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RESUMO

O acidente envolvendo a mineradora Samarco, que liberou 50 milhdes de m?3 de rejeito com o
rompimento da barragem do Funddo, em 5 de novembro de 2015, teve impactos sobre a fauna,
flora e sociedade humana. Instituicdes mantém certo acompanhamento das propriedades do
rejeito, seu escoamento e consequéncias. No entanto, muito ainda deve ser feito para diminuir
0s impactos negativos, tanto ambientais quanto socioeconémicos, na regido da bacia
hidrografica do Rio Doce. Diante desse panorama, 0 uso de espécies arboreas, valendo-se do
uso de fertilizantes organicos, tem grande potencial, uma vez que podem revitalizar a
localidade, diminuindo a concentragdo ou imobilizando os metais pesados liberados com o
rejeito, além da melhoria da estrutura do solo resultante. Assim sendo, este trabalho teve como
objetivo avaliar o desenvolvimento de mudas arbdreas nativas do Cerrado e/ou Mata Atlantica
e de diferentes niveis de sucessdo ecoldgica sob o rejeito da barragem do Funddo, com e sem a
adicdo de vermicomposto. As mudas foram transplantadas em vasos de 2 L contendo substratos
referentes aos tratamentos: solo, rejeito de mineracdo e rejeito de mineragdo com adi¢do de
vermicomposto (2% m/m), conduzidos por 80 dias, com realizacdo de coleta de dados em
intervalos de 20 dias (C1: inicio do experimento, C2: 20 dias, C3: 40 dias, C4: 60 dias, C5: 80
dias). Nesse periodo foram avaliados parametros biométricos e morfolégicos, de trocas gasosas
e fluorescéncia da clorofila a. Ao final dos 80 dias, as plantas foram coletadas, separadas em
folhas, caule e raiz. Parte do material foliar foi testado quanto a peroxidacdo lipidica e as raizes
guanto a morfologia. Entdo, o material vegetal foi seco em estufa de circulacdo de ar forcada a
60°C até peso constante, para conseguinte pesagem. O rejeito de mineracdo tende a piorar o
desempenho de algumas espécies vegetais, que apresentaram diferentes graus de sensibilidade
de acordo com o seu nivel de sucessdo ecoldgica. Dessa forma, cada espécie apresentou um
comportamento frente a imposicdo do rejeito. Espécies pioneiras como a S. terebinthifolius sdo
importantes alternativas para a revegetacdo de areas afetadas, uma vez que se mostram mais
robustas e tolerantes. Espécies secundarias, como C. fissilis, também apresentam grande
potencial; no entanto, espécies climax, tal qual C. estrellensis, sdo mais sensiveis e, nesse caso,
ndo demonstram tal potencial. A utilizagdo de himus de minhoca para atenuar o efeito do rejeito
de mineracdo se mostrou de grande potencial, favorecendo S. terebinthifolius e, em menor grau,
C. fissilis, mas estudos devem ser realizados para avaliar seu potencial.

Palavras-chave: Aroeira-pimenteira; Cedro Rosa; Jequitiba Branco; himus de minhoca; lama

de Mariana-MG; Rio Doce; Sucessdo ecoldgica



ABSTRACT

The accident involving the mining company Samarco, which released 50 million m3 of tailings
with the collapse of the Funddo dam, on November 5, 2015, impacted on fauna, flora and
society. Institutions are still monitoring the tailings’ properties, its flow and consequences in
the area. However, much remains to be done to reduce environmental and socioeconomic
impacts in the region of the Rio Doce watershed. Thus, the use of tree species alongside organic
fertilizers, has great potential of revitalizing the locality, and decrease the concentration or
immobilize the heavy metals released with the tailings, in addition to improving the structure
of the resulting soil. Therefore, this work aimed to evaluate the performance of native plant
species of Cerrado or Atlantic Forest and of different levels of ecological succession (Schinus
terebinthifolius, Cedrela fissilis and Cariniana estrellensis) under the tailings of the Fundéo
dam, besides if the addition of vermicompost would improve its performance. The seedlings
were transplanted in 2 L pots containing substrates for the treatments: soil, mining tailings and
mining tailings with the addition of earthworm humus (2% wi/w), conducted for 80 days, with
data collection in 20-day intervals (C1: start of the experiment, C2: 20 days, C3: 40 days, C4:
60 days, C5: 80 days). During this period, biometric and morphological parameters, gas
exchange and chlorophyll a fluorescence were evaluated. At the end of 80 days, the plants were
collected, divided into leaves, stalk, and root. Part of the leaf material was tested for lipid
peroxidation and the roots for morphology. Then, the plant material was dried in an oven with
forced air circulation at 60°C until constant weight. Mining tailings tend to worsen the
performance of plant species that have different degrees of sensitivity according to their level
of ecological succession. In this manner, as expected, each species presented a behavior
regarding development under the tailings. Pioneer species such as S. terebinthifolius are
important alternatives for revegetation since they are more robust and tolerant. However,
secondary species, mainly C. fissilis, also show great potential; however, climax species, such
as C. estrellensis, are the most sensitive and, in this case, do not show potential. The use of
vermicompost to attenuate the effect of mining tailings was shown to have great potential,
favoring S. terebinthifolius and, to a lesser extent, C. fissilis, but more studies should be carried
out to assess its potential.

Keywords: Aroeira-pimenteira; Cedro Rosa; Jequitiba Branco; vermicompost; Mariana-MG’s

tailings; Doce River; Ecological succession.
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1 INTRODUCAO

O acidente provocado pelo rompimento da barragem do Funddo, pertencente a
mineradora Samarco, na tarde do quinto dia de novembro de 2015, lancou no meio ambiente
50 milhdes de m? de rejeitos provenientes da exploracdo de ferro. O rejeito continha em sua
composicdo metais pesados e outros compostos potencialmente toxicos a salde humana e
animal, quando em concentracGes acima do permitido pela legislacdo (IBAMA, 2017,
SEGURA et al., 2016).

Estudos recentes demonstram que a constituicdo do rejeito apds o tempo decorrido, e
conforme a cinética tomada por ele, tem sido alterada, podendo trazer consigo o desbalango na
biodisponibilidade de certos elementos (HATJE et al., 2017; SEGURA et al., 2016).
Alternativas para a minimizacdo da contaminacgdo visando retirar ou ao menos imobilizar o
rejeito, reduzir a liberacdo dos seus constituintes (ou de sua biodisponibilidade) de maneira
gradual e lenta tém sido buscadas (BOTTINO et al., 2017; HATJE et al., 2017).

Uma das alternativas viaveis, e em adicdo sustentaveis, é o uso de plantas para
fitorremediacdo (SALT; SMITH, 1998), técnica em que as plantas retiram os metais do solo e
0s armazena ou transforma, outras imobilizam estes componentes de forma que ndo sao (ou
sd0 minimamente) captados por outros organismos ou transportados para outros locais,
reduzindo efeitos negativos (SALT; SMITH, 1998; SOUSA SOARES et al., 2001).

Além dos componentes quimicos, atencdo deve ser dada ao perfil nutricional e aos
fatores fisicos do rejeito de mineracdo proveniente da barragem do Funddo, apresentando
desbalanco no conteudo de nutrientes e perfil de compactacdo que dificulta o crescimento
radicular. Portanto, as espécies vegetais a serem utilizadas devem ndo somente apresentar certo
nivel de tolerdncia ao excesso de alguns metais e a deficiéncia de outros nutrientes, mas
também a impedancia fisica.

Algumas plantas sdo capazes de sobreviver em ambientes estressantes, tais quais
aqueles com presenca de metais pesados, desbalanco nutricional e compactagéo, apresentando
diversos mecanismos para tal (ALI; KHAN; SAJAD, 2013; MLECZEK et al., 2017). No
entanto, a introducdo de espécies vegetais em um dado bioma ndo pode ser aleatoria. A regido
afetada pelo acidente pertence a transicdo entre os biomas Cerrado e Mata Atlantica. Torna-se
interessante, portanto, 0 uso de espécies arboreas nativas de tais regides, de perfis distintos
entre si, inclusive quanto aos niveis de sucessdo ecoldgica. Dessa forma, pode-se avaliar como

espécies de diferentes perfis de sensibilidade reagem ao rejeito de mineracéo.
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Em adicdo, existem tecnologias que podem atenuar o efeito do rejeito de mineragéo. A
exemplificar, o uso de vermicomposto e de bactérias diazotroficas. Dado o aspecto do rejeito,
ambos bioestimulantes adicionam ao perfil nutricional, podendo até mesmo levar ao equilibrio
aqueles nutrientes em excesso. O vermicomposto, ainda, ajuda na estrutura do solo,
melhorando as caracteristicas bioldgicas com sua aplicacdo. Por outro lado, as bactérias
diazotrdficas diminuem o tempo de mineralizacdo dos nutrientes e atuam de forma conjunta ao
crescimento vegetal (REIS, 2007).

Com tais consideracOes, objetivou-se investigar o crescimento de espécies arboreas
nativas sob o rejeito de mineracdo proveniente da barragem do Fund&o, do vermicomposto
como atenuante ou da inoculagdo de bactérias fixadoras de nitrogénio, para sua utilizagdo em
recuperacdo das areas afetadas. As espécies nativas escolhidas de acordo com nivel de sucessao
ecologica e perfil de tolerancia a metais, nutricdo e/ou compactacdo foram: Schinus
terebinthifolius, Cedrela fissilis, Cariniana estrellensis e Hymenaea courbaril. Hipotetizou-se
que o uso dessas espécies poderia influenciar positivamente a dindmica fisica e quimica do solo
afetado pelo rejeito, potencializado pela inoculagédo bacteriana, e que 0 vermicomposto agiria

como atenuante.
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2 REVISAO BIBLIOGRAFICA
2.1 A MINERACAO E SUAS CONSEQUENCIAS

2.1.1 A mineragao

A induastria extrativista é classificada pela Classificacdo Nacional de Atividades
Econdmicas (CNAE) versdo 2.0, como nas seguintes divisdes: extracdo de carvdo mineral,
extracdo de petrdleo e gas natural, extracdo de materiais metalicos, extragdo de materiais ndo
metalicos, e atividades de apoio a extracdo de minerais (IBGE, 2015).

A extracdo de minerais é composta por um conjunto de etapas que objetivam obter
minérios em sua forma bruta ou processada. Constitui-se pelas etapas de prospec¢do de
potenciais jazidas, pesquisa sobre a viabilidade da implementacdo da mina, lavra (exploracao,
extracdo e transporte da rocha), beneficiamento (processamento da rocha para obter a
substancia de interesse) e o descomissionamento, ou seja, a desativacdo da mina quando esta é
esgotada ou se torna inviavel (THOME; PASSINI, 2018). Um depdsito mineral é denominado
jazida quando viavel, e a jazida em exploracao € denominada mina.

Da extracdo da rocha obtém-se 0s subprodutos: minério, estéril e rejeito. O primeiro é o
produto de interesse econdmico, o segundo e o terceiro, respectivamente, 0s residuos seco e
umido (THOME; PASSINI, 2018). Especificamente:

O estéril consiste no material descartado diretamente na operacéo de
lavra, sem ser processado na usina de beneficiamento. J& o rejeito
corresponde a porcdo associada ao minério descartado durante e/ou
apos o processo de beneficiamento (ANM, 2020 — p. 4).

Quanto ao tipo de lavra, existem dois grandes grupos: lavra a céu aberto e lavra
subterranea. As lavras a céu aberto sdo implantadas quando as jazidas se encontram préximas
a superficie. Assim, ¢é feita a remocdo de solo e escavacdo na superficie, onde ocorrera a
extracdo das rochas, geralmente até esgotamento (MILANEZ, 2017). Os principais tipos de
lavras dessa categoria sdo: encostas, cavas, fatias e lavra por dissolugéo.

O método a ceéu aberto apresenta, dentre as vantagens, a utilizacdo de equipamentos de
grande porte que aumenta a producdo, e a maior facilidade de escoamento. Dentre as
desvantagens, pode-se citar a imobilizacdo de grandes areas superficiais, a influéncia do clima
na produgdo e gastos com a recuperacdo ambiental, que sdo elevados em relagdo a lavra

subterranea.
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Por outro lado, nas lavras subterraneas, a extragdo das rochas ocorre no subsolo, sendo
as jazidas mais profundas. Dentre alguns fatores adicionais em relacdo a mina a céu aberto, a
mina subterranea necessita de escoramento de teto, instalacdo de energia elétrica, sistema de
ventilacdo, sinalizacdo de emergéncia, bombeamento e drenagem de agua. O minério é
acessado através de pogos verticais, denominados shafts. Os principais tipos de lavras dessa
categoria sdo: abatimento, realces autoportantes e realces das encaixantes.

Lavras subterraneas apresentam, dentre as vantagens, maior independéncia do clima,
menores gastos com recuperacdo e movimentacao do estéril. Dentre as desvantagens, pode-se
citar o maior investimento em infraestrutura, maiores despendimentos com eletricidade e maior
probabilidade de acidentes.

A escolha pelo tipo de lavra, além da profundidade da jazida, também deve considerar
fatores como seguranca, viabilidade econémica, estrutura geologica e aspectos ambientais. Ndo
é incomum que, apds algum tempo, prosseguir com a mina a céu aberto se torne inviavel
devido, por exemplo, a grandes profundidades a serem atingidas pela cava e sua angulacao.
Quando isso ocorre, a mina a céu aberto pode sofrer transicdo para subterrénea, criando,
portanto, uma mina mista.

Em relacdo aos impactos ambientais, a lavra subterranea se mostra mais segura, uma vez
que, se bem executada, causa menores danos a superficie, além de ser possivel utilizar os
residuos gerados como enchimento das prdprias galerias da mina. Por outro lado, a lavra a céu
aberto altera a topografia da regido, leva ao desmatamento e alteracdes no perfil do solo, produz
maior quantidade de estéril e poluicdo em geral (ALMEIDA JUNIOR, 2018; DE OLIVEIRA
JUNIOR, 2001).

A lavra, de forma geral, é constituida por processos que objetivam extrair o minério do
local de origem e encaminha-lo para o beneficiamento. Ocorre pela perfuracdo do terreno até
a rocha, fragmentacdo da rocha originaria em rochas menores e seu transporte para pilhas de
deposicdo ou para as instalacdes de beneficiamento. O residuo solido resultante desse processo
é denominado esteéril.

Para a obtencdo do minério, a rocha extraida passa pela etapa de beneficiamento,
tornando-se matéria prima para a industria. O material que ndo tem valor econdmico €
descartado como residuo resultante do processo de beneficiamento, denominado rejeito. Os
rejeitos sdo caracterizados pela presenca de duas fracGes: uma liquida e uma sélida
(ESPOSITO, 2000).
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A depender do processo de beneficiamento e do minério explorado, 0s rejeitos
apresentam-se sob variadas caracteristicas mineraldgicas, geotécnicas e fisico-quimicas.
Podem variar de arenosos nao plasticos (granulares; geralmente constituidos por areias), até
finos de alta plasticidade (lamas; geralmente constituidos por siltes e argilas) que apresentam
dificil sedimentacéo e elevada compressibilidade (ESPOSITO, 2000).

Ao final do beneficiamento do minério, com o0 processo de concentracdo, o rejeito
encontra-se em forma de polpa, espessa e segregavel. A polpa é a forma de concentracdo de
rejeitos mais utilizada no Brasil, mas também €& a mais suscetivel a acidentes, por conter
maiores quantidades de gua (THOME; PASSINI, 2018). A partir da diminuicio da quantidade
de 4gua da polpa tem-se também a concentracdo do rejeito em rejeito espessado, rejeito em
pasta e rejeito em torta (RIBEIRO, 2015).

Quanto mais concentrado o rejeito, ou seja, quanto mais agua for retirada deste, maior o
custo do processo. Essa agua pode, no entanto, ser reintroduzida no processo produtivo.
Destaca-se que rejeitos mais espessos apresentam menor potencial de liquefacéo, culminando
em menor risco de acidentes envolvendo barragens (THOME; PASSINI, 2018).

2.1.2 As formas de deposicao de rejeitos

Um dos maiores desafios enfrentados pela Industria Extrativa Mineral (IEM) é a
deposicdo de residuos. Os residuos sdo oriundos das fases de lavra (residuo sélido, denominado
estéril) e de beneficiamento (residuo imido, denominado rejeito). Mais comumente, para a sua
deposicao sdo empregados, respectivamente, pilhas de estéril e barragens de rejeitos.

Pode-se realizar a deposicdo de rejeitos nas formas sob céu aberto, subterrdnea ou
subaquética (LOZANO, 2006). A forma a ser escolhida dependera do tipo de lavra, das
caracteristicas geologicas e ambientais, fatores econdmicos e da forma do rejeito (polpa,
espessado, pasta, torta). Mais especificamente, as formas de deposicédo de rejeitos séo:

a) Ceu aberto: lagoas e represas, aterros;
b) Subterraneas;
c) Deposicdo de rejeitos espessados;
d) Deposicdo a seco;
e) Submarinas.
A deposicdo a céu aberto é a forma mais comum, inclusive no Brasil (LOZANO, 2006;

VICK, 1999). As lagoas (de decantacdo) e represas, fazem uso de estruturas de contencéo
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chamadas barragens, para a retencdo de agua e deposicdo de rejeitos. Sdo construidas em sua
totalidade previamente ao inicio da descarga dos rejeitos. Lagoas e represas sdo geralmente
empregadas para rejeitos em polpa, que possuem altas quantidades de agua, permitindo que
materiais sélidos sedimentem (VICK, 1999).

Ainda em relagdo a deposicao a céu aberto, hd 0 método de aterros, a exemplificar tem-
se 0 aterro hidraulico (VICK, 1999). Diferem-se das estruturas convencionais de retencéo de
4gua ao passo que ha construcio de diques (alteamento) durante toda a vida util do aterro. E o
método mais comum de deposicao de rejeitos (THOME; PASSINI, 2018).

A deposicao subterranea ocorre utilizando uma mina subterranea exaurida, onde ha o
enchimento das galerias subterraneas com os rejeitos, geralmente misturados com outros
residuos e cimento. Também pode se ser feita em cavas de minas, exauridas ou
concomitantemente a sua atividade, sem haver necessidade de construcdo de diques (VICK,
1999).

A deposicdo de rejeitos espessados se da com a retirada de agua até que a polpa apresente
alta densidade (60%), podendo, entdo, serem depositados em forma de pilha conica. No
empilhamento a seco, agua € retirada dos rejeitos em cerca de 50 a 30%, usando filtros a vacuo
ou de pressdo (VICK, 1999). O rejeito resultante, em relacdo aos outros tipos, tem
comportamento mais proximo a de um sélido, podendo, entdo, ser empilhado (LOZANO,
2006; VICK, 1999).

A deposicdo subaquatica ou submarina é pouco utilizada, uma vez que constitui o
langamento direto dos rejeitos em corpos d’agua (LOZANO, 2006; VICK, 1999).

2.1.2.1 Aterros hidraulicos e as barragens de contencédo

Os aterros hidraulicos constituem o método mais comum de deposicdo de rejeitos da
IEM, sendo estes represados por barragens (THOME; PASSINI, 2018). As barragens
compdem uma das técnicas mais utilizadas pelas mineradoras para a contengao de rejeitos (DE
SOUZA JUNIOR; MOREIRA; HEINECK, 2018) e sdo, geralmente, construidas a partir de um
aterro de solo argiloso e filtros de areia, constituindo o dique inicial, capaz de suportar a
descarga de rejeitos por alguns anos (ZARDARI, 2010). Apos algum tempo, a capacidade da
barragem € atingida, mas pode ser aumentada por alteamentos. Essa técnica se mostra
economicamente positiva a IEM, uma vez que o investimento é feito em menores parcelas ao
longo do tempo (THOME; PASSINI, 2018).
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Os métodos construtivos de alteamento sdo: a montante, a jusante e linha de centro
(ABNT, 2007). Para a escolha do tipo de alteamento a ser empregado, devem ser considerados
aspectos do ambiente em que a barragem estd inserida (geologia, hidrologia, topografia,
caracteristicas do subsolo), somados as caracteristicas da deposicdo do rejeito (velocidade,
variagdo da capacidade, altura) e do rejeito em si (granulometria, concentracdo) (SOARES,
2010).

Além disso, cada um dos métodos de alteamento possui suas vantagens e desvantagens
intrinsecas. O método a montante possui 0 menor custo de investimento, enquanto se constitui
como sendo o0 mais instavel; o alteamento a jusante é o mais seguro, no entanto apresenta maior
custo; a linha de centro apresenta variacdo do volume de underflow (particulas mais grossas e
densas que saem pela parte inferior do ciclone), porém maior tempo e quantidade de
compactacdo (DE SOUZA JUNIOR; MOREIRA; HEINECK, 2018).

O método de alteamento a jusante é caracterizado pelo deslocamento do eixo da barragem
em direcdo a jusante (downstream). Quanto ao processo, héd a constru¢do de um dique de partida
impermeavel, também sendo impermeabilizado o talude interno (LOZANO, 2006). Ainda,
segundo Lozano (2006), “Os rejeitos sdo aciclonados e o underflow € lancado no talude de
jusante. Somente sdo usados 0s rejeitos grossos no alteamento...”.

Em relagdo ao alteamento por linha de centro, tem-se, inicialmente, a construgéo de um
dique de partida, e os rejeitos séo lancados perifericamente da crista do dique, formando uma
praia. Alteamentos subsequentes sdo construidos ao lancar materiais de empréstimo na praia e
a jusante do alteamento anterior. Dessa forma, o eixo da barragem é mantido. Quando
comparado ao método a montante, o de linha de centro expressa reducdo das tensdes de tracao
(VICK, 1999).

O método de alteamento a montante é caracterizado pelo deslocamento do eixo da
barragem em direcdo a montante (upstream) (VICK, 1999). E o método mais amplamente
utilizado, no entanto, é critico quanto a segurancga, principalmente devido aos fenémenos de
liquefacdo dos rejeitos e de entubamento, sendo este Gltimo a capacidade da agua em percorrer
areas do talude até a montante da barragem, havendo enfraguecimento desta.

Ainda, no método a montante os diques sdo construidos sobre os préprios rejeitos
anteriormente depositados que, em condicdo saturada, podem exibir baixa resisténcia ao
cisalhamento e, portanto, estarem altamente sujeitos a liquefagéo por carregamentos dindmicos
e estaticos (SOARES, 2010; VICK, 1999).
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Em relagdo a resisténcia mecanica nos rejeitos com sélidos finos, é importante destacar
que existem a resisténcia ao fluxo (tensdo de cisalhamento) e a resisténcia a compressao (tensao
de cedéncia compressiva), sendo que ha aumento em ambas conforme o0 aumento da proporc¢éo
de contetdo solido, possibilitando aos rejeitos atingir a estabilidade em menor tempo
(NGUYEN; BOGER, 1998).

Para manter o bom funcionamento da barragem a montante, portanto, algumas medidas
preventivas e de boas praticas devem ser mantidas, como o0 assessoramento continuo dos niveis
de agua, emprego de sistemas de drenagem eficientes e mitigacdo de processos erosivos devido
a chuva com, por exemplo, uso de cobertura vegetal (THOME; PASSINI, 2018).

Vale ressaltar que a construcdo de barragens a montante é proibida em alguns paises,
estes que apresentam atividade sismologica. Deve ser descartada a sua instalacdo em regifes
que passam por vibracdes e tremores, mesmo provocados por maquinaria, pois esses sdo
gatilhos para a liquefagdo (LOZANO, 2006; THOME; PASSINI, 2018; VICK, 1999).

De forma geral, as causas dos acidentes envolvendo a ruptura das barragens de rejeitos
estdo associadas aos fatores climéaticos e meteoroldgicos, instabilidade do talude, falta de
fundacao, infiltracdo de 4gua, overtopping, ma gestao e terremotos (AZAM; L1, 2010; ICOLD,
2001; RICO et al., 2008). As barragens sao divididas em trés classes de acordo com o potencial
de dano ambiental, sendo elas (FEAM, 2014):

a) classe I: potencial baixo, auditadas a cada trés anos;
b) classe II: potencial médio, auditadas a cada dois anos;
c) classe IlI: potencial alto, auditadas anualmente.

E imprescindivel destacar que desde 2001, no estado de Minas Gerais, todos os acidentes
com estruturas de contencdo envolveram barragens construidas pelo método a montante
(THOME; PASSINI, 2018), método que esta empregado em 76% das falhas de barragens no
mundo (RICO et al., 2008).

No Brasil, as institui¢ces de licenciamento, monitoramento e controle ambiental ndo tém
conseguido desempenhar seu papel de forma eficaz, ndo sendo capazes de evitar os impactos
provocados por estruturas de contencdo de rejeitos. Havia, em 2018, 839 barragens de rejeitos
registradas, destas 26,58% apresentavam alto dano potencial (ANA, 2018).

Pode-se dizer que ha um retrocesso na legislagdo ambiental, sendo fundado pelo
alinhamento entre politicas publicas e a industria (PASSOS; COELHO; DIAS, 2017). A

exemplificar o retrocesso, enquanto a NBR 13028 de 2017 apenas pede atengdo especial as
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barragens a montante nas fases criticas de projeto, construcdo, operacao e desativacéo, a mesma
(ABNT, 1993), recomendava a néo utilizacdo desse tipo de estrutura.

2.1.2.2 Liquefacéo

Como destacado anteriormente, os aterros hidraulicos de deposicao de rejeitos associados
a estruturas de contencéo estdo sujeitos ao fendmeno de liquefagédo. Este fendmeno esta ligado
a perda de resisténcia dos rejeitos saturados durante o processo de cisalhamento, ocorrendo em
um tempo curto e sendo suficiente para levar a uma ruptura. Gatilhos para tal podem ser de
natureza dinamica ou por carregamento estatico (CASTRO, 1969; JEFFERIES; BEEN, 2016;
POULOS, 1985).

A liquefacdo dinamica ocorre por atividades sismicas, detonacbes e vibragcdes por
maquinaria (SLADEN; D’HOLLANDER; KRAHN, 1985). Em rejeitos compressiveis, esses
gatilhos levam a reducdo da tenséo efetiva, gerando instabilidade e deformagdes, até eventual
colapso (SILVA, 2010). Por outro lado, a liquefagdo por carregamentos estaticos ocorre por
conta da reducdo da resisténcia em materiais arenosos quando ndo drenados (TERZAGHI,;
PECK; MESRI, 1996), quando h& aumento nos niveis de agua ou quando sao realizados
alteamentos sucessivos em curto espaco de tempo (DAVIES, 2002).

A liquefacdo estética apresenta maior probabilidade em rejeitos arenosos finos com baixa
plasticidade, pois a drenagem destes é mais dificil (CASAGRANDE, 1976). Em areias com
altos indices de vazios, ha aumento na poropressdo a medida que ha reducdo significativa da
sua resisténcia ao cisalhamento, fazendo com que a massa tenda a fluir (CASAGRANDE,
1936).

Devido ao beneficiamento, os rejeitos provenientes da exploracdo do minério de ferro
sdo cada vez mais finos e apresentam pouquissima plasticidade. Isso, somado a forma de
deposicédo dos rejeitos da extracdo de ferro, que sdo, quase em sua totalidade, em forma de
aterros hidraulicos por barragens a montante, caracterizados por baixa densidade relativa e
elevada saturacdo, implicam na susceptibilidade a acidentes dessas estruturas (PEREIRA,
2005).

A destacar, em relacdo as rupturas de barragens de contencdo de rejeitos de aterros
hidréaulicos, a liquefacdo por carregamento estatico tem sido um fator determinante (ICOLD,
2001; PEIXQTO, 2012).
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2.1.3 Impactos da mineragao

A mineracdo apresenta-se como uma das bases para o desenvolvimento tecnoldgico e
industrial de nossa sociedade. Sua matéria-prima é amplamente utilizada em diversas industrias
de bens de consumo, principalmente na siderurgia, e de insumos agricolas.

No cenério nacional de 2013, a Industria Extrativa Mineral (IEM; sem petroleo e gés
natural), contribuiu em 5,8% para a industria e 1,2% para o PIB, sendo que a producdo se
concentrou nos minerais metalicos (68%) e ndao metalicos (30%) (IBRAM, 2015). Em 2011, a
representatividade da IEM (sem petroleo e gas natural) no valor adicionado dos estados foi de
27% para o Pard, 16% para o Espirito Santo e 8% para Minas Gerais, constituindo os trés
estados com maior representatividade (IBRAM, 2015).

Em 2020, apenas no segundo semestre, o saldo da IEM correspondeu a cerca de 33% do
saldo brasileiro (total US$ 18 bilhdes). As exportacdes do setor totalizaram aproximadamente
14% das exportagdes nacionais (IBRAM, 2021).

Minas Gerais apresenta a maior concentracdo de minas do mundo, estipula-se que sejam
movimentados em torno de 450 milhdes de toneladas de minério nas diversas minas do
territorio (PINHEIRO et al., 2008 p. 102 apud PASSOS; COELHO; DIAS, 2017). Ainda
segundo dados do IBRAM, de 2015, no estado de Minas Gerais, responsavel por 44% do valor
gerado pela IEM (sem petréleo e gas natural) no Brasil em 2011, a producgdo se concentra nos
minerais metalicos (90%), com destaque para o0 minério de ferro.

A |EM supracitada é responsavel por 24,4% de toda a Industria e 8% de todo o PIB. E
notével, portanto, o protagonismo do estado de Minas Gerais perante a producao nacional. 1sso
ndo apenas quanto ao minério de ferro (66%), mas também zinco (100%), ouro (45%), fosfatos
(57%) e calcario (27%) (IBRAM, 2015).

Especificamente quanto a exploracéo de ferro, o Brasil produz 18,7% do minério de ferro
mundial (USGS, 2020), sendo Minas Gerais responsavel por aproximadamente 66% da
producdo nacional (IBRAM, 2015), além de arrecadar em torno de 43% da Compensacao
Financeira por Exploracdo de Recursos Naturais (CFEM) nacional (PASSOS; COELHO;
DIAS, 2017).

Apesar da importancia econdmica — e até social — da atividade mineradora, grandes
debates podem surgir a partir da analise dos impactos socioambientais promovidos ou
potenciais. Enquanto a industria defende que tais impactos sdo simples, pontuais, restritos ao

tempo de atividade da mina e, além, s6 ocorrem a partir de mas praticas ou de uma ma gestao,
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ndo sendo, portanto, um efeito inerente a extracdo mineral, especialistas defendem que os
impactos da mineracdo sdo complexos, espacialmente ilimitados e temporalmente irrestritos
(MILANEZ, 2017).

Os municipios em que as mineradoras se instalam recebem royalties como forma de
compensagao dos impactos (PASSOS; COELHO; DIAS, 2017). Segundo o0s autores, € comum
que grandes mineradoras financiem campanhas eleitorais e, além, “é comum notar que
atividades minerarias (mesmo colocando em risco a sociedade e o meio ambiente) sdo
legitimadas pelo poder publico e garantidas pela flexibilizagao de leis e licengas ambientais”.
Ainda:

A exploracdo do trabalho, as demiss@es de trabalhadores e a exploragédo
das minas aumentam enquanto a arrecadagdo municipal diminui. A
partir da pressdo das mineradoras que visam ao aumento do lucro,
licencas ambientais sdo flexibilizadas, novas minas séo licenciadas, e
0 poder publico age em conjunto com os empreendedores, reforcando
o discurso da dependéncia econdémica com o setor (PASSOS;

COELHO; DIAS, 2017 — p. 276).
Os discursos apresentados anteriormente demonstram que ndo ha total independéncia

entre o poder publico e o privado. Ainda, a relacdo entre ambos pode ser prejudicial ndo
somente, mas principalmente, as comunidades que recebem as mineradoras.

Além dos aspectos sociais, tem-se uma constante preocupa¢do com 0S impactos
negativos que a mineracao pode causar a0 meio ambiente, uma vez que os residuos gerados
por esta atividade possuem alta concentracdo de diferentes metais pesados. Gudynas (2015)
compara os impactos da mineragdo a uma “amputacdo ecologica”, em que ha modificag¢do da
paisagem, e com ela a funcdo ecoldgica — flora, fauna, microclima e regime hidrologico.

No Brasil, o primeiro reconhecimento dos impactos ambientais provenientes da
mineragdo ocorreu apenas em 1988, com a Constituicdo Federal, caracterizando a atividade
mineradora como agressiva ao meio ambiente. O Zoneamento Ecolégico-Econdmico (ZEE),
regulamentado pelo decreto n°® 4.297 de 2002 (BRASIL, 2002), indica que a mineracdo esta
presente em cinco de dez dos municipios de Minas Gerais classificados como apresentando
baixa qualidade ambiental, atribuindo & mineracéo o carater de geradora de graves impactos
ambientais. Ainda em relacdo ao estado de Minas Gerais, 0 Cadastro de Minas Paralisadas e
Abandonadas de 2016 (FEAM, 2016), listou 169 minas abandonadas e 134 paralisadas sem o
devido controle ambiental.

Os recursos hidricos podem ser afetados pela minerag¢éo quanto ao alto consumo de agua,

rebaixamento do lencol freatico, comprometimento da recarga de aquiferos, e o risco de
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contaminagdo dos corpos d’agua. Muitas vezes se faz necessaria a retirada de aguas
subterraneas para acessar 0 minério, podendo reduzir a qualidade e quantidade da agua
superficial e subterranea, aléem de alterar o fluxo dos rios (ELAW, 2010), podendo
comprometer bacias hidrograficas inteiras.

Areas de canga sdo afloramentos ferruginosos, comuns no estado de Minas Gerais,
geralmente caracterizados por platds de alta porosidade de elevada concentracdo de espécies
endémicas e responsaveis pela recarga de aquiferos. A retirada da camada superficial de cangas
para 0 acesso as jazidas leva a reducdo da biodiversidade regional e da recarga de aquiferos
(MILANEZ, 2017).

Com a contaminac&o de recursos hidricos pode haver alteracdo do pH. A reducdo do pH
aumenta a solubilizacdo de metais presentes no contaminante, o que, geralmente, ocorre com
o rompimento de barragens de contencdo de rejeitos. Essas barragens, quando se rompem,
levam a contaminacdo e assoreamento de rios — que elevam a mortandade de peixes e podem
interromper o abastecimento publico — além da destruicdo da mata ciliar.

A contaminacdo de ecossistemas aquaticos e terrestres com 0s rejeitos provoca reducao
na densidade e diversidade da maioria dos seres vivos, isso porque os diferentes metais pesados
constituintes desse rejeito podem se ligar a diferentes compartimentos celulares, inativando
enzimas e, consequentemente, causando a morte dos seres vivos. Além disso, 0s metais
acumulam-se ao longo da cadeia alimentar, processo denominado biomagnificagéo, causando
prejuizos a satude humana (GEETS et al., 2007).

Acidentes envolvendo a ruptura de estruturas de contencdo de rejeitos provenientes de
mineracdo afetam o mundo todo. S6 nos Estados Unidos da América, entre os anos de 1917 e
1989, foram registrados 185 acidentes envolvendo barragens de contencdo de rejeitos
(USCOLD, 1994). Ao redor do mundo, pode-se citar:

a) Chile, em 1965, muitas barragens de El Cobre se romperam devido a um terremoto

(DE SOUZA JUNIOR; MOREIRA; HEINECK, 2018);

b) Africa do sul, em 1994, o rompimento da barragem em Merriespruit ocorreu apés uma
tempestade e liberou 600000 m? de rejeitos da exploracéo de ouro (DAVIES, 2002;
FOURIE; BLIGHT; PAPAGEORGIOU, 2002);

c) Espanha, em 1998, o rompimento de uma barragem em Aznalcollar liberou 5,5
milhGes de metros cubicos de lama acida (ALASTUEY et al., 1999; RICO et al.,
2008)
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d) Roménia, em 2000, houve dois acidentes — um em Baia Mare e outro em Baia Borsa.
O primeiro levou a liberagdo de 4gua contaminada com cianeto e o Gltimo, rejeitos
contaminados com metais pesados (LASZLO, 2006);

e) Hungria, em 2010, foram liberados 700000 metros cubicos de lama vermelha
contendo aluminio (GARCIA-CARMONA et al., 2019; MAYES et al., 2011).

No Brasil, s6 em 1997, ocorreram 39 acidentes fatais de trabalho envolvendo a Industria
Extrativa, dos quais 22 eram relacionados a extracdo de minerais ndo-metalicos e 10 a extracéo
de minerais metalicos (CHAVES et al., 2001). A extracao de minério e a exploracao de petroleo
parecem ser 0s agentes majoritarios em acidentes relacionados a IEM no Brasil. Aqueles
envolvendo barragens de contencdo de rejeitos aumentaram com o p6s boom da atividade
extrativista mineraria (MILANEZ, 2017).

Em Minas Gerais, todos os acidentes de alto impacto envolvendo barragens de contencao
de rejeitos de mineragdo, desde 2001, estiveram relacionados ao método a montante de
alteamento (THOME; PASSINI, 2018). Foram diversos acidentes no estado entre 1986 e 2014,
a destacar:

a) 1986: o rompimento da barragem de rejeitos da Mina de Fernandinho, em Itabirito-

MG, levou & morte de 7 pessoas (THOME; RIBEIRO, 2019);

b) 2001: o rompimento de uma barragem de mineragdo localizada em Sebastido de
Aguas Claras, distrito de Nova Lima-MG, matou 5 operarios, assoreou 6km do leito
do corrego Taquaras e impactou 43ha de vegetacdo (THOME; RIBEIRO, 2019);

¢) 2007: a ruptura de uma barragem em Mirai-MG atingiu 4 mil moradores e 1200 casas
(THOME; RIBEIRO, 2019);

d) 2014: operérios mineiros que realizavam a manutenc¢&o no talude de uma barragem de

rejeitos desativada da Herculano Mineracdo, em Itabirito, foram soterrados depois do
seu rompimento (TOLEDO; RIBEIRO; THOME, 2016).

Como foco do presente estudo, em novembro de 2015, ocorreu 0 rompimento da
barragem do Fund&o, pertencente a mineradora Samarco. Isso levou a liberacdo, no meio
ambiente, de 50 milhdes de m3 de rejeito proveniente da producdo de ferro.

Mais recentemente, em 25 de janeiro de 2019, ocorreu o rompimento da barragem da
mina Corrego do Feijdo, em Brumadinho. O rompimento liberou 11,7 milhdes de m2 de rejeito
de mineracao, sendo um dos maiores desastres ambientais e 0 maior acidente de trabalho no
Brasil, em perda de vidas humanas (OLIVEIRA; ROHLFS; GARCIA, 2019).



24

2.2 ASAMARCO E A BARRAGEM DO FUNDAO

Em 05 de novembro de 2015, ocorreu o rompimento da barragem do Fund&o, da Samarco
S.A., lancando aproximadamente 50 milhGes de m3 de rejeitos provenientes da exploracéo de
minério de ferro na bacia do Rio Doce, nos estados de Minas Gerais e Espirito Santo (IBAMA,
2015). Os rejeitos eram compostos por, principalmente, silica e 6xidos de ferro, que atingiram
663 km de corpos d’agua ¢ 1469 ha de vegetagdo (IBAMA, 2015).

Esse acidente ganhou grande repercussdo devido ao grande impacto que causou a
populacdo da regido. O derramamento da lama afetou agricultura, pesca, impactando na
economia, no dia a dia e, até mesmo, no psicolégico de vérias vitimas.

Deve-se ressaltar, ainda, os impactos gerados aos ecossistemas (aquaticos e terrestres),
devido ao alto potencial poluidor da lama proveniente da atividade de producéo de pelotas de
ferro. Causou reducédo da biodiversidade, problemas de abastecimento de 4gua, contaminacao
do solo e morte de peixes, sendo considerado o maior desastre ambiental no Brasil.

A Barragem do Fundao, que se rompeu, era caracterizada como aterro hidraulico com
barramento alteado predominantemente a montante, para a contencéo dos rejeitos gerados da
exploracdo do minério de ferro (ALVES, 2015; MORGENSTERN et al., 2016). Segundo o
Relatério do Ministério do Trabalho, o rompimento da Barragem do Fundio foi “multicausal”,
foram ignoradas irregularidades, além de haver “falhas graves na construg¢do, manutengao e

opera¢do” da barragem. Sobre a evolugdo do acidente, afirmam

O rompimento iniciou-se por volta das 15:45h préximo a ombreira
esquerda, no pé do talude do recuo do eixo do dique 1, apoiado no platd
de elevagdo 860m, em dindmica consistente com o fendbmeno de
liqguefacdo. [...] Houve movimentacdo do talude e dos rejeitos
armazenados, com levantamento de poeira [...] todo o talude
movimentando-se sobre o platb ao mesmo tempo que desmoronava.
(MINISTERIO DO TRABALHO E PREVIDENCIA SOCIAL, 2019 —
p. 11).

Ainda no mesmo relatorio, sobre o rompimento: “Os rejeitos formaram uma onda de
lama que desceu o vale a jusante e galgou a Barragem de Santarém [...] contendo a lama por
tempo suficiente para que a comunidade de Bento Rodrigues fosse informalmente avisada”. O
relatorio ainda aponta os problemas construtivos pelos quais a Barragem do Fund&o passou ao

longo dos anos, apresentando 0s prejuizos estruturais, apari¢do de sinkhole, acimulo de &gua

junto a grota da Pilha de Estéril da Unido (Vale S.A.) e problemas na drenagem, por exemplo.
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A Barragem do Funddo, protagonista do acidente em questdo, pertence & Samarco
Mineracdo S.A, uma joint venture entre a australiana BHP Billiton, por meio de sua subsidiaria
BHP Billiton Brasil Ltda., e a brasileira Vale S.A., cada uma com participacdo de 50%
(JUSTICA GLOBAL, 2016; POEMAS, 2015). Fundada em 1977, seu principal produto sdo
pelotas de ferro.

A producdo possui carater exportador: em 2014 ocupou a 102 posi¢do no ranking mundial
de exportacdo de pelotas de ferro (JUSTICA GLOBAL, 2016). Em relacdo ao carater
socioambiental, consta que foi a Samarco a primeira mineradora a obter a certificacdo em
gestdo ambiental 1ISO 14001 para todas as etapas de producdo (JUSTICA GLOBAL, 2016).

Quanto a sua operacgao, se da em “‘um sistema integrado em Minas Gerais e Espirito Santo
formado por duas minas, trés usinas de beneficiamento, trés minerodutos, quatro usinas de
pelotizac¢do e um porto” (JUSTICA GLOBAL, 2016). Ainda, com as estruturas de deposicéo e
contencdo de rejeitos: as barragens de Germano, Santarém e Funddo, e a cava exaurida de
Germano, no Complexo de Germano (ou Alegria), localizado nos municipios de Mariana e
Ouro Preto, Minas Gerais (POEMAS, 2015).

O Complexo de Germano é constituido por trés cavas a ceu aberto principais (ROCHA,
2008), cujas reservas de ferro sdo da ordem de 2.909,7 milhdes de toneladas (VALE, 2016).
Em 2013 e 2014 foram extraidos, respectivamente 40,9 Mt. e 50,8 Mt do minério de ferro
(BRASIL MINERAL, 2015).

Vale ressaltar que, vizinho ao Complexo do Germano, se encontra 0 Complexo de
Mariana, que comporta minas e estruturas de deposicao de rejeitos da Vale S.A, nos municipios
de Mariana, Ouro Preto e Catas Altas, em Minas Gerais. E composto pelas minas Alegria,
Féabrica Nova, Fazenddo e Timbopeba. Quando do acidente em 2015, parte do rejeito
proveniente da Mina da Alegria, da parte da Vale, também era depositado na Barragem do
Funddo (G1, 2015b). Ainda:

Algumas das minas do complexo possuem barragens proprias, como
no caso da mina Alegria, da Vale, mas todas as minas desta area e a
usina da Samarco direcionam parcial ou integralmente os rejeitos
Umidos para as trés grandes barragens do complexo: Germano,
Santarem e Funddo, todas classificadas pela Fundacdo Estadual do
Meio Ambiente como Classe Il (alto potencial de dano ambiental)
(Relatdrio Justiga Global, 2016 — p. 6).

No pos-boom das commodities minerais, com a diminui¢do dos precos dos minérios, as
empresas se deparam com a necessidade de produzir mais (POEMAS, 2015; WANDERLEY,
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2017). Tendo isso em vista, o Ultimo projeto de expansdo elevou a capacidade produtiva da
Samarco em 37% e “o lucro liquido foi de R$ 2,73 bilhdes (2013) para R$ 2,81 bilhdes (2014)”
(POEMAS, 2015). Assim, 0 aumento da exploracdo mineral intensificou também a geracéo de
residuos, aumentando o uso de recursos naturais e a dependéncia das barragens usadas para a

deposicao de rejeitos. Ainda quanto a Barragem do Fund&o:

O processo de licenciamento ambiental referente a barragem de Fundao
se iniciou em 2005, [...] se encontrava em processo de renovagdo no
dia do rompimento. O EIA-RIMA da barragem possui Serios
problemas técnicos, o que impossibilitou a previsdo da catastrofe
provocada pelo rompimento da barragem e agravou os impactos sobre
as comunidades vizinhas, majoritariamente negras. Fundéo era a Unica
das trés alternativas locacionais que produzia impactos e efeitos
cumulativos diretos sobre as barragens do Germano e Santarém,
podendo gerar um efeito domin6 no rompimento, além de ser a op¢éo
que drena em direcdo a comunidade de Bento Rodrigues, ampliando
ainda mais a condic¢do de risco socioambiental. A escolha por esta
opcdo foi, portanto, econémica, aproveitando-se do sistema de
barragens do Germano-Santarém em funcionamento e diminuindo os
custos da obra. Ainda, a analise de risco do EIA classificou a
possibilidade de rompimento da barragem no grau mais baixo,
"IMPROVAVEL", desconsiderando o0 histérico de repetidos
rompimentos em Minas Gerais, no Brasil e no mundo (POEMAS, 2015
—p. 9, grifo proprio).

Além disso, € sabido que a Samarco pretendia realizar a unificacdo das barragens do
Germano e do Funddo, formando uma Unica estrutura e reativando a, até entdo desativada,
Germano, sendo que a Licenca Prévia e de Instalacdo para tal foi concedida em junho de 2015
(POEMAS, 2015). Por outro lado, os resultados das investigac6es da Policia Federal, em junho
de 2016, demonstraram que a empresa Samarco ja sabia dos riscos do rompimento da barragem
do Fund&o antes do desastre (PASSOS; COELHO; DIAS, 2017).

E o que corrobora um laudo realizado pelo Ministério Ptblico em relagio a Barragem do
Funddo, “Recomenda-se uma andlise de ruptura (DAM-Break), que estava prevista para ser
entregue 8 SUPRAM em julho de 2007” (INSTITUTO PRISTINO, 2013). O laudo adiciona
que foi constatado que havia sobreposicdo entre a Barragem do Fundéo e a Pilha de Estéril
Unido “situacdo ndo recomendada para ambas as estruturas devido a possibilidade de
desestabilizacdo do macico da pilha e da potencializagédo de processos erosivos”, por suas
distintas caracteristicas quanto drenagem e umidade (INSTITUTO PRISTINO, 2013).

Em suma, a possibilidade de ruptura da Barragem do Fund&o néo era, ou ndo deveria ser,

uma surpresa a Samarco. A mineradora deve pagar uma cau¢do socioambiental de R$ 1 bilhdo
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(EXAME, 2020; G1, 20154, 2020), porém ninguem foi condenado pela tragédia (ESTADO DE
MINAS, 2019).

Vale ressaltar que, até 2019, empresa ndo havia pagado nenhuma multa aplicada pelo
Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais Renovaveis (Ibama) (G1,
2019a, b), e que as agdes para mitigacdo do desastre na regido afetada estdo sendo realizadas
pela Fundacdo RENOVA (RENOVA, 2021), porém ainda longe de um final feliz (IBAMA,
2019).

2.2.1 O Quadrilatero Ferrifero e o rejeito da Barragem do Fundao

E importante, ao tratar do rejeito proveniente da Barragem do Fundo, ressaltar-se as
caracteristicas geoldgicas e mineralogicas da regidao. O Complexo do Germano esta localizado
no Quadrilatero Ferrifero, regido centro-sul do estado de Minas Gerais que comporta uma area
de 7000km? e que possui, caracteristicamente, riquezas minerais, principalmente quanto ao
ferro (principalmente em hematita) e, potencialmente, manganés. Dessa forma, o solo da regido
ja apresenta naturalmente alto conteldo desses minerais, proveniente, principalmente, do
itabirito (CARVALHO-FILHO, 2008; PEREIRA, 2005).

Segundo estudos de Carvalho-Filho (2008), os solos tipicos da regido sao avermelhados,
granulares, com a predominacéo do silte sobre a argila e densidade de particulas acima de 3,0
g cm?3. De forma geral, ainda segundo o autor, o solo apresenta-se com baixo potencial
nutricional devido a pH superiores a 5, soma dos cations basicos do complexo de troca
extremamente baixa (menor que 0,4 cmol. kgl), quase inexisténcia de Al trocavel e saturagéo
por bases inferiores a 50%. Por fim, encontrou teores elevados de ferro (até 774 g kg™ de
Fe203), MnO, TiO: e P,0s (CARVALHO-FILHO, 2008).

Vale ressaltar que o Quadrilatero Ferrifero é uma regido complexa ndo somente quanto
a sua geologia, mas também quanto a sua biodiversidade, encontrando-se na confluéncia entre
dois importantes biomas: a mata atlantica e o cerrado; ainda estando entre duas das bacias
hidrograficas mais importantes nacionalmente: a bacia do rio Sdo Francisco e a bacia do rio
Doce (CARVALHO-FILHO, 2008; SEDRU, 2016; SILVA et al., 2016).
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2.2.2 Os rejeitos da mineracgéo de ferro

Os rejeitos de granulometria fina sdo denominados lama, e os de granulometria grossa
(acima de 0,074 mm) sdo denominados rejeitos granulares ou arenosos (ESPOSITO, 2000). A
granulometria dos rejeitos da exploracdo do minério de ferro apresenta-se entre areias finas e
siltes (PEREIRA, 2005). Quanto ao rejeito deposto na barragem do Fundéo, era composto por,
em média, 30% de lama e 70% de rejeitos granulares (AVILA; SAWAYA, 2011; SUPRAM,
2008).

Os rejeitos granulares provenientes da exploragdo do minério de ferro ndo apresentam
plasticidade e tém sua massa especifica altamente influenciada pelo teor de ferro no proprio
rejeito. Enquanto a massa especifica da hematita é em torno de 5,25 g cm™ e a do quartzo 2,65
g cm3, os rejeitos em questio podem chegar a 5g cm (PEREIRA, 2005).

A massa especifica dos graos € proporcional ao teor de ferro no rejeito, estando entre 2,8
e 5,0 gcm (ESPOSITO, 2000; PEREIRA, 2005; PRESOTTI, 2002). Por exemplo, o0s rejeitos
depostos na Barragem do Germano apresentavam teor de ferro em torno de 14,2% e massa
especifica dos grios em 2,91 g cm™ (PEREIRA, 2001). Os diferentes rejeitos provenientes dos
distintos processos de beneficiamento das minas localizadas na regido do Quadrilatero
Ferrifero apresentam em sua composi¢do quimica a predominancia de Fe e SiO2 e, em menor
proporcao, AlOs, sendo os teores justificados pela rocha de origem, o itabirito (PEREIRA,
2005).

N&o obstante, a distribuicdo granulométrica dos rejeitos estudados por Pereira (2005) na
barragem de Germano, pertencente ao mesmo Complexo que a barragem do Funddo,
apresentou-se predominantemente composta por areias finas e fragdes siltosas. O autor ainda
observou haver relacdo entre o teor de ferro e a susceptibilidade a liquefacdo dos rejeitos: a
reducdo do teor de ferro presente no rejeito resultou em variacGes significativas dos valores
limites dos indices de vazios, basicamente levando a um rearranjo e redistribuicdo estrutural

das particulas em condi¢6es de laboratorio.

2.2.3 Caracteristicas fisico-quimicas, mineraldgicas e microbiolégicas do rejeito da

Barragem do Fundéo

As caracteristicas fisicas de um determinado substrato sdo extremamente importantes ao

considerar seu uso para qualquer finalidade. Isso ndo é diferente para o caso de se implementar
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medidas de mitigacao ao estresse proporcionado pela liberacéo de rejeitos de mineragdo. Vale
ressaltar que tanto o tamanho dos sélidos quanto a quantidade de argila nos rejeitos controlam
os indices de vazio in situ. Em rejeitos finos e/ou lamas de argila, estes indices séo altos e,
portanto, ha uma alta probabilidade de compresséo e adensamento.

No caso do rejeito extravasado da barragem do Fund&o, com o passar dos anos, a sua
caracteristica fisica geral de adensamento quando seco tornou-se o problema maior em relacdo
a presenca de metais ou outras caracteristicas quimicas. Apesar das variacdes entre as
proporcOes de areia, silte e argila entre diferentes estudos, uma conclusdo geral foi sobre a
caracteristica densa do rejeito proveniente do acidente da mineradora Samarco, apresentado
particulas finas (0 —200 um), sendo areia 0 componente principal e havendo baixas quantidades
de matéria organica e argila (ANDRADE et al., 2018; CRUZ et al., 2020; ESTEVES;
BRESSANIN; et al., 2020; SEDRU, 2016; SEGURA et al., 2016).

Estudos de Segura et al. (2016) revelaram que o rejeito seco apresenta textura similar ao
cimento, sendo particularmente denso, formado por particulas arenosas e finas (de 1 a 200 mm
de didmetro). Ao analisar os rejeitos liberados com o rompimento da Barragem do Fundéo, a
Embrapa Solos verificou que o material depositado apresenta homogeneidade granulométrica,
com elevados teores de areia fina e silte. Os teores de argila sdo baixos (aproximadamente
10%), havendo baixa capacidade de troca catibnica, indicios de baixa fertilidade do solo
impactado. Quanto a composicdo mineraldgica, foram encontrados, predominantemente,
goethita, caulinita, quartzo, hematita e gibsita. A fracdo areia apresentou quartzo e fragmentos
de concrecdes ferruginosas (EMBRAPA SOLQOS, 2015; SILVA et al., 2016).

Tendo em vista a composi¢do granulométrica e mineralégica, o adensamento das
particulas e o selamento superficial, quando o rejeito se encontra seco, sdo bastante elevados,
agindo como barreira fisica de alta intensidade (concre¢des ferruginosas) e baixa porosidade.
Dessa forma, percebe-se que o principal desafio esta relacionado a qualidade fisica do rejeito,
que é instavel e siltoarenoso (EMBRAPA SOLOS, 2015; SCHAEFER et al., 2015).

O impedimento fisico descrito acima se intensifica devido a alta concentragédo de ferro,
impedindo o crescimento radicular, estagnando a capacidade de reflorestamento e
reaproveitamento agricola de muitas parcelas da area afetada. Entretanto, ainda que concre¢des
ferruginosas se formem na superficie, a parte inferior da lama se mantém como material ndo
consolidado, sujeito a erosdo (EMBRAPA SOLOS, 2015; POEMAS, 2015; SCHAEFER et al.,
2015).
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Adicionalmente, verificou-se as altas densidades do rejeito, que se encontra entre 0.94 e
2.38 g cm?, apresentando assentamento e selamento do solo. Encontrou densidades de
superficie entre 1.41 g cm™ e 1.54 g cm para o rejeito enterrado. Em média, a densidade de
particula de superficie foi maior que 2.75 g cm™ e a de material enterrado, 2.80 g cm?.
Adiciona-se que a CTC é muito baixa, sendo o rejeito quase desprovido de carga, caracteristica
tipica de materiais oxidicos muito intemperizados, além de solos e materiais de canga do
Quadrilatero Ferrifero (SCHAEFER et al., 2015).

Ainda dentre estudos, houve variacdo nas caracteristicas do rejeito quanto ao pH (em
geral de 6 — 7.8), presenca e concentragdo de metais pesados e de macro e micronutrientes
(ANDRADE et al., 2018; CRUZ et al., 2020; ESTEVES; BRESSANIN; et al., 2020; SEDRU,
2016; SEGURA et al., 2016). De forma geral, o rejeito empobrece significativamente o
substrato a que se misturou quanto a presenca ou disponibilidade de macro e micronutrientes.
Além disso, pode apresentar quantidades acima do permitido pelas diretrizes brasileiras para
manganés e ferro, principalmente, mas isso também pode estar relacionado as caracteristicas
do solo do Quadrilatero Ferrifero de Minas Gerais em si (CAIRES, 2009; CARVALHO-
FILHO, 2008).

As informac6es disponiveis sobre as propriedades microbiologicas e biologicas (por
exemplo, enzimas do solo, contagens microbianas e da microfauna) do rejeito de mineracgao
proveniente da barragem do Fund&o ainda sio limitadas. E importante salientar que esses
também sdo considerados indicadores da fertilidade do solo e desempenham um papel vital no
crescimento vegetal (ESTEVES; DE SOUZA et al., 2020; MISHRA; PANDEY, 2018).

O numero de unidades formadoras de col6nias de bactérias e fungos cultivaveis entre
diferentes amostras do rejeito da mineradora Samarco e de solo foi estudado (SEGURA et al.,
2016). Os autores ndo encontraram diferencas estatisticamente significativas entre as amostras
de solo e rejeito, mas observaram que, de forma geral, o rejeito favoreceu o crescimento
microbioldgico. Ainda, atribuiram esse marco a possibilidade da retencdo de umidade pelo

rejeito.
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2.3 RECUPERACAO DE AMBIENTES DEGRADADOS

2.3.1 Remediacao

Existem diversas técnicas de remedigdo que podem ser in situ ou ex situ, ou seja, no local
contaminado ou em outra localidade. A exemplificar: tratamento e bombeamento, remocéo
multifasica, oxidacdo quimica, retirada de vapores do solo, aplicacao de barreiras, imobilizacdo
de metais, lavagem de solo (soil washing e soil flushing), solidificacdo e estabilizacdo, e
vitrificacdo (SINGH, SIMRANJEET et al., 2020).

No entanto, a maioria dessas tecnologias sao caras, sendo performadas ex situ (elevando
custos com maquinaria e transporte). Quando in situ, é requerido extremo estudo, planejamento
e cuidado para que ndo ocorra poluicdo secundaria, inclusive de lencgois freaticos.

Tem-se, ainda, o Biochar, uma tecnologia emergente no campo da remediacao. Constitui-
se em um carvao vegetal de cor preta manufaturado através de pir6lise em condigdes limitadas
de oxigénio. Sua aplicacdo para corre¢do do solo tem sido amplamente estudada, sendo
considerada uma tecnologia verde, benigna ao meio ambiente, e sendo uma alternativa mais
barata aos demais adsorventes quimicos, como o nano carbono (TU et al., 2020; WALTERS;
WHITE, 2018; WAN et al., 2020). E efetivo na imobilizacdo de varios metais, porém mais
estudos devem ser realizados acerca de riscos de polui¢do secundaria e outros impactos no solo,
advindos dessa tecnologia frente sua aplicacdo in situ (LEHMANN et al., 2011; WANG;
WANG, 2019; Yl et al., 2019).

2.3.2 Biorremediagao

As tecnologias de biorremediacéo utilizam diretamente organismos vivos e seus produtos
para remover, imobilizar, degradar ou transformar contaminantes ambientais em compostos
menos toxicos ou inertes, na tentativa de restaurar as funcdes e qualidade do solo
(BOOPATHY, 2000; SOARES; SOARES, 2012; WETLER-TONINI; DE REZENDE;
GRATIVOL, 2010). O crescente aumento na visibilidade e da pressdo da utilizacdo de

3

tecnologias “verdes” na recuperacdo de ambientes contaminados, tem elevado também a
demanda por estudos e aplicacGes de processos biotecnoldgicos, tal qual a biorremediagéo que,
quando comparada as técnicas classicas de remediacdo, apresenta simplicidade, seguranga,

sustentabilidade e baixo custo (COUTINHO et al., 2015; DIAZ, 2004; SINGH, SIMRANJEET
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et al., 2020; YAKUBU, 2007). Os organismos empregados na biorremediacdo sdo, em sua
maioria, microrganismos ou plantas (OJUEDERIE; BABALOLA, 2017). A biorremediago
que faz uso de plantas, denomina-se fitorremediacao.

As técnicas de biorremediacdo também variam de acordo com a localizacdo do processo
de tratamento, sendo in situ ou ex situ, a depender da técnica empregada e das condic¢Bes da
area contaminada (GAYLARDE et al., 2005; SINGH, SUNDER; GUPTA, 2016). Quanto a
biorremediacdo de solos contaminados, o tratamento pode ser referente a superficie ou as
camadas mais internas.

A técnica de biorremediacdo a ser escolhida dependera da distribuicdo dos rejeitos, da
concentragdo e toxicidade do contaminante, das condi¢cGes ambientais frente ao crescimento
microbiologico e dos microrganismos ja existentes no local (MOREIRA; SIQUEIRA, 2006;
WALTER; CRAWFORD, 1997). Tem-se, por exemplo, as seguintes técnicas: biofarming,
bioventilacdo, biopilhas, bioestimulo, bioatenuacdo, bioaumento e compostagem (DE
MORAIS; TAUK-TORNISIELO, 2009; LIN; PAN; CHENG, 2010; MENEZES BENTO et
al., 2003).

Para os fins do presente estudo, enfoque maior serd dado ao bioestimulo, bioatenuacéo e
bioaumento. A bioestimulacdo se da pela adi¢do de nutrientes, a fim de estimular a atividade
microbiana (EVANS; FURLONG, 2003; GAYLARDE et al., 2005, MROZIK;
PIOTROWSKA-SEGET, 2010). Por outro lado, o bioaumento consiste na inoculagido de
populacdes de microrganismos ou consorcios microbianos, selecionados e conhecidos, com o
fim de degradacdo do contaminante (HERRERO; STUCKEY, 2015; SHAH et al., 2017;
SZAJA et al., 2018). Ja a bioatenuacdo faz uso apenas de microrganismos autoctones, ou seja,
que ja existiam naquele solo (COUTINHO et al., 2015).

Apesar de os microrganismos utilizados nas técnicas de biorremediacdo poderem ser
nativos ou exaticos, é imprescindivel sempre se considerar a ecologia da regido antes de
introduzir microrganismos externos. O potencial de bactérias e fungos na remediacdo de areas
contaminadas é amplamente estudado (BAPTISTA; CAMMAROTA; DE CARVALHO
FREIRE, 2005; MARIANO et al., 2007; SINGH, SIMRANJEET et al., 2020).

2.3.3 Fitorremediacéo

A fitorremediacdo proporciona a restauragdo da estrutura e da ecologia do solo e da agua.

Esta técnica apresenta vantagens para a regido soterrada pelo rejeito toxico, dada a sua natureza
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permanente combinada aos baixos custos de manutencdo, a protecdo contra a erosao edlica e
hidrica, e a melhoria na estrutura fisica e quimica dos solos. As plantas na fitorremediacéo
podem elevar a quantidade de carbono organico, a infiltracdo de &gua, a porosidade no solo e
diminuir a eroséo, além de conservar a composicao e o desenvolvimento dos microrganismos
no solo (ALI; KHAN; SAJAD, 2013; MOREIRA; SIQUEIRA, 2006; OJUEDERIE;
BABALOLA, 2017).

A fitorremediacdo é um processo sustentavel, ndo invasivo, efetivo e de baixo custo,
quando comparada as tecnologias de remediacdo, sendo amplamente estudada. Leva a
descontaminacdo dos solos por acéo direta ou indireta dos vegetais, por extracao ou degradacao
do poluente, pelos seguintes processos (ALI; KHAN; SAJAD, 2013; MAHAJAN; KAUSHAL,
2018; MOREIRA,; SIQUEIRA, 2006):

a) Fitoextracdo: a reducdo do contaminante € facilitada pela sua passagem da raiz para

parte aérea;

b) Fitodregadacéo: os vegetais metabolizam ou mineralizam os contaminantes dentro das

células, portanto a degradacdo é in planta;

c) Fitovolatizacdo: ap6s a metabolizacdo interna nos vegetais, ocorre a liberacdo na

superficie foliar do contaminante na forma de gas;

d) Fitoestimulacdo: as raizes das plantas e a microbiota do solo degradam o

contaminante;

e) Fitoestabilizacdo: utiliza os vegetais para minimizar a mobilidade dos contaminantes

no solo através da acumulacdo pelas raizes ou a precipitacdo dentro da rizosfera;

f) Rizofiltracdo: as plantas eliminam os metais presentes em agua contaminada através

do sistema radicular.

Em éareas com contaminantes metalicos, a fitoextracdo e a fitoestabilizacdo sao
possivelmente as técnicas mais apropriadas (MENDEZ; MAIER, 2008).

As plantas usadas em processos de fitorremediacéo apresentam, geralmente, crescimento
rapido, alta producdo de biomassa, sistema radicular profundo e denso, e capacidade de
acumular metais. Deve-se analisar, portanto, as caracteristicas ambientais e dos vegetais, de
forma que a planta escolhida apresente certo grau de tolerancia ao contaminante durante o
tempo necessario para que a acdo remediadora se proceda (SHACKIRA; PUTHUR;
NABEESA SALIM, 2017).

Para que ocorra a despoluicdo da regido afetada pelo acidente de Mariana (MG) existe a

necessidade da utilizacdo de plantas que apresentem algumas caracteristicas especificas.
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Plantas fitorremediadoras tendem a manter uma fotossintese elevada, uma menor degradacéao
da clorofila e emissdo de fluorescéncia, maior area foliar e status hidrico frente aos poluentes
(ALI; KHAN; SAJAD, 2013). Alem disso, o vegetal deve possuir capacidade de absorcdo,
concentracdo ou imobilizacdo de potenciais metais e tolerancia ao rejeito; sistema radicular
denso e profundo, capaz de crescer no substrato mais denso e compactado. Assim, faz-se
necessario a prospeccao de espéecies que consigam sobreviver e apresentem tais caracteristicas

frente ao rejeito oriundo do rompimento da barragem do Fundéo.

2.3.4 A sucesséo ecoldgica no reflorestamento de areas degradadas

Tanto os distdrbios naturais quanto as acdes humanas podem resultar no impacto de
ecossistemas. A capacidade de um ecossistema em absorver tal impacto denomina-se
estabilidade, e a capacidade de se recuperar, resiliéncia (TIVY, 1993). Destaca-se que um
ambiente que apresenta baixa resiliéncia fica mais susceptivel a processos irreversiveis de
degradacdo (ENGEL; PARROTTA, 2003).

Dessa forma, o disturbio de menor grau que permite ao ecossistema regenerar-se ou
estabilizar-se naturalmente € perturbacdo; enquanto areas degradadas sdo aquelas que sofrem
maiores disturbios, os quais impedem ou restringem seriamente a sua capacidade de
regeneracdo (BARBOSA, 2006). A exemplificar, ambientes degradados geralmente séo
destituidos de fertilidade e umidade do solo, como pelo processo de mineracéo, dificultando o
processo de colonizagdo e sucessao por espécies arboreas.

A recuperacdo de ambientes degradados objetiva retornar a area as suas funcgdes
ecoldgicas (ciclagem de nutrientes e biomassa). Vale ressaltar que a maioria das florestas
possuem solos pobres, sendo a vegetacdo mantida pela ciclagem de nutrientes, a principal
reserva mineral. Quando a vegetacao é retirada e o ciclo € interrompido, ndo mais ocorrera a
adicdo de nutrientes e matéria organica, sofrendo perdas por erosdo e lixiviagao.

A sucesséo ecologica € um processo que envolve mudancas na estrutura de espécies e
nos processos da comunidade ao longo do tempo. E resultado da modificacio do ambiente
fisico pela comunidade e de interagfes de competicdo e coexisténcia (ODUM; BARRETT,
2008).

As comunidades transitorias sdo denominadas de estagios pioneiros (ODUM,;

BARRETT, 2008). No entanto, a comunidade e seu ecossistema sdo conduzidos a um climax,
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de maior biomassa e biodiversidade, teias alimentares mais complexas — caracteristicas que
conferem ao bioma sua estabilidade.

Durante a sucessdo, a composicdo em espécies da comunidade muda, assim como a
disponibilidade de luz, umidade, calor, ventos e nutrientes. Cada estagio altera o0 ambiente
tornando-o apropriado para o proximo estagio. Uma vez atingido o climax temos um ambiente
dinamicamente estavel e equilibrado. Observa-se também, uma matura¢do do solo, numa
reciprocidade de efeitos edafoclimaticos que se manifestam no comportamento fenolégico das
plantas ajustadas a um sistema mais estavel (FERNANDES et al., 2000).

O tempo necessario para uma sucessdo ocorrer de um habitat perturbado até uma
comunidade climax varia com a natureza do clima e a qualidade inicial do solo (BEGON et al.,
1996; ODUM; BARRETT, 2008). Ainda, pode-se dizer que sucessdo ecoldgica é o processo
natural pelo qual os ecossistemas se recuperam dos disturbios.

A sucessdo ecoldgica se inicia desde antes as arvores pioneiras: nas gramineas. As
gramineas se destacam pelo seu rapido crescimento, podendo colonizar rapidamente areas
contaminadas ou de solo denso (ALEGRIA, 2006; GRZESIAK et al., 2015). Foram realizados
estudos em vasos em casa de vegetacdo avaliando o crescimento de milho (Zea mays), milheto
(Pennisetum glaucum (L.) R. Br.) e sorgo (Sorghum biocilor L) sob diferentes propor¢oes do
rejeito de mineracdo proveniente da barragem do Fund&o e areia, e, de forma similar ao
presente trabalho, em rejeito e rejeito com adi¢do de humus de minhoca comparativamente ao
solo (ESTEVES; BRESSANIN; et al., 2020; ESTEVES; DE SOUZA; et al., 2020). Os autores
puderam ndo sé observar o melhor desempenho do milho em ambos os experimentos, mas as
demais espécies também se mostraram potenciais na revegetacdo inicial de ambientes afetados
pelo rejeito em questao.

Outros estudos mostraram a capacidade de gramineas em repovoar ambientes degradados
pelo rejeito proveniente do processamento de bauxita (ALSHAAL et al., 2013; COURTNEY;
MULLEN; HARRINGTON, 2009; COURTNEY; TIMPSON, 2005; WEHR; FULTON;
MENZIES, 2006), novamente mostrando a importancia dessas especies. No entanto, a
reconstituicdo da flora apenas comeca nas gramineas: a continuidade € dada por arbustos e
arvores pioneiras. Estes colonizam o ambiente, abrindo caminho para as secundarias e climax,
e outras especies vegetais dependentes de sombra e outros fatores. Por isso, é de extrema
importancia o estudo dessas plantas superiores sob tais condi¢des, averiguando o potencial de
reflorestamento heterogéneo de regides contaminadas e degradadas, ou a capacidade desses

ambientes em proceder com a revegetacao natural.
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O uso de arvores para fitorremediacao recebeu atengdo crescente nos ultimos anos devido
a sua capacidade de crescer em solos de baixa fertilidade e/ou umidade, a alta produtividade
de biomassa e sistemas radiculares profundos, além de sua importancia ecologica e econémica
(GOMEZ et al., 2019; L1U; NI; ZHOU, 2013). O uso de &rvores nativas para a revegetacéo de
areas degradadas tém sido mais explorados recentemente, com resultados promissores para
diversas espécies, dentre elas: Acer platanoides, Cedrela fissilis, Handroanthus serratifolius,
Copaifera langsdorffii, Hymenaea courbaril, Mimosa caesalpiniifolia, Cecropia sp. e
Myracrodruon urundeuva (ASENSIO et al., 2018; CRUZ et al., 2020; FERNANDEZ et al.,
2017; MLECZEK et al., 2017).

As espécies pioneiras, as primeiras na sucessao secundaria, apresentam lenho leve e
crescimento rapido, sob condi¢des de insolacdo. Por outro lado, as espécies climacicas, as
arvores dominantes nos Ultimos estagios da sucessdo, apresentam lenhos densos, copas mais
densamente compactas e crescimento lento, colonizando areas sombreadas, porém necessitam
de luz na fase adulta — por isso atingem alturas &s vezes muito superiores as pioneiras
(BUDOWSKY, 1965).

A implantacdo de espécies arbdreas em uma area degradada permite pular as etapas
iniciais da sucessdo natural, onde surgem primeiramente espécies herbaceas e gramineas, as
quais enriquecem e alteram a estrutura do solo, permitindo o aparecimento de individuos
arbustivo-arbéreos (CAMPELLO, 1998; SAMPAIO; HOLL; SCARIOT, 2007).

A reabilitacdo de areas degradadas usando comunidades de plantas nativas recuperam o
solo substancialmente ao longo dos anos; no entanto, muitas espécies ndo sobrevivem em
habitats contaminados e com baixa fertilidade. Dessa forma, a selegdo de espécies € um critério
importante para iniciar a sucessdo ecoldgica e repovoamento de uma area impactada. As
espécies plantadas devem consorciar pioneiras e climax no momento de implantacéo, e deve-
se dar preferéncia as que produzam frutos atrativos para a fauna silvestre (MARTINEZ-
GARZA; BONGERS; POORTER, 2013; VIANI et al., 2015), de modo a proporcionar maior
diversidade nas areas a serem restauradas.

De forma geral, as arvores pioneiras se sobressaem as demais por apresentarem
crescimento rapido. No entanto, ambas geralmente desenvolvem sistemas radiculares extensos,
podendo apresentar altas taxas de transpiracdo (GOMEZ et al., 2019; YADAV et al., 2010). A
maioria das espécies arboreas é capaz de sobreviver por décadas, até séculos. Durante sua vida,
uma Unica arvore pode mobilizar milhdes de litros de dgua subterranea (KUNERT et al., 2017),

juntamente com quantidades significativas de elementos quimicos. Assim, a capacidade de
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remediacdo por essas plantas aumentara a cada temporada por décadas apds o estabelecimento
inicial, e a resiliéncia e autossuficiéncia das plantacGes apresentardo baixos custos (LUTTER
etal., 2016; TULLUS et al., 2012).

Ainda, o florestamento tende a melhorar as propriedades fisico-quimicas e biolégicas de
solos degradados, como a porosidade do solo, densidade, umidade, biodisponibilidade de micro
e macronutrientes, e biodiversidade (BERHONGARAY et al., 2017; WANG et al., 2017; WU
et al., 2018). Tendo isto em vista, e sobretudo do ponto de vista ecoldgico, fica claro que nao
apenas as pioneiras possuem importancia nesse processo de repovoamento de areas
degradadas, mas também as secundarias e climax. Dessa forma, € impreterivel o estudo de
ambos os niveis sucessionais sob o rejeito de mineragao.

Estudos verificaram que as espécies climax foram menos eficientes que as pioneiras e
secundarias quanto ao aproveitamento de fosforo, calcio e magnésio do solo (FERNANDES et
al., 2000; SANTOS et al., 2008). As espécies de crescimento lento adaptam-se melhor as
condicOes de baixa fertilidade do solo, com baixas respostas a sua melhoria.

Em referéncia aos recentes acidentes envolvendo o rompimento de barragens de
contencdo de rejeitos no estado de Minas Gerais, a restauracdo florestal é uma estratégia
sugerida para mitigar os impactos que atingiram as areas ocupadas, por tais rompimentos
(BRASIL; PIRES, 2017).

E importante ressaltar que a maioria das florestas tropicais se desenvolvem sob solos
pobres, particularmente quanto ao fosforo disponivel, especialmente em latossolos com
elevados teores de 6xidos de ferro e aluminio em sua constituicdo mineraldgica, como o solo

do Quadrilatero Ferrifero.

2.4 ESPECIES VEGETAIS SOB ESTUDO

Considerando, portanto, as caracteristicas ecoldgicas da regido afetada pelo rompimento
da Barragem do Fund&o, da mineradora Samarco S.A. na municipalidade de Mariana, estado
de Minas Gerais, em transicdo dos biomas Cerrado e Mata Atléantica, e tendo em vista as
caracteristicas e beneficios das espécies arboreas frente a fitorremediacdo e repovoamento de
areas degradadas, foram consideradas quatro espécies nativas de angiospermas
eudicotiledneas arboreas de niveis de sucesséo distintos, nativas e de ocorréncia em um ou
ambos biomas supracitados, sendo: Schinus terebinthifolius, Cedrella fissilis, Cariniana

estrellensis e Hymenaea courbaril.
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2.4.1 Schinus terebinthifolius

A S. terebinthifolius Raddi (Anacardiaceae), popularmente Aroeira-pimenteira, Aroeira-
vermelha e Aroeira-Mansa, € uma espécie heliofita, perenifélia, didica e pioneira, podendo ser
encontrada em forma de arvores de médio porte (de 5 a 10 m de altura) ou pequenos arbustos,
seu tronco podendo chegar a 60 cm de diametro. Suas folhas sdo compostas, contendo entre 3
a 10 pares de foliolos de 10 a 15 cm de comprimento e seus frutos sdo caracteristicamente
globosos e vermelhos (LORENZI, 1992).

E originaria da América do Sul, nativa do Brasil, Paraguai, Uruguai e leste da Argentina
(EWEL, 1986; FERRITER, 1997; LORENZI, 1992). No Brasil, tem maior distribuicdo
geogréfica em Minas Gerais, seguida pelos demais estados do sudeste. E comum em solos
Umidos, como em beira de rios de formac6es secundarias, porém também é capaz de se adaptar
a solos arenosos, de baixa fertilidade e baixa retencdo de agua (LORENZI, 1992; NEVES et
al., 2016). Seu florescimento ocorre entre setembro e janeiro, e a frutificagcdo entre janeiro e
julho (LORENZI, 1992).

A medicina tradicional faz amplo uso da S. terebinthifolius, como anti-inflamatdrio,
antipirético, analgésico, na cicatrizacdo de feridas e Ulceras, no tratamento de doencas
respiratdrias, tumores e lepra (BARBOSA et al., 2007; CAVALHER-MACHADO et al., 2008;
DE MESQUITA, 2009; GUERRA et al., 2000; MARTINEZ et al., 1996; MORS, 2000;). Sabe-
se que a casca do seu tronco é rica em compostos fendlicos, podendo ser utilizada para
combater inflamagbes de vérias origens, e suas folhas possuem compostos com atividade
antifingica (MMS, 2014). Além disso, estudos mostram que seus extratos apresentam
atividade biol6gica (DE MESQUITA, 2009; SCHMOURLO et al., 2005), e seu 6leo essencial
apresenta atividade antioxidante, antitumoral e inseticida (BENDAOUD et al., 2010; GOMES
etal., 2013).

E comumente utilizada na arborizacdo de cidades e na producdo de lenha e carvio,
apresentando madeira resistente. Os frutos sdo comestiveis, sendo muito procuradas pela
avifauna, principalmente no outono e inverno (LORENZI, 1992). Ainda, as sementes séo
usualmente apreciadas pelo sabor apimentado, com demanda cada vez maior pelo mercado de
especiarias.

No contexto ecofisiolégico e do ponto de vista de sua utilizagdo no reflorestamento de
areas degradadas, estudos ja mostraram a tolerancia de S. terebinthifolius e sua capacidade de

prosperar em solos degradados e de baixa fertilidade, sejam resultantes da mineracao,
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exploracédo de areia ou de outros componentes do solo, e da germinacéo de suas sementes e seu
crescimento sob metais pesados (DOBBSS et al., 2018; KUKI et al., 2008; RIBEIRO JUNIOR
et al., 2021; SIQUEIRA et al., 2020; ZABOTTO et al., 2020; ZANON et al., 2021).

Todas as caracteristicas supracitadas tornam a S. terebinthifolius uma espécie altamente
importante para diversas finalidades, inclusive no reflorestamento heterogéneo de areas
degradadas (LORENZI, 1992) ndo apenas pelo aspecto ecoldgico, mas também medicinal,

sociocultural e econémico.

2.4.2 Cedrela fissilis

A C. fissilis Vellozo (Meliaceae), popularmente conhecida como Cedro-Rosa ou
simplesmente Cedro, é uma arvore nativa, decidua, heliofita ou esciofita, mondica (apresenta
flores unissexuais por aborto), com 20 a 35 m de altura e tronco com até 90 cm de didmetro.
Suas folhas sdo compostas, podendo chegar a 100 cm de comprimento, e os foliolos podem ter
até 14 cm de comprimento. Seus frutos se apresentam como céapsulas secas deiscentes
(LORENZI, 1992). Sua classificacao sucessional varia entre autores, podendo ser considerada
pioneira de vida longa (PENA-CLAROS et al., 2008), e secundaria inicial ou tardia (AGUIAR;
PASTORE; ROCHA et al., 2001; CARVALHO, 2005; DOS SANTOS; TAKAKI, 2005).

Apresenta ocorréncia natural no Panama e Costa Rica até a América do Sul,
concentrando-se, no Brasil, entre as regides sudeste e sul, preferencialmente nas florestas
semideciduais e deciduas tropicais, em solos profundos e Umidos (CARVALHO, 2005;
LORENZI, 1992). Floresce entre agosto e setembro, e 0 amadurecimento dos frutos entre junho
e agosto, quando a arvore esta totalmente despida de folhas (LORENZI, 1992).

E amplamente utilizado como inseticida, e pela medicina tradicional como
antimicrobiano, diurético, para o tratamento da maléria, vomito e diarreia (MUNOZ et al.,
2000), como relatado no uso por tribos indigenas amazdnicas (BOURDY et al., 2000; MUNOZ
et al., 2000). Caracteristicamente as Meliaceaes, possui triterpenoides denominados
limonoides, substancias que apresentam atividades bioldgicas e inseticidas (AMBROZIN et
al., 2006; CHAMPAGNE et al., 1989).

Foi relatado que o extrato de folhas apresenta maior atividade inseticida quando
comparado ao extrato dos demais 6rgéos vegetais (MATOS et al., 2010) e que o extrato de seu
caule e 6leo essencial extraido das folhas possuem atividades antimicrobianas, sendo o
primeiro utilizado como adstringente (CORTEZ etal., 1998; LAGO et al., 2004). N&o obstante,
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0 extrato de frutas, galhos, tronco, raizes e folhas apresentam atividade tripanocida
(AMBROZIN et al., 2006; LEITE et al., 2008).

A arvore € amplamente empregada no paisagismo, porém esta vulneravel a extingdo por
exploracdo excessiva da sua madeira, considerada de alta qualidade e sendo muito utilizada
para construcdo civil e de méveis (DORNELAS; RODRIGUEZ, 2006; LORENZI, 1992).
Estudos j& observaram sua capacidade de crescimento em solos degradados e sob metais
pesados, além de potencial fitoacumulador, fitoestabilizador ou biomarcador (ASENSIO et al.,
2018; BALESTRIN et al., 2019; COVRE et al., 2020; MEYER et al., 2016; SIQUEIRA-
SILVA et al., 2016). E indicada na composicdo de reflorestamento heterogéneo de éreas
degradadas (LORENZI, 1992).

2.4.3 Cariniana estrellensis

A C. estrellensis (Raddi) O. Kuntze (Lecythidaceae), popularmente conhecida como
Jequitiba-Branco, ou simplesmente Jequitiba ou Estopeira, é uma arvore nativa, semidecidua,
helidfita ou de luz difusa, hermafrodita, secundaria tardia-climax, com 35 a 45 m de altura. Seu
tronco pode atingir até 120 cm de didmetro. Suas folhas sdo simples, de 6 a 12 cm de
comprimento (LORENZI, 1992). Apresenta flores brancas, e fruto em capsula cilindrica.

Ocorre entre as regides sul, sudeste e centro-oeste do Brasil, podendo também ser
encontrada na Bahia e no Acre; desenvolvendo-se em solos umidos e profundos, porém
também ocorre em solos de baixa fertilidade, em floresta pluvial atlantica e subtropical, ambas
climax (CARVALHO, 2003; LORENZI, 1992). Floresce junto ao crescimento de nova
folhagem, entre os meses de outubro e dezembro, e seus frutos amadurecem quando totalmente
despida de folhas, de julho a setembro (LORENZI, 1992).

Possui madeira de boa qualidade, porém pouco resistente, a qual é utilizada
principalmente na confec¢do de moéveis. As folhas e a casca do tronco produzem taninos, que
sdo empregados no curtimento de couros. Ainda, a sua casca possui acao adstringente e
antimicrobiana, sendo usada na medicina popular em forma de cha para o tratamento de
faringite, angina, diarreias e doengas do Utero e ovario (SALVADOR; OLIVEIRA, 1989). Suas
sementes sdo atrativas para 0s macacos, que fazem alto consumo destas. Do ponto de vista
ecologico, &, portanto, muito importante seu uso em programas de reflorestamento (LORENZI,
1992).
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N&o existem estudos sobre sua tolerdncia a metais pesados, ou a solos densos e
compactados até 0 momento, no que tange o conhecimento da autora. No entanto, alguns
estudos de floristica de areas de mineracdo observam a ocorréncia da C. estrellensis, podendo
indicar algum grau de resiliéncia da espécie (BALESTRIN et al., 2019; LIMA et al., 2020;
SILVA et al., 2016).

2.4.4 Hymenaea courbaril

A H. courbaril L. (Fabaceae), popularmente conhecida como Jatoba ou Jatai, € uma
arvore nativa, semidecidua, helidfita ou esciofita, hermafrodita, seletiva xerofita, secundéaria
tardia (DURIGAN; NOGUEIRA, 1990; LORENZI, 1992) ou climax de luz (DAVIDE;
FARIA, 1997). Pode atingir até 20 m de altura 1 m de didmetro. Suas folhas sdo compostas,
com 2 foliolos de até 14 cm de comprimento, e apresenta flores brancas e frutos comestiveis
de vagem lenhosa, indeiscente (LORENZI, 1992).

Ocorre entre as regides da Amazonia, Alagoas ao Parana; em floresta semidecidua, em
solos de alta e média fertilidade (LORENZI, 1992), porém pode ocorrer em solos de baixa
fertilidade, devido as baixas exigéncias nutricionais e hidricas (CARVALHO, 2003;
LORENZI, 1992). Floresce entre 0os meses de outubro e dezembro, sendo que seus frutos
amadurecem a partir de julho (LORENZI, 1992).

E uma arvore muito importante para diversos segmentos e muito conhecida na cultura
popular. Suas flores produzem néctar que alimenta a abelha jatai (BOBROWIEC et al., 2000).
Sua madeira é de alta qualidade, amplamente explorada e utilizada na construcédo civil e na
fabricacdo de verniz. Os frutos, que sdo comestiveis, sdo consumidos por animais e humanos.

E uma planta medicinal, muito difundida pela medicina popular, principalmente nas
comunidades indigenas, que maceram a casca para o tratamento de diarreias. Ja o cha trata
hemorragias e é vermifugo. A seiva é utilizada no tratamento da tosse e da bronquite. Também
héa relatos de uso no tratamento de dores de estdbmago, hepatite, faringite e como laxante. Ainda,
estudos relataram atividades antioxidantes e antimicrobianas, além da presenca de terpenos e
fendlicos fungicidas (ABDEL-KADER et al., 2002; AGUIAR et al., 2010; NOGUEIRA et
al., 2001).

Pesquisas tém demonstrado a resiliéncia da H. Courbaril, principalmente quanto sua
tolerancia frente a solos contaminados com diferentes metais pesados, de forma geral através

do acimulo dos metais nas raizes, como mecanismo de protecdo dos Orgdos aereos onde
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ocorrem processos Vitais tais quais a fotossintese e, portanto, indicando um potencial
fitorremediador (MARQUES; MOREIRA; SIQUEIRA, 2000; MARQUES; SILVA; et al.,
2018; MARQUES; VERONEZE JUNIOR; et al., 2018; SOARES et al., 2001). Todos 0s
fatores supracitados, somados a facil multiplicacdo da espécie, indicam a importancia do seu
emprego na composicdo de reflorestamento, inclusive de areas degradadas e/ou contaminadas
(LORENZI, 1992).

2.5 VERMICOMPOSTO

Conhecendo-se as caracteristicas fisicas e quimicas de determinado solo é possivel
maneja-lo adequadamente, garantindo a maxima qualidade possivel e a ado¢do de préaticas
sustentaveis cabiveis. Ao se manejar solos de forma adequada, aumenta-se ndo somente a sua
qualidade produtiva e conservagdo, mas também a qualidade ambiental.

Destaca-se que a qualidade do solo é “a capacidade de um tipo especifico de solo
funcionar, dentro dos limites do ecossistema manejado ou natural, como sustento para a
produtividade de plantas e de animais, de manter ou de aumentar a qualidade da agua e do ar e
de promover a saide humana” (DORAN; PARKIN, 1994).

A capacidade do solo de armazenar, prover e ciclar nutrientes é diretamente relacionada
a suas caracteristicas fisicas (propor¢éo de areia, silte e argila), quimicas (capacidade de troca
catibnica: CTC) e biologicas (microfauna e microflora). Ha uma forte ligacdo entre a
diversidade e atividade da microflora, a vegetacdo presente no ambiente, a sustentabilidade do
ecossistema e a qualidade do solo (DORAN; PARKIN, 1994).

Tendo tais pontos em vista, a adicdo de fertilizantes ou compostos organicos a solos é
uma das técnicas mais praticadas para melhorar seus atributos. A adubacdo organica fornece
nutrientes e matéria organica ao solo, compondo uma alternativa para o cultivo de diversas
espécies vegetais. Dessa forma, pode ser de grande valia em solos contaminados ou pobres, ao
influenciar positivamente suas caracteristicas fisico-quimicas e bioldgicas.

Ambientes afetados por rejeitos da minera¢do sdo geralmente degradados fisicamente
apresentando solo com alta densidade, baixo teor de carbono orgéanico e baixa resisténcia a
erosdo (ASENSIO et al., 2013).

A adubacéo organica atua principalmente no aumento da qualidade do solo pela elevagéo
do contetdo de matéria orgénica, da CTC e da ciclagem de nutrientes, pela producéo de &cidos

organicos que ajudam no incremento de nutrientes no solo, pela complexacdo do aluminio
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trocavel e o melhor aproveitamento dos nutrientes mobilizados ou lixiviados (SAGRILO et al.,
2009).

Vermicompostos sdo um dos tipos de adubos organicos que podem ser empregados. A
vermicompostagem é uma das formas mais sustentaveis para a conversdo de rejeitos (por
exemplo, de origem industrial) em um produto util: o vermicomposto (BHAT; SINGH; VIG,
2016, 2017). Vermicompostos (himus de minhoca) sdo materiais organicos produzidos pela
decomposicdo que ocorre naturalmente por interacdes entre minhocas e microrganismos,
apresentando altas concentracdes de compostos himicos, macro e micronutrientes disponiveis
para as plantas, alta porosidade e atividade microbiana (SINHA et al., 2010; VERDENELLI,
LAMARQUE; MERILES, 2012).

As minhocas diminuem o conteudo de carbono orgéanico, a relacdo C:N e retém macro e
micronutrientes (BHAT; SINGH; VIG, 2017). A adubagdo com vermicompostos é uma
alternativa biotecnoldgica e sustentivel para remediar solos, melhorando sua fertilidade,
porosidade e permeabilidade, ao mesmo tempo que pode atenuar a salinidade e a toxicidade
dos residuos, favorecer a absorcdo de fosforo, potassio, magnésio, calcio e a atividade
microbiana, levando ao melhor crescimento vegetal e inibindo o ataque de pragas e doencas
(BENDING; TURNER; JONES, 2002; FALSONE et al., 2016; PATHMA; DEMIR, 2019;
SAHA; KUKAL, 2015; SAKTHIVEL, 2012).

Estudos sugeriram que a aplicacdo de vermicomposto em solo para cultivo resultou em
aumento da produtividade (ABOU-EL-HASSAN et al., 2018; MAJl et al., 2017), inclusive em
solos contaminados ou densos (ESTEVES; DE SOUZA,; et al., 2020; JADIA; FULEKAR,
2008; JOUQUET et al., 2011; PARTHASARATHI; BALAMURUGAN; RANGANATHAN,
2008; WANG et al., 2018;), havendo melhoria do solo (PARADELO; MOLDES; BARRAL,
2009; SARI; AKSAKAL; ANGIN, 2017). Nao obstante, vermicompostos também se
mostraram de grande valia ao crescimento de espécies arboreas (DAO et al., 2020),

demonstrando seu grande potencial.
2.6 BACTERIAS DIAZOTROFICAS ASSOCIATIVAS
O estudo de microrganismos presentes no solo pode indicar se aquele solo se encontra

fértil ou ndo. Isso se d&, principalmente, por existir forte relacdo entre 0os microrganismos e a

ciclagem de nutrientes, sendo comum a avaliacdo de biomassa e a atividade microbiana, e a
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medicao de varias enzimas do solo e a atividade de populac@es especificas ou grupos funcionais
de microrganismos envolvidos na ciclagem e nas transformacdes do N.

Areas degradadas impactam negativamente a microbiota do solo, podendo reduzir a
quantidade, diversidade e atividade de todos os grupos de microrganismos (MELLONI,
ROGERIO; SIQUEIRA; MOREIRA, 2003; SILVEIRA; MELLONI; MELLONI, 2006). Os
microrganismos do solo s&o bons indicadores da recuperagdo de solos das areas degradadas
(SILVEIRA; MELLONI; MELLONI, 2006). Solos de alta qualidade possuem intensa
atividade bioldgica e populagdes microbianas balanceadas.

Solos degradados e/ou contaminados apresentam quantidade reduzida de
microrganismos benéficos para as plantas. Grande parte das espécies vegetais forma
associagdes mutualistas com fungos do solo em suas raizes, as micorrizas. As micorrizas
podem aumentar a absorc¢do de nutrientes e a tolerancia das plantas a diversos tipos de estresses
(FUSCONI; MUCCIARELLLI, 2018; LANNES et al., 2020; ZANCANARI et al., 2020).

Por outro lado, a fixacdo bioldgica de nitrogénio é majoritariamente realizada pela
simbiose existente entre plantas e bactérias diazotrdficas, que convertem nitrogénio
atmosférico em amonia, fonte de nitrogénio disponivel as plantas (SILVA et al., 2006). O
nitrogénio é um dos nutrientes mais limitantes para as plantas, juntamente com o fésforo.
Portanto, qualquer acréscimo pode apresentar efeitos positivos sobre o crescimento vegetal e a
qualidade do solo.

As bactérias diazotréficas sdo muito estudadas, além da fixacdo de nitrogénio, por
apresentarem potencial de tolerancia a estresses abidticos, como a presenca de metais pesados,
e por poderem degradar alguns poluentes organicos (LOPEZ-GOMEZ; PALMA; LLUCH,
2013; MELLONI et al., 2004). Também contribuem para o desenvolvimento das plantas por
meio da liberacdo de substancias reguladoras do crescimento vegetal, como auxinas,
giberelinas e citocininas, facilitando a revegetacdo de solos degradados (BAZZICALUPO,;
OKON, 2000).

Estas bactérias podem viver em forma livre, estabelecer simbioses ou estar associadas as
raizes das plantas, sendo denominados de diazotréficas endofiticas ou associativas
(DOBEREINER; 1992). Compreendem ampla gama de microrganismos procariotos, incluindo
argqueobacterias, cianobactérias, bacterias gram-positivas e gram-negativas, apresentando alta
diversidade morfoldgica, fisiologica, genética e filogenética (MOREIRA; SIQUEIRA, 2006).

Em &reas de mineragdo contaminadas por metais pesados, a densidade de populagdes de

bactérias diazotréficas associativas pode ser similar aos solos agricolas férteis, representando
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a resisténcia de alguns desses microrganismos aos metais (VALLE et al., 2018). Isso se d&
porque 0S microrganismos que habitam em ambientes contaminados tém desenvolvido
mecanismos de resisténcia para conviver com a toxicidade de metais pesados (GADD, 2000).
As bactérias diazotroficas isoladas dos ambientes contaminados por metais pesados podem

auxiliar na fitorremediacdo de solos contaminados através de diferentes mecanismos.
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Caracterizar o rejeito de minera¢do proveniente do rompimento da Barragem do Fundao, da
mineradora Samarco S. A., e avaliar a capacidade de cultivo de espécies arboreas de diferentes
niveis sucessionais, nativas do Cerrado ou Mata Atlantica, de alta relevancia cultural,
econOmica e/ou social, associadas a utilizagdo de vermicomposto ou bactérias fixadoras de

nitrogénio associativas, e seu potencial uso na recuperacao da area atingida por tal rejeito.

3.2 OBJETIVOS ESPECIFICOS

a) Analisar as caracteristicas do solo contaminado com o rejeito de mineracdo
proveniente da Barragem do Funddo, da mineradora Samarco S.A.;

b) Isolar e caracterizar bactérias diazotroficas associativas do rejeito;

c) Avaliar o potencial fitorremediador de espécies arbdreas nativas da Mata Atlantica ou
Cerrado, por meio do desempenho morfofisiologico sob o rejeito;

d) Avaliar a influéncia do nivel de sucessdo ecoldgica na susceptibilidade ao rejeito;

e) Verificar a tolerdncia de S. terebinthifolius, C. fissilis e C. estrellensis em solo
contaminado com rejeito de mineracdo quando associadas ao uso de humus de
minhoca.

f) Verificar a tolerancia de H. Courbaril em solo contaminado com rejeito de mineracéo
quando inoculado com as bactérias fixadoras de nitrogénio associativas isoladas do

préprio rejeito.
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4 JUSTIFICATIVA

O acidente de Mariana afetou diretamente a vida da populacdo humana que ali habitava,
tanto os carateres psicologico, fisioldgico e de qualidade de vida, assim como a economia local.
H& perda na produtividade agricola e pesqueira, grandes atividades da localidade da bacia
hidrogréfica do Rio Doce. Também o aspecto ambiental por si s6 é alarmante. As grandes
quantidades de metais pesados e outros compostos tdxicos, além das caracteristicas de
adensamento do rejeito sobre o solo, levam ao desequilibrio ambiental. Espécies ja
desapareceram da regido, e mais fendmenos podem ocorrer conforme a lama se deposita no
leito dos rios e escoa rumo ao mar. Assim, se mostra de suma importancia estudos que visem
diminuir a quantidade e mobilidade da lama, a fim de minimizar efeitos toxicos, acelerar a
recuperacdo do ambiente e a recuperacdo da populacao que ali habita (PEREIRA et al., 2012).
Ainda, a colonizacdo e o desenvolvimento de espécies vegetais que sdo capazes de iniciar e
continuar a sucessdo ecoldgica em locais afetados por esse tipo de rejeito deve ser estudada,
lancando luz as espécies promissoras que possam eventualmente ser empregadas em outras

areas afetadas.
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ABSTRACT

Environmental contamination by iron mine tailings occurs worldwide; however, the growth of
cultivated tree species in different stages of ecological succession in such areas is not well
understood.

Over 80 days, with data collected every 20 days, the morphophysiology of three tree species in
different stages of ecological succession (Schinus terebinthifolius, pioneer; Cedrela fissilis,
secondary; and Cariniana estrellensis, climax) was investigated in a growth room. These were
subjected to iron mine tailings from the Funddo Dam (Mariana-MG, Brazil), with the addition
of either soil or vermicompost (2%) as an amendment.

Schinus terebinthifolius and C. fissilis had higher quantities of dry matter, exhibited more
changes in shoot and root morphology, as well as less variations in chlorophyll a fluorescence,
indicating tolerance to the mine tailings. However, C. estrellensis was highly susceptible to
these tailings.

The pioneer species were more tolerant to mine tailings, suggesting their potential use as an
excellent tool for the recovery of contaminated areas. The secondary species were also tolerant
to mine tailings, although to a lesser extent. The climax species were found to be more sensitive
to the tailings, but field establishment can differ when succession is already in place. The
vermicompost showed great potential as an amendment, thereby reducing the bioavailability
of Fe and Mn and favoring the growth of S. terebinthifolius and C. fissilis.

Keywords: Schinus terebinthifolius (Aroeira-pimenteira), Cedrela fissilis (Cedro Rosa),
Cariniana estrellensis (Jequitiba Branco), mine tailings, vermicompost, plant biometrics,

chlorophyll a fluorescence, leaf gas exchange
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1. INTRODUCTION

Accidents involving mine tailings have occurred globally, causing innumerable losses
to the environment and surrounding populations (USCOLD, 1994; Alastuey et al., 1999; Fourie
et al., 2002; Mayes et al., 2011; De Souza Junior et al., 2018; ANM, 2019; Garcia-Carmona et
al., 2019; Oliveiraetal., 2019). In Brazil, the 2015 collapse of the Fund&do Dam (Samarco S.A.)
released 50 million cubic meters of tailings into the Doce River watershed spanning across the
state of Minas Gerais up to its delta in the state of Espirito Santo. The tailings covered over
600 km, burying and removing soil and vegetation, thereby affecting flora, fauna, and human
communities (IBAMA, 2015). This resulted in chemical and physical changes in the soil, such
as increases in pH and heavy metal concentrations, reduction in organic matter, nutritional
imbalance, leaching, erosion, and compaction (Segura et al., 2016; Silva et al., 2016; Hatje et
al., 2017; Andrade et al., 2018). Such changes can make the recovery process in the affected
areas difficult.

Since the above-mentioned event, remediation alternatives have been sought; however,
many techniques have been ineffective due to irreversible changes in soil, as well as challenges
in logistics and/or costs. One of the most sustainable alternatives is phytoremediation, a low-
cost technique that uses plants to reduce contamination and thus, results in lesser damage to
the environment (Salt & Smith, 1998). Nevertheless, the concentration of metals in the mine
tailings of the Funddo Dam has never been the core issue, as studies have indicated that the
concentration of these metals is not high enough to cause toxicity (Andrade et al., 2018; Cruz
et al., 2020; Esteves et al., 2020a, 2020b; Zago et al., 2019) Instead, greater focus has been
given to the physical limitations of the tailings, such as compaction (Zago et al., 2019) and low
amount of clay in its composition (Esteves et al., 2020a, 2020b; Zago et al., 2019), both of
which limit the uptake of nutrients by plants (Cruz et al., 2020), thereby reducing plant growth.

To select the plant species to be used, it is important that it has a robust and deep root
system that can break the physical barrier provided by the tailings, in addition to being able to
tolerate potentially high concentrations of heavy metals, chemical imbalance, and low soil
fertility. Additionally, reforestation tends to improve the physicochemical and biological
properties of degraded soils, and the plantation of tree species in a degraded area allows for
skipping the initial stages of natural succession; therefore, succession occurs faster, and this,
in turn, may aid the recovery of degraded areas (Berhongaray et al., 2017; Wang et al., 2017;
Wu et al., 2018). In this context, pioneer trees stand out for their rapid growth. Subsequently,
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species of later successional levels can begin their establishment and can also contribute to the
recovery of degraded areas.

In general, tree species can develop extensive root systems and have high transpiration
rates (Gomez et al., 2019; Yadav et al., 2010). In addition, the remedial capacity of trees
increases with each season for decades after initial establishment, and their resilience and self-
sufficiency incur low costs (Lutter et al., 2016; Tullus et al., 2012). Tree species have already
been considered as potential species for reforestation in areas affected by Fundao tailings (Cruz
et al., 2020). However, the use of species in different stages of ecological succession remains
unevaluated. Thus, it is imperative to study tree species, especially those of different levels of
succession, in the presence of mine tailings while aiming for environmental recovery (de Meira
Junior et al., 2015; Almeida & Almeida, 2016). It is important to highlight the lack of studies
on this aspect. Although previous studies have explored the growth of tree species under
tailings, no direct study on the influence of succession levels is known (Cruz et al., 2020).

There is another tool for improving the physical and chemical conditions of soil
contaminated with tailings, i.e., the use of vermicompost as an amendment. Vermicompost can
change the pH and bioavailability of micronutrients in the soil, thereby increasing the density
of particles and the content of organic matter, which tends to improve plant development
(Alvarenga et al., 2009; Huang et al., 2016; Sharma and Nagpal, 2018). Thus, the application
of vermicompost also reduces the physical limitations of the substrate (Esteves et al., 2020b).
With these characteristics, vermicompost has already been shown to favor the growth of
species cultivated under iron mine tailings (Esteves et al., 2020b). Furthermore, other soil
amendments have also promoted the growth of plants in mine tailings (Cruz et al., 2020).

This study aimed to evaluate the growth of tree species of different levels of ecological
succession that are cultivated in the presence of iron mine tailings and to verify the attenuating
potential of vermicompost. It was hypothesized that the representative of each level of
ecological succession would present different behaviors and that the addition of vermicompost

would improve the performance of these species.
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2. MATERIAL AND METHODS

2.1 Experimental conditions and plant material

Three native species from the Atlantic Forest and/or the Cerrado were selected. These
represented different levels of ecological succession, specifically: Schinus terebinthifolius
Raddi. (Aroeira-pimenteira — Pepper tree, pioneer species), Cedrela fissilis Vellozo (Cedro
Rosa — Pink Cedar, secondary species), and Cariniana estrellensis (Raddi) O. Kuntze
(Jequitiba Branco — White Jequitiba, climax species). The seedlings, approximately six months
old and having a standardized height, were commercially obtained. They had been produced in
tubes with forest substrate (pine bark, coconut fiber, and expanded vermiculite) and fertilized
with a slow-release fertilizer.

The seedlings were acclimatized in a growth room for 15 days, transplanted to 2 L pots
containing substrates related to the treatments, and again subjected to acclimatization. The
treatments used were soil, mine tailings, and mine tailings with the addition of vermicompost
(2% m/m). The concentration of vermicompost was as stipulated by previous tests and
literature. The vermicompost remained in incubation for 40 days (irrigated to field capacity)
before characterization and the sowing of the seedlings. Iron mine tailings from the Fundéo
Dam were collected weeks after the accident in the municipality of Mariana-MG (UTM 669690
West, 779984 South). They were then dried and sieved to ensure greater homogeneity.

The treatments were carried out for 80 days, with data collection performed at intervals
of 20 days (C1: the beginning of the experiment after the second acclimatization, C2: 20 days,
C3: 40 days, C4: 60 days, C5: 80 days). During the experiment, the average temperature
remained at 25.5 + 1 °C and the average humidity was between 48% and 60%.

The substrates were irrigated with distilled water, reaching up to approximately 70% of
the maximum water retention capacity of the substrates. Irrigation control was performed by
weighing the pots daily. The parameters evaluated over time were morphology, leaf gas
exchange, and chlorophyll a fluorescence. At the end of the experiment, plant dry matter, leaf

lipid peroxidation, and root morphology were also evaluated.
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2.2 Substrate characterization

The substrates used in this study were characterized by analyzing composite samples subjected to physical and chemical analyses (Table
1), according to standard laboratory protocols and methods (da Silva Junior et al., 2018). Only Mn and Fe were present at concentrations higher
than that allowed under the CONAMA Resolution No. 420/2009 (CONAMA, 2009).

Table 1. Chemical and physical analyses of substrates (soil, mine tailings, mine tailings with the addition of 2% m/m vermicompost) and
vermicompost, which were used for the cultivation of Schinus terebinthifolius, Cedrela fissilis, and Cariniana estrellensis. The mine tailings were
collected in the municipality of Mariana-MG (UTM 669690 West, 779984 South).

oM K P Ca Mg Al HAl Zn Fe Mn Cu B S P-Rem
Substrates PH g.kg?  ---—-mgkgl-----  ceeeeeee- emol.dm3-mmemees 0 mg.L?
Soil 5.7 15.6 116.79 0.00 265 011 010 220 0.60 48.60 1420 23.70 0.06 4.60 15.30
Tailings 7.8 2.7 16.2 11.9 15 0.1 0.04 062 000 55211.00° 562.37" 43.35
T+V 7.3 6.8 135.36 4424 266 0.08 0.10 0.60 3.10 256.30 7190 64.30 0.11 11.00 25.20
Vermicompost 8.2 476.8 3508.65 1427.14 8.13 0.11 0.20 0.60 4190 6854.70 80.60 26.00 0.22 48.10 21.90
SB CEC T \/ m Clay Silt Sand Ds Dp VTP Micro Macro  Usar
-------- cmolc.dm3-------  —---e0fp-mom —--m---g kg mommeee O B emmmees e O
Soil 3.06 3.6 5.26 58.16 3.16 590 130 280
Tailings 1.6 1.6 2.2 72.1 24 82 439 479 1.9 2.53 47.33 31.6 16.73  37.67
T+V 3.09 3.19 3.69 83.66 3.13 140 350 510

Vermicompost 17.24 17.44 17.84 96.62 1.15 - - -

Ca, calcium; Mg, magnesium; Al, aluminum; H"Al, potential acidity; Zn, zinc; Fe, iron; Mn, manganese; Cu, copper; B, boron; S, sulfur; OM,
organic matter; K, potassium; P, phosphorus; REM-P, remaining phosphorus; SB, sum of exchangeable bases; CEC, effective cation exchange
capacity; T, potential CEC at pH 7.0; V, CEC base saturation at pH 7.0; m, aluminum saturation; Ds, soil density; Dp, particle density; VTP, total
pore volume; Micro, microporosity; Macro, macroporosity; Usart, saturation humidity.
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2.3 Biometric analysis

Non-destructive morphology was evaluated every 20 days. Plant height (cm), number of
nodes, number of fully expanded leaves, number of total leaves, stem diameter (mm), and
relative chlorophyll content were analyzed.

At the end of the experiment, leaf area was analyzed, and leaves and stems were collected
separately for dry matter assessment. The plant material was placed in a forced air circulation
oven at 60 °C until it reached a constant weight for subsequent weighing. The leaf area (cm?)
was obtained from the average of the images of all the leaves present in each plant and processed
using ImageJ software (Schneider et al., 2012).

For root morphology, WinRhizo Pro 2007a (Regent Instruments, Canada) was used. The
collected roots were washed and stored in 70% ethanol. The parameters evaluated were length
(cm), surface area (cm2), mean diameter (mm), root volume (cm3), specific length (cm g?),
tissue density (g cm), and root fineness (cm cm™). Later, the roots were dried in a forced-air

circulation oven at 60 °C until a constant weight was obtained to determine the dry matter.

2.4 Leaf gas exchange and relative chlorophyll content

To assess gas exchange, an IRGA (Infra-Red Gas Analyzer — LI1-6400XT, LI-COR,
United States) was used on the last fully expanded leaf or trefoil, depending on the species. The
analyses were standardized to be performed in the morning. The parameters analyzed were net
photosynthetic rate (A), stomatal conductance (gs), intercellular carbon (Ci), transpiration (E),
and water use efficiency (WUE, using the A/E ratio). The CO2 flux was 500 pmol mol™ from
the ambient mean, and the block temperature was 25 °C. The photosynthetically active radiation
(PAR) used was determined for each species using light curves: 1800 pumol m? s for S.
terebinthifolius and 1400 pmol m2 s for both C. fissilis and C. estrellensis.

The relative chlorophyll content was determined using the SPAD index and was obtained
with a portable chlorophyll meter (SPAD - 502 Plus — Konica Minolta, Japan), by taking
readings on fully expanded leaves or trefoil. An average of eight readings per plant was obtained

in this manner. Stem diameter was measured with the aid of a digital caliper.
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2.5 Chlorophyll a fluorescence

To assess the fluorescence of the studied plants, a modulated MINI-PAM fluorimeter
(Heinz Walz, Effeltrich, Germany) and a modulated image fluorimeter (Handy FluorCam FC-
1000-H, Photon Systems Instruments — PSI, Ltd., Czech Republic) were used. The notation of
the main terms and parameters can be found in Table 2.

Table 2. Notation of the parameters of chlorophyll a fluorescence

PSII photosystem 11
Fo, Fm initial and maximum fluorescence emitted by dark-adapted samples
Fu/Fm maximum quantum yield of PSII

Y(l), AF/F’n  effective quantum yield of PSII

NPQ, gP non-photochemical, photochemical quenching
A initial slope of the curve, related to photosynthetic yield
Ik minimum saturation irradiance

ETR, ETRm electron transport rate, maximum electron transport rate

Rfd ratio of fluorescence decrease

The MINI-PAM was used to construct a steady-state light curve (LC) and a relaxation
curve to determine the minimum dark adaptation time for each species studied. The minimum
dark adaptation time for each was determined from the observation of the behavior of Fr in 50
min for S. terebinthifolius, 30 min for C. fissilis, and 40 min for C. estrellensis. Before the LC,
the plants underwent dark adaptation, and then Fo, Fm, and Fv/Fmn were assessed.

Subsequently, these were exposed to 12 increasing intensities of PAR (25-1480 pumol m-
2 51 to reach a steady state concerning AF/F’m. Thus, the radiations were applied at intervals
of 50 s, with the LC having a total duration of 10 min. The parameters observed from the LC
regression were « (electrons photons™), Ik (umol photons (m2 s?)), and ETRm (mmol electrons
(m2s?)).

FluorCam was used to obtain PSII dark (F./Fm) and light (Y(II), NPQ, gP, Rfd, and ETR)
fluorescence parameters. For this analysis, the quenching protocol was used (Oxborough &
Baker, 1997) with an electronic shutter of 2% and 20% sensitivity. ETR values were obtained

using the following equation (Schultz, 1996):

Frm—F
Fm

ETR = X PAR x 0.5 x 0.84
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The last fully expanded leaf or trefoil was standardized for assessment on both pieces of
equipment after these had undergone dark adaptation.

2.6 Lipid peroxidation

To evaluate lipid peroxidation in the leaves and roots of the species under study, fully
expanded leaves and the middle third part of the roots were standardized for use. For the
analysis, the formation of malondialdehyde (MDA) was determined in accordance with (Buege;
Aust, 1975).

2.7 Experiment design and data analysis

The experimental design was completely randomized and was performed in a factorial
scheme for each species (3 x 5), with a split-plot overtime. The experiment comprised three
levels of treatment (soil, tailings, and tailings + vermicompost), five levels of collection (C1 to
C5), and eight replicates per treatment.

For data analysis, the means and standard errors of the mean for each parameter were
calculated. Data were tested for normality (Shapiro-Wilk, P > 0.05) and homogeneity (Brown-—
Forsythe, P > 0.05). The analysis of variance (ANOVA) by split-plot overtime was used and,
in case of significance (P < 0.05), the means were compared using the Scott—Knott test (P <
0.05) in Sisvar version 5.6 (Ferreira, 2014).

To better visualize how the parameters were related within each species and among
treatments, principal component analysis (PCA) was performed (Jolliffe, 2010). The
coefficients for each component were established using a correlation matrix. The parameters
analyzed at the end of the experiment (C5) were plotted separately from the parameters
monitored over time, which were analyzed individually for each species. Parameters of the
same nature (fluorescence, gas exchange, morphology) that were highly correlated according

to Pearson’s coefficient (r> 0.7, P <0.05) were removed from the PCA to facilitate visualization

(Fig. S1, S2, S3, S4).
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3 RESULTS

3.1 Principal component analysis

For the three species studied, there was high similarity of behavior between those grown
in tailings and those in tailings + vermicompost. The two main components found by PCA (Fig.
1) explained 53.5% of the data analyzed for S. terebinthifolius (Fig. 1A). NPQ, qP, ETR, Fu/Fm,
and gas exchange (with the exception of WUE) were correlated with soil treatment. However,
better morphology (in terms of height, stem diameter, number of nodes, total number of leaves
and number of fully expanded leaves) was favored under tailings and tailings + vermicompost.

In the case of C. fissilis, the two main components accounted for 36.6% of the data
analyzed. Most of it was related to the soil, but greater Ci, WUE, height, and stem diameter
were favored by tailings and tailings + vermicompost.

In comparison, C. estrellensis presented most of the evaluated parameters attributed to
the soil treatment, except for gP, Ci, and «, which were related to the tailings and tailings +
vermicompost treatments. The principal components explained 40% of the data correlation.

Notably, in C. fissilis and C. estrellensis, the initial appearance of symptoms of toxicity
or nutritional deficiency under the influence of mine tailings in C3 worsened until C5. The
symptoms included chlorotic leaves, burning of the edges, and yellowing of the internerval area,
in addition to malformation of the leaflets in C. fissilis. Leaf-related symptoms were not
observed in S. terebinthifolius.
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Figure 1. Principal component analysis by correlation for the following parameters collected
over time: morphology, biometry, gas exchange, and chlorophyll a fluorescence, which were
evaluated in Schinus terebinthifolius (A, 53.5%), Cedrela fissilis (B, 36.6%), and Cariniana

estrellensis (C, 40%) during 80 days of cultivation in soil, mine tailings, and tailings +

vermicompost.

In the PCA, which compares all studied species at the end of the experiment, the two main

components accounted for 47.2% of the data variation (Fig. 2). The parameters were more
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attributable to S. terebinthifolius; however, root DTR, «, and Ik values were related to C.

estrellensis, whereas Rfd, NPQ, and Ci values were related to C. fissilis.
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Figure 2. Principal component analysis by correlation for the following parameters collected
at the end of the experiment: morphology, biometry, gas exchange, and chlorophyll a
fluorescence, which were evaluated in Schinus terebinthifolius, Cedrela fissilis, Cariniana

estrellensis.

3.2 Morphological analysis, plant biometrics, and leaf gas exchange

Neither tailings nor vermicompost interfered with the biometric parameters of S.
terebinthifolius and C. fissilis (Fig. 3A-H). The only major change observed in S.
terebinthifolius occurred in C4 and C5, where the height of the plants under tailings and tailings
+ vermicompost was greater than that under soil (Fig. 3A). Comparison of C1 and C5 showed
an increase in height, diameter, number of nodes, and number of fully expanded leaves in S.
terebinthifolius (Fig. 3A, B, C, D).

Nevertheless, in C. fissilis plants there were no significant increases in height or number

of fully expanded leaves when subjected to tailings over time, but they showed an average of
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16% increase in height and 40% increase in number of fully expanded leaves in the soil and
tailings + vermicompost (Fig. 3E, H). Stem diameter and the number of nodes increased by
40% and 42%, respectively (Fig. 3F, G). In contrast, the presence of tailings impaired the
growth of C. estrellensis, and the addition of vermicompost did not lead to any improvement
(Fig. 31-L). With time, there was a significant increase only in the parameters of average height
and number of fully expanded leaves in the soil. Little or no change was verified in terms of
stem diameter and number of nodes. Notably, probably due to the semi-deciduous profile of
both species and the time of year when collections 2 to 4 (C2-C4) were undertaken, leaf drop

occurred across all treatments, with reestablishment occurring in C5.
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Figure 3. Height, stem diameter, number of nodes, and number of fully expanded leaves in
Schinus terebinthifolius (A-D), Cedrela fissilis (E-H), and Cariniana estrellensis (I-L) grown
in soil, tailings, and tailings + vermicompost. Means followed by the same uppercase letter

between collections and lowercase between treatments do not differ by the Scott—Knott test at
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5% probability (P < 0.05). The bars correspond to the standard error of the mean of eight

repetitions.

Regarding roots morphology (Fig. 4), great differences in behaviors were observed
among these species. Schinus terebinthifolius showed the greatest root length and surface area.
There was increased length (Fig. 4A), surface area (Fig. 4C), and root volume (Fig. 4D), while
the mean root diameter remained the same (Fig. 4B). Root growth was not hindered by the
tailings, but vermicompost only affected the surface area.

Cedrela fissilis, however, showed a reduction in length and surface area (Fig. 4A, C) but
an increase in root volume and diameter (Fig. 4D, B). Finally, C. estrellensis showed a
significant decrease in root length (Fig. 4C) but not in root volume (Fig. 4D). It is noteworthy

that S. terebinthifolius and C. fissilis had greater root volumes.
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vermicompost. Means followed by the same uppercase letter between species and lowercase
letter between treatments do not differ by the Scott—Knott test at 5% probability (P < 0.05). The

bars correspond to the standard error of the mean of eight repetitions.

Schinus terebinthifolius showed unchanged morphology and root dry matter content (Fig.
5) between treatments. Cedrela fissilis showed a reduction only in Specific root length (SRL)
(Fig. 5A), while C. estrellensis had decreased SRL and root fineness (Fig. 5A, C). Root tissue
density (RTD) (Fig. 5B) did not show major differences across species or treatments, but a

lower mean was observed in C. fissilis when under tailings.
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Figure 5. Specific root length (A), root tissue density (B), and root fineness (C) of Schinus
terebinthifolius, Cedrela fissilis, Cariniana estrellensis grown in soil, tailings, and tailings +

vermicompost. Means followed by the same uppercase letter between species and lowercase



79

letter between treatments do not differ by the Scott—Knott test at 5% probability (P <0.05). The
bars correspond to the standard error of the mean of eight repetitions.

Schinus terebinthifolius did not show any changes in leaf area (Fig. 6A), lipid
peroxidation (Fig. 6C), or root dry matter (Fig. 6E) with the treatments. However, it did show
increases in the dry matter contents of leaves and stems (Fig. 6B, D), which exceeded that of
the other studied species. Cedrela fissilis showed a decrease in lipid peroxidation and root dry
matter, but there was an increase in leaf area with the tailings treatment and in leaf dry matter
with the imposition of tailings + vermicompost, with no change in stem dry matter. This species
showed the largest leaf area. In contrast, C. estrellensis maintained leaf area and stem dry
matter; however, it showed reductions in leaf and root dry matter and even more drastic
reductions in lipid peroxidation, with values close to zero when under tailings and tailings +

vermicompost.
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Figure 6. Leaf area (A), leaf dry matter (B), lipid peroxidation (C), stem dry matter (D), and

root dry matter (E) for Schinus terebinthifolius, Cedrela fissilis, Cariniana estrellensis grown

in soil, tailings, and tailings + vermicompost. Means followed by the same uppercase letter

between species and lowercase letter between treatments, do not differ by the Scott—Knott test

at 5% probability (P < 0.05). The bars correspond to the standard error of the mean of eight

repetitions.

For all the plant species studied, there were decreases in gs and E values over time, mainly
observed from C1 to C2 (Fig. 7 and 3). The Ci values decreased in C2, C3, and C4; however,
compared to C1, there was re-establishment in C5 (Fig. 7C, G, K). The net photosynthetic rate
(Fig. 7A, E, 1) decreased over time (between C1 and C5) for S. terebinthifolius and C. fissilis
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when under tailings + vermicompost, and for C. estrellensis in soil. For C. fissilis under soil
and tailings and for C. estrellensis under tailings and tailings + vermicompost, there was an
increase in this parameter from C1 to C2, followed by a drop in C5.

Schinus terebinthifolius did not show significant changes in gs and E values across
treatments (Fig. 7B, D). However, a higher Ci was initially observed in the soil (Fig. 7C). In
addition, A was not influenced by the treatments (Fig. 7A).

There were no significant changes among the treatments for C. fissilis with respect to A
and E (Fig. 7E, H). Nevertheless, gs initially dropped under tailings and tailings +
vermicompost, whereas the difference in gs observed for plants in soil reduced with time (Fig.
7F). Ci, however, was higher when C. fissilis was exposed to tailings (Fig. 7G).

Changes in gas exchange in C. estrellensis fluctuated over time, while A, gs, and E were
initially higher in the soil treatment (Fig. 71, J, L). Ci, in general, did not show significant

differences among the treatments (Fig. 7K).
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Figure 7. Net photosynthetic rate (A), stomatal conductance (gs), intercellular carbon (Ci), and
transpiration (E) in Schinus terebinthifolius (A-D), Cedrela fissilis (E-H), and Cariniana

estrellensis (I-L) grown in soil, tailings, and tailings + vermicompost. Means followed by the

same uppercase letter between collections and lowercase letter between treatments do not differ

by the Scott—Knott test at 5% probability (P < 0.05). The bars correspond to the standard error
of the mean of eight repetitions.
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The treatments did not influence S. terebinthifolius in terms of the relative content of
chlorophyll and only slightly affected the total number of leaves (Fig. 8B, C). The WUE,
however, tended to be slightly better under tailings and tailings + vermicompost in C5 (Fig.
8A). Over time, there was an increase in the number of total leaves, as well as in the relative
content of chlorophyll up to C4, accompanied by a decrease in WUE

The tailings caused an overall reduction in the relative chlorophyll content and the total
number of leaves in C. fissilis (Fig. 8E, F), whereas an increase in these parameters was
observed with the addition of vermicompost. WUE was not affected by the treatments (Fig.
8D). In comparing C1 and C5, it was observed that while the WUE decreased, the relative
chlorophyll content and the total number of leaves increased.

Tailings also caused a reduction in the relative chlorophyll content and the total number
of leaves in C. estrellensis (Fig. 8H, I). However, the addition of vermicompost did not increase
these parameters, and these remained statistically unchanged. With respect to time, only the
plants in the soil treatment showed increases in both the relative content of chlorophyll and the
total number of leaves. Moreover, there was a decrease in WUE when under tailings (40.6%),

and an increase was observed when under tailings + vermicompost (51.4%) (Fig. 8G).
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Figure 8. Water use efficiency (WUE), relative chlorophyll content (SPAD index), and the total

number of leaves in Schinus terebinthifolius (A-C), Cedrela fissilis (D-F), and Cariniana

estrellensis (G-1) grown in soil, tailings, and tailings + vermicompost. Means followed by the

same uppercase letter between collections and lowercase letter between treatments do not differ

by the Scott—Knott test at 5% probability (P < 0.05). The bars correspond to the standard error

of the mean of eight repetitions.
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3.3 Chlorophyll a fluorescence

In general, the tailings did not affect the performance of S. terebinthifolius in terms of
chlorophyll a fluorescence, with respect to Fv/Fm (Fig. 9A) and gP (Fig. 10B), as there was a
small increase in both compared to plants in soil, in terms of the Y(II) (Fig. 9B). The addition
of vermicompost caused an increase in ETR in C5, as well as in Rfd and NPQ (Fig. 9C, 10C,
A). Time negatively influenced all the parameters, except F./Fm, when under tailings and
tailings + vermicompost, and except ETR when under tailings + vermicompost.

Moreover, C. fissilis did not show major changes in its fluorescence with the application
of treatments; only Fv/Fr, suffered a reduction under tailings and tailings + vermicompost in C5
(Fig. 9D). An oscillatory profile was observed in terms of ETR (Fig. 9F). Over time, there was
also a decrease in Fv/Fm, Y(I1), NPQ (67.5%), and Rfd. Moreover, ETR remained unchanged but
gP increased.

Cariniana estrellensis appeared to be more susceptible to treatments with regard to
fluorescence. The plants cultivated in tailings showed decreased Fv/Fm, Y(II), ETR (Fig. 9G, H,
1), and NPQ (Fig. 10G), even with vermicompost, while the gP and Rfd values (Fig. 10H, I)
were maintained. Nevertheless, over time there were decreases in Fv/Fm, Y(II), and NPQ
(63.2%), but ETR (64%) increased.
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Figure 9. PSII maximum quantum yield (F./Fm), PSII effective quantum yield (Y(II)), and
electron transport rate (ETR) in Schinus terebinthifolius (A-C), Cedrela fissilis (D-F), and

Cariniana estrellensis (G-1) grown in soil, tailings, and tailings + vermicompost. Means

followed by the same uppercase letter between collections and lowercase letter between

treatments do not differ by the Scott-Knott test at 5% probability (P < 0.05). The bars

correspond to the standard error of the mean of eight repetitions.
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Figure 10. Non-photochemical quenching (NPQ), photochemical quenching (gP), and ratio of
fluorescence decrease (Rfd) in Schinus terebinthifolius (A-C), Cedrela fissilis (D-F), and
Cariniana estrellensis (G-1) grown in soil, tailings, and tailings + vermicompost. Means
followed by the same uppercase letter between collections and lowercase letter between
treatments do not differ by the Scott-Knott test at 5% probability (P < 0.05). The bars
correspond to the standard error of the mean of eight repetitions.

As for the parameters related to the chlorophyll a fluorescence light curve (Fig. 11), in
general, S. terebinthifolius (Fig. 11A, B, C) did not show changes in its a, I, and ETRm under
the treatments, but instead the oscillatory profiles between collections and treatments had
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changed. At the end of the experiment, for example, there was an increase in a and ETRm when
under tailings.

Oscillatory behavior was also observed in C. fissilis and C. estrellensis. In the case of C.
fissilis (Fig. 11D, E, F), at the end of the experiment, the parameters had greater values in the
plants treated with the tailings. However, C. estrellensis did not show statistically significant
changes in a but showed decreases in Ik and ETRn with the imposition of tailings.
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Figure 11. The initial slope (&), minimum saturation irradiance (lx), and maximum electron
transport rate (ETRm) of the fluorescence light curves in Schinus terebinthifolius (A-C), Cedrela
fissilis (D-F), and Cariniana estrellensis (G-1) cultivated in soil, tailings, and tailings +
vermicompost. Means followed by the same uppercase letter between collections and lowercase
letter between treatments do not differ by the Scott—Knott test at 5% probability (P <0.05). The
bars correspond to the standard error of the mean of eight repetitions.

4. DISCUSSION

The physical and chemical characteristics of the mine tailings indicate an infertile profile,
which is not aggravating in nature in respect of heavy metals, and a potential impedance to root
growth as in compacted soils (Table 1). Compacted soils are characterized by increased density,
decreased porosity, greater amounts of sand and silt despite the presence of clay, difficulty in
aeration and water infiltration, as well as increased impedance, leaching, and erosion
(Kozlowski, 1986; Colombi & Walter, 2017). Compared to other studies, the tailings in the
present study showed a higher pH and V%, less clay, and similar nutrient profiles (Cruz et al.,
2020). Despite the higher V%, the amount of sand and pH did not favor nutrient availability,
particularly the availability of Fe?*, Fe3*, Mn?*, Mg?*, and SO4?".

The physical barrier imposed on soil resource utilization by roots must be taken into
account, as it may have hindered plant growth as a whole (Morales et al., 2018). This physical
barrier has already been described in other studies on iron tailings and the growth of cultivated
or native species (Andrade et al., 2018; Zago et al., 2019; Esteves et al., 2020a). Moreover, the
addition of organic compounds mitigated the physical impacts of tailings on plant growth by
increasing the height, stem diameter, and the dry biomass of the shoot and root (Zago et al.,
2019) or by favoring shoot growth despite the reduced root systems (Esteves et al., 2020b).

In addition, pH, V%, and clay content are important factors in the availability of
micronutrients to plants (Nederlof, 1993; Sharma et al., 2013). In general, the acidification (as
observed in Table 1) that occurs with the addition of vermicompost can increase the
bioavailability of Fe, Mn, Zn, and other micronutrients (Stevenson, F. J.; Cole, 1999). The
imbalance in the content or bioavailability of micronutrients in the soil has deleterious
implications for plants, as they are essential for photosynthesis and respiration, as well as in
composing or being the cofactors of several enzymes involved in plant metabolism (Luthje et
al., 2018).
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In the present study, the addition of vermicompost increased the amounts of organic
matter and clay in the tailings, as well as reduced the pH (Table 1). Additionally, there was an
increase in the concentrations of K, P, Ca, and Zn, which were previously deficient in the
tailings. Therefore, vermicompost also influenced the bioavailability of other nutrients, such as
Ca, which has little mobility in plants. Because the micronutrients were less bioavailable in the
tailings due to the high pH, it is assumed that the addition of vermicompost contributed to a
greater availability of micronutrients to the plants, while reducing the concentrations of Fe and
Mn. The addition of vermicompost reduced the amounts of Fe and Mn; however, changes in
pH, V%, and clay content indicate that these micronutrients have become more bioavailable to
the plants.

The symptoms observed in the leaves of C. fissilis and C. estrellensis under tailings were
very similar and may indicate a deficiency in mainly K, Mg, Ca, Mo, and S. This could be
attributed to infertility caused by the low content or bioavailability of certain nutrients in the
mine tailings, coupled with excess Fe and Mn (Dalcorso et al., 2014; Andresen et al., 2018).
The physicochemical characteristics of the tailings are not favorable for the absorption of
micro- (very high pH) or macronutrients (CEC and a low amount of clay). Deficiency in
micronutrients can lead to several deleterious effects on plant metabolism, such as shortage of
pigments, which in turn can impose limitations on photosynthetic and photoprotective
processes. Limitations is these processes can then lead to chlorosis or necrosis (Morales et al.,
2018) and the malformation of leaves or leaflets. In this study, such symptoms (chlorosis and
leaf malformation) were verified in C. fissilis and C. estrellensis, and in the latter, there was
also leaf necrosis and impairment of photosynthetic and photoprotective processes.

The compacted profile and nutritional deficiency together tend to reduce plant growth,
(Kozlowski, 1986; Zaharieva & Abadia, 2003; Zocchi et al., 2007; Morales et al., 2018),
including height, stem diameter, leaf area and number, dry matter, and root morphology (Ferree
& Streeter, 2004; Louzeiro et al., 2018; Picchio et al., 2019). However, tolerant species may
not only overcome these reductions but may also show increases in these parameters (Picchio
et al., 2019), as seen during the present study in S. terebinthifolius and C. fissilis (in terms of
growth maintenance).

All the species studied here show some degree of tolerance to infertile soils or soils with
partially compromised drainage, even if they thrive in deep, well-drained soils with significant
amounts of clay (Carvalho, 2005, 2003; Lorenzi, 1992). The major difference is related to the
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preference for moist (C. estrellensis, C. fissilis) or drier soils (S. terebinthifolius) and the ability
to thrive in sandy soils (S. terebinthifolius) (Lenzi et al., 2004).

Although all three species have deep and extensive root systems, S. terebinthifolius is
known for its ability to colonize disturbed environments (Li & Norland, 2001), owing to its
high robustness, phenotypic plasticity, genetic variability (Spector & Putz, 2006), and
efficiency in the use of nutrients (Carneiro et al., 1996). These considerations can help S.
terebinthifolius to survive under abiotic stresses, such as high pH, water stress, and salinity
(Dawkins & Esiobu, 2016; Ewe & Sternberg, 2005, 2003).

Cedrela fissilis and C. estrellensis are also known for their plasticity, but this is in regard
to specific aspects, such as luminosity and soil fertility (Carvalho, 2003). These aspects are key
to understanding the higher growth observed in S. terebinthifolius compared to the others.

In summary, S. terebinthifolius is more efficient in the use of nutrients and can better
exploit mine tailings to obtain nutrients. Its phenotypic plasticity makes it capable of developing
more efficient modifications that allow it to survive under adverse conditions, such as under
exposure to mine tailings. Cedrela fissilis also presented signs of tolerance. Despite having
reduced surface area and root extension due to the effect of the tailings, C. fissilis showed larger
root diameters and volumes.

The application of nutrient solution (Andrade et al., 2018), organic compost (Zago et al.,
2019), or fertilizer (Cruz et al., 2020), tended to reduce the harmful effects of mine tailings from
the Funddo Dam. Similar to the present study, some tree species showed excellent growth under
tailings, while others were susceptible to it (Cruz et al., 2020). However, in the present study,
vermicompost led to improved physical characteristics, greater OM availability, increased
CEC, and greater availability of nutrients for absorption by plants. Other studies involving the
same tailings had differing outcomes (Cruz, 2020; Zago, 2020).

The principal component analysis indicated similar profiles of the plants in the tailings
and tailings + vermicompost treatments for the three species (Fig. 1A, B, C). However, C.
estrellensis in soil exhibited behavior that was practically opposite to that of the tailings group,
presenting the typical profile of a plant sensitive to stress (Fig. 1C).

Nevertheless, the PCAs of S. terebinthifolius (Fig. 1A) and C. fissilis (Fig. 1B)
demonstrated that these species were tolerant to the tailings. For C. fissilis, most parameters
correlated to soil treatment; however, others were related to the tailings, indicating the existence

of a tolerance mechanism. Schinus terebinthifolius showed parameters that correlated with both
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treatments, highlighting a morphology that is highly adapted to the tailings and tailings +
vermicompost treatments. A high-tolerance profile stands out in this manner.

The profiles highlighted above are further emphasized when comparing species with the
data obtained at the end of the experiment (Fig. 2), in which S. terebinthifolius was highly and
positively related to the observed parameters. Although C. fissilis showed lower correlation, it
is noteworthy that the species showed some tolerance, possibly through investment in roots and
protection of photosystems, as evidenced by the NPQ, Rfd, and root volume. Cariniana
estrellensis showed fewer correlations and those that were noticeable seemed to be more linked
to the soil treatment, as it was possible to observe with the presentation of means for DTR, SLR,
a, number of leaves, A, and lipid peroxidation values.

Schinus terebinthifolius and C. fissilis invested in soil exploration per unit of carbon, as
evidenced by the maintenance of SRL, RTD, and root fineness (the latter only verified for S.
terebinthifolius), thereby indicating growth with lower metabolic costs (Kramer-Walter et al.,
2016). In C. fissilis, root growth was impeded, but the plants could attenuate this impediment
by making their roots thicker. Stable RTD values indicate that all three species tend to avoid
investing in lignification and suberization of roots (Kramer-Walter et al., 2016), as seen in the
PCAs (Fig. 2), wherein RTD values did not show a correlation with species. Cariniana
estrellensis, however, showed a reduction in length and root surface area (Fig. 4A, C), but an
increase in volume with increasing root diameter (Fig. 4D, B). This most likely indicates an
inability to break the impediment imposed by the tailings.

Dry matter is a strong indicator of tolerance or sensitivity to the imposed stress (Steinberg
et al., 1990), including mine tailings exposure (Andrade et al., 2018; Zago et al., 2019; Cruz et
al., 2020; Esteves et al., 20202, 2020b). Plant species that are more susceptible to the physical
limitations of the substrate show a reduction in dry matter, whereas the more tolerant species
show no change (Grzesiak et al., 2015; Mleczek et al., 2017), indicating their ability to survive
in these environments.

Thus, C. estrellensis was more susceptible to stress, as it showed a reduction in all
biometric parameters and in dry matter, whereas C. fissilis, being more tolerant, managed to
keep most of those parameters unchanged, especially with the addition of vermicompost.
Nevertheless, S. terebinthifolius was the most tolerant among all these species, maintaining all
biometric parameters, in addition to increasing the values of some parameters while under

tailings and tailings + vermicompost. The addition of vermicompost helped to maintain the dry
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matter of S. terebinthifolius, as well as the number of nodes and expanded leaves in C. fissilis,
as indicated by the PCAs (Fig. 1, 2).

The reduction in lipid peroxidation observed in C. estrellensis (Fig. 6C) may be linked to
the stress suffered, with the possibility that the tissues were no longer viable at the time of
analysis. This is evidenced by a drop in the leaf dry mass.

Substrates with compaction profiles can reduce the bioavailability of oxygen and water,
leading to a reduction in A, E, gs, WUE, and pigment content in sensitive species (Bennie &
Botha, 1986; Smith & Wazir, 1989; Wolfe et al., 1995; Campostrini & Yamanishi, 2001;
Bhattarai et al., 2004; Ferree & Streeter, 2004; Calvo Polanco et al., 2008; Saradadevi et al.,
2016). Stomatal limitations usually occur (Ferree and Streeter, 2004), and non-stomatal
limitations may also occur (Bhattarai et al., 2004). Some non-stomatal limitations include
limitations on mesophyll conductance, carboxylation reactions, Calvin cycle, and carbohydrate
metabolism and transport (Morales, 2018).

Gas exchange is also affected by the nutritional profile of the soil, as micronutrients are
of great importance in photosynthesis. Mn, for example, is associated with the breakdown of
water and release of O, in addition to the formation of chloroplasts, which can affect not only
A but also the relative content of chlorophyll (Zan&o Junior et al., 2010). The presence of metals
can also lead to a decrease in WUE (Menon et al., 2007).

The gas exchange parameters and pigment content (chlorophyll) of C. estrellensis follow
the described values, with a reduction in gas exchange during cultivation under mine tailings.
Nevertheless, C. fissilis showed some tolerance, with no alterations in A, E, and WUE, despite
reduction in gs and relative chlorophyll content. Schinus terebinthifolius, however, did not
follow what has been proposed in the literature, indicating the resistance of its photosynthetic
apparatus to mine tailings. Therefore, there are indications that this pioneer species presented,
as expected, a more robust profile against the imposed stress, not suffering from the limitation
of the substrate, which seems to be more important for the successor species during the
colonization process. It is noteworthy that the addition of vermicompost was not of great value
for any of the species in this regard, as corroborated by the PCAs (Fig. 1), indicating that the
limitations in this sense were not dependent on attributes improved by the vermicompost.

The behavior of Ci, in relation to A (A/Ci, Fig. S5) and E in all species may indicate
biochemical limitations in carbon assimilation or photorespiration, in response to the imposed
stress. This may be related to the deleterious effects caused by the presence of metals or the

nutritional imbalance of the tailings and lack of fertilization of the soil. However, while such a
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limitation was observed with the decrease in A and E in C. estrellensis, no change in these
values were observed for the other species, which may indicate less robustness of the
biochemical and photosynthetic apparatus in the latter.

Deficiency in some micronutrients can damage PSII (Hsieh et al., 2013; Schmidt et al.,
2015; Schmidt et al., 2016), indicating the importance of plant nutrition and the bioavailability
of elements in soils. Furthermore, plant species susceptible to stress, such as compaction and
micronutrient imbalance, showing a reduction in F./Fm, Y(II), and gP; an increase in NPQ
(Mallick & Mohn, 2003; Philip & Azlin, 2005; Grzesiak, 2009; Wu et al., 2018); and decreases
in Rfd (Lichtentahler, 1988) and ETR (Liberato et al., 2006; Wu et al., 2018).

Increased NPQ indicates the protective processes of the plant against deleterious damage
caused by photoinhibition (Ruban, 2016). If NPQ cannot dissipate surplus energy, a lot of
harmful triplet-state chlorophylls and reactive oxygen species (ROS) might be generated (Laisk
et al., 1997; Samson et al., 2019), thereby causing damage to PSII, inhibiting its repair, and
leading to PSI photoinhibition and reduced CO- assimilation (Sejima et al., 2014; Tikkanen &
Grebe, 2018; Tsuyama & Kobayashi, 2009). Additionally, photoinhibition is indicated when
values of F./Frn are lower than 0.7 (Bjorkman and Demmig-Adams, 1995). The relationship
between the treatments with tailings and the NPQ and Rfd values for C. fissilis and C.
estrellensis has been highlighted (Fig. 1B, C) and this may indicate the ability of these species
to protect their photosystems.

Thus, S. terebinthifolius exhibited high tolerance and robustness. In addition to the
increased NPQ in tailings and tailings + vermicompost treatments, there was maintenance of
FWFm (>0.7) and gP, and an increase in Y(Il). This indicates photoprotection and the
maintenance of dissipated energy for photosynthetic processes and PSII efficiency, with no
deleterious effects in general. Only in the present study was an improvement in NPQ, ETR, and
Rfd observed with the addition of vermicompost to the tailings. This improvement may be
related to the increase in photosynthetic pigments due to the augmented availability of nutrients
to the plant.

In contrast, C. estrellensis showed severe PSII impairment in presence of the tailings.
This is evidenced from the fact that despite the maintenance of Rfd, there was a reduction in
FW/Fm (<0.7) and Y(II), coupled with the maintenance of gP and a decrease in NPQ. This
indicates that not all the excess light energy, which is not used in photosynthesis, is dissipated

as heat. Consequently, pigments such as carotenoids cannot effectively protect the
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photosynthetic apparatus from undergoing photoinhibition. The stability of gP and decrease in
ETR corroborate this (Liberato et al., 2006; Wu et al., 2018).

Cedrela fissilis showed some photoprotection under tailings and tailings + vermicompost,
as the decrease in F/Fm (<0.7 in C5) and increase in NPQ were coupled with the maintenance
of Y(II), gP, Rfd, and ETR, indicating some degree of resilience. In this way, not only was NPQ
able to effectively dissipate excess energy as heat, but the energy directed to photosynthetic
processes was also maintained. However, deleterious effects may have occurred, resulting in
decreased Fv/Fm.

The vermicompost acted as a mitigant in this study, validating its ability to perform
phytostabilization, thereby decreasing the amount or bioavailability of contaminants (DalCorso
et al., 2019). Notably, the concentration used in this study (2% or 40000 kg ha?) is relatively
lower compared to what is generally used in field conditions, and it is even lower than that used
in other studies on fertilization (Zago et al., 2019; Esteves et al., 2020b). This concentration
was enough to improve the growth of S. terebinthifolius and C. fissilis. However, studies
involving these species under higher concentrations of vermicompost may generate different
results.

Analysis of the ecology of the native tree species selected by Cruz et al. (2020) showed
no clear relationship between the tolerance of pioneer species and the sensitivity of the
secondary species, namely, Albizia polycephala and Peltophorum dubium (Fabaceae, pioneers),
Cybistax antisyphilitica, Handroanthus heptaphyllus, and Handroanthus impetiginosus
(Bignoniaceae; pioneer, early secondary, and late-early secondary, respectively) (Lorenzi,
1992; Lorenzi, 1998; SiBBr, 2020a, 2020b, 2020c;). Notably, even the most tolerant species
showed reduced growth and photosynthesis in presence of the tailings, unlike S. terebinthifolius
in the present study. In contrast to the results obtained in this study with C. estrellensis, all
species in the referenced study tended to be responsive to fertilization, but it is noteworthy that
climax species used here was not used in the other studies.

Therefore, more studies involving the influence of ecological succession in the recovery
of degraded areas are needed, as it is not confirmed whether these pioneers will be resilient to
other contaminations or degradation. Likewise, heterogeneous reforestation is the most
recommended method for avoiding mass attacks from pests, weeds, and diseases. In addition,
when planning and introducing species of different succession levels to the degraded areas, the

environment is encouraged to achieve to overall stability by natural means, in terms of both
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flora and fauna and their socioeconomic role in the affected communities. Thus, the specific
study of each species must not be neglected.

In the present study, S. terebinthifolius showed greater resilience under mining tailings,
especially in terms of dry matter accumulation and root morphology. This may be related to the
robustness of this pioneer species, leading to the maintenance of photosynthetic efficiency and
the SPAD index (Grzesiak et al., 2009; Grzesiak et al., 2015; Saradadevi et al., 2016).

5. CONCLUSIONS

Schinus terebinthifolius is resistant and highly tolerant to iron mine tailings and is further
helped by the addition of vermicompost as an amendment. The use of this specie presents an
alternative to the early stages of re-vegetation programs.

Cedrela fissilis is resistant to a lesser extent, as its growth is either maintained or reduced,
depending on the parameters evaluated. It can be an alternative for the intermediate stages of
re-vegetation, after the edaphoclimatic characteristics have been partially restored by pioneer
plants.

Cariniana estrellensis is sensitive to tailings as it undergoes morphological and
physiological damage from exposure to stress. This suffering was not attenuated by the addition
of vermicompost. This species shows the harm posed by the tailings to the native vegetation in
a climax state and has potential to be used as a bioindicator species to determine environment
quality.

In most cases, the length of exposure to mine tailings from the Funddo Dam was observed
to be a determining factor in terms of the effects on plants.

The addition of vermicompost contributes to higher tolerance towards tailing in case of
plants that already have some prior degree of tolerance, in addition to vermicompost acting as

a mitigant and potential phytostabilizer.
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Figure S1. Pearson's correlation coefficient for parameters evaluated over 80 days in Schinus

terebinthifolius. Circles marked with an asterisk were significant at 5% probability (P < 0.05).
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Figure S2. Pearson’s correlation coefficient for parameters evaluated over 80 days in Cedrela

fissilis. Circles marked with an asterisk were significant at 5% probability (P < 0.05).
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Figure S3. Pearson's correlation coefficient for parameters evaluated at the end of the 80-day

experiment interebinthifolius Schinus terebinthifolius, Cedrela fissilis, Cariniana estrellensis.

Circles marked with an asterisk were significant at 5% probability (P < 0.05).
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treatments do not differ by the Skott—Knott test at 5% probability (P < 0.05). Bars correspond

to the standard error of the mean of eight repetitions.
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ABSTRACT Accidents with mine tailings dams occur worldwide and can be catastrophic. One
of the largest was in Brazil in 2015, with the rupture of the Funddo dam (Samarco SA), which
released 50 million m? of iron mine tailings. The physical characteristics of these tailings make
it difficult to recover degraded areas; hence, it is important to study these features. We
hypothesized that inoculation with diazotrophs would improve the growth of native tree species
in tailings. Every 20 days for 60 days, we investigated the morphophysiology of Hymenaea
courbaril grown in iron mine tailings (Fundao Dam) or soil, with the addition of nitrate (N-
positive control) or native diazotrophic bacteria previously isolated. The results indicated a
tolerance by H. courbaril to the mine tailings. Although high photosynthesis rates were not
observed, an effective quantum yield of PSII [Y(11)] and a maximum quantum yield of PSII
(Fv/Fm) were presented in healthy plants, with no growth alteration in the tailings, although

there were signs of an inability for photoprotective responses, with reduced non-photochemical



113

guenching (NPQ), which may cause damage to the photosynthetic apparatus. The addition of
ammonium nitrate smoothed the effects of the tailings on photosynthesis. The UNIFENAS100-
569 bacteria somewhat increased aerial growth and favored greater CO: fixation, while
UNIFENAS100-638 favored the total growth of plants, and UNIFENAS100-654 promoted
photoprotective reactions and PSII health, as well as a better photosynthetic rate and improved
CO; fixation. Inoculation with diazotrophic bacteria showed potential, with each producing a

different pattern, and all improving photosynthesis.

INTRODUCTION

Accidents involving mine tailings dams occur worldwide and can be socially, economically,
and environmentally catastrophic (Alastuey et al., 1999; ANM, 2019; Davies, 2002; De Souza
Junior et al., 2018; Fourie et al., 2002; Garcia-Carmona et al., 2019; Laszl06, 2006; Mayes et al.,
2011; Oliveira et al., 2019; USCOLD, 1994). One of the largest occurred in Brazil in 2015,
when the Funddo dam (Samarco SA) ruptured and released 50 million cubic meters of iron mine
tailings into the Doce River watershed (IBAMA, 2015). This resulted in chemical and physical
changes in the soil, such as in pH, organic matter reduction, nutritional imbalance, and
compaction (Andrade et al., 2018; Cruz et al., 2020; Esteves et al., 2020a; Hatje et al., 2017,
Segura et al., 2016; Silva et al., 2016).

Remediation alternatives have since been pursued; however, many techniques are not feasible
due to irreversible changes in soil, logistics, and/or costs. One of the most sustainable methods
is phytoremediation, which is a low-cost technique with limited environmental damage that
uses plants to reduce contamination (Salt; Smith, 1998). Nevertheless, the concentration of
metals in the mine tailings of the Funddo dam is not the core issue, as studies have indicated
that the concentration of these metals is not sufficiently high to cause toxicity (Andrade et al.,
2018; Cruz et al., 2020; Esteves et al., 2020a; Zago et al., 2019). Therefore, greater focus has

been given to the physical limitations of the tailings, such as compaction (Zago et al., 2019).
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and the low amount of clay in its composition (Esteves et al., 2020a, 2020b; Zago et al., 2019),
which limit the uptake of nutrients by plants (Cruz et al., 2020), thereby reducing plant growth.

Tailings from iron ore exploration present no plasticity and their specific mass is highly
influenced by the iron content in the tailings, with levels up to 5 g cm (Espdsito, 2000; Pereira,
2005). They are predominantly composed of sand and silt and are susceptible to liquefaction
(Pereira, 2005). Therefore, the recovery of areas degraded by this type of tailings is challenging,
and related studies are required.

Some sustainable recovery alternatives are phytoremediation (Salt; Smith, 1998) and
afforestation, which allows excess metals to remain allocated for a longer period and improves
the physicochemical and biological properties of degraded soils (Berhongaray et al., 2017;
Wang etal., 2017; Wu et al., 2018). In addition, tree species may tolerate nutritional imbalance,
presenting a robust and deep root system, which can break the physical barrier provided by the
tailings (Gémez et al., 2019; Yadav et al., 2010) for decades at low cost (Lutter et al., 2016).

The plant species employed must have the ability to tolerate potentially high concentrations
of heavy metals, chemical imbalance, and low soil fertility, and should have a robust and deep
root system that is capable of breaking the physical barrier provided by the tailings.
Additionally, reforestation tends to improve the physicochemical and biological properties of
degraded soils, and the implantation of tree species in a degraded area bypasses the initial stages
of natural succession, which may aid in the recovery of degraded areas (Berhongaray et al.,
2017; Wang et al., 2017; Wu et al., 2018). Pioneer trees are effective for their rapid growth, and
allow for species of later successional levels to become established and contribute to the
recovery of degraded areas.

Considering the ecological characteristics of the region affected by the mine tailings studied
here, Hymenaea courbaril (Fabaceae), commonly known as Jatoba, was deemed suitable. It is

a semi-deciduous heliophyte or sciophyte, and a xerophytic selective, late secondary-climax
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tree native to Brazil that occurs in soils of different fertility degrees and has low nutritional and
water requirements (Duboc et al., 1996; Lorenzi, 1992). Its extracts, leaves, and stalks have
antioxidant and antimicrobial activities (Abdel-Kader et al., 2002; Aguiar et al., 2010; Nogueira
et al., 2001), and its wood is of high quality, widely exploited, and used in civil construction.
The tolerance of H. courbaril to contaminated soils has previously been demonstrated (Marques
et al., 2018a, 2018b; Marques et al., 2000; Soares et al., 2001)

Soil microorganisms are indicators of the recovery status of degraded areas (Carvalho et al.,
2018; Mummey et al., 2002; Visser and Parkinson, 1992; Nannipieri, 1984) since these soils
have a reduced number of beneficial microorganisms for plants, such as diazotrophic/N-
scavenging bacteria, which convert atmospheric nitrogen into ammonia, a nitrogen source that
is available to plants (Silva et al., 2006). Some of these are plant growth-promoting bacteria
(PGPB), which directly or indirectly contribute to plant nutrition and alleviate the negative
effects caused by biotic and abiotic stresses (Bazzicalupo et al., 2000; Enebe and Babalola,
2018; Moreira et al., 2010; Shah et al., 2017), consequently enhancing plant nutrition and
promoting phytohormone production that will aid in plant growth.

This study aimed to investigate the growth of H. courbaril on iron mine tailings from the
Funddo dam and soil that has been inoculated with diazotrophic bacterial strains. It was
hypothesized that the use of H. courbaril would positively influence the aspects of the tailings

and that the inoculated bacterial strains would enhance their growth and tolerance.

MATERIALS AND METHODS

Experimental conditions. The experiment was designed in a completely randomized manner
in a triple factorial scheme with time (three time points), two substrates (soil and tailings), five
treatments: three bacteria isolated from these mine tailings in previous studies, UNIFENAS100-

569, UNIFENAS100-638, and UNIFENAS100-654 (569, 638, and 654, respectively), no



116

inoculum (negative control, referred to as control), and no inoculum with the addition of
ammonium nitrate (NHsNO3) (180 mg kg substrate; positive control, referred to as nitrate).
There were four replications; the variables analyzed only at the end of the experiment followed
the double factorial and excluded the time factor.

The experiment was performed in a growth room under controlled light (Fig. S1). The
average, maximum, and minimum temperatures remained, respectively, 26.5+1 °C, 40.2+2 °C,
and 24.2+2.5 °C, and the average humidity was 54%. Based on previous experiments and the
literature, Hymenaea courbaril was chosen for its ecological and socio-economic aspects.

Seedlings were approximately six months old, produced in tubes with forest substrate (pine
bark, coconut fiber, expanded vermiculite), and fertilized with a slow-release fertilizer. They
were acclimatized in a growth room for 30 days, transplanted into 2 L vases containing
substrates, and re-acclimatized. The substrates consisted of soil and iron mine tailings from the
Funddo dam in Mariana, Minas Gerais, Brazil (UTM 669690 W, 779984 S) that were dried and
sieved for greater homogeneity, with no fertilization.

The treatments were conducted for 60 days, with data collected at 20-day intervals. The
substrates were irrigated with distilled water at 70% of the maximum water retention capacity.
The biometry, relative chlorophyll content, leaf gas exchange, and chlorophyll a fluorescence
were measured over time. At the end of the experiment, leaf area, dry matter, total soluble and
reducing sugar content, root morphology, and macro- and micronutrient content were analyzed.

Substrates. Composite samples of the studied substrates were physically and chemically
analyzed (Table 1) according to standard laboratory protocols and methods (da Silva Junior et
al., 2018). According to CONAMA Resolution 420/2009 (National Environment Council,
2009), only Mn and Fe concentrations were higher than permitted. At the end of the experiment,

composite samples of each substrate and treatment were analyzed.
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Table 1. Chemical and physical analysis of soil and Fe mine tailings used for cultivating Hymenaea courbaril.

Ca Mg Al H*Al Zn Fe Mn Cu B S
Substrates pH e cmol.dmBememmeeees mg.kgt---mmmeeee-
Sail 5.70 2.65 0.11 0.10 2.20 0.60 48.60 14.20 23.70  0.06 4.60
Tailings 7.80 1.50 0.10 0.04 0.62 0.00 55211.00* 562.37* -mmmemmmemeee
O.M. K P Rem-P  SB CEC T \ m Clay Silt Sand
gkg!  --—--mgkgl--- mgL? = e cmolc.dmB-mmmems eoeeen %o-----=  =mmmm- g.kgt-------
Soil 15.60 116.79 - 15.30 3.06 3.16 5.26 58.16 3.16 590 130 280
Tailings 2.70 16.20 1190 43.35 1.60 1.60 2.20 72.10 2.40 82 439 479

Ca, calcium; Mg, magnesium; Al, aluminum; H"Al, potential acidity; Zn, zinc; Fe, iron; Mn, manganese; Cu, copper; B, boron; S, sulfur; O.M.,
organic matter; K, potassium; P, phosphorus; REM-P, remaining phosphorus; SB, sum of exchangeable bases; CEC, effective cation exchange

capacity; T, potential CEC at pH 7.0; V, CEC base saturation at pH 7.0;

m, aluminum saturation.
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Bacteria and nitrate inoculation. Isolated colonies of UNIFENAS100-569,
UNIFENAS100-638, and UNIFENAS100-654 were inoculated in liquid YMA and incubated
for 72 h at 28 °C and 180 rpm in an orbital shaker. Ammonium nitrate (120 mg L) was
solubilized in distilled water, and 1 mL of each was inoculated into pots containing H. courbaril
in either soil or tailings.

Morphology. Nondestructive morphological parameters were evaluated every 20 days. Plant
height (cm), node number, fully expanded leaf number, stem diameter (mm), and relative
chlorophyll content were analyzed, the latter using the SPAD index with a portable chlorophyll
meter (SPAD — 502 Plus, Konica Minolta, Japan) on fully expanded leaves, with an average of
eight readings per plant. The stem diameter was measured using a digital caliper.

At the end of the experiment, leaf area (cm?) was analyzed using the average of images of all
leaves present processed with the ImageJ software (Schneider et al., 2012). Leaves, stems, and
roots were collected separately for the determination of dry matter and macro- and
micronutrients. The plant material remained in a forced air circulation oven at 60 °C until
constant weight, for subsequent weighing and shoot:root calculation.

Macro- and micronutrients. The determination of macro- and micronutrients was
performed by an 1ISO 9001 qualified laboratory specialized in the analysis of fertilizers, soils,
and plants according to standard laboratory protocols (Malavolta et al., 1997). The dry matter
was pulverized and subjected to nitro-perchloric digestion, and nutrients were quantified by S
digestion and Kjeldahl distillation (N), spectrophotometry (P, S, B), flame photometry (K), and
flame atomic absorption spectrometry (Ca, Mg, Cu, Fe, Mn, and Zn). N/S and N/P calculations
were performed to assess the soil fertility.

Physiology. Physiological parameters were evaluated every 20 d. To assess gas exchange, an
infrared gas analyzer (IRGA; LI1-6400XT, LI-COR, USA) was used on a completely expanded

leaf of the upper-middle third of the plant. Analyses were standardized in the morning, as well
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as CO; flux (500 umol mol™ from the ambient mean), block temperature (25 °C), and PAR,
photosynthetically active radiation (1200 pumol m? s*, determined by light curves). The
parameters analyzed were A, net photosynthetic rate (mmol CO; m? s1), gs, stomatal
conductance (mol H20 m2 s1), Ci, intercellular carbon concentration (umol m? s?), and E,
transpiration rate (mmol H20 m2s™?).

A modulated image fluorometer was used to assess chlorophyll a fluorescence (Handy
FluorCam FC-1000-H, PhotonSystems Instruments, PSI, Ltda, Czech Republic). The plants
were dark-acclimated for 40 min (previous studies). The measurements were performed on a
completely expanded leaf of the upper middle third of the plant using the quenching protocol
(Oxborough and Baker, 1997), with an electronic shutter at 20 us and a sensitivity of 15%. The
parameters of PSII fluorescence, photosystem I, dark (Fv/Fm, PSII maximum quantum yield)
and light (Y(Il) effective quantum yield in PSII), non-photochemical quenching (NPQ),
photochemical quenching (gP), quantum vyield of light-regulated non-photochemical energy
dissipation in PSII [Y(NPQ)], and quantum yield of non-regulated non-photochemical energy
dissipation in PSII [Y(NO)] were obtained.

Carbohydrate content. For the quantification of total soluble sugars and reducing sugars,
the pulverized dry matter of fully expanded leaves and roots, collected at the end of the
experiment, was used. The extraction took place with the homogenization of 200 mg of the
respective materials in 5 mL of methanol-chloroform-water (MCW: 3:1.25:0.75 mL,
respectively) for 24 h and centrifuged at 1300 rpm for 30 min to collect the supernatant. Total
soluble sugars were determined using the anthrone method, based on the standard glucose
curve, and reducing sugars were quantified using the dinitrosalicylic acid method (Miller,
1959).

Root morphology. WinRhizo Pro 2007a (Regent Instruments, Canada) was used for the

analyses. The collected roots were washed and stored in 70% ethanol. The parameters evaluated
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were mean diameter (mm), total and root diameter class length (cm), total and root diameter
class surface area (cm?), total and root diameter class volume (cm3), specific length (SLR; cm
gl), tissue density (RTD; g cm™), and root fineness (RF; cm™). The roots were classified
according to the proposal of Bhom (1979), as very fine roots (diameter < 0.5 mm), fine roots
(0.5 < diameter < 2.0 mm), and thick roots (diameter > 2.0 mm).

Studied bacteria. Isolation of diazotrophic/N-scavenging bacteria was previously
performed, according to the methods of Baldani et al. (2001) and Débereiner et al. (1995), from
the mine tailings studied here. Aliquots of 0.1 mL of ten-fold dilutions (10 to 10°) were
inoculated into vials containing semisolid N-free media with different carbon sources (FAM,
JMV, IJNFb, NFb, or LGI) and incubated for up to 14 days at 28 °C, with daily analysis of the
formation of a veil-like pellicle in the culture medium, indicating the presence of
diazotrophic/N-scavenging bacteria. The pellicles were grown on YMA media for colony
isolation and were subjected to tests using the different carbon sources.

They were then characterized for their ability to grow in a culture medium with different Fe
and Mn concentrations, and different pH levels to solubilize potassium (K) and phosphorus (P)
and produce Indole-3-acetic acid (IAA) and enzymes of economic interest (lipase, amylase, and
cellulase). Modified YMA media were used to assess the growth of the strain streaked in Petri
dishes containing media with crescent concentrations of Fe and, Mn (0, 50, 150, 300, and 600
mg L), or pH (4, 5, 6, 7, and 8). The growth of the strains was analyzed visually as: (-) = no
growth, (+) = growth only on the first set of streaks, (++) = growth on the first two sets of
streaks, and (+++) growth on all three sets of streaks. For K and P solubilization and I1AA
production, bacterial suspensions were grown in FAM liquid media (48 h incubation at 28 °C
and 180 rpm on an orbital shaker) with an optical density (600 nm) of 0.4, and the cell-free
extracts were obtained by centrifugation (8000 g, 5 min at 4 °C). All determinations were

performed with five replicates for each strain.
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IAA production was assessed according to the Salkowski colorimetric assay (Sarwar and
Kremer, 1995). Cell-free supernatants were obtained in DYGS liquid media (7 mL),
supplemented with or without tryptophan (100 pg mL™), and incubated for 72 h at 28 °C and
180 rpm on an orbital shaker. The concentration of IAA produced by each strain was estimated
by measuring the absorbance at 530 nm with the aid of an IAA standard curve.

For assessing K solubilization (Parmar and Sindhu, 2013), the cell-free supernatants were
obtained from cultures in Aleksandrov liquid media (25 mL, pH 7.0), supplemented with
phonolite (5 g L) as a source of K, and incubated for 7 days at 25 °C and 120 rpm on an orbital
shaker. K solubilization by each strain was estimated using a flame photometer with the aid of
a K standard curve.

The ability to solubilize P was evaluated following Tedesco et al. (1995), whereby the cell-
free supernatants were obtained from cultures in FAM liquid media (15 mL, pH 6.8),
supplemented with A0-15 (10 g L) as a source of P, and incubated for 7 days at 25 °C and 120
rpm on an orbital shaker. P solubilization by each strain was estimated using a
spectrophotometer with the aid of a P standard curve.

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry,
based on the cellular proteome, and polymerase chain reaction (PCR), based on genomics were
also used.

For MALDI-TOF MS analysis, cells were grown on plates using the original culture medium,
incubated at 28 °C for 24 h and then aseptically transferred to microtubes containing 300 pL of
deionized water. The mixture was vigorously vortexed for 30 s, followed by the addition of 900
pL of pure ethanol and further homogenization. The samples were placed in a refrigerated
centrifuge (10 °C, 2 min, 13,000 rpm) to remove the supernatant, and 50 pL of 70% formic acid
and 50 pL of acetonitrile were added and vortexed. The new mixture was centrifuged at 10 °C

for 2 min at 13,000 rpm using the supernatant for the assay.
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The microtubes were immediately and vigorously vortexed for 1 min, and 1 mL of the
resulting suspension was transferred to a 96-well MALDI flex target plate (Bruker Daltonics,
Bremen, Germany). When the liquid phase approached evaporation, 1 mL of the matrix solution
(saturated solution of cyano-4-hydroxy-cinnamic acid (CHCA) in 50% acetonitrile/2.5%
trifluoro-acetic acid) was added, and the solution was gently mixed (Oliveira et al., 2015).

An Escherichia coli A3 colony was obtained and used for in situ protein extractions, which
were used as standards for the MALDI-TOF MS external calibration. Each MALDI-TOF
sample was spotted in triplicate to evaluate reproducibility. Samples were then analyzed using
a MALDI-TOF microflex LT spectrometer (Bruker Daltonics, Bremen, Germany) and the
MALDI Biotyper 3.0 automatic system.

Statistical analysis. Data with normal distributions (Shapiro-Wilk) and variance
homogeneity (Brown-Forsythe) were subjected to ANOVA (p<0.05) and the means and
standard error of the mean for each parameter were compared by the Scott Knott test (p<0.05).
Non-parametric data were indexed and subjected to Kruskal-Wallis analysis of variance on
ranks, and medians were compared using Dunn’s test (p<0.05). To evaluate the relationships
among the studied variables, Pearson’s correlation analysis (p<0.05) was employed, and to
better visualize the variable profiles among substrates, principal component analyses (PCA)
were performed (JOLLIFFE, 2010), with the coefficients for each component established using
a covariance matrix. All statistical analyses were performed using Origin (Pro) 2021b

(OriginLab Corporation, Northampton, MA, USA).

RESULTS
The dry matter (Fig. 1A) of the leaves of plants grown in soil, and the roots of those grown
in tailings, were higher than those of leaves and roots under tailings and soil, respectively. There

were no significant differences between the leaves and roots. Inoculation with 638 increased
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the dry matter of leaves in soil and roots in tailings. Strain 569 led to an increase in plant leaf
dry matter in soil, whereas strain 654 reduced root dry matter in soil.

The relationship between shoot and root dry matter (Fig 1B) did not show differences among
substrates, but soil 638 and tailings 569 had greater amounts. Differences among substrates
were found in N/P and N/S relations (Fig 1C, D ), whereby soil values were higher, as well as
the contents of Ca, Mg, B, and Cu (Fig 1E-H). Treatments affected only N/S (Fig. 1D), which
showed a stronger relationship with soil nitrate, tailings control, and tailings nitrate. The Ca and
Cu contents were higher in tailings (Fig. 1E, H), and Mg and B were greater in soil (Fig. 1F,
G), wiwth no significant differences among inoculations or plant organs; hence, only data media

for each substrate were displayed.
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Figure 1. Dry matter (g) of leaves and roots; relationship between dry matter of shoots and
roots, N and P, N and S; and content of Ca, Mg, B, and Cu of Hymenaea courbaril plants grown

in soil and iron mine tailings in the Control and with the addition of NH4NO; (Nitrate),
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UNIFENAS100-569 (569), UNIFENAS100-638 (638), and UNIFENAS100-654 (654). For
column graphs, means = mean standard error followed by uppercase letters represent
differences among substrates by the Scott Knott test (p<0.05). For line graphs, asterisks

represent differences among *inoculations and **substrates by the Scott Knott test (p<0.05).

Leaf Fe concentrations (Table 2) were not significantly different between substrates, except
among the controls, which had higher levels in soil. The strains and nitrate did not affect Fe
content in leaves of plants grown under tailings, but it was decreased in those under soil. In
roots, there was no significant difference among treatments in soil, but the levels were lower
than those in tailings. In tailings, the highest Fe content occurred with the addition of nitrate,
and the lowest was observed in the control. Plants inoculated with the strains did not differ from
each other. The treatments did not affect the Mn content in the leaves, and only soil 569 showed
a lower Mn content than that under tailings. The treatments also did not affect Mn content in
roots under soil, but it was increased with nitrate in roots under tailings. All values for Mn in
roots were higher in tailings than in soil.

The N content (Table 2) did not vary between the treatments in leaves or roots in soil.
Inoculation with the strains reduced the N content in the leaves and roots of plants in tailings
compared to tailings control, and 654 showed the lowest value for leaves. The values of N in
tailings 638 and 654 were lower than those under soil for both roots and leaves, similar to 569
exclusively for roots. The treatments did not affect the Zn content in roots grown in soil or
tailings, and only soil nitrate showed a lower value than that of tailings nitrate. However, in the
leaves of plants grown in soil, the treatments reduced the Zn content, but increased it in tailings
(except for 638). Tailings control was lower than soil control, and tailings 569 and 654 were
higher in comparison to those strains in soil.

Fe, Mn, N, and Zn did not show significant differences between the treatments or substrates

in the stalks of plants (Table S1). P concentrations (Table S2) did not differ between treatments
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or substrates in any of the compartments. K content (Table S2) in the leaves was reduced in

tailings 654 in comparison to tailings control and soil 654. In stalks, 638 and 654 increased K,

and tailings 654 were lower than soil 654. Root K changed only among treatments, with values

lower under 638 and 654. The content of S (Table S2) in leaves was lower in soil nitrate and

soil 569 compared to those under tailings. Stalk S was higher in tailings, and in roots, tailings

nitrate, 638, and 654 were higher compared to tailings control and soil. The quantification limits

are available as supplementary data (Table S3).

Table 2. Contents of Fe (mg kg™), Mn (mg kg?), N (g kg}), and Zn (mg kg™) in leaves and

roots of Hymenaea courbaril grown in soil and iron mine tailings, in the Control and with the

addition of NHsNO; (Nitrate), UNIFENAS100-569 (569), UNIFENAS100-638 (638), and

UNIFENAS100-654 (654).

Part Leaves Roots Leaves Roots
Substrate Soil Tailings Soil Tailings Soil  Tailings  Soil  Tailings
Fe (mg kg* DM) N (g kg DM)
Control 6719 Aa 408.3Ba 1768 Ba 49355Ac 32.7Aa 309Aa 111Aa 9.7Aa
Nitrate 190.9 Ab 1929 Aa 770Ba 10365Aa 389Aa 4l11Aa 126Aa 10.8Aa
569 313.6 Ab 2249 Aa 2291 Ba 82009Ab 312Aa 246Ab 124Aa 88Bb
638 224.1 Ab 277.2 Aa  1193Ba 76469 Ab 447 Aa 227Bb 11.0Aa 84Bb
654 226.9 Ab 4679 Aa 992Ba 7893.1Ab 411Aa 127Bc 120Aa 7.4Bb
Mn (mg kg DM) Zn (mg kg* DM)
Control  105.1 Aa 1348Aa 509Ba 1168Ab 17.3Aa 10.8Bb 17.7Aa 13.4Aa
Nitrate 139.5 Aa 152.8 Aa 349Ba 2684 Aa 142 Ab 155Aa 135Ba 43.9Aa
569 72.9 Ba 2226 Aa 685Ba 1369Ab 129Bb 16.6Aa 228Aa 14.6Aa
638 112.9 Aa 180.6 Aa 32.7Ba 1853Ab 13.7Ab 135Ab 165Aa 134Aa
654 110.2 Aa 181.8 Aa 355Ba 1296Ab 131Bb 16.6Aa 157Aa 121Aa

Means followed by letters, uppercase for the bacterial strain and lowercase for the substrate,
differ by the Scott Knott's test at a 5% probability.

Growth morphology did not change significantly over the assessed time, and the media of all

data collections are shown in Fig. 2. A significant difference in the number of expanded leaves

was observed among the substrates only with nitrate and the inoculation of 569, with a decrease
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in tailings (Fig. 2A). Within soil, the number of leaves was increased, particularly with 638. In
tailings, nitrate, 638, and 654 increased the number of leaves, with 638 producing the
maximum.

Plant height (Fig. 2B) was not affected by tailings when inoculated with 638. The plants under
tailings control showed greater heights in comparison to plants under soil control. In soil, all
treatments increased plant height in comparison to the control, particularly with nitrate, 638,
and 654. In contrast, in tailings, there was an increase in plant height with 638 and a decrease
with 654 inoculations.

The number of nodes (Fig. 2C) was higher in plants under control tailings than under control
soil, but lower in tailings 569 compared to soil 569 and control tailings. The addition of nitrate,
569, and 638 increased the number of plant nodes in soil, but only 638 did so in tailings. Stem
diameter (Fig. 2D) was less in plants under tailings than in plants under soil with treatments
569 and 654. The treatments did not affect plant height in soil, which was increased by nitrate,

638, and 654 under tailings.
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Figure 2. Fully expanded leaf number, plant height (cm), node number, and stalk diameter
(mm) of Hymenaea courbaril plants grown in soil and iron mine tailings, in the Control and
with the addition of NH4NO;3 (Nitrate), UNIFENAS100-569 (569), UNIFENAS100-638 (638),
and UNIFENAS100-654 (564). Means = mean standard error followed by uppercase and lower-
case letters represent differences, respectively, among substrates in the same inoculation

condition, and among inoculations in the same substrate, by the Scott Knott test (p<0.05).

A (Table 3) was increased in soil 569 inoculation, but reduced in tailings 569 and 654
compared to tailings control and these inoculations in soil, at 20 days of the experiment. At 40
days, A was higher in tailings 638 and 654 compared to tailings control, and at 60 days, 4 was
higher in tailings nitrate and 654 compared to tailings control. Among the data , tailings control,
tailings nitrate, and tailings 654, as well as soil nitrate, tailings 569, and soil 654, presented
reductions in 4 at 40 days (from 40 days on), while tailings 654 increased at 60 days.

At 20 days, gs (Table 3) increased with 569 inoculation in soil, which was higher than that in
tailings. At 60 days, inoculation of 569 and 638 in tailings reduced gs, and soil control showed
lower gs compared to tailings control. Throughout time, the gs of tailings control, soil and
tailings nitrate, tailings 638, soil and tailings 569, and soil nitrate, were reduced at 40 days, and
from 40 days on, while at 60 days the gs remained reduced in all cases except for tailings control
which had an increased level at 60 days.

At 20 days Ci (Table 3) decreased with 638 and 654 inoculations in soil compared to soil
control, and 638 inoculation also reduced Ci in tailings compared to tailings control, while it
was increased with 654. At 40 days, soil nitrate and soil 569 and 638 showed reduced Ci levels
compared to soil control, which, along with 654 inoculation, showed higher Ci than tailings.
Compared to the soil control, at 60 days, soil nitrate and soil 569 reduced Ci, and all treatments

reduced Ci in tailings compared to tailings control. Among the data, there was a reduction of
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Ci in tailings control, soil 638 (40 days), soil and tailings nitrate, tailings 569 and 654 (40 and

60 days), and soil 569 (60 days). Ci of soil 654 increased only after 40 d.

At 20 days, soil 569 showed increased £ (Table 3) in comparison to soil control and tailings

569, and tailings 654 in comparison to soil 654. At 60 days, tailings 569 and 638 showed

reduced £ compared to tailings control, and nitrate application increased £ in tailings compared

to soil nitrate. Among the data collections, £ was decreased in tailings control and tailings

nitrate (40 days), as well as soil nitrate, soil 569, and tailings 638 (40 and 60 days).

Table 3. Net photosynthetic rate — 4 (mmol CO2 m? s1), stomatal conductance — gs (mol H20

m2 s, intercellular carbon concentration — Ci (umol m s™1), and transpiration rate — £ (mmol

H20 m? st) of Hymenaea courbaril grown in soil and iron mine tailings, in the Control and

with the addition of NHsNOs (Nitrate), UNIFENAS100-569 (569), UNIFENAS100-638 (638),

and UNIFENAS100-654 (654), assessed at 20-day intervals.

Days 20 40

Substrate Soil Tailings Soil Tailings Soil Tailings

Inoculum A (umol CO2 m?st)

Control ~ 2.255 Ab 2.272 Aa 1.540 Aa 0.964 Ab| 1.398 Aa 1.837 Ab

Nitrate 3.066 Ab 2.578 Aa 1.509 Aa] 0.920 Ab] 1.440 Aa] 2.588 Ba

569 3.993 Aa 0.862 Bb 1.690 Aa| 0.657 Bb 1.839 Aa| 1.555 Ab

638 2.536 Ab 2.024 Aa 2.255 Aa 1.697 Aa 2.388 Aa 1.831 Ab

654 2.871 Ab 0.841 Bb| 1.537 Aa] 1.602 Aa] 1.841 Aa] 2.508 Aa
gs (mol H20 m2 s?)

Control  0.016 Ab 0.012 Aa] 0.012 Aa 0.005 Aa]| 0.010Ba 0.024 Aa

Nitrate ~ 0.022Ab  0.014Aa  0.009 Aa| 0.004 Aa]  0.007 Aa]  0.017 Aa

569 0.037Aa  0.007Ba  0.010Aa] 0.004 Aa]  0.009 Aa]  0.003 Ab|

638 0.018 Ab 0.016 Aa 0.012 Aa 0.009 Aa| 0.015 Aa 0.009 Ab|

654 0.018 Ab 0.010 Aa 0.013 Aa 0.008 Aa 0.011 Aa 0.013 Aa

Ci (umol m?s?)
Control  145.027 Aa 137.101 Ab 134.010 Aa 64.728 Ba| 164.609 Aa 158.551 Aa
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Nitrate 147.829 Aa 151.791 Ab 97.921 Ab| 115.387 Aa] 67.883 Ab| 92.040 Ab|
569 157.110 Aa 129.446 Ab 114.078 Ab 71.841 Aa| 66.355 Ab| 78.109 Ab|
638 115953 Ab 71.083Bc  77.518 Ab| 71.680 Aa 132.974 Aa 104.739 Ab
654 85.209 Bb| 192.707 Aa 172.067 Aa 68.828 Ba] 118.301 Aa] 86.037 Ab|
E (mmol H20 m?s?)

Control  0.339 Ab 0.256 Aa 0.238 Aa 0.103 Aa] 0.251 Aa 0.381 Aa
Nitrate 0.475 Ab 0.313 Aa 0.195 Aa] 0.087 Aa] 0.175Ba| 0.406 Aa
569 0.825 Aa 0.169 Ba 0.208 Aa] 0.073 Aa 0.227 Aa] 0.086 Ab
638 0.415 Ab 0.376 Aa 0.266 Aa 0.192 Aa] 0.366 Aa 0.226 Ab|
654 0.419 Ab 0.228 Ba 0.270 Aa 0.134 Aa 0.273 Aa 0.320 Aa

Means followed by uppercase letters indicate differences among substrates with the same
inoculation for the same time of data collection according to the Scott Knott test (p<0.05).
Lowercase letters indicate different means between inoculation treatments with the same
substrate for the same time of data collection according to the Scott Knott test (p<0.05). For
comparisons between the times of data collection, arrows indicate increases (1) or decreases (|)
of a given inoculation treatment with the same substrate by the Scott Knott test (p<0.05).

Y1) (Table 4) was reduced in plants grown in tailings after 40 d. At 60 days, inoculation
with 638 and 654 in soil reduced Y(II) in comparison to soil control. Compared to tailings
control, nitrate and 638 addition reduced Y(7I) to lower levels than in soil. Among the data
collections, Y(1I) was reduced in tailings nitrate (40 days), and further reduced thereafter, with
tailings 638 and soil 654 showing reductions at 60 days.

Tailings inoculated with 638 showed a reduction in NPQ at 20 days, while an increase was
observed in tailings inoculated with 638 and 654 at 40 days in comparison to those under soil
and the tailings control (Table 4). Nitrate decreased NPQ in tailings compared to soil nitrate
(40 and 60 days). Inoculation with 654 increased NPQ in tailings compared to tailings control
and 654 in soil (60 days). The tailings control, tailings and soil nitrate, tailings 569, and tailings
638 and 654, showed reductions in NPQ (40 and 60 days), along with soil 569 and tailings 638
(60 days).

At 40 days, soil 638 showed increased Y(NO) (Table 4) compared to soil control and tailings

638. In addition, Y(NO) was lower in soil nitrate than in tailings nitrate, and the opposite was
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observed for 654 inoculation, which was lower in tailings. At 60 days, bacterial inoculations
increased Y(NO) in soil compared to soil control, but there was a reduction in tailings 654
compared to tailings control and soil 654. Treatments with control and nitrate showed higher
degrees of Y(NO) in tailings. Over time, soil control, soil 638 (40 days), tailings control, tailings
nitrate, soil 654 (40 and 60 days), and soil 569 and tailings 638 (60 days) had increased Y(NO)
levels.

Y(NPQ) (Table 4) was higher in tailings 638 than in tailings control and soil 638 (40 days).
At 60 days, soil showed a higher Y(NPQ). Over time, Y(NPQ) was reduced in tailings control,
tailings nitrate, soil 638 (40 and 60 days), 569, and 638 (60 days), tailing nitrate (40 and 60
days), soil 569, and tailings 638 (60 days). Fv/Fm showed no significant differences between

substrates or treatments (Fig S2).

Table 4. Y(1l), the effective quantum yield of PSII; NPQ, non-photochemical quenching;
Y(NO), the quantum yield of non-regulated nonphotochemical energy dissipation in PSII; and
Y(NPQ), the quantum yield of light-regulated nonphotochemical energy dissipation in PSII, of
Hymenaea courbaril grown in soil and iron mine tailings, in the Control and with the addition
of NH4NO; (Nitrate), UNIFENAS100-569 (569), UNIFENAS100-638 (638), and

UNIFENASI100-654 (654), assessed at 20-day intervals.

Days 20 40 60

Substrate Soil Tailings Sail Tailings Sail Tailings
Inoculum Y(I1)

Control 0.708 Aa 0.643 Aa 0.720 Aa 0.618 Ba 0.713 Aa 0.650 Aa
Nitrate 0.715 Aa 0.708 Aa 0.748 Aa 0.625 Ba| 0.693 Aa 0.515Bb] |
569 0.718 Aa 0.703 Aa 0.745 Aa 0.650 Ba 0.675 Aa 0.638 Aa
638 0.698 Aa 0.650 Aa 0.698 Aa 0.610 Ba 0.623 Ab 0.448 Bb|

654 0.688 Aa 0.625 Aa 0.710 Aa 0.655 Aa 0.578 Ab] 0.615 Aa
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NPQ
Control 0928Aa  1155Aa  0538Aa 0448 Ab|  0.755Aa 0.440 Ab)|
Nitrate  1.095Aa  0.900Aa  0.768Aa]  0.400Bb,  0.728 Aa 0.303 Bb}
569 0988Aa  0.868Aa  0675Aa  0423Ab]  0.293 Aaj 0.290 Ab|
638 1233Aa  0.865Ba 0.295Ba]  1.098 Aa 0.508 Aa 0.463 Ab|
654 1.043Aa  0985Aa  0518Ba] 1.228Aa 0.598 Ba| 1.205 Aa

Y(NO)
Control 0360 Aa] 0416 Aa] 0567 Ab  0.689 Aa 0.447Bb]  0.697 Aa
Nitrate 0406 Aa  0.445Aa] 0.434Bb  0.662 Aa 0.465 Bb 0.754 Aa
569 0432 Aa] 0433 Aa] 0.512Ab] 0.549Aa] 0717 Aa 0.734 Aa
638 0.367 Aa]| 0.426Aa] 0.752Aa 0.414Bb]  0.618Aal 0674 Aa
654 0413 Aa] 0426Aa 0590 Ab  0.397 Bb 0.681 Aa 0.407 Bb
Y(NPQ)

Control 0.327Aa  0457Aa  0249Aa  0324Ab]  0.359 Aa 0.228 Ba|
Nitrate  0.402Aa  0401Aa  0319Aa  0237Ab,  0.353Aa 0.178 Ba]
569 0424Aa  0366Aa  0323Aa  0.256 Ab 0.204 Aa) 0.197 Ba
638 0454Aa  0458Aa  0218Ba|  0.434 Aa 0.308 Aa) 0.238 Ba|
654 0.429Aa  0445Aa  0267Aa  0.457 Ab 0.273 Aa 0.476 Ba

Means followed by uppercase letters indicate differences among substrates with the same
inoculation for the same time of data collection according to the Scott Knott test (p<0.05).
Lowercase letters indicate different means between inoculation treatments with the same
substrate for the same time of data collection according to the Scott Knott test (p<0.05). For
comparisons between the times of data collection, arrows indicate increases (1) or decreases ()
of a given inoculation treatment with the same substrate by the Scott Knott test (p<0.05).

The relative chlorophyll content did not change significantly over the assessed time, and the

media of all data collections are shown in Fig. 3. The SPAD index was higher in plants grown

in soil, particularly in the control and with inoculation of strains 569 and 638. The lowest

registered SPAD indexes were in tailings, with the addition of nitrate, 638, and 654.



132

70
EXx3
gk
65 |
kkk
60+ *
Kk

x 55 [ ek
)
B0t
9: 45
o
/2]

40 ¢

35

30t

2 ] ] D o 2 ] G

e e \t‘,% .\!qg-.P‘ & .\@x LS 8 !(;o”‘ _
‘\,‘GO \\,“\ & o o & %x\‘ \o‘f _\ocf" \oc? — Median
& & & & & F S B 25%-75%
< & & A >
£ AP T Min-Max

Figure 3. Relative chlorophyll content (SPAD index) of Hymenaea courbaril plants grown in
soil and iron mine tailings, in the Control and with the addition of NH4NO3 (Nitrate),
UNIFENAS100-569 (569), UNIFENAS100-638 (638), and UNIFENAS100-654 (654). The
lower boundary of the box indicates the 25th percentile, the upper boundary denotes the 75th
percentile, and a black line within the box marks the median. Whiskers above and below the
box indicate the minimum and maximum values. P values (*<0.05; **<0.01; ***<(0.001) were
determined by the Kruskal-Wallis test followed by a Dunn's post hoc test. The results of the
Kruskal-Wallis tests are indicated above the graph and the results of Dunn's post hoc test are

indicated directly above the boxes.

Leaf area and gP did not change significantly over the assessed time, and the media of all
data collections are shown for each (Fig. 4A, B). Photochemical quenching (Fig. 4A) was
reduced in plants in tailings control and tailings nitrate compared, respectively, to soil control
and nitrate, with a lesser difference in tailings nitrate. Bacterial inoculation led to a reduction
in gP in soil but an increase in tailings. The addition of nitrate and 654 to the tailings led to a
reduction in leaf area (Fig. 4B), while inoculation with strain 569 in soil and tailings, and 638

in tailings, increased the leaf area.
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There was no difference among treatments in the content of total soluble sugars in roots (Fig.
4C), which presented lower values than leaves. The inoculation with 638 in soil was similar to
soil control, presenting a higher content of total soluble sugars than the others, but it did not
affect the plants under tailings. In comparison to leaves, the total soluble sugar values were
higher in plants under tailings. Roots had lower reducing sugar content (Fig. 4D) than leaves.
Inoculation with 569 and 638 increased reducing sugars in the roots of tailings and soil. The
treatments did not influence the reducing sugar content in leaves, but it was higher in plants

under tailings.
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Figure 4. Photochemical quenching, leaf area (cm?), total soluble sugar content (umol g DM),
and reducing sugar content (umol g DM) of leaves and roots of Hymenaea courbaril plants
grown in soil and iron mine tailings, in the Control and with the addition of NH4NOs3 (Nitrate),
UNIFENAS100-569 (569), UNIFENAS100-638 (638), and UNIFENAS100-654 (564). For
column graphs, means + mean standard error followed by uppercase and lower-case letters

represent differences, respectively, among substrates in the same inoculation condition, and
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among inoculations in the same substrate, by the Scott Knott test (p<0.05). For line graphs,
asterisks represent differences among *inoculations, **substrates, and ***plant organs by the

Scott Knott test (p<0.05).

Only plants with the addition of nitrate showed differences in the total length of roots (Fig.
5A) among the substrates, with tailings showing lower values. Compared to soil control, nitrate,
569, and 638 increased root length. In the tailings, 569 and 638 increased root length compared
to tailings control. The root surface area (Fig. 5B) of H. courbaril under tailings was lower in
nitrate and 569, but higher in 638. Only nitrate increased the surface area compared to soil
control and 638 compared to the tailings control.

Inoculations of 569 and 638 reduced the diameter of roots (Fig. 5C) under tailings. Treatments
showed no significant differences within soil or tailings for this parameter. As for the volume
of roots (Fig. 5D), tailings nitrate showed lower values than soil nitrate, and tailings 638 was

higher than soil 638. In soil, only nitrate increased the volume, and in tailings, only 638.
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Figure 5. Total root length (cm), surface area (cm?), average diameter (mm), and total volume
(cm?) of Hymenaea courbaril plants grown in soil and iron mine tailings, in the Control and

with the addition of NHsNO3 (Nitrate), UNIFENAS100-569 (569), UNIFENAS100-638 (638),
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and UNIFENAS100-654 (654). Means = mean standard error followed by uppercase and lower-
case letters represent differences, respectively, among substrates in the same inoculation

condition, and among inoculations in the same substrate, by the Scott Knott test (p<0.05).

RTD (Fig. S3) was not affected by the tailings, showing a reduction only in plants under soil
654 compared to those in tailings. The addition of nitrate, 638, and 654 reduced the RTD
compared to soil control, while 638 and 654 also reduced SLR (Fig. S3B) in tailings compared
to those in soil. However, soil 638 and 654 had increased SLR. The root fineness was not
affected by the substrates or by inoculation treatments in tailings. In soil, however, 638
increased root fineness compared to the other treatments (Fig. S3C).

Very fine roots showed greater surface area and volume (Table S4) in soil nitrate, 638, and
569 when compared to soil control, which presented a lower surface area in comparison to
tailings control. Tailings nitrate had reduced surface area and volume in comparison to soil
nitrate, 569 reduced the volume in comparison with soil and tailings control, and 654 also
showed a reduction in comparison to the control. Nitrate and 569 showed increased length and
surface area of fine roots in soil but decreased values in tailings. The surface area with tailings
569 was smaller than that of soil 569 and tailings control, while 638 presented an increased
surface area with tailings. Soil nitrate also increased the length of thick roots. The length of
these roots in 638 soil was lower than that of 638 tailings. Nitrate and 569 increased the surface
area of thick roots in the soil, and 638 increased it in tailings, compared to their substrate
control. The S.A. of thick roots was higher in soil nitrate and tailings 638. The volume decreased
in soil 638, 654, and tailings nitrate. The volume was higher in soil nitrate and tailings 638 and
654.

At the end of the experiment, the analysis of composite substrate samples for each treatment
(table 5) showed improvement in their chemical attributes in general, especially in soil, with an

increase in Mg, SB, CEC, and V%; while in tailings, there was a decrease in H Al, followed by
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an increase in Rem-P, SB, CEC, and V%. Inoculation with 638 proved to be highly beneficial, as it positively influenced all parameters analyzed

in soil and tailings, with the exception of Rem-P in soil. In tailings, the addition of nitrate positively influenced all analyzed parameters, while

strains 569 and 654 showed only minor changes in this substrate.

Table 5. Chemical analysis of soil, iron mine tailings, and respective inoculation treatments used for cultivating Hymenaea courbaril after 60 days.

Substrate Treatment Organic C P K Ca Mg REM-P SB CEC \4 H* Al
dag/kg mg/dm?> cmolc/dm®  mg/dm? cmol/dm? % %

Control 1.18 1.7 81.0 274 146 28.4 441 581 75.89 24.11

Nitrate 1.00 30,0  62.0 247 1.51 19.3 4.14 584 70.88 29.12

Soil 569 1.33 2.8 84.0 3.04 1.57 26.8 482 642 7510 2490

638 1.59 83 125.0 424 228 16.7 6.84 824 83.01 16.99

654 1.57 6.5 97.0 326 193 19.2 544 684 79.53 2047

Control 0.33 7.4 78.0 224 0.08 12.4 252 322 7826 21.74

Nitrate 0.52 86 103.0 347 1.06 15.3 479 549 8729 12.74

Tailings 569 0.26 7.1 75.0 1.94  0.07 17.1 220 290 75.88 24.12

638 0.66 78.0 133.0 3.07 0.95 14.9 436 5.16 84.50 15.50

654 0.36 9.6 85.0 231 0.13 16.8 266 336 79.15 20.85

P, phosphorus; ; K, potassium; Ca, calcium; Mg, magnesium; REM-P, remaining phosphorus; SB, sum of exchangeable bases; CEC, effective
cation exchange capacity; V, CEC base saturation at pH 7.0; H"Al, potential acidity
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The bacteria studied here were identified as Burkholderia (569) and Pseudomonas (638 and 654) (Table 6). Physiological characterization (Tables

6, S1) revealed that these bacteria are able to grow under different pH levels and Mn and Fe concentrations, except for strain 638 with Fe (150 mg

L1). Strain 638 showed higher IAA production in both the presence and absence of tryptophan. The highest K solubilization was found in 569 and

638, whereas 638 and 654 solubilized higher amounts of P. All three strains produced lipase only (Table S5).

Table 6. Identification (MALDI-TOF and PCR), K and P solubilization (mg L), IAA production (ug mL™'), and growth in different Fe

concentrations (mg L) of diazotrophic bacteria isolated from Fe mining tailings under in vitro conditions.

Bacterial strain

Nutrient Solubilization IAA production

Bacterial growth

(ng mL?) Fe (mg L™)

Origin MALDI-TOF PCR
569 JMV  Burkholderia Burkholderia
638 FAM Pseudomonas Pseudomonas

654 NFb  Pseudomonas Pseudomonas

Tryptophan O Tryptophan 0 50 150 300 600
97.642 Ba 45.264 Bb +++ +++ +++ -+
176.635 Aa  100.409 Ab  +++ +++ -  +++ ++
119.907 Ba 47956 Bb  +++ +++ +++ +++ ++4+

Means followed by letters for bacterial strains differ by the Scott Knott's test at a 5% probability. Growth under Fe +++: high, ++: moderate, +:
y y p y g

low, -: no growth.
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The generated correlation matrices (Fig. S4 and S5) indicated a low proportion of highly
correlated data (r>0.7, p<0.05), but significant positive and negative correlations were still
present. There was a positive and significant correlation (r>0.7, p<0.05) between the N content
in roots and the P content in stalks, as well as between root dry matter, diameter and volume,
and between DTR and the content of Mn in leaves. Negative correlations were observed
between the P and K contents in stalks, and the volume of thick roots.

The two main components explored (Fig. S6) explained 99% of the data variation. The PCA
showed the distinct characteristics of the covariation of the H. courbaril data under soil and Fe
mine tailings, and soil treatments were highly related to component 2. The data expressed by

the plants under tailings presented a more generalized covariation.

DISCUSSION

The tailings from iron mining used in this study presented low fertility, high density, low
porosity (high amounts of sand and silt), and compaction (Table 1). Compared to other studies
on tailings from the same dam, the data presented here showed higher pH, less clay, and higher
V% (Cruz et al., 2020). The V%, sand content, and pH did not favor the availability of Fe?",
Fe**, Mn?', Mg?*, SO4*, although Fe and Mn were highly prevalent in tailings and they likely
did not influence plant absorption. The physical barrier imposed by the tailings has previously
been described (Andrade et al., 2018; Esteves et al., 2020a; Zago et al., 2019). These
characteristics and the content or availability of macro-and micronutrients can have deleterious
implications for plants (Liithje et al., 2018).

Substrate compaction and nutritional deficiency reduce plant growth (Ferree and Streeter,
2004; Louzeiro et al., 2018; Morales, Fermin; Pavlovic, Andrej; Abadia, Anunciacion; Abadia,
2018; Picchio et al., 2019; Zocchi et al., 2007). Furthermore, tolerant species can overcome

stress and show improved growth under stress (Picchio et al., 2019). Dry matter is a strong
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indicator of stress tolerance (Steinberg et al., 1990), including to mine tailings (Andrade et al.,
2018; Cruz et al., 2020; Esteves et al., 2020a, 2020b; Zago et al., 2019). Plant species that are
more tolerant to the physical limitations of the substrate do not show a reduction in dry matter
(Grzesiak et al., 2015; Mleczek et al., 2017).

Although H. courbaril showed a greater covariation in the tailings (Fig. S3), it was
characterized as a tolerant species, since its growth was not reduced in tailings when compared
to soil control. There was high soil exploration per carbon unit, by the maintenance of SRL,
RTD, and RF, and growth with lower metabolic cost (Kramer-Walter et al., 2016). RTD values
indicate that this species does not invest in root lignification and suberization (Kramer-Walter
et al., 2016).

Some nutrients had greater impacts on CO> assimilation and photoprotective responses than
others. For example, K is essential for plants activities such as enzyme activation, ATP
production, and stomata opening and closing, thereby aiding in the regulation and process of
photosynthesis. It can increase root growth (as identified in the inoculation with 569) and
improve sugar translocation, biochemical reactions, water use efficiency (inoculation with 654),
Rubisco activity, and N and C metabolism (Jin et al., 2011; Weng et al., 2007). Zn is a cofactor
for several enzymes. It is essential for plant growth and chlorophyll biosynthesis, beneficial for
the photosynthetic apparatus, and acts as a stimulant of antioxidant activity (Kosesakal et al.,
2009; Misra et al., 2005; Samreen et al., 2017).

In the present study, macro- and micronutrient results did not indicate nutritional deficiencies
in plants under tailings, but an excess of Fe and Mn, and potentially Cu, P, and N was revealed.
Furthermore, the N/S ratio was positively influenced by the tailings. The addition of nitrate and
bacteria tended to increase Fe and Mn absorption, but also increased leaf Zn. However, no
physical symptoms were observed. The ideal values of N/P and N/S (10 to 12; 20 to 30,

respectively) indicate good soil fertility (Marschner, 1995).
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Substrates with a compaction profile can reduce the bioavailability of oxygen and water,
leading to reduced gas exchange and pigment content in sensitive species (BHATTARAI et al.,
2004; Calvo Polanco et al., 2008; Campostrini and Yamanishi, 2001; Ferree and Streeter, 2004;
Saradadevi et al., 2016; Zando Junior et al., 2010). Stomatal limitations usually occur (Ferree
and Streeter, 2004) and non-stomatic limitations are possible (Bhattarai et al., 2004), such those
on mesophyll conductance, carboxylation reactions, the Calvin cycle, and carbohydrate
metabolism and transport (Morales et al., 2018). Mn, for example, is associated with the
breakdown of water and the evolution of O, in addition to the formation of chloroplasts, which
can affect 4 and the relative content of chlorophyll (Zando Junior et al., 2010).

Deficiency in some micronutrients can damage PSII (Hsieh et al., 2013; Schmidt et al., 2016,
2015), indicating the importance of plant nutrition and the bioavailability of elements in the
soil. Furthermore, plant species susceptible to stresses such as compaction and micronutrient
imbalance show a reduction in Fv/Fm, Y(II), and gP, and an increase in NPQ (Grzesiak, 2009;
Mallick and Mohn, 2003; Philip and Azlin, 2005; Wu et al., 2018). The increase in NPQ
indicates a protection mechanism of the plant against deleterious effects caused by
photoinhibition (Ruban, 2016) indicated by Fv/Fm values lower than 0.7 (Bjorkman and
Demmig-Adams, 1995).

NPQ is essential for protecting PSII from environmental stress. If excess energy is not safely
dissipated through NPQ (thus higher Y(NO)), many damaging triplet state chlorophylls and
reactive oxygen species (ROS) may be generated (Laisk et al., 1997; Samson et al., 2019). ROS
not only directly cause oxidative damage to PSII, but also inhibit its repair, leading to PSI
photoinhibition and decreased CO; assimilation (Sejima et al., 2014; Tikkanen and Grebe,
2018; Tsuyama and Kobayashi, 2009). Y(NO) refers to the energy lost during its migration from
the antenna to the PSII reaction center, and its value is increased in a closed or damaged PSII

(Samson et al., 2019).
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Despite the risk of PSII impairment, as observed by the decrease in NPQ, Y(NPQ), gP, and
increase in Y(NO), H. courbaril showed non-photoinhibition, through Fv/Fm and Y(II).
However, even with excessive concentrations of Fe and Mn in the roots, the plants did not
present visual symptoms or growth alterations in general, corroborated by dry matter and S:R.
In addition, plants presented greater height, N/S, and leaf Zn, which would enhance
photosynthesis reactions. However, excess nutrients may have increased the production of
reactive oxygen species, and in addition to the low photoprotective capacity (NPQ), there was
a decrease in CO» assimilation.

The application of nitrate to the tailings did not enhance PSII photoprotection and instead
produced a reduction in Y(II), despite the maintenance of Fv/Fm. However, photosynthesis
improved, as did the number of leaves and Zn content in the leaves. The improvement shown
appears to be associated with the increase in Zn content as opposed to increased available N, as
first assumed. Zn may have contributed to improved chlorophyll biosynthesis, leading to greater
assimilation of CO; and stimulation of antioxidant activity and growth.

Native diazotrophic bacteria previously isolated from the mine tailings of the Funddao dam
and used for inoculation in soil and mine tailings containing H. courbaril seedlings showed
potential as plant growth-promoting bacteria, given their capacity for IAA production, K
solubilization, and growth under adverse conditions (Fe, Mn, and pH).

Emphasis is given to strain 638, which concomitantly led to greater K solubilization, IAA
production, and growth promotion of shoots and roots of H. courbaril. This strain increased the
growth of seedlings in soil and under the mine tailings, for all morphologic parameters
evaluated. This indicates that the Fe concentrations in the tailings were not sufficient to inhibit
their activity, even though the bacteria were susceptible to their concentrations in vitro.

Strain 638 also promoted greater accumulation of dry matter in plants under tailings

compared to plants under tailings control, producing greater plant height, leaf number, leaf area,
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and stem diameter. The improved root growth appeared to be the main factor involved, with
increased root surface area, root length, fine root surface, volume, and thick root surface. In
general, strain 638 allowed greater substrate exploitation by the plants.

Furthermore, with the inoculation of 638 in tailings, photosynthesis remained relatively
unchanged in relation to tailings control, concomitantly with the reduction of gs, E, and Ci.
Therefore, there were increases in the intrinsic efficiencies of carboxylation and water use.
Plants inoculated with 638 exhibited the highest photochemical quenching.

This is supported by the results of substrate analysis. Strain 638 led to an improvement in all
analyzed characteristics of the tailings. Therefore, in addition to the possible direct influence of
638 on plant growth, verified by its higher production of IAA, this strain strongly contributed
to the substrate environment, making it more favorable for root development and nutrient
uptake by the plant.

Strain 569 also showed potential for K solubilization but lower IAA production, although it
was tolerant to Fe and Mn concentrations and the different pH levels imposed, and contributed
somewhat to plant growth. Strain 654 showed lower potential as a PGPB, given the lower K
solubilization and IAA production, despite its tolerance to Fe, Mn, and pH. Its contribution to
the growth of H. courbaril was the lowest of all studied.

Inoculation with diazotrophic bacteria was effective for the plant overall, and all three
bacteria increased photosynthesis in the tailings. Each of the bacterial strains appeared to
improve plant performance differently. In summary, 569 plants raised gP, demonstrating
efficiency in the biochemical phase of photosynthesis, investing in shoot growth (S:R, Zn) and
root growth; 638 led to the highest improvement in plant growth, both in terms of shoots and
roots; and 654 led to PSII photoprotection, showing a higher photosynthetic rate and

biochemical phase efficiency.
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The increase in potassium content in leaves of plants inoculated with 569 and 638 may have
aided stomatal activity, carbon assimilation rate (related to greater CO> diffusion and/or
Rubisco activation), transpiration maintenance, and root growth (569 exclusively). In contrast,
K reduction in leaves of plants inoculated with 654 showed lower water use efficiency
(increased E paired with no change in gs). The increase in Zn in leaves of 569 and 654 appears
to be related to improved CO: fixation and antioxidant activity, thus contributing to the
photoprotection exhibited by 654.

H. courbaril proved to be tolerant and a potential species for afforestation in regions degraded
by iron mine tailings. Diazotrophic bacteria 638 showed strong potential as a PGPB. Inoculation
with bacteria led to different positive responses in plant growth and integrity of the
photosynthetic apparatus; therefore, it is a powerful tool to for the recovery of areas degraded
by iron mine tailings. Our results agree with our hypothesis that diazotrophic bacteria enhance
H. courbaril growth on tailings. Further studies are necessary in field conditions and with a

larger experimental period to more thoroughly understand H. courbaril tolerance.
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SUPPLEMENTARY DATA
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Figure S1. Radiation quality in the experimental environment during data collections.

Table S1. Fe (mg kg™), Mn (mg kg?), Zn (mg kg?), and N (g kg!) content in stalks of
Hymenaea courbaril grown in soil and iron mine tailings, in the Control and with the addition
of NHsNO; (Nitrate), UNIFENAS100-569 (569), UNIFENAS100-638 (638), and

UNIFENAS100-654 (654).

Stalk
Substrate  Soil Tailings  Soil  Tailings Soil  Tailings Soil Tailings
Fe (mg kg™) Mn (mg kg™) Zn (mg kg) N (g kg)

Control 259.39  367.28 13.22 31.69 10.88 12.26 11.08 Aa  9.650 Aa
Nitrate 19751  803.82 25.26 26.19 12.01 10.61 12.58 Aa  10.780 Aa

569 278.60  328.65 64.08 35.50 9.96 11.71 12.44 Aa  8.810Bb
638 172.88  146.75 12.70 33.21 9.07 10.81 11.01 Aa 8.360 Bb
654 37476 491.40 13.21 31.56 11.67 12.43 12.01 Aa 7.430Bb

Means followed by uppercase and lower-case letters represent differences among substrates
under the same inoculation conditions, and among inoculations in the same substrate,
respectively by the Scott Knott test (p<0.05).
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Table S2. P (g kg?), K (g kg?) and S (g kg™?), content in leaves, stalks, and roots of Hymenaea
courbaril grown in soil and iron mine tailings, in the Control and with the addition of NH4NO3

(Nitrate), UNIFENAS100-569 (569), UNIFENAS100-638 (638), and UNIFENAS100-654

(654).
Part Leaf Stalk Root
Substrate Soil Tailings Soil Tailings Soil Tailings
Inoculum P (g kg?)
Control  4.497 2.293 7.480 6.700 2.200 2.193
Nitrate 4.327 4.505 7.997 10.367 1.787 2.850
569 5.033 3.983 7.473 7.167 1.410 2.383
638 4.553 3.530 7.827 4.613 1.980 2.757
654 4.363 5.207 8.850 6.970 1.740 1.860
K (gkg™)
Control 10.63Aa 11.18Aa 7.96Ab 9.35Aa 5.483 a 5.897 a
Nitrate 1157 Aa 1429 Aa 10.17 Aa 10.19 Aa 7.020 a 5.185a
569 12.12 Aa 1266 Aa 8.46Ab  8.32Aa 5.323 a 5.553 a
638 1211 Aa 1381 Aa 9.65Aa 7.80Aa 5.033 b 4.627 b
654 11.46 Aa 7.69 Bb 10.08 Aa  8.06 Ba 4.713 b 4.150 b
S (g kg™)

Control 1547 Aa 1227Aa 0593B 0.727 A 0.877 Aa 0.853 Ab
Nitrate 1.123Ba 1.800Aa 0.623B 1.033A 0.757 Ba 1.415 Aa

569 1.267Ba 1990Aa 0.680B 0.793 A 0.867 Aa 1.070 Ab
638 1557 Aa  1633Aa 0447B 0.780A 0.697 Ba 1.347 Aa
654 1580 Aa 1483Aa 0.857B 0.897A 0.823 Ba 1.277 Aa

Means followed by uppercase and lower-case letters represent differences among substrates
under the same inoculation conditions, and among inoculations in the same substrate,
respectively by the Scott Knott test (p<0.05).
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Table S3. Limits of quantification of the macro- and micronutrients.

Nutrients  Unity L.Q.

N gkg! 0.22
P gkg! 0.11
K gkg! 0.32
Ca gkg! 0.22
Mg gkg'! 0.11
gkg'! 0.11

B mg kg’! -
Cu mg kg! 2.03
Fe mgkg!  3.79

Mn mgkg!  4.02

Zn mgkg!  4.13
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Figure S2. The maximum quantum yield of PSII of Hymenaea courbaril plants grown in soil

and Fe mine tailings, with and without the addition of NH4NO3, UNIFENAS100-569,
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UNIFENAS100-638, and UNIFENAS100-654. The boundary of the box closest to zero
indicates the 25th percentile, a black line within the box marks the median, and the boundary
of the box farthest from zero indicates the 75th percentile. Whiskers above and below the box
indicate the minimum and maximum values. P values (*<0.05; **<0.01; ***<0.001) were
determined by the Kruskal-Wallis test followed by a Dunn's post hoc test. The results of the
Kruskal-Wallis tests are indicated above the graph and the results of Dunn's post hoc test are

indicated directly above the boxes.
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Figure S3. Root tissue density (g cm™), specific length (cm?), and fineness (cm cm™) of
Hymenaea courbaril plants grown in soil (dark grey) and iron mine tailings (light grey), in the
Control and with the addition of NH4NOs (Nitrate), UNIFENAS100-569 (569),

UNIFENASI100-638 (638), and UNIFENAS100-654 (654). Means = mean standard error
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followed by uppercase and lower-case letters represent differences, respectively, among
substrates in the same inoculation condition, and among inoculations in the same substrate, by

the Scott Knott test (p<0.05).

Table S4. Length (cm), surface area (cm?), and volume (cm?®) by root diameter class (Very thin:
<0.5 mm, Thin: > 0.5 and <2.0 mm, and Thick: >2.0 mm) of Hymenaea courbaril plants grown
in soil and iron mine tailings, in the Control and with the addition of NH4NO3 (Nitrate),

UNIFENAS100-569 (569), UNIFENAS100-638 (638), and UNIFENAS100-654 (654).

Roots: Length (cm) Surface Area (cm?) Volume (cm3)
Classification Soil Tailings Soil Tailings Soil  Tailings
Very thin
Control 345.87 342.57 19.49Bb  18.30 Aa 0.16 Ab 0.15 Aa
Nitrate 323.89 434.79 27.21 Aa 16.45Ba 0.22 Aa 0.14 Ba
569 289.45 319.78 2448 Aa  26.47 Aa 0.20 Aa 0.15Bb
638 319.08 255.77 27.19 Aa 21.84 Aa 0.23 Aa 0.18 Aa
654 324.40 287.67 1529 Ab  14.53 Aa 0.13Ab 0.09 Ab
Thin
Control 233.29 Ab 217.23 Aa 84.95Ab 76.91 Ab 1.70 1.47
Nitrate 295.99 Aa 177.09Bb 110.01 Aa 98.06 Bb 2.16 1.26
569 225.14 Ab 198.46 Ab 86.52 Ab 73.64 Bc 1.60 1.08
638 236.91 Ab 301.16 Aa 91.37 Ab 110.82Aa 1.62 1.67
654 217.96 Ab 20457 Aa 7651 Ab 74.35Ab 1.60 1.34
Thick
Control 31.70 Ab 4597Aa 3530Ab 35.30Ab 251 Aa 2.85Aa
Nitrate 44.07 Aa 39.71Ba 48.77 Aa 27.37Bb 291 Aa 1.99Bb
569 34.25 Ab  35.35 Aa 40.35 Aa  40.62 Ab 3.21 Aa 2.64 Aa
638 25.65Bb 53.82 Aa 2951 Bb 63.04 Aa 2.07Bb 5.17 Aa

654 23.01 Ab 4193 Aa 2420Ab 30.37 Ab 143 Bb 2.67 Aa
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Means followed by uppercase and lower-case letters represent differences among substrates
under the same inoculation conditions, and among inoculations in the same substrate,
respectively by the Scott Knott test (p<0.05).

Table S5. Growth in different pH levels and Mn concentrations (mg L' culture media) and
lipase production (enzymatic index) of free-living diazotrophic bacteria isolated from Fe mine

tailings under in vitro conditions.

Bacterial Bacterial growth Lipase
strain pH Mn (mg L) production
7 4 5 6 8 0 50 150 300 600 E. L
569 +++ 4+ A A A 1.642 A
638 +++ 4+ ++ -+t + +++ 2.196 A
654 +++  +++ A+ A+ . . 1.873 A

Means followed by letters for bacterial strains differ by Scott Knott's test at a 5% probability.
Growth +++: high; ++: moderate; +: low; -: no growth.
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Figure S4. Pearson’s correlation matrix of the average of data assessed over time. Hymenaea
courbaril plants were grown in soil and Fe mine tailings, with and without the addition of
NH4NO;3;, UNIFENAS100-569, UNIFENAS100-638, and UNIFENAS100-654. Signaled

circles present significance at 5% probability (P<0.05).
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Figure SS. Pearson’s correlation matrix of the experiment’s end data of Hymenaea courbaril
plants grown in soil and Fe mine tailings, for the Control and with the addition of NH4NO3
(Nitrate), UNIFENAS100-569 (569), UNIFENAS100-638 (638), and UNIFENAS100-654

(654). Signaled circles present significance at 5% probability (P<0.05).
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Figure S6. Principal component analysis of indexed data by covariation matrix of Hymenaea
courbaril plants grown in soil (lighter grey) and iron mine tailings (black), in the Control and

with the addition of NH4NOs (Nitrate), UNIFENAS100-569 (569), UNIFENAS100-638 (638),

and UNIFENAS100-654 (654). Each ellipse represents 95% confidence.



