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RESUMO

O Brasil possui ma meta deestaurar 350 milhdes de hectares até 2030, m@todos e
técnicas que proporcionem melhores beneficios ecossistémicos aliados ao procast® de
eficiénciae, por outo lado, detém em sua economia, atividades que requerem a supressao de
extersas areas, tais como pecudria, agricultura e mineragdo. Considerando os impactos
gerados pela supressdo da vegetacdo e a busca por alternativas eficientes de restauracac
desses ambntesa presente tegevepor objetivo avaliar o potencial de restauraffarestal

na Amazonia brasileira, com enfoque na regido do nordeste paragmeppr métodos de
restauracdo eficientesrealidadeposmineracdoEst4 Tese de Doutorado esté diga em

seis capitulos: (Introducdo Geral, abordando os principais asfEcpresente na Tese; (2),

(3) e (4) Capitulos_de Pesquisaapresentados aqui em forma de publicacdo cientificas,

enviados a revistas internacionais de alto impactoR(&usséo @ral, onde abordamos os
aspectos de conexao entre os capitulos de pesquig; Capitulo de Conclusées No

primeiro capitulo foi abordado a avaliacdo de é&reas prioritarias para a restauracdo do
municipio de Paragominas, no qual foi avaliado o procestoribo de degradacdo em
propriedades rurais e proposto restaurar Areas Pdeservacio Permanentes (APP)
degradadas, bem como a possibilidade de implementacdo de corredores ecolbgicos, e assim
fomentar alternativas de retorno da biodiversidade. Nessaloaentificamos3.472,96

km2 de propriedades rurais com APPs degradada@sdevem ser recuperadas. No segundo
capitulo, foi estudado o processo de sucessao florestal de uma area minerada por caulim
pertencente a empresa Imerys, no municipio Ipixunaactaizada pela grande
desestruturacdo topogréafica, no qual se buscouaavalieficiéncia de um método de
restauracaainda pouco difundido, com abertura de trincheiras, para avadagé@mposicao
floristica deseisespécies florestais e estoque de mtrairaapdés 18 meses de implantacéo.

Os resultados demonstrados sdo psgores, onde abertura de trincheiras com adicéo de
adubacao orgéanica somada de adubacdo quimica nas copasifi|®o no desenvolvimento

dos individuos plantados, apesar de haveecessidade de se avaliawustoeficiénciapara
demonstrar que a téca pode ser utilizada em &reas extensas de mineracdo. No terceiro
capitulo, para a mesma area em processo de sucessao pés mineracdo de caulim o objetivo foi
avaliar a eficiéncia doatributos quimicos do minesoil, em funcdo de diferentes técnicas de

adubaéo. Os resultados demonstraram que, apesar do pouco tempo, a metodologia aplicada
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favoreceu a solo boas propriedades fisicas e quimicapido crescimento dos individuos
plantadose ambiente favoraved regeneragcdo naturaDessa forma, os resultados idbs

nesses estudos podem ser replicados a outros municipios para propor politicas publicas na
busca pela diminuicdo da degradacdo ambiental, assim como propor alternativapaiaveis

os empreendimentos minerarios que requerem de forma eficiente, aesiauambientes

minerados.

Palavra-Chave: Mineracdo, Sustentabilidade, Restauracdo florestal, Solos, minesoil,

trincheiras.

ABSTRACT

Brazil has a goal of restoring 350 milliondt@res by 2030, with methods and techniques that
provide better ecosystenetefits coupled with the cosfficiency process and, on the other
hand, holds in its economy, activities that require the suppression of extensive areas, such as
livestock, agricuure, and mining.Considering the impacts generated by suppression of
vegeation and the search for efficient alternatives for the restoration of these environments,
the present thesis aimed to evaluate the potential of forest restoration in the Brazilian
Amazon, focusing on the northeast region of Para, and to propose effiegatation
methods to posmining reality.This Doctoral Thesis is divided into six chapters:GEneral
Introduction , covering the main aspects present in the Thesis; (2), (BY4ArResearch
Chapters, presented here in the form of scientific publicas, sent to high impact

international journals; (5General Discussion where we address the aspects of connection

between the research chapters; and @npclusions Chapter In the first chapter, the

evaluation of priority areas for restoration in theamgeipality of Paragominas was addressed,

and the historical process of degradation in rural properties was evaluated and it was proposed
to restore degraded Permanent Preservatieas (PR), as well as the possibility of
implementing ecological corridsy and thus foster alternatives for the return of biodiversity.

In this chapter, we identified 3,472.96 kof rural properties with degraded P&Ahat must

be recovered. In the send chapter, the process of forest succession of an area mined by
kaolin kelonging to the company Imerys, in Ipixuna municipahitas studied, characterized

by the great topographical disruption, in which it sought to evaluate the efficiency of a

restorégion method that is still not very widespread, of trenches, to evaluatdotistic
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composition of six forest species and litter stock after 18 months of implantBtienesults
demonstrated are promising, where the opening of trenches with the radufitmrganic
fertilizer plus chemical fertilizer in the pits was positivethe development of the planted
individuals, although there is a must to evaluate the-affistency to demonstrate that the
technique can be used extensive mining artashe hird chapter, for the same area in
succession process after kaolin minitige objective was to evaluate the efficiency of the
chemical attributes of minesoil, according to different fertilization techniglies. results
showed that, despite the short tintee applied methodology favored the soil with good
physical and chemicaproperties, rapid growth of planted individuals and a favorable
environment for natural regeneratidn.this way, the results obtained in these studies can be
replicated to other omicipalities to propose public policies in the search for the reduction of
environmental degradation, as well as to propose viable alternatives for mining enterprises

that require efficiently, to restore the mined environments.

Keywords: Mining, Sustainhility, Forest restoration, Soils, minesoil, trenches.
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1. CAPITULO I: CONTEXTUALIZACAO
1.1. Desmatamentna Amazonia

O maior remanescente florestal tropical do mundo esta presente na Amazoénia Brasileira
(5,2 milhdes de kmz?;, 61% do territorio gais), representado por nove estados brasileiros
(IBGE, 2015) A regido possui um numero estimado em milhfes deciespéom uma das
maiores reservas de 4gua doce do plafMegY, 2010) Entretanto, todo esse potencial vivo,
esta endo ameacado pela acdo antrOpica, que ao longo dos anos deixou uma Amazonia
bastante alterada, principalmente pela conversao de grandes areas em pastagens e agriculturas
abertura de estradas, incérgle extracdo de madeira e minéBOLAR et al., 2016)

O Brasil possui os maiores indices de desmatamen&missfées entre 0s paises
pertencentes a Amazonia (8%479,9% respectivamente), sendo o estado do Para o que mais
desmata dentro do bioma, considerando o quantitativo de todos os demais paises amazonicos,
ainda liderando o menor percentual de restaurg®§ibTH et al., 2021).

O processo de desmatamento eande escala na Amazonia brasileira iniciou na década
de 1970 pelos incentivos governamentais na tentativa de impulsionar o desenvolvimento
econbmico da regiddREYDON; FERNANDES; TELLES, 2015)De 1985 a 2018, 65
milndes de hectares de florestas e savanas na Amazonia beasdem convertidas em
pastagens e terras agricol@&TABILE et al., 2020) Como consequéncia, vieram VAarios
impactos relacionados as alteragcbes da paisagem, politicas governamentais ineficientes,
mineragao ilegal e incéndios, que resultaram em altas taxatesmatamento e, hoje, a
Amazobnia brasileira conta coaproximadamente 20% a menos de sua floresta orig#al
CRUZ et al., 2020Figura 1).

Figura 1. Desmatamento acumulado na Amazo6nia Brasileira
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Fonte: Elaboragdo propria. Bases de dados do IBGHnstituto Brasileiro de Geografia e Estatistica
(https://mww.ibge.gov.br/geociencias/informaceasbientais/1584biomas.htm), e INPET Instituto Nacional
de Pesquisas Espaciaigtp://www.obt.inpe.br/OBT/assuntos/programas/amazorae4s.

Ao longo dos anos, medidas e acfes foram tomadas para reduzir o desmatamento na
regido Amazonica, dentre elas a criacdo dos sistemas DEGRAD (mapeaanual de areas
de floresta degradada na Amazonia), PRODES (monitoramento por satélite dtadestta
por corte raso na Amazénia Legal) e o DETER (levantamento de alertas de evidéncias de
alteracdo da cobertura florestal na Amazoénia), que formamamjunto de sistemas para
monitoramento e acompanhamento do estado da floresta, criados a paldin@ad®Acao
para Prevengdo e Controle do Desmatamento na Amazonia LdgfaCDAmM, em 2004
(INPE, 2020) Com esse plano, foram obtidossultados favoraveis na reducdo do
desmatamento, por meio politicas de controle e incentivos moo®(LAPOLA et al.,
2014) Entretanto, essa politicas dependem da intervencdo direta do Estado,
consequentemente se manter por longo prazoénama tarefa facil, o que evidencia a
auséncia de governanca nestas &fRRBY DON;, FERNANDES; TELLES, 2019)

Apesar de todas as medidas adotadas ao longo dos anos, tanto paag@gamacionais
como internacionais no combate as diversas irregularidades na Amazénia Brasileira, os
indices de degradacéo e desmatamento vém aumefE®GOBAR, 2019)O compromisso
assumido peldrasil em zerar as taxas de desmatamento na regido parece ser uma tarefa
impossivel de cumprir considerando as atuais politicas do governo figRTa X0, 2019)
gue se refletem no aumento das taxas de desmatamento rebpedsjdo na Amazonia. No
periodo de agosto de 2018 a julho de 2019, houve um aumento de 30% (Fy6asktaxas


https://www.ibge.gov.br/geociencias/informacoes-ambientais/15842-biomas.html
http://www.obt.inpe.br/OBT/assuntos/programas/amazonia/prodes

20

de desmatamento na Amazonia em relacdmesmo periodo do ano anter{@kPE, 2020)
Toda essa alteracdo na paisagaragonsideraveis mudangas nos meios bibticos e abioticos
do ecossistema Amazoni¢AMARAL E SILVA et al., 2020; COPERINO et al., 2019)

Compromissos internacionais, nacionais e regionais para a restauracdo das florestas no
mundo propdem a meta de restaurar 350 milhdebedtares até 203(GUERRA et al.,

2020) Nesse contexto, o Brasil possui uma meta estabelecida pelo Plano Nacional de
Recuperacédo da Vegetacdo Nativa de 12 milhdes de hectares at@viNdB) 2017). Essa

meta foi estabelecida com o objetivo de reduzir em pelo menos 37% adesrde gases do

efeito estufa até 2025. A expectativa € que a reducdo nestas emissdes devey&syerar
bilhdes/ano em beneficios relacionados a protecdo de bacias hidrogréficas, melhoria de
técnicas relacionadas ao manejo de produtos florestais esteqde 1,7 giga toneladas de
diéxido de carbono anualmer(ttROUZEILLES et al., 2019)

No caso do Para, segundo Decreto n2 941/ 2020 que institui o Plano Estadual Amaz6nia
Agora (PEAA), a metaalestado é a reducdo das emissdes brutas de Gases de Efeito Estufa
(GEE) em, no minimo, 37% da média linha de base, corroborando a meta estabelecida para
o Brasil, além da meta de regeneracédo da vegetacdo em 5,65 milhdes de hectares até o ano dt
2030.

1.2.Municipio: do desmatador ao modelo de sustentabilidade

O municipio de Paragominas, no estado do ,Paodsui uma extenséo territorial de
19.342 km? e teve sua ocupacao e desenvolvimento fomentados pela construgédo da rodovia
Belém Brasilia em 1965, que faz parte de um Plano de Integracdo Nacional (PIN) que
objetivava a integracdo da Amazonia com oamst do territdrio nacional, por meio da
abertura de estradd©LIVEIRA et al., 2012) Nesta época, o incentivo dovgono federal
era para que colonos de novos municipios da regido amazénica desmatassem e ocupassen
terras publicas, com a promessa de receber titulos de terras se a terra fosse considerada
produtiva(BRITO, 2019) Um dos incentivos ao desenvolvimento da regido foi a criacdo de
Polos Agropecuarios e Agrominerais da Amazonia (Pat@mia), em 1974, sob presséo da
Associacdo dos Empresarios da Amazonia (AEA) que fomentaram acaouge grandes
latifundiérios para a exploracdo florestal e mineral e implantacéo de paEMANVEIRA et
al., 2012) Como consequéncia disso, as atividades de agricultura de corte e queima, extragédo

de madeira predéria e desmatamento para implementar extensas areas para a pecuaria
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tornaramse as principais atividades de uso da terra em Paragominas e muitos municipios
vizinhos(UHL et al, 1988)

A perda da vegetacao fotelerada entre os anos de 1983 a 1992 pela producéo de gado,
além de ser responsavel pelo maior poladeireiro do pais em 199WERISSIMO et al.,

1992) Na mesmalécada foi introduzida a agricultura mecanizada e entre os anos de 2001 e
2006 houve a expanséo daltovo da soja e, como reflexo, a devastacdo desordenada e altas
taxas de desmatamento até 2Q@BKETTY et al., 2015) ApOs tanto desmatamento e
degradacdo o Ministério do Meio Ambientziou a lista dos municipios que mais
desmatavam na Amazonia (Decreto n° 6321/2007). Em 2007, doashecreto, Paragominas

ja possuia 45% do seu territério desmatado, quando o municipio foi inserido na lista dos
maiores desmatadores da AmazqREETTY et al., 2015)Ainclusdondil i st a ver me
dos municipios que mais desmatavam no pais gerou uma limitacdo dos produtore® rurais
crédito e propriedades foram embargadas, impedido que comercializassem seus produtos,
consequéncia do desmatamento il¢B&ITO, 2019)

Em contrapartida, esse cenario de devastacao, levou ao municipio a também ser incluido
na lista de municipios amazonicos prioritarios nas acdes de prevencdo, monitoramento e
controle do desatamento ilegal. Nesse cenario, gracas a mobilizacdo do poder publico e
empresarios locais, foi langcado em fevereiro de 2008, o Projeto Paragominas Municipi
Verde, primeiro municipio brasileiro na criacdo de alternativas sustentaveis de
desenvolvimento eontrole do desmatament@LIVEIRA et al., 2012) Com a proposta de
ser uma iniciativa modelo, apés trés anos, oridgfeprograma, foi expandido para outros
municipios. No entanto, para que o municipio revertessenario de maior devastador da
Amazbnia, foi necessario promover acdes que buscassem o interesse dos proprietarios de
terra, principalmente na recuperacacda reserva legal e/ou mata ciliar em cumprimento ao
Cadigo Florestal que, em muitos casos foi igegiciado no municipi(BRITO, 2019)

A partir das acdes geradas, em 20P@ragominas se tornou o primeiro municipio
brasileiro a sair da lista dos que mais desmatavam na Amazoénia, apos dois anos engajados em
praticas de melhoriada governanga na prevencao e controle do desmata(®hts et al.,

2015) Em 2012, com a publicagdo do novo Cdadigo Florestagkoposta de semunicipo
verdecondicionou a aderéncia desmatamento ilegal zeroriacdo do Cadastro Ambiental
Rural (CAR), como ferramenta rontrole, monitoramento, planejamento ambiental e econdmico
e combate ao desmatamento, além @ compromisso com o cumprimentia NormaEm 2014,

foi criada a lei municipal para a regulagdo da compensacao da reserva legal, teenando
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Paragominas pioneira em autorizar esse tipo de procettime estado do Para (PIKETTY et

al., 2015). Por ter diminuido consideravelmente suas taxas detdesenmto, haver criado

acOes sustentaveis, através da cadeia de suprimento e registrar mais de 80% de propriedades
rurais (cadastro ambiental ruralCAR), passou a ser considerado como municipio verde
(PIKETTY et al., 2015)

Todo esse resultado pode ser atribuido ao fortalecimenteeldgées entre os governos
federal, estadual e local, tendo como participante principal e engajador a elite latifundiaria no
intuito de firmar parcerias oo organizacbes da sociedade civil internas e externas e
transformar a crise em oportunidade de fiansacao sendoque essa modalidade hibrida
ainda € um desafio quande susca oportunizar cdiferentessetores da sociedade rural
(VIANA et al., 2016).

1.3.Mineragao: economial desafios e oportunidades

Os recursos minerais e energéticos sdo encontradaseamde floresta no mundo inteiro
e tém sido demandados por serem a base para a fabricagcédo de diversos produtos. No entanto, «
extracdo dos recursos miag&y demanda agfes que causam impactos destrutivos sobre o0s
ecossistemas naturais, sendo um dos m®tda preocupacao global com o meio ambiente
(WORLD RESOURCES INSTITUTE, 2014)

Em analise realizada por Ferreeet al(2014), 20% das areas de protecédo irgego
Brasil e terras indigenas estdo sobrepostas em areas de interesse neénsgti@tando de
Amazbénia8,3%estdo dentro de Unidades de Conserva¢g@49oem terras indigenas.

A mineracdo € uma das grandes causadoras da degradacdo ambiental datéRama
autorizacdo de direito de lavra de varios minérios, contando com 7.268 mineradoras
licenciadas em 2019 no pai6ANM, 2019 Figura 1), sem contar com as extracdes
clandestinas que, por vezes, degradam ainda mais, pPOPOEENIr COMPromisso com
determinacdes de mitigacdo de impactos.

Apesar da degradacdo, a mineracdo é uma atividade de etifidéadica, de interesse
social, que, para o licenciamento, deve ser viavel economicamente e ambientalmente,
minimizando os impactos socioambientais e pnolsoacdes de desenvolvimento local onde
sao instalados os empreendimentos. E, com o decorrer dgeangstude de historicos de
degradagdo ambiental, as mineradoras tém sido demandadas pelo desenvolvimento de

metodologias eficientes de acordo com o noswoéario mundial, além do cumprimento legal,
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ja estipulado no processo de licenciamento. Isto dedarr@aumento da preocupacao sobre
questdes globais em relacdo as mudancas climaticas e a percepcdo do quanto a floresta €

necessaria para a regulacéo deasibioticos e abidticos.

Figura 2. Mapa da distribuicdo de concessfesatlea no estado do Para em 2019
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Fonte: Elaboragéo propria. Mapa da Amazdnia Brasileira com o mapeamento dos minérios de lavras realizados
pela Agéncia Neional de Mineracdo ANM).

Sabese que a mineracdo causa grande impacto ambiental, mas em cbd&apa
Producdo Mineral Brasileira (PMB) é responsavel por contribuir com 1,4% do Produto
Interno Bruto (PIB) brasileiro e regsenta um dos pilares da economia brasileira (IBRAM,
2019). Somente em 2017 o Brasil exportou mais de 403 milhdes de tonetadensd
minerais gerando uma renda de US$ 32 bilh6es. Os principais produtos exportados foram:
minério de ferro (76%), cobre (%8, aluminio (2%), manganés (2%), caulim (1%), ouro
(1%) e outros (2%)YIBRAM, 2019) No estado do Para, dos US$ 15,608 bilhdes em
exportacdes totais em 2018, as industrias de mineracéo e transformacéo nsipenaeram
por 88% deste valor, e juntas, exportaram US$ 13,725 bilhdes, fazendo do setor mineral o
grande vetor de crescimento domeércio exterior paraense, sobretudo devido a paises como
China, Malasia e Japao os trés maiores mercados compradores aeireras produzidos
no Par§SINMINERAL, 2019)
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Apesar da atividade de mineracdo trazer muitos beneficios econdmicos e sociais, ela
também pomove impactos diretos e indiretos de diferentes naturezas sobre a area em
exploracdo e seu entorno. Os impactos sobre o ge@gtacdo e os recursos hidricos sao
observados na forma de alteracdes estéticas, fisicas, quimicas e bioldgicas. Dependendo das
caracteristicas da geologia, vegetacado, relevo, solo e tipo de lavra e minério extraido, os
impactos pedem ser sevel@®ONGO et al., 2011)Além dos danos causados pelo processo
de escavac0es, principalmente em empreendimeatosaenciados, uma grande quantidade
de residuos de rochas e rejeitos é depositada na superficie. Os residuos e resultados de
degradacgdo por mineracdo consistem tipicamente em: areas desmatadam{ip@8a, ceu
aberto (20%), barragens deejeitos (13%), pontas de residuos (5%) e terras afetadas pela
mineracao (3%]JLEI et al., 2016) Cabe ressaltar que, durante a mineracéo de superficie, 2 a
11 vezes mais solo égradado em comparacao comrmimeracacsubterranedMIAO et al.,

2000)

1.4.A importancia da atividade mineira na Amazbnia brasileira: Economia e

degradacgéao

A mineracdo estd present® Brasil desde o século XVII quando expedicbes de
bandeirantes paulistas descobriram ouro nas regides de Mato Grosso e Miags G
especialmente nas regides de Vila Rica (Ouro Preto), Nossa Senhora do Carmo (Mariana) e
Vila Real do Sabara (Sabard). Eskacalidades receberam pessoas do pais todo em busca de
ouro (GUIMARAES et al., 2018)A mineracdo é umas slatividades que mais degrada o
meio ambiente(SONTER et al., 2014, ALVAREBERRIOS et al., 2015 pale ser
realizada de forma manual ou mecanizada, mas o executor deve realizar a atividade segundo
uma série normas legais, pan&gimizar o impacto ao meio ambiente (Decreto n® 97.632, de
10 de abril de 1989). Segundo a Agéncia Nacional de Mineracao (Alpkddacédo mineral
atual do pais tem mais de 3 mil minas. A regido Amazoénica corresponde a cerca de metade do
territorio brasiléro, entretanto somente cerca de 300 minas, menos de 10% do total das minas
brasileiras, estdo situadas na AmazquMBERTO, 2019) e a metade dessas concessdes
estdo concentradas no estado do MA, 2019).

A Amazodnia Legal possui 5.217.423 Krdéstribuidos em nove estados, sendo 45,2% de
seu territério delimitado por areas protegi@VF, 2018) Nela, existem 5.675 processos de

exploragdo mineral (pesquisa e lavra) sobrepostos a Terras Indigenas e Unidades de


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/open-pit-mine
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/open-pit-mine
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/tailings-dam
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/underground-mining
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ConservacadUCs) de Protecdo Integral na Amazbénia Legal, onde 94% sdo pesquisas ja
autorizadas em UCs Federais, 26% em UCs Estaduais emZP&rras Indigenas e, em UCs

de uso sustentavel. Os titulos ativos ultrapassam 17 mil, porém, parte dessas autorizacdes
enconta-se bloqueada pela Unifd/WF, 2018)

A mineracdo € caracterizada como uma industria de base, que onpulsitras
oportunidades econdmicas, com grande relevancia econdmica e social, significativa-no dia
dia da sociedade, sendoat@ériaprima de varios produtos, porém € um recurso finito.
Atualmente sdo mais de 50 bens minerais com reservas conhecidas, essadsetor
responsavel por 4% do PIB brasilei(dNM, 2019) Em 2017, os principais produtos
exportados foram: minério de ferro, ouro, ferronidbio, cobeejxita, manganés, caulim,
pedras naturais e de revestimentos, gerando cerca de 180 mil empregos(l8iRAdS,

2019)

A classificacdo dos minerais explorados é realizada de acordo com o ciclo de vida, etapas
de pesquisa, mineracdo e transformacdo mineral, diferentes impactos gerados, as vezes
irreversiveis, e consequentemente, diferemtetodologias de mitigacdo de impactos e
recuperacdo das areas degradadas pela atividade. Grande parte da extracdo dos minérios
localizados na Amazonia, utilize da metodologia de minas a céu abé@ONGILIO,

2014) como € o caso da mina de ferro em Carajas (Pard)mcaal Projeto Jari (Amapa),

bauxita (aluminio) em Trombetas (Para), cassiterita (estanho) em varios locais nos estados do
Amazmas e Ronddnia, e manganés na mina, hoje abandonada, na Serra do Navio, estado do
Amapa e, por esse motivo, um dos impactos netévantes é a perda da vegetacao.

As perdas da vegetacdo ultrapassam os limites operacionais e de lavra, onde séo
necessarioareas de apoio para viabilizar a extracdo, beneficiamento, transporte do minério,
construcdo de infraestrutura, que podem chegdaf% de perda de vegetacdo, além dos
limites da concessdo da mineracdo. No periodo de 2005 a 2015 foram contabilizados 11.670
km2 de desmatamento devido a mineracdo, o que representa 9% de toda perda de floresta
amazonica no period®ONTER et al., 2017)Esse motivo € um dos que coloca a mineracao
no foco das criticas de ambientalistas em todo mundo. Nos Ultimos cinco anos a negativa da
atividade de mineragdo ganhou mais qo®em virtude de dois desastres socioambientais
ocorridos no estado de Minas Gerais com o rompimento das barragens demejeitmiana
(2015) e Brumadinho (2019). Dois desastres num intervalo de tempo muito curto e com

consequéncias socioambientais gsav
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1.5. Explorando o caulim na Amazonia brasileira

O caulim é um mineral ndo metalico constituidsicamente por caulinita, querfence
ao grupo das argilas, e tem muitas aplicagdes industriais. Possui cor branca por apresentar
baixo teor de ferro. Tratsede um mineral argiloso branco, n&o inflamavel, ndo téxico e que
nao apresenta reatividade quim{ddERYS CAULIM, 2020) O caulim € um dos minerais
explorados na regido Norte e com grande influéncia na sganmraens€SINMINERAL,

2019) sendo o quinto minério mais exportado no Brasil, principalmente para os Estados
Unidos, Canadé e Eurog®MERYS CAULIM, 2020) Sua exportagdo em 2018 foi de US$
168 milhdes, com 1,546 milhdele toneladaSINMINERAL, 2019)

Pelo seu potencial econdmico, ha grande oferta e demanda de caulim em virtude de suas
varias utilizacdesA industria papeleira absorve quase 50% de toda a producdo mundial de
caulim, onde o mineral € utilizado para preencher assfiteacelulose e cobrir a superficie do
papel. Também ¢é utilizado nas industrias de ceramicas, tintas, borrachas, polimeros,
farmacéuticos, na construcao civil e na industria de fertilizg@ESEMAR CENTRO DE
PESQUISAS DO MAR, 1993Entretanto, tal como os outros minerais, sua extracao requer
atividades de grande impaco meio ambienttMME, 2009)

O caulimocorre em todo o mundo e € considerado estratégico para a balanca comercial
do Brasil(IBRAM, 2019). Sua ocorréncia se aan virtude da liberacdo do aluminio por
intemperismo apartir das rochas silicaticas primarias em planicies aluvionares,
originandograndes depdésitos de caulim. Na Amazdnia brasileicaulim é encontrado
na Provincia Caulinitica do Rio Capim (AM e PA) e do Rio Jari (PA) (MELFI, 2(&6).
explorado no Amapa feempresa Jari Celulose e no Para pela empresa IMlep&acesso
de obtencao do caulim se inicia com a remocédo da camadd esiéktracdo do minério
bruto. O método de lavra utilizado pela Imerys é a extracdo a céu aberto em-aluviao
horizontal (stripping mine), com supressao total da vegetacao, decapeamento, remocéao de
estéries, extracdo, carregamento e transporte para hamefitto primariAMME, 2009;

SILVA, 2014). A Imerys tem a maior planta de beneficiamento de caulim do mundo e 71%
de participacdo na producao de caulim no Brasil, doas minas no municipio de Ipixuna do
Para (PA)- Capim | e Rio Capim CaulinfSINMINERAL, 2019) Segundo o Anuario
Mineral do Estado do Pade 2017, o caulim possui uma reserva lavravel de 88.772.068
toneladas, e sua producdo em 2016 foi de 2.830.254 toneladas|esqeiaaR$ 685.592.476
(DNPM, 2017)
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1.6.Como restaurar e monitorar a vegetacdo em areas em processo de sucessao?

A intensificacdo das ae8 antropicas sobre o meio ambiente, sem preocupac¢des com sua
sustentabilidade gera a diminuicdo da capacidade dos ecossistesteadarem suas funcoes,
resultando em intensa degradacdo do meio ambiente. Essa situacdo impulsiona as acfes err
priorizar de ecuperacdo e/ou protecdo da biodiversidade, para o reestabelecimento da
funcionalidade dos ambientes degradg@SWSON et al., 2017)

A restauracdo ecoldgica, segundo definicdo da SocietyEémiogical Restoration
International Science & Policy Working GrotuBER (2004), é o processo de recuperacao de
um ecossistemaug foi degradado, que pode ser condicionado na retomada completa a
condicdo ambiental original, situacdo que na prética éildidc ocorrer. E importante
priorizar a recuperagdo das condicbes ecoldgicas para favorecer a sucessdo natural
(MARTINS, 2010) porém independententendo método adotado, o monitoramento dos
ecossistemas em restauracdo € fundamental e necessario para o acompanhamento do se
desnvolvimento.

Varias experiéncias estdo sendo desenvolvidas na Amazonia. Estudo realizado por
Cruz et al., (2020)identificaram 405 projetos localizados em 191 municipios entre 4950
2017 no bioma Amazoénia (estados do Acre, Amapa, Maranhao, Mato Grosso, Para, Rondbnia
e Tocantins). Estas experiéncias vé&ndo gerenciadas por organiza¢cdes governamentais e
nacgovernamentais, empresariais e por agricultores familiares. Entretantop@a dessas
iniciativas ndo esta publicada e, grande parte-tmitde projetos empresariais, envolvendo
reflorestamento coarcial, plantios nativos em resposta a licenciamentos ambientais, onde a
area foi degradada pelo empreendimébiéd CRUZ et al., 2020Q)

Os empreendimentod e mi ner a- «x0 possuem o desafio
desestruturacdo dos horizontes, com variagdo na estrutura, composicdo e funcdo do
ecossistema. Isto indla reconstrucdo de tipos de solo e o estabelecimento de espécies
vegetais, consideranda diversidade e a sucessdo ecoldgica, que em ambientes naturais
ocorrem em longos periodo@¢MACDONALD et al., 2015) Com todo esse processo de
Airecria-«00 do ambiente degradado, hg8 Vv8ri:
do solo, onde o procedimento de reconformacéo topografica do terreno ndo consegue evitar a

compactacdo eamassamentos das superficies. Isto acaba influenciando diretamente no
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desenvolvimento da vegetacdo no processo de restauracédo, dificultando o desenvolvimento
das raizes ao longo dos perfis do $8OUZA, 2018)

No processo de restauracao -pdigeracao, um novo ecossistema e um novo padrdo de
paisagem sao formados, mas um longo tempo é necessariqumrales alcancem a
estabilidade(LEI et al., 2016) Dentre as alternativas de restauracdo, a abordagem de
engenharia ecoldgica e servigos ecossistémicos (ES) sdo aplicadasaga@dal restauracéo
de areas de mineracdo na perspectiva do desenvolvimento sust@rifvet al, 2016) Em
todo o processo deaxse considerar a restauracdo dos meios bidtiabi@ico, aspectos da
paisagem, como: praticas de carater topografico, edafico, hidrico e veg(S&NGHEZ,

2010) objetivando a autoswstentabilidade, emprimento dos objetivos ecolégicos,
econdbmicos e sociaifMACDONALD et al., 2015) Atualmente, o plantio de mudas
utilizando espécies arbdreas € a metodologia mais difundida e consolidada no mercado,
seguido pela conducéo da regeneracao natural e em menor escala, a nucleacgdo. Porém, devidc
a remocdo dos horizontes do solo para extracamidério, com a descaracterizacdo dos
perfis do solo, diferentes metodologias podem ser aplicadas a cada rg®i@I®RO et al.,

2019)

Para avaliar a efici@m da metodologia utilizada na recuperacdo das areas mineradas é
necessdaria uma avaliacdo continua do desenvolvimento e dindmica dos povoamentos vegetais
por meio de indicadores, para que se possa realizar, caso necessario, intervencdes que
possibilitem oretorno a direcdo estabelecida inicialmente ou uma mudanca de diretrizes que
viabilizem a conclusdo do processo de recuperfd@WELL et al., 2012) Cabe ressaltar
que, no caso da mineracdo, a restauragao é realizada por motivos de exigénpiadiegdd
ser conduzidos, utilizando critérios como formacédo de corredores ecoldgicos, estudos de
atracdo de fauna e inducdo dgameracao atural, que favorecem o processo de sucessao e
manutencao da diversidade gené(i@d CCHI et al., 2018)Além disso, dewse considerar a
protecdo e manutencdo dos recursos hidrfEtiSOSO et al., 2017)estoque de carbono
(BUSTAMANTE et al., 2019) gerando berfécios para a biodiversidaddATOS et al.,

2020)

Quando se fala em Amazodnia, com extensas areas de florestascporé@xtensaareas
degradadas por diferentes tipos de uso do solo, ainda ha desafios a serem enfrentados,
necessitando o desenvolvimento de planos técnicos eficientes e financeiros viaveis, politicas
publicas e instrumentos de monitoramento que possanaraeakfic&ia dos projetos de

restauracBaNUNES et al., 2020) No caso dos dois municipios estudados nessa tese,
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Paragominas e Ipixuna do Para, ambos com atividade mineraria escdamos abientais
causados pela atividade, é necesséario a avalicdo dos componentes ecologicos. No primeiro
capitulo da tese é abordado o municipio de Paragominas. O municipio ja possui o0 sistema de
cadastro ambiental rural (CAR) bem consolidado, comsadéeminimzacdo de impactos e
interesse de mudar seu histdrico degradador. Assim, é possivel a realizagdo de um estudo
modelo para uma proposta de restauracdo do municipio, que posteriormente podera ser
replicado a Ipixuna, area alvo dos capitulos doiés na qal € avaliada uma metodologia de

restauracdo em area de mineracao.

1.7.Marco Legal da restauracéo florestal

1.7.1 Territério Nacional

1 A Politica Nacional do Meio Ambiente (Lei n° 6.938/1981) no seu artigo 4fceefo
gue o0s recursos haturais deverdo serzatibs de forma racional a fim de garantir a
manutencao do equilibrio ecoldgico.

1 A Resolucdo n° 001, de 23/01/1986, foi criada para estabelecer os critérios basicos e
diretrizes gerais para a avaliacdo de inbpaambiental. Todo o empreendimento de
minera@o tem a obrigatoriedade de elaborar planos de recuperacédo de forma criteriosa, com
utilizacdo de ma&aeobra tecnicamente qualificada, com conteddo em atendimento as
premissas do Estudo de Impacto AmbientdAjJEe concatenado com os demais planos do
Progama de Controle Ambiental (PCA), que sdo partes do processo de licenciamento do
empreendimento.

1 A base de todas as diretrizes politicas do pais basei@ Constituicdo Federal de
1988, e em seu art. 225, astlece que:

T A.. . Todos t ° m dente ecologicamante equiibrado, keem me uso
comum do povo e essencial a sadia qualidade de vida, imysendo Poder Publico e a
coletividade o dever de defentiée preservdo para as presentes e futurasager» e s . . . 0O

1 No paragrafo 2° do mesmo artigo ettr a obrigatoriedade de recuperacdo dos
ecossi stemas explorados pel os empreendi ment

1 Para estabelecer as diretrizes do PCA para o item de avaliagdo do meio bidtico, é
elaborado o Plano de Reaupcdo de Areas DegradadaBRAD. O PRAD tevesua origem
no artigo 225, da Constituicdo Federal de 1988, e no Dedceetm. 97.632/89, que
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regulamentou a Lei n. 6.938/81, obrigando a recuperagcédo da area degradada como parte do
Relatério de Impacto Ambi¢sl, empregado de forma preventiva ou coregtiem areas
degradadas por acdes de mineradoras.

T Em 02/12/1998, foi publicada a Lei n® 9.605, conhecida como Lei de Crimes
Ambientais que dispfe sobre as sancdes penais e administrativas derivadas de eondutas
atividades lesivas ao meio ambiente, e déasiprovidéncias.

1 Decreto n® 3.420, de 20/04/2000, publicada com o objetivo da criacdo do Programa
Nacional de FlorestdsPNF e, em seu Art.22, estabelece varios objetivos, dentre eles:
(II) fomentar as atidades de reflorestamento, notadamente em pagu®opriedades rurais;

(1) recuperar florestas de preservacdo permanente, de reserva legal e éareas alteradas;
(IV) apoiar as iniciativas econdmicas e sociais das populacdes que vivem em florestas;
(V) reprimir desmatamentos ilegais e a extracdo predatde produtos e subprodutos
florestais, conter queimadas acidentais e prevenir incéndios florestais.

1 A Lei n°® 9.985/2000 (SNUC), que em seu art. 2°, faz distingdo entre um ecossistema
Arecuperadaddoe Questradwmugper ar sistergandegradadaaa r e s
uma condicdo ndo degradada, que pode ser diferente de sua condicéo original, e restauracao, €
a restituicdo de um ecossistema degradado o mais proximo possivel da sua condicao original.

1 O Pograma Nacional de FlorestasPNF, criado aavés do Decreto n° 3.420/2000,
tem por objetivos: fomentar as atividades de reflorestamento em pequenas propriedades rurais
e recuperar florestas de preservacao permanente, de reserva legal e areas alteradas.

1 Lein®11.284, de 2 de marco de 2006, normatigatema dgestédo florestal em areas
publicase com a criacdo do 6rgdegulador (Servico Florestal Brasileiro) e donHo de
Desenvolvimento Florestal, que em seu artigo 31, item IV, estabelece que empreendedor deve
recuperar as areas degradadas, quando identificado o nexo de causalidade entre suas acdes o
omissdes e 0s daso@corridos.

1 Instrucdo Normativa IBAMA N° 04de 1304-2011, em seu Art. 1° estabelece
procedimentos para elaboracdo de Projeto de Recuperacdo de Area DegRigAdx ou
Area Alterada.

1 O novo Cddigo Florestal (Lei n° 12.651/2012) estabelece em divetsss dartigos
1°2A, 7°, 17, 41, 44, 46, 514558, 61A, 64, 65 e 66) acOes para que 0 setor publico e a

sociedade civil promovam a recuperacao de areas degradadas.


https://www.teraambiental.com.br/blog-da-tera-ambiental/fique-por-dentro-do-novo-codigo-florestal-paulista
https://www.teraambiental.com.br/blog-da-tera-ambiental/fique-por-dentro-do-novo-codigo-florestal-paulista
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1 Instrucdo NormativdCMBIio n° 11, de 12/11/2014, estabelgqu®cedimentos para
elaboracapandlise, aprovacdo e acompanhamento da ekeale Projeto de Recuperacao de
Area Degradada ou Perturbad@RAD, para fins de cumprimento da legislacdo ambiental.

1 Decreto n® 9.179de 23/10/2017que altera o Decreto 016.514/2008, que dispde
sobre as infracdes e sancdes administrativas ao meio ambiente e conversdo de multas,
considerando em seu artigo 140, a recuperacdo agmalos srvicos de preservacao,
melhoria e recuperacdfa qualidade do meio ambiente.

1 Instrucdo Normativa ICMBio n® 2, de 19/02/2018, dispde sobre os procedimentos
relativos a conversdo de multas simples em servicos de preservacéo, melhoria e recuperacéo

da qualihde do meio ambiente no ambito do InstitutacGiMendes.

17.2 No ambito do estado do Para

1 Politica Estadual Florestal (Lei n° 6462/2002) define que a revegetacdo dos
ecossistemas alterados devera prioritariamente ser executada com implantacdo de espécies
nativas, obedecendo aos critérios econdmeceaciais. No caso de violacdo da Reserva Legal
das propriedades rurais, os proprietarios ficam obrigados a recompor a vegetacdo mediante
trés alternativas: plantio direto de espécies nativas ou exoticas @rdalArea total a cada
trés anos; conducdo degeneracdo natural e compensacao da reserva legal com a aquisicédo
de outra propriedade da mesma microbacia, desde que tenha a mesma importancia ecoldgica e
extensao.

1 Instrucdo Normativa n° 6, de 04/04/2008¢ glispde sobre o licenciamento ambiental
parafins de reflorestamento e exploracao de floresta plantada em areas degradadas.

1 Instrucdo Normativa n° 9, de 22/06/2009, que disciplina a nova regulamentagcéo do
Cadastro Ambiental RuralCAR e define os procedientos para o Licenciamento Ambiental
de Atividades Ruraisi LAR no Estado do Para, onde estabelece obrigacdes de
recuperacao/recomposicdo da Area de Reserva lie§&lL e/ou da Area de Preservacio
Permanenté APP.

1 Lei Ordinaria n°® 7.369, de 29/12/200%bgse a recomposicdo de areas desmatadas
situachs em reserva legal no ambito do Estado do Para, mediante o plantio de espécies nativas
frutiferas de porte arboreo e palmaceas, em propriedades comprovadamente desmatadas ante
do Macrozoneamento Ecolégianémico do Estado do Para, com recuperacaala tés

anos, de no minimo 1/3 da &rea total necessaria a sua complementacao.


http://legislacao.planalto.gov.br/legisla/legislacao.nsf/Viw_Identificacao/DEC%209.179-2017?OpenDocument
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1 As leis estaduais n.° 7378/2010 e 7604/2012 instituiram o Zoneamento Ecoldgico
Econbmico- ZEE como base para o planejamento detipali, programas e projetos para
ordenacgdo deerritério no estado do Para. O ZEE deve ser observado para implementacéo de
programas de reflorestamento, a fim de direcionar as acbes em areas ambientalmente
sensiveis.

1 Na esfera estadual, a Lei 7381/201(pdessobre a recomposicéo da cobertura vegetal
das matas ciliares do estado do Para, onde estabelece a largura minima das faixas marginais
de corpos dbé8gua e determina que a especi fi
nao podera ser superiab anos.

71 Decreto n° 54, de 29/03/2011, gustitui o Programa de Municipios VerdePMV
no ambito do Estado do Para, tendo como um dos objetivos a reducdo do desmatamento e
degradacéo, promocao da recuperacdo ambiental e a conservacdo dos rectaos natu

1 Instrucdo Normativa n° 6, de 03/07/20Ifie trata sobre o licenciamento para a
atividade de lavra garimpeira de ouro no Estado do Para.

1 Instrucdo Normativa n° 1, de 15/02/2016 que disp8e sobre os procedimentos e
critérios, para adesdo ao ProgramaRegularizacdo Ambiental do PardPRA PA, queem
seu Art. 3° exige como um dos documentos necessarios para regularizacao ambiental o Plano
de Recuperacio de Areas Degradas ou AlteraB&ADA, acompanhado de copia da ART

do responsavel pela sua elabomaca

Normas e diretrizes foram desenvolvidas estabelecimento de procedimentos e
sancdes sobre o tema recuperacdo de areas degradadas deatradtio brasileiro, que
sdo primordiais para o desenvolvimento das atividades ligadas a restauracdo. E notério e
comprovado que a legislacdo brasileiraraaige varios critérios que estabelecem a
obrigatoriedade de restauracdo, porém, em se tratandnodea Amazonia, ainda ha

caréncia no estabelecimento de diretrizes, indicadores e metodasgesicas

2. OBJETIVO GERAL

Considerando a situacéo atual daazonia com relacéo a perda da vegetacéo original e a
necessidade de restaurar essas areas, a presente tese tem por objetivo avaliar o potencial d
restauracdo florestal na Amazoénia brasileira, com eefotp regido do nordeste paraense,

para propor métodode restauracao eficientes para a realidade da mineragéo.



33

3. OBJETIVOS ESPECIFICOS

1 Avaliar a possiblidade de restaurar areas de preservacédo permanente (rios e nascentes)
em propriedades rurais que possasmrvir de corredores ecolégicos, aumentar a
biodiversdade e fomentar a reducédo do desmatamento;

1 Avaliar a eficiéncia de um método de restauracdo através da composicao floristica de
espécies florestais e estoque de serapilheira em area degradada pgémuheiaulim.

1 Awvaliar a eficiéncia de um método destauracdo através dos atributos quimicos do
minesoil, em funcdo de diferentes técnicas de adubacdo sob processo de restauracdo apos

mineracéo de caulim.

4. AREA DE ESTUDO

Esta Tese de doutorado estagstia em seis capitulos, divididos da seguinte forma:
a) Primeiro Capitule Introducéo Geral da Tesk) Segundo, Terceiro e Quarto Capitulos de
pesquisa da Tese, mostram resultados de pesquisa desenvolvida durante o doutorado e Sac
apresentados na fornda artigos cientificos; ¢) Quinto Capittildiscurs® Geral e ¢) Sexto
Capituloi Conclusdes. O primeiro capitulo de pesquisa (Capitulo 3) da Tese foi realizado no
municipio de Paragominas, PA e 0 segundo e terceiro capitulo de pesquisa (Capitulo 4 e
Captulo 5) foram realizados com dados coletados na Esapraerys Caulim, municipio de

Ipixuna do Para, PANjgura 3).
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Figura 3. Area de Estudo, municipios do estado do Para
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Fonte: Elaboragdo propria. Bases de dados do IBGHnstituto Brasileiro de Geografia e Estatistica
(https://www.ibge.gov.br/geociencias/informac@asbientais/1584biomas.htm).

5. QUESTOES CIENTIFICAS E HIPOTESES
Capitulo 2: Areas prioritarias para restauracdo em amdaspreservacido permanente de
propriedades rurais ha Amazoénia brasileira.

Questdo A selecdo de areas prioritarias em areas de preservacdo permanente (APPS)
degradadas auxilia na diminuicao messivo enbiental das propriedades rurais?

Hipétese A selecaode areas prioritarias para restaurar APPs de propriedade rurais além de
cumprir com a obrigatoriedade legal, contribuem com a formacdo de corredores ecoldgicos
entre as propriedades.

Capitulo_3: Restauracdo ap0s mineracdo de caulim por meio de trinchefeis da
fertilizag&@o organica no desesivimento das plantas.

Questdo: O desenvolvimento das plantas é influenciado pelos diferentes tipos de adubacéo
organica em area pdsineracdo de Caulim?

Hipétese Considerando que o esterco bovino possui prdades quimica e organicas a
serem incorporakna fertilizacdo do solo, sua utilizacdo proporciona maior crescimento das

plantas nas trincheiras do plamti


https://www.ibge.gov.br/geociencias/informacoes-ambientais/15842-biomas.html
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Capitulo _4: Propriedades do solo sob diferentes fertilizacbes orgéanicas em area de
restauracdo agdmineracao de caulim na Amazonia Oriental

Questao: Diferentes tipos de adubacéo favorecem o desenvolvimentatiilmstos fisicos e
qguimicos dasolo e o desenvolvimento das espécies florestais?

Hipétese: A adubacdo organica com esterco bovino aplicadaawa favorece melhor
desempenho dagributos fisicos e quimicos do solo.
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CAPITULO 1I: PRIORITY AREAS FOR RESTORATION IN PERMANENT
PRESERVATION AREAS OF RURAL PROPERTIES IN THE BRAZILIAN
AMAZON

(Artigo aceito na revisthand Use Policy

ABSTRACT

Environmental degradation due to the misuse of natural resources has drastically changed
landscapes in the Amazon. At the same time, discussion, knowledge, ants awti the
conservation of forest remnants and restoration of degraded environments have increased
worldwide. In the present study, rural properties in Paragominas, a municipality under intense
land use change in the Brazilian Amazon, were analysed vatfollowing objectives: (1) to
evaluate the process of landscape change over the last 36 year2@2084(2) to identify
degraded environments within legally established permanent preservation areas (PPAs); and
(3) to map environmental liabilities in geaded rural properties which, according to
environmental regulations, must be recovered. Deforestation and land use were classified
using satellite imagery from Landsatand Sentine?2 sensors. Shuttle Radar Topography
Mission (SRTM) imagery was used ittentify and map PPAs using geoprocessing tools. The
priority areas for restoration were defined considering: a) the environmental liabilities of each
rur al property; b)) the remnant forest in ea
and d)the degraded PPAs in each rural property. Deforestation followed by land use change
in Paragominas® territ ordyin 1984 ¢ords% (8,88 kfijiim om 1
2020. Its water network had 20,149 km of rivers and 15,824 springs, and of thid,&ité

km of rivers and approximately 6,157 springs were in areas under pressure (agriculture,
pasture, urban areas and deforested areas). The environmental liabilities identified totalled
638.85 km, which, according to environmental regulations, mustrécovered. For this
reason, when producers protect PPAs in their properties, they also conserve soil and water
resources as well as contribute to biodiversity maintenance. Despite the consistent reduction
over the last few years, forest loss and degrawdlah the Brazilian Amazon have begun to

i ncrease again under President Bol sonar ods
made it clear that he has no interest in the environment. For example, illegal fires in the
Brazilian Amazon increased suhstially in 2019, his first year in office, and this is probably

a consequence of his fAeconomic incentive po

Keywords: Amazon; rural properties; environmental liabilities; land use change;
deforestation.
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1. INTRODUCTION

Most of the remaining reserseof current rainforests in the world are in the Brazilian
Amazon (SFB, 2010; Aragao, 2012). This biome encompasses one of the largest plant
communities (ter Steege et al., 2013), which is estimated to hold ca. 50,000 species (Hubbell
et al., 2008) and hascrucial role in global climate regulation (Nobre et al., 2&I&nna et
al., 201y . The region also plays a key rologitae i n
cycles (Fauset et al., 2015). However, these features are threatened by unsustainable
anthropogenic activities (Solomon et al., 2007; Kindermann et al., 2008; Hansen et al., 2013).
Among such activities, deforestation is the main force of enwiemtal degradation
(AzevedeRamos, 2018). Deforestation in the Brazilian Amazon has intensified from the
1970s onwards (Arauj o, 2009) due to the Br
credit for large entrepreneurs in an attempt to bring @oon development to the region
(Reydon, 2015). This has resulted in large deforested areas femedgstrial, silvicultural
and infrastructure projects (Hall, 1991; Kolk, 1998).

Paragominas was one of the Amazonian municipalities that were intensebdeigr
during the Aeconomic devel opmento period re
in the 1970s. Founded in 1965, it was one of the largest cattle producers between 1983 and
1992, as wel |l as the count r yésimoletal,glod)t ti
Logging may increase the economic viability of a given region (Barber et al., 2014);
nonetheless, this activity may result in illegal deforestation emerging from irregularities in the
environmental sector (van Solinge, 2010). Redudtioforest cover brings significant losses
to biodiversity and decline in the quantity and quality of natural resources (Cardinale et al.,
2012). These activities generate environmental liabilities, which are impacts on the
environment due to a given ecaonig activity. As a consequence of this, companies or
landowners must offset these impacts caused to nature ($olleset al. 2014). The
recovery of environmental liabilities is in the Brazilian environmental policy under the
Brazilian Forest Code (Lawon12,651/2012).

After intense environmental degradation processes in many municipalities in the
Brazilian Amazon between the 1970s and the 1990s (Weinhold, 2015), other government
policies, including programs and projects for recovery of degraded arass, bdeen
implemented in the region (Brancalion, 2015). In this way, research groups from universities;
national, international and nagovernmental organisations; public agencies and even the

private sector began to make and implement environmental rgcpugjects. Since then,
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techniques and planning strategies have been designed to assist recovery actions in degraded
areas in the Brazilian Amazon (Rodrigues & Gandolfi, 2009).

In recent decades, forest restoration methods have been proposed (Martin20203
embracing the management of the micro watershed (De Andrade, 2005). Riparian forests
(riparian zones), for example, have been prioritised in the Brazilian public environmental
policies due to their temporal and spatial dynamics and their vegeteliaracteristics
(Fremier, 2015; De la Fuente et al., 2018). Hence, a consistent strategy for biodiversity
restoration of degraded ecosystems should be based on the concept of riparian ecosystem
integrity on the watershed scale, especially in the sprofigsatercourses (Zakia, 2009).
Restoration of riparian forests changes these areas into ecological corridors, interconnecting
forest fragments and facilitating animal transit that promotes seed dispersal with gene
exchange and the consequent perpetuatigriant species (Rockstrom et al., 2009; Steffen et
al., 2015).

Several environmental studies aimed to detect priority areas for restoration use different
approaches and models in the maliteria analyses that lead to satisfactory results
(Francisco etal., 2008, Cantd’erello, 2018). For this reason, the use of GIS (Geographic
Information System) tools in the evaluation of methods to detect priority areas for
conservation and/or restoration has been increasingly adopted (Francisco et al., 2007). Due to
its immense territorial extent, the Brazilian Amazon demands constant supervision with GIS
information to monitor its vast areas (Matricardi 2005; Asner et al., 2006).

Considering the vast areas in the Brazilian Amazon and access difficulty, we present th
following question: Are geospatial analyses adequate tools to identify and map landscape
changes, which can be an important information source for decrsa@rrs? The hypothesis
for this question is: Mapping degraded environments in areas of permaasetvation is
adequate to identify priority areas for forest restoration and the establishment of ecological
corridors in the Brazilian Amazon. The answer to that question and the evaluation of the
formulated hypothesis will provide tools to better defaneas to be restored and conserved in
the Brazilian Amazon. In this context, the present study aimed: (1) to evaluate the process of
landscape change in the last 36 years; (2) to identify degraded areas that should be
permanently preserved (i.e. riverpriags and slopes > 45°); and (3) to map environmental

liabilities in rural properties in the municipality of Paragominas in the Brazilian Amazon.



43

2. METHODS
2.1 Characterisation of the study area

The municipality of Paragominas was chosen as model for theliBnagimazon in this
study Fig. 1). Paragominas is located in northeastern Para state, Brazil, on a territory of
19,465 km? which was originally covered with dense ombrophilous forest. The predominant
soil type is yellow latosol, and the climate is hot amamid, with an average annual
temperature of 26 °C. Air humidity and annual rainfall are, on average, 80% and 1,800 mm,
respectively, with a rainy season between December and May, and a dry season between June
and November (EMBRAPA, 1988).

Fig.LMuni cipality of Paragominasdé territory,
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2.2Landscape change (1984 to 2020)

To evaluate land use in Paragominas, deforested areas that had been converted into other
uses were classified using satellite intggeom Landsab sensors as of July 1984 and from

Landsat8 as of August 2020, which is availablelatps://glovis.usgs.gov/app/
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The image classification method used was the same as that by Da Cru26148)., the
Maximum Likelihood algorithm (Maxver). This is the supervised classification method most
often utilised in remote sensing (Queiroz et al., 2004), mainly to classify secondary vegetation
and forest classes. Also, some classes are confusing flndltdio identify (Pereira, 2012;

Reis et al., 2017). Maxver considers the weighting of the distances between the averages of
the digital levels of the classes and the pixel, using statistical parameters, that is, it considers
the normal probability disbution for each class. Each pixel is, therefore, assigned to the
class that has the highest probability. For this reason, a large number of sample pixels are
required for each region to be classified. This method assumes that the analyst has minimal
knowledge of the study area, since it is necessary to select the classes to beanapped
collecting a greater number than one hundred pixels for each class in order to have mapping
representativeness (Crosta, 1999). Thus, land use classes were deaachgamples of the

areas in the image were classified into seven different classes: a) forest, b) secondary forest, c)
pasture, d) agriculture, e) deforestation, f) urban area and g) hydrography. The images were
classified from the samples selecteddach use class, using the ENVI 4.7 software.

Finally, a confusion matrix was used to estimate the accuracy of the 2020 satellite image
classification (Landis & Koch, 1977). A total of 1,555 points were evaludteyl G1;
supplementary material) inthe domsi on matri x to deter mine t
percentage from a correctly classified clgss, o duc er 6 s -eagcucautriaocny 1% an
precision (data percentage from a correctly photointerpreted elaspiation 2). Such
precision is detenined by calculating the ratio between the correctly and poorly classified
data. The Kappa index (equation 3) was generated to test significance and to compare with
overall accuracy (equation 4), according to Congalton (1991), as well as to calculate the

commission and omission error, using equations 5 and 6.

P.acc.= 2i x 100 @ U.ace.= 25 x 100 @
Hyi Hiy
go=NE%" BN Xt o 100 O 0.acc.= Z5 % 100 @
N= —E}I.[_‘_ .5I.+|: N
C.error= M % 100 ©) O.error= u % 100 ©
A4 Hiy

Where: P.acc=Pr oduc er 06 sUaec= ulsaecryd s%;ld = Kappa iadexy%0O%;

acc. = Overall accuracy %. error= Commission error %6. error = Omission error %; X%



45

= Total of pixels classified in the expected class; X Total of pixels (vertical line)X i+ =
Total of pixels (horizontal line); N = Total number of samples.

2.3Mapping permanent preservation areas

In this study, permanent preservation areas (PPAs) were considered according to the
Brazilian Forest Code (Law no. 12,651/2012), namely: i) ggrimvhich must have a buffer
zone of at least 50 meters; ii) vegetation along water courses, with a buffer zone that depends
on the river width fig. S2; supplementary material); and iii) hillsides sloping more than 45°
(Fig. 2). PPA delimitation was penfmed by the ArcGis 10.1 software using buffer and slope
tools (Esri, 2012). PPAs (rivers, springs, and slopes) were obtained from the processing of

SRTM imagery, available alfittp://srtm.cscgiar.org/SELECTION/inputCoord.asp

Fig. 2. Model of a rural property in the Brazilian Amazon according to the Brazilian Forest
Code (Law no. 12,651/2012tvery property larger than four fiscal modules must preserve
the permaant preservation areas (PPAs) and the legal reserve (LR), depending on the

municipalitybés characteristics, where one f
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Superior area that 1,800 meters

,—) PPA - Slope greater that 45°

PPA — Springs
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2.3.1 Mapping of rivers and springs

Through the processing of SRTM images, a Digital Elevatitwdel (DEM) was
generated to define water flows, using the Flow Direction tool available in ArcGis 10.1 (Esri,
2012). The values belonging to the adjacent raster cells may contain errors; therefore, it is
necessary to correct the SRTM data using the Sow, which identifies possible
imperfections in the raster. For imperfection correction, Fill (ArcGis tool) was used, and, thus,

a new DEM and a new Flow Direction model were generated with the corrected raster values.
Hence, the accumulated water flowsva pr oces s e d. Drainage extra
area was performed by map algebra. It was necessary to generate a threshold to identify how
many adjacent pixels should form rivers. In this case, 500 pixels were selected using the CON
(Conditional) tinction.

When the pixel value of the flow accumulation raster is greater than 500, it must be
replaced by 1, otherwise it is transformed into NODATA. With this condition, all raster cells
with values greater than 500 were considered in a new raster, anothier cells were
transfor med i nto NODATA. The cal cul ati on
(AFLOW_ACCUMULATI ON.tifo> 500, 1), and fir
shapefile. After the river identification, springs were extracted using the fébagfenewly

classified rivers, by the ArcGis 10.1 Feature Vertices to Point tool.

2.3.2 Slope classification

Slope attributes were classified according to the processing of SRTM imagery and
calculated by the ArcGis 10.1 Slope tool. Using ArcMap with the &pAmalyst and 3D
Analyst extensions, the Slope tools were run to generate a Slope raster. Then, the Reclassify
tool was used to reclassify the slope into six categories59°6°- 10°; 11°- 20°; 21° 309
31° - 44° and > 45%. After such procedurdsatures with a slope below 45° in rural
properties were eliminated. The Brazilian Forest Code defines all hillsides with slopes greater
than 45° as PPAs (Brasil, 2012).
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2.4 Mapping of environmental liabilities in rural properties
2.4.1 Boundaries of Rural Propéss

According to theBrazilianForest Code, all rural properties in Brazil must be registered in
environmental agencies at the state or municipal level, through a Rural Environmental
Registry (abbreviated as CAR in Portuguese). This instrument assistsputblec
administrative power with the environmental regularisation of properties. The vector base of
rural properties in the municipality of Paragominas, originated from the National System of
Rural Environmental Registration (SICARttp://www.car.gov.br/publico/imoveis/indgxis

available free of charge by the Brazilian Forest Service (updated on Febrii@g218.

On the SICAR system, we identified 2,559 rural properties registered in theipality
of Paragominas, classified gsassetsactive, with the obligations to update the registered
information, verified after analysisi) pending, when there is an incorrect declaration or
overlapping of the rural property with indigenous lands)seovation lands, public lands,
areas considered to be impediments, embargoed areas or areas overlapping with other rural
properties, andii) cancelled when the information declared is totally or partially false,
misleading or omitted. Once active propes were identified, properties overlaps were
excluded, and properties were selected as: > 4 fiscal modules and < 4 fiscal nfeidu&3; (
supplementary materialA fiscal module is an agrarian quantification used by Brazilian
agencies, established bgw no. 6,746/1979. It is expressed in hectares, and its area depends
on each municipality, varying from five to 110 ha. In Paragominas, each fiscal module is
equivalent to 55 ha. According to the New Forest Code, all rural properties with less than four
fiscal modules are exempt from the obligation to comply with the Legal Reserve (LR), which
is the obligation to maintain 50% of their property with vegetation, (Law no. 12,651/2012).

CAR contains all information about the rural property, so it must indhuelextension of
the LR area, which is the area of the rural property that must be legally covered with natural
vegetation. In LR, according to the Brazilian Forest Code, sustainable economic activities are
specifically permitted for each biome. Thus,fhe r cent age of a propert
registered as LR varies according to the biome and the region in Brazil. In the Amazon biome,
for example, this value is 50% or 80% of t
a)Wh e n t h &colegicaBEcandnic Zoning has been approved and more than 65% of
its territory is covered with indigenous lands and nature conservation areas under public

domain, b) When the municipality has more than 50% of its area in the same situation
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mentioaéd I n Raragominas the properties mus
properties in the municipality registered in CAR were mapped, including those with an area of

less than four fiscal modules.

2.4.2 Classification of priority areas for restoration

In order to propose priority areas for forest restoration, the following was consigered:
Mapping of PPAs (rivers, springs, and areas with a slope greater than)4939pping land
use and coverage to identify areas with vegetation in all rural pregeatidii) Identification
of rur al propertiesd boundari es. After the
municipality, forest remnants to be preserved were defined. This was done in compliance with
the protection watershed regulations (BHraz Forest Code, Art. 4), maintaining 50 and
30-m buffer zones along rivers and waterways, respectively.

From the classified imagery of use and coverage for the municipality of Paragominas,
PPAs were mapped within the rural properties, using the C&Bbdse to calculate LR, the
percentage of vegetation remaining in the property and its environmental liability. Priority
areas for restoration were proposed in rural properties with degraded PPAs and an LR of less
than 50%. Vegetated areas were also ntengéh the selected priority areas in order to

compose ecological corridorki. 3).
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Fig. 3. lllustration of rural properties in the municipality of Paragominas, Brazilian Amazon,
with their respective vegetation areas and peangpreservation areas®PAs (drainage and

springs)

2020 - Image

Principal Component Analysis (PCA) was performed in order to visualise and explain the
relations between priority areas for restoration in rural properties and the potential factors that
can generatelifferences among variables. PCA can be an understanding tool to reduce the
dimensionality of the data matrix, facilitating its visualisation. It is expected that a small
number of principal components can explain most of the variance with no relevaof loss
information (Naes, 1991). The results were plotted using the autoplot by the R software,
version 3.6.3 (ggplot2; cramproject.org/web/packages/ggplot2).

3. RESULTS
3.1Landscape change over the last 36 years (1982020)

Since the muniocn piani 1965, fPandgodmi nasodo t

deforested with rapid land use change into agriculture and livestock. According to the
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classification carried out in this study, 12% (2,33&kof the municipality had already been
deforested before 198&ig. 4a). This percentage increased significantly in the following
years, reaching 37% (7,202 RKnin 2000 and 45% (8,783 Kinin 2020 Fig. 4b). In 36 years

(19842 020), deforestation in Paragonfnasodo ter
Fig. 4. Classification of satellite imagery in the municipality of Paragominas, Brazilian
Amazon, using the Maximum Likelihood (Maxver) method. Images were classified from the
samples selected for each use class, using the ENVI 4.7 softwarela8kifications resulted

in a) deforested area by 1984; b) deforested area by 2020; and c) classification of land use and

cover in 2020.
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Results of the 2020 satellite imagery classification showed seven land use classes.
According to tle analysis, Paragominas presented 47.1% (9,188 &Mmaltered primary
vegetation, 22.8% (4,451 Knof secondary vegetation, 21.7% (4,234%mif pastureland,

5.6% (1,085 krf) of area under agricultural activity and 1.8% (344.9°)kof deforested
areas. @ly 0.1% (23.9 krf) was classified as urban area and 0.9% (1672 &mother land
use classes (neliorested areas and hydrographyig( 40).

The confusion matrix used to compare category by category in relation to the reference

data and the correspondirresults of the automatic classification showed that general
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accuracy was 97.3%, a similar value to the Kappa index, which was 96.7%. Another way to
analyse the confusion matrix would be through omission and commission errors. Omission
errors were 1.3% ¢@fest), in other words, three visited points that should have been classified
as forest, were not. The following categories were: secondary vegetation (6.1%; six visited
points), pastures (5.8%; 12 visited points), agriculture (4.4%; 10 visited point), an

deforestation (1.2%; 10 visited points). There was no omission error for the hydrology

category Table 1).

Table 1. Confusing matrix of the unsupervised classification of satellite imafasdsat- 8
(08/08/2020) with their mgpective percentages of producer and consumer accuracy,
commission and omission errors, general accuracy and Kappa indexes in the miynafipali

Paragominas, Brazilian Amazon.

Reference samples

Secondary Pasture Agriculture Deforestatior Total

Class Forest Hydrology vegetation
Forest 147 0 2 0 0 0 149
Hydrology 0 425 0 0 0 0 425
Secondary vegetatior 2 0 107 5 0 0 114
Pasture 1 0 3 242 7 4 257
Agriculture 0 0 1 6 281 6 294
Deforestation 0 0 0 1 3 213 316
Total 150 425 113 254 291 322 1,555
Producer 6 s a 980 100 94.7 95.3 96.6 96.9
User 6s acc 97 100 93.9 94.1 95.6 98.7
Commission error % 2.0 0.0 5.31 4.7 3.4 3.1

Overall accuracy %  97.3

Kappa index % 96.7

Commissiorerrors show points that were wrongly included in another cate@ahe 1
shows that 2.0% (two points) of the forest category were incorrectly included in the secondary

vegetation category. For the following categories, there were: secondary vege&2oitvmeo
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points classified as forest and five as pasture); pasture 11.1% (one point as forest, three points
as secondary vegetation, seven points as agriculture and four points as deforestation);
agriculture 3.4% (one point classified as secondary vegetaix points as pasture and six
points as deforestation); deforestation 3.1% (one point classified as pasture and three points as

agriculture) and there was no commission error for the hydrology catégsie (1).

3.2ldentification of permanent preservation areas

Paragominas has a large hydrographic network, with 20,149 km of rivers and 15,824
springs mapped and 65% more drainage than in the official database of the National Water
Agency (ANA), which informs 6,960 km of rivers in the municipalitfFig. S4
supplementary materialp total of 3,962 km of rivers and 5,269 springs were identified in
livestock areas; 389 km of rivers and 741 springs in agriculture areas; 43 km of rivers and 122
springs in deforested areas; and 21 km of rivers and 25 springsan areas. The remaining
vegetated areas totalled 15,737 km of rivers and 9,667 spFitg$H4).

The average altitude in Paragominaso6 terr
flat. In the classification for slope areas, only 0.1% (18)kvhthe territory has a slope > 45°,
which is considered a PPA according to the Brazilian Forest Code, while the rest of the
municipality (99.9%; 19,446 kfhhas a slope < 45Fig. 5b).
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Fig. 5. Classification and mapping of all pernemt preservation areas (PPASs) in the
municipality of Paragominas: a) rivers and springs; and b) slopes.
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3.3Environmental liabilities and the establishment of priority areas for restoration

in rural properties

In Figure 6, we selected an example (a rurabgerty) detailing the entire sequence of
how priority areas for restoration were selected. The database of rural properties registered on
CAR was used, where PPAs (rivers, springs and askgsng morethan 45°) and the
classification of satellite imaggemwere identified. Approximately 94% of all rural properties
(1,210) in Paragominas were properly registered on CAR, which sums up to 15,1496f8 km
the municipalityds territ oZofythe toRlrraahpropdrtiesy t o
had morethan four fiscal modules, of which 273 (3,668.33%lofithe total rural properties)
showed less than 50% of LR, with 239 (3,472.96)kraral properties showing degraded
PPAs, which are considered environmental liabilities that need to be recoverecenfifesd
182 (6,270.25 k) rural properties with more than 50% of LR required by law, but with
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degraded PPAs. Of the 490 (402.44%nurral properties with fewer than four fiscal modules,
which had no obligation to maintain LR, 105 (140.58%kpropertiesshowed degradation in
PPAs Fig. 7; Table 2.

Table 2. Summary of data on environmental liabilities and the establishment of priority areas

for restoration in rural properties in the municipality of Paragominas, Brazilian Amazon.

> 4 Fiscal modules < 4 Fiscal modules
<50% LR >50%LR <50%LR >50%LR Total

Total area ofural properties (k?) 3,668.33 11,079.01 267.04 135.40 15,149.78
Total forest ofrural properties (ki) 1,220.14 8,527.21 43.29 99.16  9,889.80
Total LR area ofrural properties by law (k& 1,834.16 5,539.50 133.52 67.70 7,574.88
LR deficit - Environmental liabilities (krf) 614.02 -2,987.71 90.23 -31.46  704.25*
Number of rural properties with degraded PPA 239 182 85 20 526
Number of rural properties 273 447 330 160 1,210

*No LR obligation.

Fig. 6. Details of the selection sequence of priority areas for restoration from the database of
rural properties registered on CAR, areas of permanent preservation arficatassiof land

use and coverage
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Fig. 7. Mapping of all environmental liabilities in the municipality of Paragominas, Brazilian
Amazon, Brazilian Amazon, using the land use classification, the database of all rural
propertiesand degraded permanent preservation areas (PPAs). The result was a map of the

environmental liability that connects all vegetation zones between rural properties.
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Based on all environmental liabilities of the properties analysed in this study, 614.02 k
of degraded areas were mapped within the rural properties in the municipality, which, due to
legal obligation, should be forested. In the areas with environmental liabilities as part of the
rural properties, there were 1,649 km of rivers and 2,238 ggpof PPAs, distributed over
239 rural properties. On the other hand, 182 other rural areas with degraded PPAs were also
identified in properties with more than 50% of LRable 2).

The PCA carried out in this study showed that most of the variables eshg@igessented a
relevant degree of interaction in the selection of priority areas for forest restoration and
establishment of ecological corridors. Using PCA, we identified that the first two principal
components were responsible for 71.8% of the totahtian in priority areas for restoration
in rural properties (PC1 = 50.05% and PC2 = 21.75%). There was great similarity and
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correlation between the variables environmental liability, degraded rivers and degraded
springs. They formed acute angles to eatiemtin addition to being longer and closer to the
axis. However, there was an evident separation between the areas with the smallest and
largest four fiscal modules. The scores of main component 1 -BCAere positively
correlated with environmental bdities, degraded rivers, degraded springs and distance from
liabilities to forest fragments. There is a significant change in the abundance of data, as shown
in Figure 8, also correlated at the bottom of the graph with the deforestation and vegetation

variables.

Fig. 8. Standardised variables present in rural properties with environmental liabilities in the
municipality of Paragominas, Brazilian Amazon, through Principal Component Analysis
(PCA). There is a correlation betweere thariables that make up the selection of priority

areas for restoration and ecological corridors in the municipality

Rural Properties

0.2-

Environmeptal ibides

0.1-

Standarized PC2 (21.75% explained var.)

—CJ.W U‘E' L'I‘I J.c‘
Standarized PC1 (50.05% explained var.)

Less than four fiscal modules | = | More than four fiscal modules
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4. DISCUSSION
4.1 Landscape change over the last 36 years (1982020)

Environmental degradation has increased over the last few decadi® Brazilian
Amazon, the opening of roads, forest conversion into pasture and agriculture, timber and ore
extraction and fires have historically been the main causes of forest loss and degradation since
the 1970s. So far, this has resulted in 20% (78BK3&) of forest cover loss in the Brazilian
Amazon (Solar et al., 2016; INPE, 2019; da Cruz et al., 2020a), a larger area than the Turkish
territory. Of this total deforested area, ca. 34% (271,862 kiawe taken place in Para state,
where Paragominas $isghad a significant contribution (8,817.7 ¥mmainly from lands
converted to other uses, especially to agriculture, livestock and mining activities (INPE, 2019;
Solar et al., 2016). The identification of these areas was corroborated by the confusign matr
an accuracy estimation technique widely used in remote sensing analysis (Story & Congalton,
1986; Chuvieco, 1990; Congalton, 1991; Fidalgo, 1995; Lillesand et al., 2004: Congalton &
Green, 2019). The overall accuracy of 94% and the Kappa index of 38% excellent
percentages according to the classification by Landis & Koch (1977).

Growth and economic dynamics in Paragominas were mostly originated by the federal
development policies established in the 1970s (Mahar 1979; Hall 1991). These policies did
not have clear sustainable criteria regarding the conservation of natural resources. This led to
strong environmental degradation in Paragominas and, as a result, for many years, the
municipality showed high deforestation rates.

According to the Braziliafrorest Code, there are directives and norms addressed to rural
properties (Law no. 12,651/2012), so that their activities comply with legal requirements
(CFB, 2012). However, the lack of supervision and inappropriate management in the
environmental sectdeads to illegalities that still persist nowadays. In the Brazilian Amazon,
properties in municipalities with deforestation over the maximum allowed per year are unable
to access the financial credits provided by the federal government. Furthermordingctmr
Decree no. 6321/2007, municipalities with excessive deforestation are included on a red list of

the Ministry of Environment, and they are required to restore their degraded areas.

4.2 Forest restoration in permanent preservation areas (PPAS)

Studies hve pointed out that the PPAs of rivers and springs show excellent possibilities

for restoration purposes (Samia et al., 2015). They are areas of stability and biodiversity
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balance; they promote wildlife protection and provide efficient ecological casrtdaronnect
fragmented areas (Clerici and Vogt, 2013; Fremier 2015). PPAs contribute to the genetic flow
of plant and animal communities (Sutton et al., 2010), and they form good barriers against
forest fires (Lovell 2006). However, it is not easy to deiee the ideal width of a riparian

zone that can maintain the ecosystem equilibrium (Sweeney, 2014), since the effectiveness of
river PPA zones depends, among other factors, on climate, physiography, vegetation type and
declivity (Valle et al., 2013).

The municipality of Paragominas has an extensive network of rivers and springs
considered to be PPAs. Notwithstanding, many of these PPAs are found in areas under
agricultural use and, depending on the quality of the management adopted, they are affected
by contaminants in soil particles (Klapproth, 2009; Pires et al., 2009), which can pollute water
bodies (Sutton et al., 2010).

Land use and occupation analyses associated with studies to understand the dynamics of
water resources (morphometric analysis) ianportant to propose actions to preserve the
hydrographic network. It can also help to control the erosion of rivers and sedimentation of
water bodies. While these phenomena, erosion and sedimentation, occur naturally, they are
also associated with unsusiable land use (Hughes et al., 2016). Pinto (2003) identified
agricultural and livestock economic activities in PPAs, which are zones that must be legally
protected. This situation has also been evidenced in this study.

The hydrographic network, with itwatersheds and micro watersheds, shows adequate
and unique conditions for environmental planning, land use management and nature
conservation (Santos, 2015; Alvarez et al., 2017). Paragominas has two important watersheds:
the Capim River watershed and tHdraim watershed. These watersheds make up important
rivers in the municipality. Th€apimRi ver serves as the munici
and theUraim River, a tributary of theGurupi River, provides the water supply for the
municipality. The largeextension of rivers identified in this study showed producer and
consumer accuracy of 100% and error O, also proven in other studies (Kuo et al., 2001;
BolafiosGonzalez et al., 2001; Oliveira et al., 2009; Acharya et al., 2016). Our result is much
larger han the official data of the National Water Agency (ANA), which has Ottobasin as
elementary drainage units, also generated from a consistent digital hydrological elevation
model (SRTM). SRTM is a classification technique widely applied to define the water

network. It is advocated by many authors as the most used classification model, even assisting
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managers in making decisions about water resources (Galvdo & Meneses, 2005; Gomes &
Lobao, 2009; ANA, 2017).

Activities related to the preservation or recovefywatersheds promote the rational use
of natural resources at national, state and municipal levels, according to identified needs and
priorities (Souza et al., 2000). Some important roles played by watersheds include containing
floods, absorbing the excesbnutrients, absorbing runoff water, providing better retention of
sediments and agrochemicals from agricultural activities, providing organic matter for river
food chains, protecting the flora and fauna in the system, reducing silting of rivers and
increasing flow capacity during droughts (Zolgh#&dili, 2017; Patil, 2020). Because of all
these reasons, it is important to maintain the balance of such habitats for the benefit of society

and the ecosystem as a whole.

4.3Environmental liabilities, establishment of priority areas for restoration and
creation of ecological corridors

Once established, CAR enables a better management of environmental actions in rural
properties throughout the Brazilian territory. CAR produces a diagnosis of environmental
complian@ or noncompliance by property owners, providing a broad profile of the
environmental status of rural properties to public authorities. This document makes it possible
to identify the environmental liability of irregular properties (De Alcantara, 2014). O
February 18 2020, Paragominas had 94% (1.8 million ha) of its rural properties registered on

CAR (available athttp://www.car.gov.br/publico/imoveis/indgxA great potential for the

recoveryof degraded areas includes the LR areas and PPAs because they hold great diversity
of plant species, which favours the natural recovery of adjacent areas (Moressi.2014).
Subsequently to the diagnosis, irregular rural properties in Brazil must design an
Environmental Regulation Programme (abbreviated as PRA, in Portuguese), presenting a
Recovery Project for Degraded and Altered Areas (abbreviated as PRADA, in Portuguese).
Landowners are committed to maintaining and recovering native vegetation in PPARsand L
or to compensating for their LR deficit through instruments such as environmental leases by
acquiring native vegetation areas in the same biome as that of the penalised property (Zakia &
Pinto, 2013). According to Brancalion et al., (2016), in orderensure ecosystem and
conservation services and maximise ecological benefits, LR compensation must occur as

close as possible to the degraded area, preferably in the same watershed.
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To select priority areas for restoration, some authors (Forman, 1997;etyaku 2005)
used the following criteria: degraded PPAS, vegetation fragments and the proximity between
rural properties with environmental liabilities. This selection can increase forest connectivity
through ecological corridors that, in addition to meting species losses (Lopes et al., 2009),
facilitate genetic flow between fauna and flora communities (Saura & Rubio, 2010; Beier et
al., 2011; Singh & Gokhale, 2015; Perkl, 2016; Peng et al., 2017). For all these reasons, we
suggest prioritizing the rewation of PPAs in LRs with environmental liabilities in rural
properties in Paragominas. Nevertheless, it is necessary to take into account that the selection
of a priority area for restoration depends on the restoration objectives. This can include mult
objective planning in which nature conservation and other issues (social and economic) must
be involved (Kangas & Leskinen, 2005).

Environmental protection organisations recognise the importance of establishing
ecological corridors on a large scale foaintaining the biodiversity and functional integrity
of ecosystems (Bowers & Mcknight, 2012). The establishment of ecological corridors can
increase persistence chances of plant and animal populations in isolated forest fragments
(Pardini et al., 2010; Banyi et al., 2011). Moreover, they play important roles in providing
routes for migratory species (Aars & Ims, 2008) as they help with the function of forest
connectivity and can significantly improve water quality in degraded PPAs (Valente &
Vettorazzi, 08; Pirnat & Hladnik, 2016; Mcdonald et al., 2016).

PCA showed that most of the variables analysed have an important degree of interaction
in the selection of priority areas for forest restoration and the establishment of ecological
corridors. PCA confirrad the effect of factors such as the distance from areas under
environmental liabilities, degraded rivers and springs in the selection of priority areas for
restoration, showing that these variables are correlated with degraded areas in rural properties.
In a recent study, da Cruz, et al. (2020b) identified that the closer the zones in a succession of
seed sources, the greater the richness and abundance of species in the municipality of
Paragominas. According to Rencher (2002), at least 70% of the totahcarmust be

explained by the first and the second principal components.

4.4 Current scenarioi Advances and Obstacles

There are ca. 2 billion hectares of degraded land across the planet (Minnemeyer et al.,

2011). Countries are increasingly debating the af@situation in the world, and in 2004, the



61

United Nations Climate Summit in New York established that it is necessary to restore 350
million ha (Latawiec et al., 2015). To fulfil its part of the agreement, Brazil has been taking
legal measures and foresstoration actions, such as the creation of the National Plan for the
Recovery of Native Vegetatioin Planaveg (MMA, 2017). The Brazilian strategy created in
2017 aims to restore at least 12 million hectares by 2030, mainly in PPAs and LRs, as
suggestedby the present study.

Studies point out that Brazil has a deficit of 21 million hectares of PPAs and LRs in
private properties (Soaréslho et al. 2014) in addition to the legal barriers affecting
conservation efforts to restore vegetation after the appid the new Brazilian Forest Code
(Law no. 12,727/ 2012) . By introducing an 0
unt il June 2008, it | eads | andowner s t o
environmental liability. This scenario haglleo a significant reduction in the requirement to
recover PPAs and LRs in the country. It is estimated that 30 to 40 million hectares will not be
recovered due to these circumstances (Brancalion et al., 2016; Guidotti et al., 2017). From
369 rural properes with environmental liabilities analysed in this study, only 79 were
deforested after 2008, but in all of them, degradation in PPAs was identified, which, due to
the Brazilian Forest Code, must be recovered. Furthermore, this law suspends fines on
propeties deforested before 2008, but does not exempt them from the obligation to recover
previously degraded areas.

Restoration of millions of hectares and deforestation reduction to 80% by 2020
(Copenhagen Accord, 2009) are commitments by the Brazilianraledgpvernment.
Nonetheless, Brazil is currently facing a political situation that does not enhance
environmental protection and conservation. Such commitment seems to be an impossible goal
considering the attitudes oahrbhbhe gouertnmést
beginning of his presidential term on Januafy 2019, degradation and deforestation rates
have increased (Escobar, 2019a). This rise has occurred mainly in the Amazon region, where
there was a 75% increase in degradatiomfrdanuary to August 2019 (1,320 Rnas
compared with that in the same period in 2018 (755)kAwugust 2019 was the period of
greatest degradation in the Amazon, exactly when there were numerous fires in the region.
(Fig. 9; Escobar, 2019a). DespitetheBsi dent 6s c¢l aims that the
climate changes as their cause (Artaxo, 2019; Escobar, 2019a, 2019b)aip research

shows that such events resulted from the recent weakening of law enforcement by the
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government, lack of monitaxig and i ncentives for the <cou
development (Pereira, 2019; Vazquez, 2019; Escobar, 2019b, Artaxo, 2019).

Fig. 9. Brazilian Amazon map, with data on the hotspots of the month of August 2019

(Source: Own design based on the Inpe/dgiffires database
(http:// qgueimadas. dgi .inpe.br/ quei madas/ bdg
relation to the increased u mber of fires in the period. )

(Landsat/MODIS sensor) illustting the fire intensity seen by satellite images and a graph
quantifying the increase in forest degradation from January to August 2019 (Source: Own
design based on data from reports by the Deforestation Alert Sy§&AamD, from the Institute

of People ad the Environment of the AmazehMAZON: https://imazon.org.by/
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5. CONCLUSION

Paragominas, due to its history of rapid economic growth and exploitation of natural
resources in a short period of 36 years, has dlima$ of its territory deforested and mainly
converted into agriculture and livestock land uses. This study has identified deforestation and
degradation in zones that should be vegetated, the permanent preservation areas (PPAS).
Proposing priority areasotrestore degraded environments is a complex process in the
Brazilian Amazon; however, in this study, important factors have been considered in terms of
decision making, such as the identification of deforested areas and vegetation within rural

propertiesand degraded PPAs.


https://imazon.org.br/

63

With the mapping of the evaluated variables, it was possible to examine the data
concerning the rural properties in order to suggest areas to be recovered and create ecological
corridors to connect remnant forest fragments still preasemt Par agomi nasd ter
reduce the municipalityds environment al I i
also be applied to other municipalities or biomes to diagnose the situation of PPAs and
propose more precise actions.

Current Bazilian environmental laws, especially the Brazilian Forest Code, have
guidelines and standards to be applied i n
activities must be in accordance with legal requirements, respecting the natural limits of the
environment. However, the lack of law enforcement and loose management of economic
activities allow illegalities to persist.

Forests and other natural plant formations play an essential role in the maintenance of the
pl anetds | ar ge e n suchr as nwater ncycées, clipateo regelatisne and
maintenance of soil nutrients. When rural landowners protect slopes, springs, and
watercourses, they are not only helping to conserve PPAs, but they are also helping to
maintain the water resources that bendfié entire ecosystem. Once rural landowners
preserve and maintain their propertiest6 PPA
services, such as higher biodiversity, the balance of carbon, water and soil emissions, which

are of local, nationahnd global interest.
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7. SUPPLEMENTARY MATERIAL

Figure S1. Samples collected in the satellite irragonfusion matrix
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Figure S 3. Methodological procedures for identification and elimination of overlaps between the polygorad pfoperties
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Figure S4. Hydrographic network (National Water Agency and classification SRTM
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CAPITULO Il : RESTORATION THROUGH TRENCHES AFTER KAOLIN
MINING: EFFECTS OF ORGANIC FERTILIZATION ON PLANT
DEVELOPMENT.

Artigo submetidana revistaNew Forests

Abstract

Mining has continued to expand in the Brazilian Amazon since the time of the major
projects that began in the 1970s. In such scenari®ahéstate plays an internationally
prominentrole. This situation has caused severe damage to the environment over the
years, which has resulted in the current need to implement and improve methods for

restoration of the areas degraded by mining. This study aimed to evaluate the growth of
six fored species planted in trenches and submitted to three different types of organic
fertilization: i) Topsoit ii) Sawdust andii) Cow manure.The trenches were opened

with 1 m in width and 1 m depth by 40 m in length and were filled wofsoil
Between theows (distance of 6 m between trenches), two treatments were performed:
a) Covering with a 1@m layer of sawdust in half of the experiment area and b) Without
sawdust covering in the other half. The following variables were evaluated: (1) Mean
Annual Inaement in height (MAJ); (2) Mean Annual Increment in diameter (MA#);

(3) Mean Annual Increment in crown area (MAJ; (4) Percentage of soil occupation

by nontree and noishrub species; (5) Natural regeneration density of tree species; (6)
Survival of planted individuals and (7) Litter stock. The planted spe€létoria
fairchildiana, Tachigali vulgarisandCroton matourensishowed the highest MAland

MAI psH, and theClitoria fairchildiana species showed the highest MAI The addition

of cow manureand sawdust did not result in better performance among the planted
species. Herbaceous plants and grasses showed the highest mean percentage of soil
occupation for all treatments (37.17%), and in Tlogpsoil treatment, 75% of the area
showed exposed soiexactly where there was the highest mortality rate (3.6%) of
planted individualsThe density of individuals in natural regeneration and the litter
stock were not influenced by the presence of sawdust between the rows. Despite the
short time of the expemient implementation, the results showed great efficiency in the
use of trenches for the restoration of areas degraded by kaolin mining.

Keywords: Forest restoration; soil reconstruction; selection of tree species; mining.
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1. Introduction

Mining generates ealth for countries and drives economic development in the
regions where its ventures are concentrated. On the other hand, this is an activity that
results in severe environmental impacts, which requires a consistent recovery plan for
the rehabilitation amfor restoration of degraded ecosystems (Gastauer et al. 2018). In
forest restoration, priority is given to the return of ecosystem services, such as carbon
sequestration, biogeochemical cycling and pollination, restoring the ecological
functionality of the ecosystem (Hendrychova and Kabrna 2016; Hou et al. 2018). In
addition, restoration actions must take eef$iciency into account with the adoption of
cheaper and more efficient alternative techniques (Crouzeilles et al. 2019).

Studies and experimentsrdad out for the restoration of pestined environments
have advanced rapidly in recent years (Martins et al. 2020b); however, results are not
always successful when the objective is to recreate ecosystems (Wortley et al. 2013). A
relevant factor is theigersified use of tree species in paosining sites, as it favors a
variety of habitats, naturally creating ecological niches that provide an increase in
organismdi ver sity (Wozniak et al. 2015; Kagucke
2018). Such diersity ensures greater resistance and resilience of the forest ecosystem to
possible attacks by pests and other degrading actions (Davis et al. 2012). Likewise, the
status and effects of the fauna and microorganisms must be considered (Cristescu et al.
2012). Therefore, the restoration of the basic elements of the landscape, especially the
fauna and flora, are priorities, since vegetation formation is essential for biomass
composition (Mueller et al. 2016), stimulates biotic interactions and promotes the
internal control of ecosystem processes (Lei et al. 2016).

Among the usual methods for restoring mined ecosystems is planting seedlings of
different tree species (Martins et al. 2020b). This is an active restoration method that
ensures greater initial pladensity and diversity at the site, especially where resilience
capacity is low and requires decades for revegetation to occur naturally. An example of
this is that of the Atlantic Heathland, in southwestern England, where edaphic and
vegetation charactetiss in kaolin exploration areas have not been restored over a
period of 150 years (Lane et al. 2020).

Despite the importance of diversified planting for forest restoration, some obstacles
are evident, such as obtaining seeds and seedlings and the htghityn@ate in initial

plantings (Lof et al. 2019; Erickson and Halford 2020), which causes failures or small
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clearings that expose the soil to erosive processes and compromise the performance of
other species, thus making the restoration project morensxee For this reason, it is
preferable to select species that are adapted to bioedaphoclimatic conditions, show rapid
growth, facilitate recolonization by ndree species and are, at the same time, attractive

to wild fauna (Brancalion and Holl, 2020).uiic and aggressive species that are
capable of developing in hostile environments are indicated, as they contribute to
rebalance and stabilize the ecosystem by acting on the natural mechanisms and
processes of colonization (Ramos et al. 2020).

Monitoring the performance of the species included in the initial planting by means
of structural indicators makes it possible to identify which species have the best
performance in face of the applied methodologies (Martins et al. 2020b). Of the
structural indicatos, the measurement of dendrometric variables over time is easy to
perform and interpret, making it possible to calculate the increment and thus assess the
status of each species at the site being restored. However, the availability and
distribution of resurces among species with different ecological characteristics of
succession respond naturally according to their physiological characteristics and
specific growth rates (Macdonald et al. 2015). In this process, litter deposition is an
important indicatoto be considered, as it is through it that the transfer of nutrients to
the soil, such as that of nitrogen, calcium, magnesium, and the partial dispersion of
carbon dioxide occur, which enables fertility and local productivity (Diniz et al. 2015).

In addiion, litter helps with soil erosion control and protection (J6zefowska et al. 2017),
the regulation of surface hydrological processes and the germination of the seed bank
(Quideau et al. 2013; Martins et al. 2018).

In view of the need to evaluate many rators together, monitoring the restoration
process is important to support the assessment of the recovery trajectory, which requires
the use of meaningful and easy to interpret metrics (Wortley et al. 2013; Hou et al.
2018). Among these metrics are theiaddance and richness of species (Bauman et al.
2015; Li et al. 2017; Shackelford et al. 2018), litter production and plant growth.
Through the assessment of vegetation development, it becomes possible to know and
understand the dynamics of ecosystems, hickvthe decomposition and cycling of
nutrients are connected, as they are essential fompaostg forest restoration (Grant et
al. 2007). In order to help tree development, the use of agricultural correctives and

fertilizers is necessary in forest rastioon procedures, and opting for organic fertilizers
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is a satisfactory alternative due to their efficiency and to the fact that resources available
in the municipality can be used, since waste disposal, such as that of sawdust and cattle
manure, is someties a problem. However, it is necessary to answer the key question in
this context: Is the development of plants influenced by different types of organic
fertilization, taking into account the development of trees? (H) Cow manure is expected
to be a good mtion in favoring tree development. Therefore, this study aimed to
evaluate the growth and mortality of tree species for the initial planting in trenches
submitted to different organic fertilizers, as well as the development of natural

regeneration in argaunder restoration after kaolin mining in the Eastern Amazon.

1. Material and Methods
1.1.Study area

The study was conducted in an area belongin@amPigmentos S.A. (PPSA)
which is a mining company owned by the French compamgrys located in the
municipdity of Ipixuna do Para, Parstate, Brazil Fig.. 1). The area, known aCota
850, went through the mining process in 2013. Soil reconstruction took place between
the end of 2015 and the beginning of 2016. The area was chosen for the installation of
the experiment because of its characteristics that portray most of thigudist mining

environments in the Amazon, with unstructured soil horizons and high compaction.
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Fig. 1. Location of the study area (Para Pigmentos S.A. mmajicipality of Ipixuna
do Para, Para state, Brazil, under restoration after kaolin mining

According to Koppends cl| as s iAfmitypeawet on,
equatorial, with a moderate dry season from June to November (Alvares et al. 2014),
mean annual rainfall of 1,756 2,500 mm (Andrade et al. 2017) and average
temperature of 26.7 °C. The predominant vegetation is the lowland dense ombrophilous
forest (IBGE, 2004). Near the experiment, on the south side, there are traces of primary
vegetatbn and, on the east, traces of secondary vegetatign). The soils are well
drained, thick and leached, with low natural fertility and a predominance of yellow

dystrophic latosols (Jo&o et al. 2013).

1.2. Experimental design
The experiment was implementadan area of 0.35 ha in November 2017. In that

area, nine trenches measuring 1 m in width, 1 m in depth and 40 m in length were
opened and filled withopsoilfrom the mined areas. The trenches were 6 m apart from

each other.
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Once the trenches were fillavith topsoil, pits measuring 0.40 m x 0.40 m x 0.40 m
(0.064 m3) were opened, 1.5 m apart from each other, along the length of the trenches.
Then 400 g pit of simple superphosphate, 130 gpitf urea and 130 g pit of
potassium chloride (KCI) werepplied, divided into two applications with a -6y
interval. Next, three different organic compounds were added to the pits, in three
treatmentsi) topsoil ii) sawdust andii) cow manure. Each pit was filled with one of

these three compoundBap. 1).

Tab. 1. Organic fertilization treatments applied for the restoration of a degraded area

after kaolin miningPPSA mine, Eastern Amazon, Brazil

Treatment Description Location Pit preparation

Topsaoll Topsoil (Control) Planting Row -
Sawdust Topsoil+ Sawdust Planting Row 40 I|ters_ of sawdus

andtopsoil

Manure Topsoil+ Cow Planting Row 40 liters of cow .

manure manure andopsoil
Covered Sawdust Between Rows -
Uncovered Without sawdust Between Rows -

Between the trenches (beten rows), two treatments were established: (a)
addition of 10 cm of sawdust as a soil cover and (b) without sawdust addition. Each
treatment occupied 50% of the total area between the rbigs 2). The disposed
sawdust was composed of residues from rséi& near the PPSA mine, in the

municipality of Ipixuna do Para
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Covered

Uncovered

Topsoil m Sawdust ® Manure

Fig.. 2. Simulation of the experimental area with 18 months of implementation and the
distribution of topsoil, sawdust and manure treatments, where 50% of thevasea
covered with sawdust in forest restoration areas after kaolin mining, PPSA mine,

Eastern Amazon, Brazil

From the establishment of the experimental treatments Wagsoil Manure and
Sawdust, 250 individuals of six species were planted, distributezh@rthe three
treatments Tab. 2). Each planted seedling was marked with aluminum plates in order
to make monitoring easier. The disposition of the species in the trenches (planihg
was random, allowing, at most, the repetition of two individualthefsame species
consecutively. The choice of tree species was made accordif@toiogical groupii)
rapid growth;iii) high survival;iv) N fixation in the soil; and) litter production. The
seedlings were produced monthg befere plaatimpwatmy 6 s o v
seeds collected from native forests around the mine andreatiea areas under the

Cc 0 mp anespansibility.
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Tab. 2. Species and number of individuals per treatment, planted in the experiment to

restoe a degraded area after kaolin mining, PPSA mine, Eastern Amazon, Brazil

Topsoil Sawdust Manure Total

Species
P Number of plants

Byrsonima spicat&Cav.) DC. 14 14 14 42
Clitoria fairchildiana R.A. Howard 13 15 13 41
Croton matourensigwubl. 14 14 14 42
Inga edulisMart. 14 14 14 42
Syzygium cumir(L.) Skeels 14 13 15 42
Iﬁlrcl:glgall vulgarisL.F. Gomes da Silva & H.C. 14 14 13 41
Total number of seedlings 83 84 83 209

Eighteen months after the implementation of the experiment, 48 plots nmgga2uri
m x 2 m (4 M) each were installed and randomly distributed over the entire
experimental area in order to assess the density of the regenerating tree and shrub
species. The soil vegetation cover percentage was also measured, and the vegetation
was clasified, according to its life form, ag: herbaceous plantd,) grasses andi)

lianas.

1.3.Variables analyzed
1.3.1. Vegetation

For the planted and naturally regenerated tree and shrub species, the following
variables were measurei): species identifiddon (common and scientific namesi))
height (H);iii) diameter at soil height (DSH) and) canopy projection area for all
planted individuals (Eq. 1). The mean annual increment (MAI) was calculated for the
diameter, height and crown area (Eq. 2, 34)ndn addition, the survival percentage for

the planted individuals was determined (Eqg. 5).

L, + L)
(L +12) 14 -)l Eq.1

Ac=7[><[

III"]ADAS = Eq. 2
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Ht

IMAy, = — Eq.3
T
Ac

IMA,. = — Eq.4
T

Sy, = (Ny/N;)x 100 Eq.5

Where:Ca = Crown area (m?); 1= Length of the longst longitudinal line of the crown
(m); L2 = Length of the perpendicular line to the longest longitudinal line of the crown
(m); MAI = Mean Annual Increment (cm); DSH = Diameter at Soil Height (cm); T =
Time (years); H = Height (m); S% = Survival Percertaljy = Number of Living
Plants; and Ni = Total number of planted seedlings.

The absolute density (AD) of the naturally regenerating trees was calculated by
the ratio of the number of individuals by the area in which they were sampled (Eq. 6),
whereas thesoil cover rate assessment was made through the percentage occupied by

herbaceous plants, grasses, lianas and the exposed soil.

N
DA = (K) Eq.6

Where: N = Absolute number of individuals of a determined species; and A = Sampled
area (hectare).

1.3.2. Litter stock

For litter stock quantification, a template measuring 0.25 m x 0.25 m and 0.10 m in
height was used. Samples were collected in the center of all the plots used to assess
natural regeneration, totaling 48 samples, 24 in the planting rows and 24 between the
rows. After collection, the samples were sent to the soil laboratory of the Federal Rural
University of the Amazon, where they were dried at 60 °C until constant mass was
achieved and were then weighed on an analytical balance (0.01 g). The scientific names

of the regenerating species were verified on theeflora database

(http://floradobrasil.jbrj.gov.b)/ and the APG IV classification system was adopted.


http://floradobrasil.jbrj.gov.br/
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1.4. Statistical analysis

The experiment had a 6 x 3 comely randomized factorial design, with three
replications and analysis of the performance of the six species in the three fertilization
types in the pits. For MAI (height, diameter and crown area), litter stock and density of
tree and shrub individualspormality analysis was performed using the Shajgitk
test poval ue > 0.05) and LevevwwmedsO0.0b)oFoothkec edast i
variables that did not meet the abovementioned assumptions, transformation was
performed by BoxCox, which indicatedhe best transformation type and, in some
cases, outliers were excluded. Subsequently, analysis of variance (ANOVA) was
applied. In case ANOVA showed significant difference, the means of the variables in
the three fertilization treatments in the pit werengpar ed usi n@gvaluek ey ds t
0.05) and Spvaldee<r0.05) i order to ecompare {he litter stock between
the rows with and without sawdust spreading. Statistical analyses and graphical
representations were performed using the R soffweersion 4.0.1 (R Core Team
2020).

2. Results
2.1.Increment of planted species

As for the mean annual increment in height (MAlthere was a significant
difference between the treatments applied in the pits and between the Spieci8s (
Topsoil showed thenighest MAK (2.19 + 0.60 m yed), but it did not differ from the
sawdust treatment. Regarding the spedashigali vulgarisand Clitoria fairchildiana
showed the highest MAI values with 2.86 + 0.19 and 2.61 * 0.37 m yéar
respectively [Fig.. 3f and 3b), not differing statistically from each other.
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Fig.. 3. Mean (xSE) of the Mean Annual Increment in height (MAIH) for the six species

planted in an area under restoration after kaolin mining, PPSA mine, Eastern Amazon,

Brazil. Capital letters indicate differences between species for the same type of
treatment with organic fertilization, whereas lovease letters indicate differences

bet ween treatments with organic fertilizati
test(p-val ue O 0 .-digkifjcant difference, andceach dot represents a plant of

the respective species

For the mean annual increment in diameter at soil height §b#flthere was a
significant difference between species.{fs = 139.78;p-value <0.001) and species
interaction with different treatmentsiffz26 = 4.20; p-value < 0.001). However, unlike
MAIH, the treatments alone did not have a significant effeci>{E 4.20; pvalue =
0.076). The highest mean IMA+ value was observed f@. fairchildiana, especially
when it was submitted to the application of otdgsoilor manure fig. 4b). Contrarily,
the lowest mean MAI and IMApbsH values, 50.35% and 73.80%, respectively, were

observed foByrsonima spicatéFig.. 4a).







































































































































