TA Abundance of Astyanax taeniatus Excluded by the high number of 0 
A_AU.IP Abundance of Australoherus ipatinguensis Excluded by the high number of 0 

A_GE.BR Abundance of Geophagus brasiliensis Excluded by correlation 
A_HO.IN Abundance of Hoplias intermedius Excluded by the high number of 0 
A_HY.SA Abundance of Hyphessobrycon aff. santae Excluded by the high number of 0 
A_HY.AF Abundance of Hypostomus affinis Excluded by the high number of 0 
A_KN.MO Abundance of Knodus moenkhausii Excluded by the high number of 0 
A_NE.DO Abundance of Neoplecostomsu doceensis Excluded by the high number of 0 

A_OL.AR Abundance of Oligosarcus argenteus 
 

A_OR.NI Abundance of Oreochromis niloticus Excluded by the high number of 0 
A_PA.PR Abundance of Pareiorhaphis aff. proskynita 

 

A_PA.SC Abundance of Pariorhaphis scutula Excluded by the high number of 0 
A_PH.UA Abundance of Phalloceros aff. uai Excluded by the high number of 0 
A_PO.RE Abundance of Poecilia reticulata Excluded by the high number of 0 

A_RH.QU Abundance of Rhamdia quelen Excluded by quartis 
A_TR.AL Abundance of Trychomycterus alternatus Excluded by the high number of 0 
A_TR.BR Abundance of Trichomycterus brasiliensis 
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Métric Description Exclusion reason 
A_TR.IM Abrundance of Trichomycterus immaculatus Excluded by the high number of 0 
A_%_TOT Percento of total abundance Excluded by correlation 

A_%_CHA Percent of abundance of Characiformes Excluded by correlation 
A_%_SIL Percent of abundance of Siluriformes Excluded by correlation 
A_%_PER Percent of abundance of Perciforme Excluded by correlation 
A_%_CYP Percent of abundance of Cyprinodontiformes Excluded by correlation 
A_%_NON Percent of abundance of non-native species Excluded by the high number of 0 
A_%_NAT Percent of abundance of native species Excluded by correlation 

A_%_TOL Percent of abundance of dam tolerant species Excluded by correlation 
A_%_INTOL Percent of abundance of dam intolerant species Excluded by correlation 
A_%_AS.FA Percent of abundance of Astyanax fasciatus Excluded by the high number of 0 
A_%_AS.LA Percent of abundance of Astyanax lacustris Excluded by the high number of 0 
A_%_AS.SC Percent of abundance of Astyanax scabripinnis Excluded by correlation 
A_%_AS.TA Percent of abundance of Astyanax taeniatus Excluded by the high number of 0 

A_%_AU.IP Percent of abundance of Australoherus ipatinguensis Excluded by the high number of 0 
A_%_GE.BR Percent of abundance of Geophagus brasiliensis Excluded by correlation 
A_%_HO.IN Percent of abundance of Hoplias intermedius Excluded by the high number of 0 
A_%_HY.SA Percent of abundance of Hyphessobrycon aff. santae Excluded by the high number of 0 
A_%_HY.AF Percent of abundance of Hypostomus affinis Excluded by the high number of 0 
A_%_KN.MO Percent of abundance of Knodus moenkhausii Excluded by the high number of 0 

A_%_NE.DO Percent of abundance of Neoplecostomsu doceensis Excluded by the high number of 0 
A_%_OL.AR Percent of abundance of Oligosarcus argenteus Excluded by correlation 
A_%_OR.NI Percent of abundance of Oreochromis niloticus Excluded by the high number of 0 
A_%_PA.SP Percent of abundance of Pareiorhaphis aff. proskynita Excluded by correlation 
A_%_PA.SC Percent of abundance of Pariorhaphis scutula Excluded by the high number of 0 
A_%_PH.UA Percent of abundance of Phalloceros aff. uai Excluded by the high number of 0 

A_%_PO.RE Percent of abundance of Poecilia reticulata Excluded by the high number of 0 
A_%_RH.QU Percent of abundance of Rhamdia quelen Excluded by correlation 
A_%_TR.AL Percent of abundance of Trychomycterus alternatus Excluded by the high number of 0 
A_%_TR.BR Percent of abundance of Trichomycterus brasiliensis Excluded by correlation 
A_%_TR.IM Percent of abundance of Trichomycterus immaculatus Excluded by correlation 
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CONCLUSÕES GERAIS 

As barragens de rejeito são um grande passivo ambiental da mineração. Seus impactos, apesar 

de ainda pouco estudados, são significativos sobre a fauna aquática, especialmente sobre os peixes. 

Muitas vezes pautada como um impacto pontual, que gerará efeito tão somente sobre a área alagada 

do reservatório criado para armazenar o rejeito da mineração, elas possuem a capacidade de alterar 

as assembleias de peixes em uma escala longitudinal. Esse impacto, em alguns casos, pode ser sentido 

a quilômetros do local de inserção da mesma, como mostrado na sessão 1. As alterações provenientes 

do rompimento da barragem de rejeitos de Fundão, apesar de não ter levado o rio Doce a morte, 

levaram a uma alteração na composição de sua ictiofauna em seu trecho médio, beneficiando 

principalmente espécies não nativas. Justamente esse, que é considerado um dos maiores problemas 

para a conservação da biodiversidade atual, se beneficiou das alterações promovidas pelo desastre. 

Mostramos também que pouco aprendemos com o desastre com a barragem de rejeitos de Fundão. A 

ocorrência de um novo desastre em Brumadinho expôs o quão falho os sistemas de prevenção foram. 

Novamente pagamos um preço ambiental alto, dessa vez na bacia do rio São Francisco. Além disso, 

mostramos como a burocracia e os conflitos de interesse podem trazer problemas para os trabalhos 

que visam entender os impactos desses desastres e as propostas de solução. Por fim, mostramos que 

a construção desse tipo de empreendimento pode afetar até mesmo as comunidades isoladas a 

montante do reservatório de rejeitos, levando a uma alteração da composição da ictiofauna e ao 

beneficiamento de espécies generalistas e não nativas. Apesar de ser ainda um pequeno passo frente 

aos impactos dessas estruturas, concluímos que, sim, elas apresentam efeitos negativos sobre a fauna 

aquática. 
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