UNIVERSIDADE FEDERAL DE MINAS GERAIS
Instituto de Ciéncias Biolégicas
Departamento de Genética, Ecologia e Evolucao
Programa de Pos-Graduaciao em Ecologia Conservacgao

e Manejo da Vida Silvestre

Gabriela Moreira Ronzani

DOES ENVIRONMENTAL DEGRADATION AFFECT TROPHIC NICHE OVERLAP
BETWEEN ECOLOGICALLY SIMILAR NATIVE AND NON-NATIVE FISH
SPECIES IN RIO DOCE BASIN?

Belo Horizonte

2024



Gabriela Moreira Ronzani

DOES ENVIRONMENTAL DEGRADATION AFFECT TROPHIC NICHE OVERLAP
BETWEEN ECOLOGICALLY SIMILAR NATIVE AND NON-NATIVE FISH
SPECIES IN RIO DOCE BASIN?

Dissertagdo apresentada ao Programa de Pos-
Graduagdo em Ecologia, Conservagcdo e
Manejo da Vida Silvestre da Universidade
Federal de Minas Gerais, como requisito parcial
a obtencdo do titulo de Mestre em Ecologia
Conservacao e Manejo da Vida Silvestre.

Orientador(a): Prof. Dr. Rafael Pereira Leitao

Co-orientador(a): Prof. Dr. Gilberto
Nepomuceno Salvador

Belo Horizonte

2024



043

Ronzani, Gabriela Moreira.

Does environmental degradation affect trophic niche overlap between
ecologically similar native and non-native fish species in Rio Doce basin?
[manuscrito] / Gabriela Moreira Ronzani. — 2024.

51f.:il.;29,5cm.

Orientador(a): Prof. Dr. Rafael Pereira Leitdo. Co-orientador(a): Prof. Dr.
Gilberto Nepomuceno Salvador.

Dissertagdo (mestrado) — Universidade Federal de Minas Gerais, Instituto de
Ciéncias Bioldgicas. Programa de Pds-Graduagao em Ecologia Conservagao e
Manejo da Vida Silvestre.

1. Ecologia. 2. Agua doce. 3. Degradagéo ambiental. 4. Ictiofauna. 5.
Espécies Introduzidas. |. Leitdo, Rafael Pereira. Il. Salvador, Gilberto
Nepomuceno. lll. Universidade Federal de Minas Gerais. Instituto de Ciéncias
Biolégicas. IV. Titulo.

CDU: 502.7

Ficha catalogréfica elaborada pela bibliotecaria Fabiane Cristielle M. Reis - CRB: 6/2680




LT
....;;0 £ R.A [ 2}’0.

Qe

UNIVERSIDADE FEDERAL DE MINAS GERAIS
INSTITUTO DE CIENCIAS BIOLOGICAS

PROGRAMA DE POS-GRADUACAO EM
ECOLOGIA, CONSERVACAO E MANEJO DA VIDA SILVESTRE

ECMVS

Ata da Defesa de Dissertaciao

N° 460
Entrada: 2022/2

Gabriela Moreira Ronzani

No dia 21 de agosto de 2024, as 09:00 horas, sala 236, bloco 13, teve lugar a defesa de dissertacdo de
mestrado no Programa de P6s-Graduacdo em Ecologia, Conservacdo e Manejo da Vida Silvestre, de autoria
do(a) mestrando(a) Gabriela Moreira Ronzani, orientando(a) do Professor Rafael Pereira Leitdo, intitulada:
“Does environmental degradation affect trophic niche overlap between ecologically similar native and
non-native fish species in Rio Doce basin?”. Abrindo a sessdo, o(a) Presidente da Comissao, Doutor(a)
Rafael Pereira Leitdo, ap6s dar a conhecer aos presentes o teor das normas regulamentares do trabalho final,
passou a palavra para o(a) candidato(a) para apresentacdo de seu trabalho. Estiveram presentes a Banca
Examinadora composta pelos Doutores: Luisa Resende Manna (UERJ), Patricia Santos Fraguas (UFLA) e
demais convidados. Seguiu-se a arguicdo pelos examinadores, com a respectiva defesa do(a) candidato(a).
Ap0s a arguicdo, apenas 0s senhores examinadores permaneceram no recinto para avaliacdo e deliberagéo
acerca do resultado final, sendo a deciséo da banca pela:



(X) Aprovacdo da dissertacdo, com eventuais correcdes minimas e entrega de versao final pelo orientador
diretamente a Secretaria do Programa, no prazo maximo de 30 dias;

( ) Reprovaca

o da dissertacdo (marcar se é a primeira ou segunda reprovacdo): ( ) *primeira reprovacao (

) segunda reprovagao

*Conforme o

disposto no Artigo 80 da Resolu¢do Complementar do CEPE/UFMG N2 02/2017, de 04 de

julho de 2017, caso seja a primeira reprovac¢ao, podera ser concedido, a critério do Colegiado de Curso,

um prazo par

a a realizacdo de nova defesa de tese.

Nada mais havendo a tratar, o Presidente da Comisséo encerrou a reunido e lavrou a presente ata, que sera
assinada por todos os membros participantes da Comisséo Examinadora.

. m———
1
sel o
assinatura
L eletrénica

Belo Horizonte, 21 de agosto de 2024.
Assinaturas dos Membros da Banca Examinadora

Documento assinado eletronicamente por Patricia Santos Fraguas, Usuario Externo, em
27/08/2024, as 10:30, conforme horario oficial de Brasilia, com fundamento no art. 52 do Decreto n2
10.543, de 13 de novembro de 2020.

, —

1

el 2
assinatura

I eletrénica
sel! o

assinatura
I eletrénica

Documento assinado eletronicamente por Luisa Resende Manna, Usuaria Externa, em
27/08/2024, as 12:07, conforme horario oficial de Brasilia, com fundamento no art. 52 do Decreto n2
10.543, de 13 de novembro de 2020.

Documento assinado eletronicamente por Rafael Pereira Leitao, Professor do Magistério
Superior, em 29/08/2024, as 13:25, conforme horario oficial de Brasilia, com fundamento no art. 52 do
Decreto n210.543, de 13 de novembro de 2020.

= A autenticidade deste documento pode ser conferida no site
https://sei.ufmg.br/sei/controlador externo.php?

* acao=documento conferir&id orgao acesso externo=0, informando o cédigo verificador 3492355 e o

cédigo CRC BF22169B.

Referéncia: Processo n?23072.219003/2024-52



http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm
http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm
http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm
http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm
http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm
https://sei.ufmg.br/sei/controlador_externo.php?acao=documento_conferir&id_orgao_acesso_externo=0
https://sei.ufmg.br/sei/controlador_externo.php?acao=documento_conferir&id_orgao_acesso_externo=0

AGRADECIMENTOS

Finalizando mais um ciclo incrivel, repleto de desafios e aprendizados. Um percurso
agradavel, com companhias muito especiais. O medo que sentia no inicio se transformou em
pertencimento e confianca. Cada passo revelou a certeza de que posso trabalhar com o que
mais gosto. Tudo confluiu perfeitamente: desde a pesquisa e o estudo dos peixes, que ¢ uma

paixao que carrego desde crianga, até as pessoas, 0s campos ¢ o laboratdrio.

Sdo muitos os agradecimentos que quero fazer nesse momento, principalmente a
minha familia. Obrigada, mae (Sanny), por ser essa mulher incrivel e inspiradora, que sempre
possibilitou e incentivou minhas escolhas. Obrigada, Mananna, minha irma querida, que a
todo momento me admirou, ouviu e me deu forgas para continuar lutando ¢ melhorar a cada
dia. Ao Jay, meu irmao cagula, pela sensibilidade, por ter chegado ao mundo e demonstrado

como a vida ¢ linda e mutavel, e por ter me apresentado o amor na sua forma mais pura.

Agradeco aos meus avds, Jane e Décio, por toda a estrutura, dedicacdo e apoio, por

proporcionarem tudo que esta ao alcance pelo bem da nossa familia.

Agradego ao Rafa, um orientador carinhoso, comprometido em ajudar, que incentiva
o desenvolvimento de todos os seus alunos. Obrigada por ter me aceitado no laboratério em

2019, pois foi nesse espaco que cresci como profissional e me tornei mais humana.

Ao Laboratorio de Ecologia de Peixes, agradeco tanto aos que ja seguiram outros
caminhos, quanto aos que ainda estao presentes e aqueles que chegaram para abrilhantar ainda
mais esse ambiente de unido e aprendizado. Agradeco a Camilinha, nossa IC querida, pela
ajuda ao abrir os estdmagos dos peixinhos, ao Dennys, que esteve ao meu lado o tempo todo,
dando suporte nas identificacdes e nas conversas na varandinha. Ao meu coorientador Giba,
por mais uma vez enriquecer meu trabalho, pela aten¢do, carinho e paciéncia em todos os
momentos. Por me ensinar tanto sobre o trabalho de campo, assim como o Yoshi, com seu
olhar sensivel sobre todas as coisas. Admiro a dedica¢do na identificagcdo dos peixes, o ensino
de cada detalhe e as trocas filosoficas que acrescentaram ainda mais a experiéncia. Sou muito
grata ao Carlitos, por ter dedicado seu tempo, mesmo estando longe, para desenvolver meus
resultados da melhor maneira, ensinando coisas novas e desafiadoras. Obrigada, Enzo, por ter

insistido em entrar como IC no laboratorio e por ser uma companhia tdo agradavel e



inspiradora. E & Mari e Lucas, companheiros de laboratério e de turma, pelo carinho,

paciéncia, trocas e experiéncias ao longo de todo o percurso.

Gostaria de agradecer a Professora Miriam Pilz Albrecht por ter me recebido no
Laboratdrio de Ecologia de Peixes da Universidade Federal do Rio de Janeiro (UFRJ) e as
suas alunas, Bella e Suzane, por todo o ensinamento, carinho e dedicagdo no treinamento de

analise de conteudo estomacal.

Agradeco a UFMG, por todo o percurso vivido e por ser minha casa nos ultimos sete
anos. Tenho muito orgulho de poder vivenciar a universidade e tudo que ela proporciona. A
educacao publica de qualidade ¢ um direito de todos e transforma vidas. Gratidao ao Programa
de Poés-graduacdo em Ecologia, Conservagdo e Manejo da Vida Silvestre por todas as

oportunidades e aos professores que enriqueceram minha formagao nesse periodo.

Obrigada, Vanessa, por ter me acompanhado em todo o processo, por ter me ajudado

a entender que o mestrado pode ser um periodo tranquilo, de descobertas e amadurecimento.

Sou grata também ao Davi, um presente que ganhei no caminho, pelo incentivo, trocas,
apoio, carinho, cumplicidade ¢ amor. E por ter me apresentado a escalada, que fez toda

diferenca no periodo de finaliza¢do do trabalho.

Por fim, agradeco a FAPEMIG pela bolsa e o apoio a minha pesquisa e aos projetos
do laboratorio, tanto no Projeto IctioDoce (FAPEMIG - APQ-00401-19), quanto no Projeto
de Biodiversidade e Funcionamento de Riachos da Cadeia do Espinha¢o (FAPEMIG - APQ-
01611-17).

Gratidao aos meus guias espirituais e a todos que fizeram parte desse processo

maravilhoso.



RESUMO

Invasdes biologicas estdo entre as principais causas de extingdo da biodiversidade. Espécies
ndo nativas podem interferir na estrutura das comunidades nativas, pois podem deter
caracteristicas biologicas que favorecem a ocupac¢dao do ambiente invadido. Entretanto, os
mecanismos subjacentes ao processo de invasdo, como a competicdo por recursos entre as
espécies nativas ¢ nao nativas, ainda sao pouco estudados para grande parte dos sistemas
ecologicos. Considerando que o uso de recursos alimentares ¢ uma das principais dimensoes do
nicho ecoldgico das espécies, quantificar o grau de sobreposi¢ao de nicho trofico entre espécies
¢ um passo fundamental para a compreensao dos efeitos da invasdo biolégica. Espera-se que a
competicdo seja mais intensa quando as espécies ndo nativas e nativas sdo taxonomicamente
e/ou ecologicamente semelhantes. Aliado ao processo de introducdo em ambientes naturais, a
degradagdo ambiental parece facilitar o estabelecimento de espécies ndo nativas nos
ecossistemas. Alteracdes de paisagem e uso do solo, geralmente ocasionam homogeneizagao
do habitat e diminuem a disponibilidade e diversidade de recursos para os organismos, podendo
aumentar a competicdo intra e interespecifica e potencialmente prejudicar as espécies nativas,
visto que as espécies ndo nativas sdo mais tolerantes as mudancas das condi¢des fisicas do
habitat. Devido ao historico de degradagdo combinado a casos emblematicos de introducao de
espécies de peixes, a Bacia do Rio Doce ¢ um modelo de estudo adequado para testar hipoteses
sobre mecanismos de invasdo biologica. Neste contexto, este estudo tem como objetivo
descrever a dieta e quantificar a sobreposi¢do de nicho troéfico entre um par de espécies de peixe
nativo (Deuterodon cf. taeniatus) e nao-nativo (Knodus moenkhausii) na bacia do Rio Doce.
Testamos a hipotese de que a sobreposigdo de nicho tréfico entre este par de espécies de peixes
aumenta em locais com nivel mais elevado de degradagdo ambiental na bacia. Para testar tal
hipodtese, aplicamos protocolo de avaliagdo de habitat fisico adaptado para rios, coleta de peixes,
analise de contetido estomacal, célculos de sobreposicao de nicho trofico e de degradacao
ambiental. De acordo com nosso estudo, confirmamos que ambas as espécies possuem habito
alimentar onivoro, com alta plasticidade tréfica e oportunismo alimentar. Deuteredon cf.
taeniatus € Knodus moenkhausii apresentam alta sobreposi¢ao de nicho tréfico na maioria dos
locais analisados, indicando que a espécie nao nativa possivelmente compete por recursos com
a espécie nativa. Por outro lado, o nivel de sobreposicao de nicho troéfico ndo foi afetado pelo

nivel de degradagdo ou por outras varidveis ambientais.

Palavras-chaves: Dieta; Invasdo biologica; Interacdo ecoldgica; Variaveis ambientais;

Ictiofauna; Agua doce.



ABSTRACT

Biological invasions are among the main causes of biodiversity extinction. Non-native
species can interfere with the structure of native communities, as they can possess biological
characteristics that favor the occupation of the invaded environment. However, the
mechanisms underlying the invasion process, such as competition for resources between
native and non-native species, are still poorly studied for most ecological systems.
Considering that the use of food resources is one of the main dimensions of the
environmental niche of species, quantifying the degree of trophic niche overlap between
species is a fundamental step toward understanding the effects of biological invasion.
Competition is expected to intensify when non-native and native species are taxonomically
and/or ecologically similar. In addition to the introduction process in natural environments,
environmental degradation seems to facilitate the establishment of non-native species in
ecosystems. Changes in landscape and land use generally cause habitat homogenization and
decrease the availability and diversity of resources for organisms, which can increase intra-
and interspecific competition and potentially harm native species, since non-native species
are more tolerant of changes in the physical conditions of the habitat. Due to the history of
degradation combined with emblematic cases of introduced fish species, the Rio Doce Basin
is a model study well suited for testing hypotheses about biological invasion mechanisms.
In this context, this study aims to describe the diet and quantify the trophic niche overlap
between a pair of native (Deuterodon cf. taeniatus) and non-native (Knodus moenkhausii)
fish species in the Rio Doce basin. We tested the hypothesis that the trophic niche overlap
between this pair of fish species increases at higher levels of environmental degradation in
the basin. To test this hypothesis, we applied a physical habitat protocol adapted for rivers,
collected fish, analyzed stomach contents, and calculated trophic niche overlap and
environmental degradation. According to our study, we confirmed that both species have
omnivorous feeding habits, with high trophic plasticity and feeding opportunism.
Deuteredon cf. taeniatus and Knodus moenkhausii show high trophic niche overlap in most
of the sites analyzed, indicating that the non-native species possibly compete for resources
with the native species. On the other hand, the level of trophic niche overlap was not

affected by the level of degradation or the local environmental variables.

Key words: Diet; Biological invasions; Ecological interaction; Environmental variables;

Ichthyofauna; Freshwater.
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Apresentacéo geral:

Invasdes bioldgicas sdo apontadas por muitos autores como uma das maiores ameagas
a biodiversidade global (Meyerson et al., 2019). Espécies ndo nativas sdo capazes de
interferir na estrutura das comunidades e ocasionar grandes alteracdes em processos
ecoldgicos e no funcionamento de ecossistemas (Wang et al. 2021; Vitule e Prodocimo,
2012). Frequentemente, tais espécies detém caracteristicas bioldgicas que favorecem a
ocupacdo do ambiente invadido, como rdpido crescimento populacional, tolerancia as
mudancas das condigdes fisicas, alta taxa de fecundidade e plasticidade alimentar (Wootton,
1998; Kolar e Lodge, 2000; Spinola e Ferreira Julio Junior, 2007). As espécies invasoras
tendem a explorar os recursos disponiveis no ecossistema invadido, estabelecendo
interagdes com as espécies nativas (David et al., 2017). O processo de invasdo ¢ geralmente
divido em cinco etapas (1) transporte de uma espécie para outra localidade diferente da sua
area de distribuicao nativa por agdes antropicas; (2) introdu¢do em um novo ambiente; (3)
estabelecimento (capacidade da espécie de se reproduzir no ambiente invadido); (4)
disseminagao; e (5) impactos (alteracdes causadas pelas espécies invasoras no ecossistema
receptor) (Moyle&Light 1996; Blackburn et al. 2011; Bernery et al. 2022). Entender quais
sd0 0s mecanismos subjacentes ao processo de invasdo € como as espécies nao nativas
impactam a biodiversidade por meio de interagdes com as espécies nativas continua sendo
uma lacuna importante do conhecimento (Bernery et al., 2022; Vitule and Prodocimo,

2012).

A competicao por recursos entre espécies nativas e ndo nativas ¢ um dos mecanismos
possiveis ao longo do processo de invasdo. Quando espécies ndo nativas partilham
requisitos ecoldgicos semelhantes e estdo sujeitas as mesmas condigdes ambientais que as
espécies nativas, podem reduzir a disponibilidade e a qualidade dos recursos utilizados pelas
nativas (Firth et al., 2021; Britton et al., 2019). O nicho de uma espécie pode incluir o tipo
de habitat que ocupa, suas exigéncias alimentares, tolerancias as condi¢des ambientais,
requisitos reprodutivos, entre outras diversas dimensdes (Hutchinson, 1959). Espera-se que
espécies distintas sejam funcionalmente diferentes ao longo das dimensdes de um espago
Hutchinsoniano (Rosenfeld, 2002), de tal forma que, sob condi¢des de sobreposi¢cao minima
de nicho, deve haver aumento da exploragdo de recursos disponiveis apos a introdugdo de
espécies adicionais em uma comunidade (Tilman et al., 1997; Loreau et al., 2001; Cardinale
et al., 2002). Considerando que o uso de recursos alimentares ¢ uma das principais

dimensdes do nicho ecoldgico das espécies (Schoener, 1983; Toft, 1985), quantificar o grau
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de sobreposi¢do de nicho trofico interespecifico ¢ um passo fundamental para a
compreensdo dos efeitos da invasdo biologica (Figura S1). Espera-se que a competicao seja
mais intensa quando as espécies ndao nativas e nativas sdo taxonomicamente e/ou

ecologicamente semelhantes (Dick et al., 2017).

Nicho tréfico .

Nichotréfico X
néo nativa N

@Y o SR

Sobreposigao

Figura S1. Figura esquematica da sobreposi¢ao de nicho trofico entre o par de espécies nativa e

ndo nativa.

Aliado ao processo de invasdo em ambientes naturais, a degradacdo parece facilitar o
estabelecimento de espécies ndo nativas, visto que essas sdo geralmente mais tolerantes
(Simberloftf & Rejmanek, 2011). Alteragdes na paisagem modificam as condigdes
ambientais e podem reduzir a disponibilidade de habitats e recursos alimentares,
aumentando a competi¢do intra e interespecifica e, potencialmente, prejudicando espécies
nativas (Chapin et al., 2000; Souza, 2022). Particularmente para os sistemas de dgua doce,
a agricultura e a urbanizagdo sao importantes fontes de mudancgas no uso da terra que afetam
o habitat fisico, a qualidade da dgua e a entrada de energia no sistema (Mello et al., 2020).
Tais alteracdes sdo responsaveis pelo aumento das cargas de sedimentos e nutrientes nos
cursos d’agua, bem como de poluentes toxicos, residuos organicos, coliformes fecais,
fosforo e nitrogénio (Mello et al., 2020; Maia et al. 2022). Em relagdo aos efeitos nas
condig¢des fisicas do habitat local, a alteragdo do uso do solo e a fragmentacao fluvial,
afetam a estabilidade do leito, reduzem o sombreamento local, diminuem a complexidade

dos abrigos e reduzem a profundidade do canal (Leitdo et al., 2017). Mesmo ocorrendo em
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menor escala territorial, a mineragdo € outra pressao antropica que resulta em altos impactos
no ambiente aquatico, contaminando aguas superficiais e sedimentos com metais pesados e
outros elementos toxicos (Maia et al. 2022; Salvador et al. 2022; 2023). Investigar a
correlagdo entre a degradacao ambiental e a introducao de espécies através de interagdes
ecoldgicas ¢ crucial para compreender o funcionamento do sistema e como as espécies nao

nativas estdo afetando as nativas.

O sistema do Rio Doce tem um historico de introdugao de espécies de peixes nao nativos
desde a década de 70 (Godinho, 1996). E, ao longo dos séculos, a bacia sofre com as
atividades antrdpicas, observando-se mudangas na paisagem e no uso do solo promovidas
primeiramente pela minera¢do de ouro e, posteriormente, pela agropecudria, agroindustria
do actcar e do alcool, mineragdo de ferro, silvicultura e geracao de energia elétrica (ANA,
2024). Além disso, em novembro de 2015, ocorreu o rompimento da barragem de rejeitos
de Fundao, da mineradora Samarco, pertencente a Vale, e da empresa anglo-australiana BHP
Billiton, localizada na cidade de Mariana (MG). A lama de minério atingiu o Rio Gualaxo
do Norte, depois passou pelo Rio Carmo e atravessou a calha principal do Rio Doce,
percorrendo aproximadamente 660 km até chegar ao mar (ANA, 2024). De acordo com
Salvador et al. (2022), apds o rompimento da barragem, as espécies ndo nativas aumentaram
em abundancia em todas as regides de estudo da UHE Baguari, a montante do reservatdrio,
no reservatdrio e a jusante. Tal resultado indicou que tais espécies podem ter sido
beneficiadas, enquanto espécies nativas tiveram perda de abundancia na regido a montante

do reservatorio apds o rompimento da barragem de Fundao.

Atualmente, existem cerca de 39 espécies ndo nativas na bacia do Rio Doce, dentre elas
14 sdo consideradas casuais, ou seja, com registros esporadicos, 10 sdo consideradas
estabelecidas, e 15 j& causam efeitos negativos no sistema (Bueno, et al. 2021). De acordo
com o trabalho de Souza (2022), as espécies ndo nativas com maior nimero de ocorréncias
na bacia do Rio Doce sdo o lebiste Poecilia reticulata, a piabinha Knodus moenkhausii, o
cascudo Hoplosternum littorale, o mandi Pimelodus maculatus, e a tilapia-do-Nilo
Oreochromis niloticus. Dentre os vetores de introducao de espécies, o aquarismo tem maior
nimero de registros, seguido pela aquicultura, pesca esportiva e isca-viva (Souza, 2022).
Dentre as espécies ndo nativas, a piabinha Knodus moenkhausii (Eigenmann & Kennedy
1903) estd amplamente distribuida na bacia do Rio Doce e em outras seis bacias
hidrograficas do sudeste do Brasil (Bueno, et al. 2021). Além da alta pressao de propagulo

(capacidade dos individuos de dispersar local ou regionalmente), ¢ uma espécie oportunista
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e tolerante a ambientes degradados (Vitule et al., 2009, Carvalho et al., 2017, 2019a, 2019b).
Também amplamente distribuida na bacia, destaca-se a piabinha nativa Deuterodon cf.
taeniatus (Jenyns 1842). Estas espécies, nativa (Deuterodon cf. taeniatus) € nao nativa
(Knodus moenkhausii), sao filogeneticamente e ecologicamente relacionadas, possuem
habito alimentar onivoro e oportunista, com alta plasticidade alimentar (Manna et al., 2012;
Carvalho et al., 2019a; Figura S2). Embora a dieta de ambas seja relativamente bem
conhecida, o grau de sobreposi¢ao alimentar entre essas espécies quando partilham o

mesmo ambiente ainda ndo foi investigado.

]
b7

Max length 9.6 cm Max length 5.4 cm

Figura S2. Par de espécies nativa (Deuterodon cf. taeniatus) e nao nativa (Knodus moenkhausii) na

Bacia do Rio Doce. Fotos: Gilberto Nepomuceno Salvador.

Investigar como as espécies ndo-nativas estdo afetando as espécies nativas ¢ critico para
a compreensao dos mecanismos fundamentais do processo de invasdo biologica. Neste
contexto, este estudo tem como objetivo central descrever a dieta e quantificar a
sobreposi¢do de nicho tréfico entre o par de espécies de peixe nativo (Deuterodon cf.
taeniatus) e ndo-nativo (Knodus moenkhausii) na bacia do Rio Doce. Adicionalmente,
considerando a redugdo da disponibilidade e diversidade de recursos em ambientes
degradados, testamos a hipdtese de que a sobreposicao de nicho tréfico entre este par de

espécies de peixes aumenta em niveis mais elevados de degradacdo ambiental na bacia.

Este trabalho esta vinculado ao projeto ICTIODOCE - ICB/UFMG, que tem como
objetivos principais, investigar os efeitos do ambiente, em escala de bacia e de habitat local,
sobre a distribui¢do e aspectos ecologicos das espécies de peixes do Rio Doce para entender
como o desastre de Fundao levou a reestruturacao da ictiofauna. E, além disso, investigar

os efeitos do desastre sob o ponto de vista das espécies raras e ameagadas de extingdo, assim
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como das espécies ndo nativas. O material bioldgico foi proveniente de amostragens
realizadas em 46 pontos ao longo da Bacia do Rio Doce na estagdo seca de 2022. Os pontos
foram distribuidos aleatoriamente na bacia em rios acima da 6* ordem sensu Strahler (1957).
Neste estudo, selecionamos apenas 10 do total de pontos amostrados (Figura S3), utilizando

como critério a coocorréncia de ambas as espécies € o0 nimero minimo de individuos para

uma analise robusta dos conteudos estomacais e da sobreposi¢do de nicho.

Figura S3. Alguns pontos de coleta de dados da amostragem do projeto ICTIODOCE-ICB/UFMG
em 2022. IBIRD 11- Rio Santa Margarida; IBIRD 13 — Rio Tanque; IBIRD 23 — Rio Suacui
pequeno; IBIRD 29 — Rio Suagui Grande; IBIRD 07 - Rio Suagui Grande; IBIRD 44 — Rio Doce.

Fotos: Gilberto Nepomuceno Salvador.

O método utilizado nesse estudo envolveu aplicacdo de protocolo de avaliagao de
habitat fisico adaptado para rios (EPA — US; Peck et al., 2006), coleta de peixes (Figura S4),
analise de contetido estomacal em laboratério (Figura S5), calculos de sobreposicdo de

nicho tréfico e de degradagdo ambiental.
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Foto S4. Amostragem de peixes e obtencdo de dados ambientais do projeto ICTIODOCE -
ICB/UFMG, campanha de 2022.

Foto S5. Anélise de contetido estomacal no laboratério de Ecologia de Peixes — UFMG, utilizando

a lupa Zeiss Stemi DV4.
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E possivel visualizar a semelhanca morfoldgica do trato gastrointestinal das espécies
(Figura S6), com presenga de cecos piloricos, caractere tipico de espécies com habito
alimentar onivoro. Além disso, observamos grande diversidade de itens nos estdmagos dos

exemplares examinados (Figura S7).

Foto S6. Trato gastrointestinal das espécies de peixe (A) Deuterodon cf. taeniatus e (B) Knodus

moenkhausii.

Foto S7. Itens encontrados no conteudo estomacal de exemplares das espécies de peixes Deuterodon
cf. taeniatus ¢ Knodus moenkhausii da Bacia do Rio Doce. Em sequéncia: (A) Hymenoptera; (B)
microplastico; (C) fragmentos de insetos aloctones; (D) detrito organico; (E) Acari terrestre; (F) fios
de nylon; (G) Hemiptera; (H) Trichoptera; (I) Tipulidae; (J) detrito inorganico; (K) Thysanoptera;
(L) Chironomidae; (M) Acari aquatico; (N) sementes; (O) Aranea.

Foi apresentado um panorama geral das teorias ecoldgicas, dos mecanismos e
metodologias abordadas na dissertagdo, que contém apenas um capitulo e estd apresentada
em formato de artigo cientifico. Construimos o trabalho nesse formato, com objetivo de
submeter ao periddico “Water Biology and Security” na edi¢do especial “Mine Tailings

Facility Disasters: Aquatic Ecological Effects and Policy”.
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1. Introduction

Biological invasions are among the main threats to biodiversity worldwide, leading to
increasing levels of native species extinctions (Meyerson et al., 2019). Non-native species can
affect the structure of biological communities and cause profound changes in ecological
dynamics and processes, such as the erosion of native biodiversity and ecosystem functioning
(Souza et al. 2021; Wang et al. 2021; Vitule and Prodocimo, 2012). These species often have
biological characteristics that favor the colonization and establishment of new environments,
such as rapid population growth, tolerance to changing physical conditions, high fecundity
rates, and dietary plasticity (Spinola and Ferreira, 2007; Kolar and Lodge, 2000; Wootton,
1998).

Understanding the mechanisms underlying invasion success and the consequent
biodiversity loss remains an important knowledge gap (Bernery et al., 2022; Vitule and
Prodocimo, 2012). One of these mechanisms is the competition for resources between native
and non-native species (Reference). When non-native species shared similar ecological
requirements and are subject to the same environmental conditions of the native species, they
may reduce the availability and the quality of food resources used by the latter (Firth et al.,
2021; Britton et al., 2019). Considering that the use of food resources is one of the main
dimensions of the ecological niche of species (Schoener, 1983; Toft, 1985), quantifying the
degree of trophic niche overlap between species is a fundamental step toward understanding

the effects of biological invasion on the native communities mediated by competition.

Environmental degradation seems to facilitate the establishment of non-native species,
since they tend to be more tolerant to degraded conditions and opportunistic in the use of
resources (Simberloff & Rejmanek, 2011). For instance, in a recent study using isotopic
approach to understand energy assimilation from a pair of native and non-native freshwater fish
from the Rio Sao Francisco basin, Southeast Brazil, Carvalho et al. (2019), found that the exotic
species Poecilia reticulata can assimilate carbon directly from sewage, and when combined
with its high survival rate in environments with low water quality and its reproductive strategy,

it can establish itself successfully in heavily polluted areas.

Particularly to freshwater systems, agriculture and urbanization are important land use
changes affecting local physical habitat, water quality, and energy inputs to streams and rivers
(Mello et al., 2020). They are responsible for increasing sediment and nutrient loads in

watercourses, toxic pollutants, organic waste, fecal coliforms, phosphorus, and nitrogen (Mello
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et al., 2020; Maia et al. 2022). Regarding the effects on local physical habitat conditions, land
use changes and riverscape fragmentation affect bed stability, reduce local shading, decrease
shelter complexity, and reduce channel depth (Leitdo et al., 2017). Even occurring on a smaller
territorial scale, mining is another critical human-induced pressure to aquatic environment,
contaminating surface waters with heavy metals and contributing to high amounts of fine
sediment to the riverine systems (Maia et al. 2022; Salvador et al. 2022; 2023). These multitude
of factors frequently lead to high habitat homogenization and lessening the availability and
diversity of resources for the freshwater organisms (Leitdao et al., 2017; Neves et al., 2023;
Larentis et al., 2021). In this context, landscape changes can ultimately increase intra- and inter-
competition and potentially harming native species (Chapin et al., 2000; Souza, 2022).
Investigating the correlation between environmental degradation and species introduction
through ecological interactions is thus a critical step to understanding how the system works

and finding solutions for conserving native biodiversity.

The Rio Doce Basin is a suitable study model for testing hypotheses about biological
invasion mechanisms coupled with environmental degradation, because this freshwater system
has: (1) a marked history of non-native fish introductions, with reports dating back to the 1970s
(Godinho, 1996); (2) a broad gradient of environmental degradation due to human activities
associated with landscape changes; and (3) pairs of native and non-native species that are
phylogenetically and ecologically close-related, such as the characid fishes Deuterodon cf.
taeniatus (Jenyns 1842) and Knodus moenkhausii (Eigenmann & Kennedy 1903). Knodus
moenkhausii, an invasive species in the Rio Doce basin (Bueno et al., 2021), has high propagule
pressure (ability of individuals to disperse locally or regionally) and can thrive even in degraded
environments (Vitule et al., 2009, Carvalho et al., 2017, 2019a, 2019b). It is also an
opportunistic species in terms of the use of food resources, with the ability to change its trophic
niche depending on environmental conditions (Carvalho et al., 2019a). Deuterodon cf.
taeniatus, native to the Rio Doce basin, has an omnivorous and opportunistic feeding habit,
with high dietary plasticity (Manna et al., 2012). Although the diet of both species is relatively
well known, it is important to understand how these ecologically and morphologically similar

species use feeding resources when they share the same environment.

Testing how non-native fish species are affecting native species is critical to improving our
understanding of the fundamental mechanisms of the biological invasion process. In this
context, this study aims to describe the diet and to quantify the trophic niche overlap between

the native (Deuterodon cf. taeniatus) and the non-native (Knodus moenkhausii) fish species in
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the Rio Doce basin. Additionally, considering the reduced availability and diversity of resources
in degraded environments, we test the hypothesis that trophic niche overlap between this pair

of fish species increases in higher levels of environmental degradation in the basin.

2. Methods
2.1 Study area

The Rio Doce basin is located in the Brazilian Southeast, covering a drainage area of 86,715
km?, 86% of which belong to the state of Minas Gerais (MG) and the rest to the state of Espirito
Santo (ES). The headwaters of the Rio Doce originate in the Mantiqueira and Espinhaco
mountain ranges, and its waters travel around 850 km until reaching the Atlantic Ocean (ANA,

2024).

The Rio Doce system has introduced non-native fish species since the 1970s (Godinho,
1996). The introduction of species into many lakes in the region has caused significant changes
in native communities, resulting in several cases of local extinctions (Fragoso-Moura et al.,
2016; Souza et al., 2021; Souza, 2022). Moreover, over the centuries, faced multiple human
activities which led to profound landscape changes, firstly by gold mining, and then by farming,

sugar and alcohol agro-industry, iron mining, forestry, and electricity generation (ANA, 2024).

In addition, this scenario, in November 2015, the Fundao tailings dam of the Samarco
mining company, which belongs to Vale, and the Anglo-Australian company BHP Billiton,
located in the city of Mariana (MG), collapsed. The ore sludge reached the Rio Gualaxo do
Norte, then passed through the Rio Carmo and crossed the main stem of the Rio Doce, running

for approximately 660 km until reaching the sea (ANA, 2024).

This study is part of the ICTIODOCE - ICB/UFMG project and the biological material came
from sampling carried out at 46 sites along the basin in dry season of 2022. These sites were
randomly distributed using “spsurvey: Spatial Sampling Design and Analysis” package for R
(Dumelle et al. 2023; R Development Core Team, 2023), encompassing rivers above the 6™
order sensu Strahler (1957) (Fig. 1). In our study, we selected 10 of the total sampled sites,
using as criteria the co-occurrence of both focal species (Deuterodon cf. taeniatus and Knodus
moenkhausii) and the minimum number of specimens for a robust analysis of stomach contents

and niche overlap.
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Figure 1. Map of the Rio Doce basin showing the sampling sites used in the IctioDoce Project (white

dots) and the 10 sites selected for our study (red stars).

2.2 Data collection
2.2.1 Environmental data

At each of the 10 sampling sites, with an extension of 1.0 to 2.0 km of the river (depending
on the wetted width), we characterize the local physical habitat by using the boatable habitat
assessment protocol - adapted from Environmental Protection Agency of US (EPA) (Peck et
al., 2006). We surveyed environmental variables in 11 marginal 10x20 m plots (Figure A1),
obtaining information for: substrate type and depth (cm); bank angle classes; counts of large
pieces of wood; visual estimates of the riparian zone (riparian vegetation cover and human
influence); shelter for fish; and estimation of shadding on the margins. For more details on how
to obtain the metrics, see Peck et al. (2006). From the set of habitat variables obtained, we used
three that indicate availability of food resources for river fish and habitat use, which are: mean
total riparian cover (XCMGQ); mean natural shelter cover (XFC NAT), and mean water column
depth (XDEPTH_S) (Kaufmann et al., 1999). These variables had low correlation between each
other (XCMG vs XFC_NAT =0.55; XCMG vs XDEPTH_S =-0.24; XFC_NAT vs XDEPTH_S
=-0.15).
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2.2.2 Fish sampling

We collected fish specimens in 11 marginal 10x20 m plots (Figure A1), using semicircular
sieves (80 cm diameter, 0.5 mm of mesh size) and trawls (4 m long, 2 m high and 0.5 mm of
mesh size). The effort was standardized over two hours (12 min per plot) of sampling by two
people along each sampling point. In the field, all the fish were anesthetized with a lethal dose
of eugenol solution and then fixed in formaldehyde 10%, following the Ethics Committee on
the Use of Animals in Research of the Federal University of Minas Gerais (CEUA process
339/2022). In the laboratory, the fish were preserved in alcohol 70% and identified to species
level using identification keys and consultation with specialists. The Brazilian Government

authorized this research through license number SEI/GOVMG 48.834.009.

2.2.3 Stomach content analysis

The stomach contents of the specimens of Deuterodon cf. taeniatus and Knodus
moenkhausii were identified and quantified in the laboratory using a stereo microscope (model
Zeiss Stemi DV4). The stomachs were placed on a glass plate (1 x 1 x 1.5 mm) containing an
alcohol solution (70%), the degree of repletion was registered, and the food items (except plant
material, algae, seeds, and eggs) were identified to order and/or family category, when possible.
Each food item was quantified according to the method of Kawakami and Vazzoler (1980),
considering the relative volume (Vo%) occupied in each stomach and its frequency of
occurrence (%) among all the stomachs analyzed for each species. Based on this information,

we calculate the Importance Alimentary Index (IAi — also called Feeding Index): IAi =

% for each food item to describe the diet. We then constructed a generic graph by
i=1
ordering the sites along the first axis of a Principal Coordinate Analysis (PCoA) to verify the

general pattern of food resources used among sites by the two species.

We measured and weighed all fish specimens (mean of 3.5 cm) and, to avoid ontogenetic
biases in dietary patterns, we chose only specimens of similar sizes in further analysis (Figure
A2). The length of the gastrointestinal tract (GI tract) and stomach (cm) was also measured
using a digital caliper, and the stomach was weighted (g) using a precision scale (MW 0,001g
resolution), to compare the internal morphology of the gastrointestinal tract of the species. We
observed a larger gastrointestinal tract in the native species Deuterodon cf. taeniatus than in the
non-native Knodus moenkhausii (Figure A3). We also calculated the ratio between the
gastrointestinal tract (cm) and the body standard length (cm) as complementary information on

possible differences in feeding habits (Figure A4). During the analyses, we constructed
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accumulation curves of the food items for each species and found that they reached the
asymptote for almost all sites (Figure AS), which means that the number of stomachs analyzed

was satisfactory to obtain a good representation of the species' diet.

2.3 Environmental degradation

We used the area of all the drainage upstream from each site to calculate land use categories.
This classification is made using MAPBIOMAS data with a 10 m resolution based on the
SENTINEL 2 satellite. From that, we calculated the Catchment Disturbance Index (CDI;
Ligeiro et al., 2013; Rawer-Jost et al., 2004), as follows: CDI = (4 x % urban areas) + (2 x %
agricultural areas) + (1 x % pasture areas). Each category was given a weight corresponding to
the type of land use and its impact on the rivers. The values range from 0 (complete natural

vegetation cover) to 400 (basin completely occupied by urban areas).

To taking into account the level of local degradation (i.e., human activities in the riparian
zone closer to sampled sites), we quantified the Local Disturbance Index (LDI). To that, we
used the metric WIH_HALL, which is obtained from 11 metrics related to visible impacts
caused by human activities, such as buildings, trash, pipes, roads, pasture and others (Kaufmann
et al.; 1999). The LDI ranges from 0 (no anthropogenic disturbance observed at the local scale)
to 16.5 (several types of disturbance observed close to each of the marginal plots). Finally, we
calculated an integrated disturbance index (IDI; Ligeiro et al., 2013), which joins the
information of the CDI and LDI, as follows:

LDI\? | (cDI\?
IDI = [(—) + (—) ]
5 300
High IDI values indicate rivers with higher levels of disturbance in both local and catchment

scales (Ligeiro et al., 2013; Drager, 2022).

1/2

2.4 Trophic niche overlap

Based on the relative volume (Vo%) of organic food items found in the stomachal analysis
(Hyslop, 1980) of Deuterodon cf. taeniatus and Knodus moenkhausii, we calculate the trophic

niche overlap using Pianka's index:

0jk = Y pijpik/\ X7 pij? Y7 pik?,
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Ojk measures niche overlap between species j and k, where pij is the proportion of the ith
resource for species j, pik is the proportion of the ith resource for species k and #n is the number
of resource categories (Pianka, 1973). The metric ranges from zero (no overlap) to 1 (total
overlap). We obtained the niche overlap values using the package 'spaa' (Zhang, 2016). We
established the trophic niche overlap (Pianka’s index) values at the following levels: high

(>0.6), intermediate (0.4 - 0.6), or low (<0.4) (adapted from Grossman, 1986).

Finally, to test our hypothesis that trophic niche overlap between this pair of fish species
increases in higher levels of environmental degradation in the basin we correlated IDI and other
local environmental variables (mean total riparian cover (XCMG); mean natural shelter cover
(XFC_NAT), and mean water column depth (XDEPTH_S) with trophic overlap (Pianka’s
index) between Deuterodon cf. taeniatus and Knodus moenkhausii using linear regression. The
level of significance in all analyses was 0.05. All analyses were performed in the R statistical

environment (version 4.3.2) (R Development Core Team, 2023).

3. Results

We analyzed 325 fish stomachs, being 158 (mean of 15.8 + 8.6 per site) from Deuterodon
cf. taeniatus, and 167 (mean of 16.7 + 7.2 per site) from Knodus moenkhausii. Overall, 41 items
were found in the fish stomachs, with the main ones being: autochthonous and allochthonous

insects, plant material, microplastics, and inorganic debris (Table 1).

Table 1. Frequency of occurrence (Fo%), Relative volume (Vo%), and Feeding Index (IAi) of items

consumed by the native fish species Deuterodon cf. taeniatus and by the non-native fish species Knodus

moenkhausii at the 10 sampling sites distributed in the Rio Doce Basin, Brazil.

Species Deuterodon cf. taeniatus Knodus moenkhausii
Number of stomachs 158 167
Standard body length range (cm) 1.7-5.6 1.8-4.2

ITEMS Fo Vo IAi Fo Vo IAi
PLANTS
Plant Material 91.77 24.95 0.36 66.67 11.07 0.13
Filamentous Algae 62.03 10.40 0.10 66.67 13.90 0.16
Seeds 36.08 3.76 0.02 19.21 3.48 0.01

Microalgae 1.90 0.90 <0.01 0.00 0.00 0.00



ALLOCHTHONOUS

Terrestrial insect

Hymenoptera
Diptera
Coleoptera Adult
Blattodea
Isopoda
Siphonaptera

Thysanoptera

Fragments of terrestrial insects

Other terrestrial invertebrates

Aranea

Acari

AUTOCHTHONOUS

Aquatic insects

Ceratopogonidae
Chironomidae
Coleoptera larvae
Dixidae

Elmidae
Empididae
Ephemeroptera
Hemiptera larvae
Odonata
Plecoptera
Diptera pupae
Simulidae
Tabanidae
Tipulidae

Trichoptera

36.08
41.14
13.29
0.63
0.00
0.63
6.96
71.52

1.90
15.82

15.19
72.15
3.80
0.00
0.63
5.06
27.22
3.16
0.63
1.90
21.52
9.49
0.00
3.16
18.35

4.53
1.60
1.08
0.01
0.00
0.01
0.20
14.66

0.44
0.34

0.49
4.90
0.28
0.00
0.01
0.49
1.64
0.18
0.07
0.03
1.05
0.24
0.00
0.47
0.95

0.03
0.01
<0.01
<0.01
0.00
<0.01
<0.01
0.16

<0.01
<0.01

<0.01
0.06
<0.01
0.00
<0.01
<0.01
0.01
<0.01
<0.01
<0.01
<0.01
<0.01
0.00
<0.01
<0.01

14.12
18.64
3.95
0.00
0.56
0.56
0.00

34.46

0.00
3.39

11.30
64.41
2.82
0.56
0.00
4.52
53.67
1.69
0.56
0.00
31.64
5.65
0.56
4.52
24.86

2.15
0.91
0.27
0.00
0.03
0.01
0.00
4.97

0.00
0.10

0.55
8.52
0.22
0.01
0.00
0.70
5.55
0.31
0.07
0.00
1.80
0.21
0.01
0.90
1.28

31

0.01
<0.01
<0.01

0.00
<0.01
<0.01

0.00

0.03

0.00
<0.01

<0.01
0.10
<0.01
<0.01
0.00
<0.01
0.05
<0.01
<0.01
0.00
0.01
<0.01
<0.01
<0.01
0.01



Lepidoptera Larvae

Fragments of aquatic insects

Fish

Scale

Other aquatic invertebrates

Daphnia
Collembola

Eggs

NON-ORGANIC MATERIAL
Microplastic

Mineral

Glass

Cotton string

Detritus

UNDETERMINED

Organic detritus

0.63
78.48

13.29

1.90

1.90

23.42

37.97

2.53

0.00

0.63
39.24

5.70

0.02
14.33

0.69

0.03

0.04

0.62

0.77

0.01

0.00

0.01
8.92

0.85

<0.01
0.18

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

0.00

<0.01
0.06

<0.01

0.56
81.92

18.64

0.00

0.00

16.95

25.42

0.00

0.56

0.00
50.28

0.56

0.06
22.63

1.35

0.00

0.00

0.53

0.70

0.00

0.01

0.00
17.53

0.17

32

<0.01
0.33

<0.01

0.00

0.00

<0.01

<0.01

0.00

<0.01

0.00
0.15

<0.01

Considered only organic items (i.e., excluding microplastics, sand and others), the diet

of Deuterodon cf. taeniatus consisted of 37 items, and the most representative (based on [Ai

values) were: plant material (36%), fragments of aquatic insects (18%), fragments of terrestrial

insects (16%), filamentous algae (10%), and chironomidae (6%) (Tablel; Figure 2). Knodus

moenkhausii consumed 31 items, and the most relevant items were: fragments of aquatic insects

(33%), filamentous algae (16%),

plant material (13%),

chironomidae (10%),

and

ephemeroptera (5%) (Tablel; Figure 2). Only items with an [Ai value higher than 5% are

identified in the figure.
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Figure 2. Frequency of occurrence (Fo%) and Relative volume (Vo%) of the main food items consumed

by the native fish Deuterodon cf. taeniatus and the non-native fish Knodus moenkhausii from the Rio

Doce Basin, Brazil. Numbers above bars are the Feeding index (IAi) values for each food item.

Overall, the predominant items consumed by each fish species changed across the 10

sites (Figure 3), and some items are shared by the species at each site, such as Hymenoptera,

Ephemeroptera and Filamentous algae (at IBIRD19), Diptera, Trichoptera and Simulidae (at

IBIRD 26), Acari and Fragments of aquatic insects (at IBIRD41) and Inorganic detritus, Scales

and Eggs (at IBIRD29).
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Figure 3. Generic graph built based on the [Ai (Feeding Index) of the items consumed by Deuterodon
cf. taeniatus (A) and Knodus moenkhausii (B), showing an overall change in the predominant food items

used over the 10 sampling sites in the Rio Doce basin, Brazil.

We found high trophic niche overlap (> 0.6) between Deuterodon cf. taeniatus and
Knodus moenkhausii at 70% of the sampled sites, and intermediate overlap (0.4 - 0.6) at the
other 30% (Figure 4). The integrated disturbance index (IDI) and other environmental variables

showed low variation among sites (Table 2).

IBIRD007 IBIRDO13 IBIRDO44 IBIRD023 IBIRDO19 IBIRD0O1 IBIRDO11 IBIRD029 IBIRDO41 IBIRD026

SITE

0.75

0.50

0.25

Trophic niche overlap (Pianka’s index)

0.00 9

Figure 4. Trophic niche overlap between native fish Deuterodon cf. taeniatus and the non-native fish
Knodus moenkhausii for the 10 sampling sites from Rio Doce basin, Brazil. In yellow are the

intermediate values of trophic niche overlap (0.4-0.6), and in purple are the high values (>0.6).
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Table 2. Trophic niche overlap (Pianka’s index) between Deuterodon cf. taeniatus and Knodus
moenkhausii, Integrated Disturbance Index (IDI), and other environmental variables (XCMG - mean
total riparian cover; XFC NAT - mean natural shelter cover; XDEPTH S — mean depth in the transect),

for the 10 sampling sites from Rio Doce basin, Brazil.

RIVER SITE PI&I;I)IE;IS IDI XCMG XFC_NAT XDEPTH_S
Suacui grande  IBIRD007 0.5285 0.0381 25.4545 2.0909 0.5364
Tanque IBIRDO13 0.5714 0.0186 42.9545 5.4545 0.5236
Doce IBIRD044 0.6005 0.0412 53.2955 3 0.8291
Suacui pequeno  IBIRD023 0.6878 0.0226 31.5909 2.7273 0.6227
Urupoca IBIRDO19 0.7174 0.0358 50 2.4545 0.2836
Corrente grande IBIRDO001 0.7395 0.0299 29.8864 2.2727 0.6873
Santa Margarida IBIRDO11 0.7426 0.1163 32.1591 1.1818 0.6118
Suagui grande ~ IBIRD029 0.7573 0.0324 35.1136 2.5455 0.3873
Peixe IBIRDO041 0.7669 0.0263 42.2727 3.3636 0.4891
José Pedro IBIRDO026 0.8567 0.0657 38.5227 1.3636 0.5855

The level of trophic overlap between the native and non-native fish species is not affected by
the environmental degradation (IDI) or other local environmental variables (Figure 5). The
correlation between trophic niche overlap and the level of degradation may have been

influenced by environmental variables not analyzed in this study.



36

p=0.99 p=0.61

0.8 0.8

0.7 0.7

0.6 L4

Trophic niche overlap (Pianka’s index)
.
.
Trophic niche overlap (Pianka’s index)

0.03

© o
= S
IS o

0.12
251e

o wn o
(3] ™ <

50

9}
-

IDI (Integrated Disturbance Index) XCMG (mean total riparian cover)

p=0.55 p=031

0.8 ‘508

0.7 0.7

g 06 °

— o~ ™ < 0

< ©
o o

Trophic niche overlap (Pianka’s index)
°

0.8

Trophic niche overlap (Pianka’s index)

XDEPTH_S (mean depth in transect) XFC_NAT (mean natural fish cover)

Figure 5. Relationship between Trophic niche overlap between the native fish species Deuterodon cf.
taeniatus and non-native Knodus moenkhausii and Integrated Disturbance Index (IDI), and other local
environmental variables (XCMG - mean total riparian cover, XDEPTH S — mean depth in transect;

XFC_NAT — mean natural fish cover) for all sampling sites, Rio Doce Basin, Brazil.

4. Discussion

Here we describe the diet and quantify the trophic niche overlap between a native
(Deuterodon cf. taeniatus) and a non-native (Knodus moenkhausii) fish species in the Rio Doce
basin. We confirm that both species have omnivorous diets, utilizing various resources available
in the environment, and seem opportunistic due to the high variation in the predominant items
between the sample sites. We verified a high dietary overlap between the two species in 70%
of the sites. However, the hypothesis of a higher trophic niche overlap with increased

degradation was not corroborated.

The species' diet includes plant materials, seeds, algae, and terrestrial insects such as
Hymenoptera, Diptera, Coleoptera, and also some agricultural pests like those of the order
Thysanoptera. Aquatic insects are also present, such as Chironomidae larvae, one of the items
with the highest food importance index (IAi1). They also consume other dipteran larvae and

pupae, as well as some trichopterans. It is worth noting that, although they do not represent a
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food resource, the species have ingested nylon threads, minerals and sediments (sand and small
gravel). We believe these items were accidentally ingested by the fish, considering that they
have a highly exploratory behavior, looking for drifting food items (Fogaca et al., 2003; Manna
et al 2014; Ceneviva-Bastos & Casatti, 2007; Teresa & Casatti, 2013).

We observed a preference for plant material in Deuterodon cf. taeniatus, but it consumes
all kinds of resources available in the environment, confirming that it’s an opportunistic species
with great trophic plasticity (Manna et al. 2012; Alonso et al., 2019). Adult individuals of
Deuterodon cf. taeniatus consume more plant material than juveniles (Manna et al., 2012), so
larger specimens may have preferred vegetal items. Knodus moenkhausii consumed mainly
fragments of aquatic insects and filamentous algae, and exploited a variety of other items,
including a large amount of inorganic detritus. The high variety of items consumed by this non-
native species demonstrates opportunistic feeding in different environmental conditions
(Ceneviva-Bastos & Casatti, 2007; Carvalho et al., 2019). In addition, we observed a larger
gastrointestinal tract in native species, indicating that the relative increase in the intestine of
larger specimens is associated with higher dietary plasticity and the use of items that are more
difficult to digest, such as vegetables with rigid cell walls (Sabino & Castro 1990; Mazzoni et
al., 2010).

The trophic niche overlap between the pair of species was high in most of the sites analyzed,
sharing the resources available in these habitats. High values of trophic niche overlap can
indicate competition for resources between species, which can lead to a change or decrease in
the width of the trophic niche and affect the development and survival of native species (Britton
et al.,, 2019). The feeding opportunism of K. moenkhausii is one of the reasons for its
establishment and dispersal in new environments, and it is considered an introduced species in
the Rio Doce, Jequitinhonha, Mucuri, Paraiba do Sul, and Sao Francisco basins (Bueno et al.,
2021). It was first described based on specimens collected in the drainage of the Rio Paraguay
basin with a presence in the Upper Parana (Langeani et al., 2007; Carvalho et al., 2019). The
dietary plasticity of Deuterodon cf. taeniatus seems to allow the species to maintain high
abundance even with the presence of the non-native Knodus moenkhausii since generalist
species have a wide trophic range and can restructure food chains in response to different
impacts (Bartley et al., 2019; Costa and Angelini, 2020). On the other hand, native species that
are more specialist may be more affected by the presence of the non-native species since
competition can affect the local persistence of the natives, as they are less flexible in their use

of resources, with less ability to exploit the environment (Clavel et al., 2011).
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Our hypothesis about trophic niche overlap increasing with the level of environmental
degradation was not corroborated. The trophic niche overlap was not affected by the Integrated
Disturbance Index (IDI) or the set of environmental variables assessed here (i.e., mean depth,
natural shelter, and vegetation cover). Regardless of the level of disturbance and habitat
structure, the species show intermediate and high levels of trophic niche overlap among the
sites studied. It is worth mentioning that the Rio Doce basin has suffered from human activities,
land use and landscape changes over the centuries, which makes it challenging to define levels
of degradation between sites. In parallel, environmental degradation does not seem to influence
the increase in resource competition due to the plasticity and feeding opportunism of the two
species, which can respond more quickly to habitat changes and reorganize their diet in a wide-
ranging manner (Bartley et al., 2019), since they feed on a variety of items, both autochthonous
and allochthonous. However, we observed that the trophic niche overlap value was intermediate
at the site with the higher mean depth and the highest mean total cover. Here, we observed that
the native species consumed a large fragment of terrestrial insects, and the non-native species
prioritized autochthonous items. In river ecosystems, dense canopy cover generally induces a
stronger linkage to terrestrial subsidies (Hill et al. 1995; Doi, 2009), leading to a more diverse
and quality supply of resources for the aquatic system. Geomorphological and hydraulic
processes, vegetation cover and aquatic biota are closely linked to the process of sediment
retention (Gregory et al., 1991; Wang et al., 2006), functioning as a barrier in an area that is
largely degraded due to human activities associated with changes in the landscape and land use.
In our studied region, the site with the highest level of disturbance (IDI) has the high value of
trophic overlap. It is located in the Rio Piranga hydrographic region and faces a number of
human-induce pressures, such as disorderly urban expansion, deforestation, removal of riparian
forest, domestic sewage disposal, pollution from agricultural activities and sand extraction
(Gregorio & Lima, 2007; PIRH, 2010). In this site, the species consumed microplastic (nylon

thread) and a large amount of inorganic detritus.

Microplastics were frequently ingested by both species, most of which were nylon threads.
Microplastics are plastic particles measuring between one and five millimeters (Oliveira et al.,
2020). Plastics have been ingested by many river fish species around the world (Andrade et al.,
2019; Urbanski et al., 2020; Azevedo-Santos et al., 2021), the ichthyofauna is the group that is
most subject to accumulating microplastics for long periods, causing many physiological
problems (blockage of the digestive tract, malnutrition, possibility of reaching the yolk sac and

affecting the development of alevins) and even leading to the animals' death (Wright et al.,
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2013; Atugoda et al., 2022; Smith et al., 2022). In addition, the chemical components in plastic
particles can be transferred through the trophic chain and bioaccumulate (Farrel & Nelson,
2013; Smith et al., 2022). The study by Coelho et al. (2023) reported ingesting anthropogenic
substances (microplastics, hooks) by fish in the Rio Doce basin. Most items were pieces of net
and other fishing articles. The ingestion of microplastics by fish is more common than is
currently reported, reinforcing the need for more research in freshwater environments and for

more species (Azevedo-Santos et al., 2021).

It is also important to mention that most studies of the diet of the species K. moenkhausii
and D. cf. taeniatus have been carried out in stream ecosystems, and our study brings the
perspective of the consumption of food resources in river ecosystems. Rivers are more complex
systems containing several interacting subsystems (Woodward & Hildrew, 2002; Doi, 2009).
In addition, they are characterized by different degrees of erosion, transfer, and deposition of
sediments along the longitudinal profile (Vannote et al., 1980; Allan & Castillo, 2007). The
availability of autochthonous and allochthonous resources in river food webs is influenced by
different light conditions, nutrient levels, and contributions from terrestrial sources, which can
cause variation in the trophic base depending on the size of the river (Doi, 2009). Investigating
and describing the diet of these species in rivers is an important step towards understanding the
dynamics of food resources throughout the basin. Among the items ingested by the species,
there is a large number of filamentous algae, and in larger rivers phytoplankton and algae are
one of the main food sources for food webs (Delong & Thorp, 2006). The principal food source
of Deuterodon cf. taeniatus in coastal streams of the Atlantic Forest is allochthonous plant
material (Manna et al. 2019). Deuterodon sp. from the Rio Ubatiba, a coastal stream, ingests a
wide variety of items, from organic matter, sediment (sand), algae, and seeds to crustaceans,
oligochaetes, and terrestrial and aquatic insects (Mazzoni and Rezende, 2003). In the Rio das
Velhas, they consume plants, algae, and insect remains (Alonso et al. 2019). According to our
study, in the rivers of the Doce basin, the species preferentially ingests plant material, fragments
of aquatic insects (Diptera larvae), terrestrial insects (Hymenoptera), and filamentous algae. In
streams of the Upper Parana River, Knodus moenkhausii frequently consumes autochthonous
items such as algae, Ephemeroptera nymphs and Diptera larvae, and fragments of terrestrial
insects (Hymenoptera and Araneae) are among the most dominant allochthonous items
(Ceneviva-Bastos & Casatti, 2007). In other streams in the Rio Paranaiba sub-basin, they ingest
aquatic insects (Diptera, Trichoptera, Ephemeroptera) and terrestrial insects (Coleoptera,

Hymenoptera) and also consume detritus in streams influenced by pasture (Carvalho et al.
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2019). In the Rio Doce basin, they prefer fragments of aquatic insects (Chironomidae,
Ephemeroptera), filamentous algae, plant material, and a high frequency of inorganic detritus

(sediment, sand).

We believe that our study is a good model for investigating the mechanisms underlying the
process of species invasion through trophic niche overlap. It can be applied to other pairs of
species and systems, making it possible to investigate other intra- and interspecific ecological
interactions. Additionally, it allows for the exploration of diverse environmental effects, using
other metrics and even different indices of degradation. We believe it is important to conduct
more observational and experimental studies on species' behavior to understand their life habits
and how they segregate in the environment. Through the analysis of stomach contents, we
verified some of the processes underlying the use of resources by the species, both in the context
of invasion and anthropogenic actions, because it is a tool that allows a more refined analysis
of the items consumed by the species. We were also able to verify the variation in predominant
items between the sites for both species, so it would be interesting to obtain data on the

availability of resources to complement the study.

While this study only looked at one pair of species, it is a starting point in exploring the
trophic dynamics of native and non-native species that share similar ecological requirements in
the Rio Doce basin. The analysis of stomach contents represents the resources consumed by the
fish minutes or hours before collection. For this reason, it would be interesting to incorporate
stable isotope analysis into studies on diet and trophic niche overlap, as it makes it possible to
verify the assimilation of material consumed over weeks or months (Andrade et al.; 2019) the
availability of resources, and provides an overview of the species' dietary biology and energy

flux in river systems.

5. Conclusion

We could describe and quantify the diet of the pair of native and non-native species in the
Rio Doce basin, uncovering some mechanisms of the invasion process by analyzing stomach
contents. We confirmed that both species have omnivorous feeding habits, with high trophic
plasticity and food opportunism. K. moenkhausii and D. cf. taeniatus have high trophic niche
overlap in most of the sites analyzed, indicating that the non-native species may compete for
resources with the native species. However, the high trophic plasticity of D. cf. taeniatus may

be helping to maintain this native species in the system even in the presence of a potential strong



41

invasive competitor. According to our study, trophic niche overlap is not affected by the level

of degradation or by local environmental variables.
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SUPPLEMENTARY MATERIAL
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Figure A1. Demonstration of the 11 marginal plots where information on environmental variables and

fish collection was obtained in river sites if the Rio Doce basin.
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Figure A2. Standard length (cm) of the native fish Deuterodon cf. taeniatus and the non-native fish
Knodus moenkhausii from the Rio Doce Basin, Brazil. There was no difference in size between the

specimens analyzed (F (1,323) =3.389, p=0.06).
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Figure A3. Gastrointestinal tract (cm) of the native fish Deuterodon cf. taeniatus and the non-native fish
Knodus moenkhausii from the Rio Doce Basin, Brazil. There was a difference in the size of the tract

between the specimens analyzed (F (1.323) =10.935, p=0.001%).
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Figure A4. The ratio between gastrointestinal tract size and standard length (cm) of the native fish
Deuterodon cf. taeniatus and the non-native fish Knodus moenkhausii from the Rio Doce Basin, Brazil.
There was a difference in the size of the tract in relation to the size of the body between the specimens

analyzed (F (1.323) = 15.992, p<0.001%).
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Figure A5. Accumulation curves of food items consumed in each studied site in the Rio Doce basin, by

the two characid fish species: (1) Deuterodon cf. taeniatus and (2) Knodus moenkhausii.



