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“(...) Naquele Império, a Arte da Cartografia atingiu uma tal Perfeição que o Mapa 
duma só província ocupava toda uma Cidade, e o Mapa do Império, toda uma 
Província. Com o tempo, esses Mapas Desmedidos não satisfizeram e os Colégios de 
Cartógrafos levantaram um Mapa do Império que tinha o Tamanho do Império e 
coincidia ponto por ponto com ele. Menos Apegadas ao Estudo da Cartografia, as 
Gerações Seguintes entenderam que esse extenso Mapa era Inútil e não sem Impiedade 
o entregaram às Inclemências do Sol e dos Invernos. Nos Desertos do Oeste subsistem 
despedaçadas Ruínas do Mapa, habitadas por Animais e por Mendigos. Em todo o País 
não resta outra relíquia das Disciplinas Geográficas. ”  

(Suárez Miranda: viagens de Varões Prudentes, livro quatro, cap. XIV, 1658.) 
In: História universal da infâmia. 
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Resumo Geral 

A floresta Amazônica, vem sendo desmatada, queimada, fragmentada e sobre-explorada 

em escalas sem precedentes. Mais importante que  à punição ao ilícito ambiental 

cometido, é a prevenção deste. Para isso é necessária a identificação dos facilitadores e 

dos mitigadores do desmatamento, além de conhecer os locais onde a combinação 

desses fatores torna mais propensa a ocorrência do desmate. Se existe um conjunto de 

condições que aumenta a probabilidade de desmatamento em determinada area, é 

possível estimar áreas potenciais de novos desmatamentos usando Modelagem Baseada 

em Nicho Ecológico (ENM). O principal objetivo desse trabalho é testar a eficiência de 

ENMs  para a definição de áreas potenciais de desmatamento na Amazônia brasileira. 

Nos primeiros capítulos, levantamos os fatores relevantes para o desmatamento atual e 

que podem ser insumos para criação de modelos. Para isso, testamos as relações entre 

tamanho de propriedades rurais, áreas tuteladas pelo estado, tecnificação agrícola e 

esforços de reeprensão, com o desmatamento. Nos últimos capítulos usamos  ENMs, 

primeiramente considerando uma área na Amazônia ocidental brasileira e comparando 

com outros modelos consolidados na literatura. Posteriormente, consideramos toda 

Amazônia Brasileira e verificamos a eficiência dos ENMs nos munícipios amazônicos 

ao longo do gradiente de pré-fronteira, fronteira, pós-fronteira de desmatamento..  As 

áreas potenciais criadas a partir do ENM, demonstraram grande efetividade na predição 

de novas áreas de desmatamento, principalmente nas regiões onde a perda de floresta é 

mais ativa. Assim, podemos considerar esses modelos ferramentas no planejamento de 

ações de controle e comando contra o desmatamento, diminuindo custos e tempo. Além 

disso encontramos que a presença do estado na região Amazônica, seja por áreas 

tuteladas pelo estado, ou ações punitivas, diminui o desmatamento. O desmatamento 

continua acontecendo em grandes propriedades, entretanto as pequenas propriedades 

desmatam mais do que a lei permite em seus limites. Os municípios que apresentam as 

práticas agrícolas mais obsoletas são os que mais desmatam . 

Palavras Chaves: Amazônia, desmatamento, modelagem, modelos baseados em nicho 

ecológico, ações de comando e controle.
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Abstract 

The Amazon forest is being cleared, burned, fragmented and over-exploited at 

unprecedented scales. As important as the punishment for environmental crimes, it is  

the prevention. This requires the identification of deforestation facilitators and 

deforestation mitigators, beyond the knowledge of where the combination of these 

factors makes it more likely the occurrence of deforestation. If there is a combination of 

conditions that increase the deforestation probability in a particular area, it is possible 

estimate potential areas of new deforestation using Ecological Niche Modeling  (ENM). 

The main objective of this study is to test the efficiency of ENMs to define potential 

areas of deforestation in the Brazilian Amazon. In the last chapters, we raise the factors 

relevant to the current deforestation and that can be inputs for modeling. For this, we 

test the relationship between size of farms, government custody areas, agricultural 

technification and law enforcements with deforestation. In later chapters we use ENMs, 

first considering an area in western Brazilian Amazon and comparing with other models 

established in the literature. Subsequently, we consider the entire Brazilian Amazon and 

check the ENM efficiency along the deforestation frontier gradient of  the 

municipalities. Potential areas created from the ENM, demonstrated great effectiveness 

in predicting new areas of deforestation, especially in regions where forest loss is very 

active. Thus, we can to consider these models as a tool for action of command and 

control planning, reducing money costs and time. Moreover, we find that the presence 

of the governance in the Amazon region, either by government custody areas, or 

punitive actions, reduces deforestation. Deforestation continues to happen in large 

properties, however small farms deforest more than the law allows in its limits. The 

municipalities with obsolete agricultural practices are the most deforested. 

Key Words: Amazon, deforestation, modeling, ecological niche models, command and 

control actions.
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Introdução Geral 

A Amazônia é a maior floresta tropical do mundo e também engloba a maior 

bacia hidrográfica do mundo. A floresta está presente em nove países sul-americanos, 

em alguns casos sendo o único bioma desses países, como a Guiana. A maior parte 

(>70%) da floresta está dentro das fronteiras brasileiras, o que representa 30% de todas 

as florestas tropicais do mundo (FAO, 2005) e quase a metade de toda área do Brasil. 

Apenas a a biodiversidade Amazônica, torna o Brasil um  país megadiverso, pois 

as florestas tropicais, apesar de ocuparem menos de 7% da superfície seca da terra, 

provavelmente sustentam mais da metade das formas de vida no planeta (Wilson, 1988). 

A Amazônia, em particular, tem os maiores níveis de biodiversidade do planeta (Peres 

et al., 2010). Além disso, a floresta contém inúmeros produtos naturais de importância 

farmacêutica, é casa de centenas de comunidades indígenas e provê vários serviços 

ecológicos vitais em escala regional, continental e planetária, como a conservação do 

solo e sequestro de carbono (Fearnside, 2006). Além de tudo, a floresta também é 

responsável pelo regime hídrico do continente sul-americano: 70 % das chuvas que 

caem na região Sudeste do Brasil, a economicamente mais rica do país, tem origem na 

Amazônia (Fearnside, 2004). 

 Apesar de sua importância,essa parte do planeta não está intocada e protegida 

contra as alterações humanas.  Essas alterações não aconteceram apenas nas últimas 

décadas e/ou anos. A floresta, que ainda hoje, em grande parte parece prístina, possuí 

várias áreas  de floresta secundária, evidenciadas em manchas de de terra preta de índio 

e terra morena (Clement & Junqueira, 2010). Essas manchas de terra são manifestações 

de agricultura e manejo florestal de comunidades pré-colombianas há mais de 3.500 

anos, além de civilizações bem mais complexas com assentamentos de até 8.000 

habitantes, no alto Xingu entre 800 a 400 anos atrás, com semelhante modificação do 
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ambiente (Heckenberger et al., 2003; Willis, et al., 2004). Entretanto, essas 

modificações exercidas por meio da tecnologia dessas civilizações baseadas em 

machados e ferramentas de pedra, pereciam com a destacada resiliência da floresta e 

não levavam à perda de grandes áreas de vegetação natural.  

 Mesmo depois da descoberta pelos europeus do rio Amazonas, da floresta e dos 

recursos naturais que nele existem, a exploração dessa região foi pouco impactante nos 

quase 450 anos posteriores (London & Kelly, 2007). Até a década de 1960, as 

investidas contra a floresta eram pequenas, limitavam-se a regiões próximas a um 

corolário de cidade nas margens dos grandes rios. Porém, com a mudança da capital do 

Brasil do litoral para o interior, na década de 1960, esse cenário mudou. A criação de 

Brasília e a criação de rodovias, que pretendiam ligar todo o país ao seu novo centro, 

promoveu um crescimento e um fluxo de pessoas ao interior do país nunca visto 

(Moran, 1993, London & Kelly,2007). Isso acabou refletindo na Amazônia, em um 

primeiro momento, com a abertura da rodovia Belém-Brasília e a ligação terrestre da 

nova capital a Cuiabá. 

 Na tentativa de obter um maior controle e um menor risco de perda de 

soberania, o governo militar implantou na década de 1970 uma política de colonização 

de grandes áreas desocupadas na Amazônia brasileira (Sayago et al. 2004, Abrex Jr. 

2007). Nessa ação estavam incluídos incentivos agrícolas e a distribuição de terras na 

Amazônia, muitas vezes de forma desordenada, a excedentes populacionais oriundos do 

Sul, do Sudeste e do Nordeste (Sayago, et al. 2004). Tudo isso provocou um caos 

fundiário, persistente até os dias atuais, sendo ainda  pano de fundo para os maiores 

problemas Amazônicos (Pacheco, 2009). Entre as ações do governo militar realizadas 

na época, também estavam incluídas a construção de outras estradas, como a 

Transamazônica (BR-230), Cuiabá-Santarém (BR-163), Porto Velho-Manaus (BR-319), 
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hidroelétricas, como a de Tucuruí, além de centros agrícolas e industriais, como a Zona 

Franca de Manaus. Os agricultores assentados por essas políticas de ocupação do 

território reproduziram na Amazônia práticas agrícolas que utilizavam em seus Estados 

de origem, as quais trouxeram grande impacto para a floreta (Fearnside, 1989, Young & 

Fausto, 1997). Essas práticas baseavam-se no fogo e no desmatamento, em um primeiro 

momento, para determinar a posse, e em um segundo momento, na produção 

agropecuária na propriedade (Sayago et al., 2004, Fearnside, 1989). 

 Posteriormente, esses colonos foram sendo substituídos por médios e grandes 

proprietários que implementaram extensas pastagens para gado na região (Fearnside, 

2008, London & Kelly, 2007). Essa colonização promoveu uma forte e rápida frente de 

desmatamento na direção sul-norte e leste-oeste (Théry, 2004), determinando a região 

do arco do desmatamento, onde a perda da vegetação natural apresenta-se mais intensa 

até os dias atuais (Durieux, 2003; Nogueira, et al., 2007; Vieira, et al., 2008). Essa 

dinâmica de desmatamento, nos anos de 1970 e de 1980, teve destaque no Estado de 

Rondônia (Fearnside, 1982), onde a vegetação natural quase toda foi suprimida, 

restando apenas as Unidades de Conservação e Terras Indígenas. Todavia, é importante 

citar outros pontos em que essa frente de desmatamento foi e ainda é muito crítica, 

como é o caso do norte mato-grossense, do leste paraense e do leste acreano. As grandes 

áreas desmatadas nos anos de 1980 chamaram a atenção da opinião pública 

internacional, gerando questionando sobre a soberania brasileira na área (Arbex Jr., 

2005). Essa atenção aumentou ainda mais com a morte do sindicalista Chico Mendes, 

em 1988, o que precipitou, em resposta ao questionamento internacional, a criação e o 

fortalecimento de uma estrutura de proteção do meio ambiente, culminando com a 

criação do Instituto Brasileiro de Meio Ambiente e Recursos Naturais Renováveis 

(IBAMA).  
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A colonização e os investimentos estatais, nas décadas de 1970 e 1980 na região 

também trouxeram as condições de uma exploração mais mercantilizada dos recursos 

florestais e dos produtos agropecuários das propriedades agrícolas amazônicas 

(Margulis, 2003). Com a construção de novas estradas, reduziu-se os custos de 

transporte de produtos e insumos, gerando mais rentabilidade na agricultura, na 

pecuária, na exploração madeireira e em outras atividades (Margulis, 2003, Fearnside, 

2010). O gado de corte se consolidou como principal produto, em um primeiro 

momento abastecendo o mercado interno e, posteriormente - com a quebra de barreiras 

comerciais e sanitárias -, o mercado internacional (Margulis, 2003). Somam-se ao gado 

as grandes plantações de soja para o abastecimento externo (London & Kelly, 2007), 

que mesmo em menor proporção, fizeram com que a economia da região passasse a 

oscilar com o preço internacional desses produtos. A internacionalização da economia 

amazônica fez com que em momentos de preços favoráveis de gado e de soja, os 

fazendeiros procurassem aumentar a sua área de produção por desmatamento, dado o 

preço baixo da terra na Amazônia (London & Kelly, 2007, Margulis, 2003). Essa 

dinâmica acoplou o crescimento do desmatamento ao PIB (Produto Interno Bruto) 

brasileiro, ocasionando picos de mais de 20.000 Km² de área desmatada por ano nas 

décadas de 1990 e de 2000 (INPE, 2012).  

Em contrapartida a esses picos de desmatamento, houve uma preocupação por 

parte governamental de contenção do fenômeno, culminando com o Plano de Prevenção 

e Controle do Desmatamento na Amazônia (PPCDAM)(2004). Esse plano, inicialmente 

baseado em atividades de comando e de controle planejados a partir de informações de 

sensoriamento remoto, criação de unidades de conservação e corte do crédito rural para 

propriedades desmatadoras, foi um dos fatores da queda das taxas de desmatamento nos 

últimos 5 anos (IPEA, 2011, Nepstad et al., 2009). Mesmo com o crescimento 
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econômico do país e da região, essas ações provocaram um descolamento entre o 

desmatamento e PIB do Brasil e nos ultimos 5 anos foram registradas as menores taxas 

de desmatamento de todos os tempos (INPE, 2012).   

No entanto, apesar da diminuição nos últimos anos, o desmatamento na 

Amazônia Brasileira ainda atinge cerca de 18% da área da floresta (INPE, 2012) e, em 

cerca de 14% dessa área, já houve regeneração da floresta (TerraClass/INPE, 2011). 

Embora esse número possa parecer pequeno, consideramos que constitui, talvez, o 

maior problema ambiental brasileiro. Evidência do tamanho desse problema é que 75% 

das emissões brasileiras de carbono na atmosfera são decorrentes da perda de floresta 

(MCT, 2004). Além disso, 80% da biodiversidade de todas as espécies da região podem 

estar ameaçada de extinção, mesmo com a manutenção de um cenário mais conservador 

das taxas de desmatamento (Wearn, et al., 2012).  Além da perda de biodiversidade, há 

a r a perda de vidas humanas por assassinatos nos conflitos agrários que têm uma forte 

relação com desmatamento (Celentano & Veríssimo, 2007). 

Dado o tamanho do bioma amazônico brasileiro, seria impossível determinar a 

situação atual e a tendência de desmatamento com apenas a utilização de informações 

de campo. Uma solução prática e barata para examinar tendências na mudança da 

cobertura florestal na escala do bioma é utilizar dados de sensoriamento remoto 

(Hansen et al., 2008). 

 O Brasil possui dois sistemas de monitoramento por sensoriamento remoto da 

Amazônia. Esses sistemas brasileiros, desenvolvidos pelo INPE ( Instituto Nacional de 

Pesquisas Espaciais), são complementares e foram considerados os melhores do mundo, 

por Kintisch (2007). Um desses sistemas é o DETER ( Desmatamento em Tempo Real) 

que pretende, em um curto espaço do tempo, (15 dias, normalmente) fornecer 

informações para a fiscalização e o controle do IBAMA. O sistema indica polígonos 
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maiores de 25 há, onde ocorreu a supressão total ou parcial da floresta. O outro sistema 

é o PRODES ( Programa de Cálculo do Desflorestamento da Amazônia) que, desde 

1988, mede as taxas anuais de supressão total de vegetação. O sistema identifica 

incremento de polígonos com área acima de 6,25 ha (Câmara et al., 2006) em cada ano 

e é utilizado para determinar as diretrizes de combate ao desmatamento do próximo ano 

(IPEA, 2011) 

No Brasil, mais importante que às ações que punem o ilícito ambiental 

cometido, são as ações de prevenção dele, principalmente por não se conhecer dono das 

propriedades na Amazônia. Assim, a repreensão, por ações de comando e controle, 

necessita ser repensada, levando em consideração as causas do desmatamento 

(Fearnside, 2005). Para tanto, se faz necessária a identificação dos facilitadores e dos 

mitigadores do desmatamento, além do conhecimento dos locais onde a combinação 

desses fatores torna mais propensa a ocorrência do desmate. Com a identificação dos 

fatores e o conhecimento da ocorrência deles, a partir de modelos, pode-se teorizar 

onde, como e quando irá ocorrer o desmatamento. 

 De acordo Soraes-Filho, et al. (2004), a dinâmica de um sistema pode ser 

modelada no ambiente computacional levando em consideração a sua complexidade de 

desenvolvimento. Uma classe de modelos com um grande campo de pesquisa são os 

modelos espaciais ou modelos de paisagem, os quais simulam mudanças de atributos 

ambientais no território geográfico, contribuindo para o entendimento de como os 

sistemas ambientais evoluem diante de um conjunto de condições (Baker, 1989). Assim, 

esses modelos espaciais podem se tornar um importante instrumento para auxiliar as 

tomadas de decisões sobre ordenamento territorial (Soares - Filho et al. ,2004).  

Poucos desses modelos espaciais de mudanças de uso do solo foram feitos para 

toda a Amazônia Brasileira, mas três se destacam nos últimos 20 anos, orientando 
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vários outros trabalhos e discussões que foram feitos desde então. O primeiro foi de 

Laurance (2001), que utilizou as taxas históricas de desmatamento nas proximidades 

das estradas já existentes e a serem construídas, entre os anos de 2000 e 2020. Esse 

trabalho, além de estimar onde iriam acontecer os novos desmatamentos, calculava qual 

a possível taxa de desmatamento que iria ocorrer. Apesar de trabalhar com relações 

simples feitas em um sistema de informação geográficas (SIG), o modelo deu um 

grande passo ao representar o futuro da Amazônia no longo prazo. Aguiar (2006), 

usando o software CLUE (Conversion of Land Use and its Effects), a partir de 

regressões logísticas, determinou a relação entre o desmatamento e os fatores de 

desmatamento, criando uma representação espacial da perda de floresta em todo o 

bioma Amazônico. Essa representação foi feita em um grid com células de 25 km x 25 

km, com uma taxa de desmatamento fixo, demonstrando onde iria ocorrer o desmate, 

sem no entanto demonstrar a quantidade do mesmo.  

Soares-Filho et al. (2006) criaram um modelo, no qual as taxas de desmatamento 

são estimadas por um modelo não espacial, mas a alocação  dele é determinada por um 

peso ou  probabilidade, de uma célula tornar-se desmatada no ciclo seguinte (por 

exemplo, 1 ano), com base em variáveis diferentes. Esse modelo, criado na plataforma 

DINAMICA-EGO produziu uma estimativa de desmatamento até o ano de 2050 a partir 

da perspectiva de dois cenários: um conservador e outro com um menor controle do 

governo. Baseado em algoritmos de autômatos celulares, o modelo, atualmente é 

considerado como o melhor parâmetro para estimar o desmatamento futuro na 

Amazônia, sendo utilizado em outros trabalhos como controle (por exemplo. Wearn et 

al. 2012). 

Em 1957, George Evelyn Hutchinson unifica um dos conceitos mais caros para a 

ecologia, o nicho ecológico, no clássico Concluding Remarks. Nesse trabalho, ele 
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descreve o nicho ecológico como um hipervolume n-dimensional, em que cada 

dimensão é um recurso, condição, ou limitações que podem ser quantificadas. Com a 

quantificação da definição de nicho foi possível o surgimento de abordagens para 

modelá-lo (Pulliam, 2000). Partindo dessa premissa, foram criados modelos de 

distribuição de espécies baseados no conceito de nicho ecológico (Ecological Niche 

Modeling, ENM), uma abordagem que tem sido frequentemente utilizada nos últimos 

anos. Tal abordagem é utilizada para uma infinidade de questões ambientais, entre elas, 

principalmente para a conservação de espécies, incluindo ferramentas numéricas que 

combinam o registro da ocorrência de espécies com os parâmetros ambientais para 

predizer a distribuição dessas no espaço (Elith & Leathwick, 2009). Com essas 

ferramentas,  pode-se estimar a a ocorrência de uma espécie em uma região, ou em todo 

planeta. O crescimento da utilização desses modelos nos últimos anos tem como uma 

das causas o acúmulo de conhecimentos sobre diversas espécies, em diferentes 

resoluções no mundo todo. Uma metodologia de modelos que tem tido um uso 

recorrente nos últimos anos para a estimativa de  distribuição de espécies a partir das 

ocorrências é a baseada em máxima entropia (MaxEnt). Essa metodologia, utilizando 

uma sofisticada matemática e estatística, procura a melhor distribuição de ocorrências 

de uma espécie entre a máxima entropia do sistema ( entre o mais espalhado possível e 

a distribuição mais uniforme) utilizando variáveis ambientais  como limitantes para essa 

distribuição ( Phillips et al. 2006).     

 Essa abordagem muito se assemelha aos modelos espaciais que procuram 

identificar locais com grande potencialidade de serem desmatado com a combinação do 

espaço geográfico e um espaço multifatorial dos fatores que influenciam o 

desmatamento. Além disso, existe um amplo conhecimento na atualidade sobre causas e 

fatores de desmatamento na Amazônia Brasileira (Margulis, 2003, Fearnside, 2008) e  
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com o sistema de monitoramento do INPE, sabemos exatamente onde ocorreram os 

desmatamentos na Amazônia Legal nos últimos 20 anos. Dessa forma, é provocativo 

pensar a distribuição do desmatamento como uma espécie e com os fatores que 

determinam esse distribuição, construir um modelo baseado em nicho ecológico para  

predizer a distribuição futura desse desmatamento. Modelo que procure considerar a 

totalidade da complexidade do sistema modelado. Assim,  o objetivo geral desta tese foi 

trazer um inovador uso dos ENMs, tratando o desmatamento como espécie e estimando 

áreas potenciais de ocorrência do desmatamento futuro na Amazônia Brasileira.   

A tese,  foi organizada em quatro capítulos. Todos eles foram publicados, 

submetidos, ou ainda serão submetidos a diferentes periódicos científicos internacionais 

. Isso justifica a utilização do inglês como idioma na redação desses capítulos, as 

diferentes estruturas dos capítulos, variando número e nome de tópicos e os formatos, 

incluindo as referências bibliográficas. Entretanto, isso não impede o entendimento dos 

capítulos como um todo, uma vez que eles foram feitos com foco na mesma temática, 

de forma que um complementa o outro. Essa complementação não impediu também que 

esses capítulos fossem produzidos em uma ordem cronológica não direta, justificando, 

assim, o uso de dados e/ou referências bibliográficas mais recentes nos capítulos 

iniciais.  

Dessa maneira, o primeiro capítulo da tese e segundo capítulos da tese tratam 

dos fatores que influenciam o desmatamento e podem ser utilizados, ou não, como 

variáveis na construção de modelos. O primeiro capitulo que faz uma síntese do padrão 

de distribuição dos desmatamentos nas diferentes delimitações da terra na Amazônia 

brasileira (propriedades rurais, unidades de conservação, terra indígenas e 

assentamentos da reforma agrária) nos últimos anos.  O segundo capitulo identifica 
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fatores econômicos, fundiários, políticos e de tecnificação que atuam no desmatamento 

na Amazônia nos últimos anos.  

Os objetivos do primeiro capitulo foram analisar se diferentes tamanhos de 

propriedades rurais têm diferentes áreas desmatadas e diferente probabilidade de se 

manter sob a lei ambiental. Além disso, esse capítulo também objetiva analisar se áreas 

criadas, ou sob a custódia do governo (unidades de conservação, terras indígenas e 

assentamentos) apresentam heterogeneidade espacial da distribuição do desmatamento 

ocasionado pela distância da fronteira agrária e se essa relação muda ao longo do tempo. 

O segundo capítulo já objetivou verificar se a concentração de terras e os diferentes 

usos dado a terra podem explicar o desmatamento nos últimos anos e se atividades de 

fiscalização podem explicar a queda nos períodos mais recentes. Além disso, 

verificamos se o uso de práticas agrícolas mais sofisticadas teria efeito na distribuição 

dos desmatamentos pelos municípios Amazônicos. Atingindo esses objetivos e 

somando com as informações do capítulo 1, temos informações importantes sobre como 

os fatores econômicos, sociais, fundiários e políticos influenciam na distribuição do 

desmatamento em toda a Amazônia Brasileira. Essa informação será importante na 

determinação dos fatores que serão utilizados na construção dos ENMs a serem 

discutidos nos próximos capítulos. 

O primeiro capítulo será submetido ao periódico Conservation Biology, 

enquanto o segundo capitulo da tese, já foi publicado na versão eletrônica do periódico 

Land Use Policy (Apêndice 1), cuja referência é:  

Souza, R.A., Miziara, F., De Marco, P. 2013. Spatial variation of deforestation 

rates in the Brazilian Amazon: A complex theater for agrarian technology, agrarian 

structure and governance by surveillance, Land Use Policy, 30(1): 915-924. 
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O terceiro e  o quarto capítulos tratam da modelagem do desmatamento com 

ENM propriamente dita. Entre o terceiro e quarto capítulo temos uma mudança de 

escala dessa modelagem. No terceiro capítulo utilizamos a abordagem de ENM em uma 

área piloto na Amazônia ocidental brasileira, que sumariza a maioria das circunstâncias 

propícias  ao desmatamento, procurando ver a viabilidade dessa abordagem na 

estimativa de área potencial de desmatamento futuro na Amazônia. No quarto capítulo 

já utilizamos a abordagem do ENM para toda a Amazônia Brasileira. O objetivo do 

terceiro e quarto capítulo, considerando as diferentes escalas desses capítulos,foi criar 

modelos ENMs para estimar de áreas potenciais de novos desmatamentos na em parte 

ou na totalidade da Amazônia Brasileira . Outro objetivo foi avaliar a efetividade desses 

ENMs criados, utilizando validação com dados reais de desmatamentos e modelos já 

estabelecidos na literatura. Essa validação, no caso do quarto capítulo, foi feita para 

cada classe de distância da fronteira agrícola colocada por Rodrigues et al. (2009), 

mostrando em que locais da Amazônia, de diferentes atividades e extensão de 

desmatamento, os ENMs são mais ou menos efetivos. Para a criação das áreas 

potenciais pelos ENMs, nesses capítulos utilizamos fatores que chamamos de 

funcionais, em substituição às variáveis ambientais, utilizadas na determinação 

potencial de espécies. Vários dos fatores escolhidos basearam-se nas relações que 

encontramos nos capítulos anteriores e na literatura pesquisada. Alcançar os objetivos 

desse capítulo, mostrou a viabilidade da ideia da utilização de ENMs na estimativa de 

área potencial de novos desmatamentos e que isso poderia ser expandido. 

Esperamos que com os objetivos alcançados nos capítulos desta tese seja 

possível contribuir de forma inovadora à modelagem de desmatamento, além de 

oferecer uma visão ampla dos fatores que influenciam o desmatamento na Amazônia 

Brasileira hoje. Esperamos também que os modelos aqui criados e validados possam 
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servir de ferramentas para o estabelecimento de políticas públicas mais efetivas e 

precisas contra o desmatamento na Amazônia Brasileira, subsidiando o planejamento de 

ações de comando e controle. 

Ao trabalhar com a troca de informações entre diferentes disciplinas, como a 

ecologia, o sensoriamento remoto, a geografia, a estatística, esta tese traz, não só uma 

inovação, mas também a interdisciplinaridade. Ela pode ser considerada inovadora por 

ser a primeira vez em que se utiliza uma abordagem usada principalmente para a 

determinação de áreas potenciais para ocorrências de espécie, baseada em um conceito 

muito próprio da ecologia, o nicho, para estimar a potencial ocorrência de 

desmatamento. Desmatamento esse que é detectado por sensoriamento remoto e tem sua 

ocorrência potencial determinada até então por modelos de paisagem.  

A interdisciplinaridade pode ser identificada no ponto de encontro de técnicas e 

ideias dessas disciplinas para tentar entender um assunto tão importante quanto o 

desmatamento da Amazônia. Este trabalho procura ser uma síntese simplificadora de 

disciplinas com lógica, objetos, métodos e leis diferentes utilizados para responder a 

seguinte questão: onde é mais propenso acontecer um desmatamento na Amazônia? 

Acreditamos que o projeto de tese esteja no nível de interdisciplinaridade de 

interação das disciplinas, tanto no conceito de Piaget (1979), que coloca uma troca 

mútua entre as disciplinas envolvidas, quanto de Japiássu (1976) ou Jantsch (2002), que 

colocam um eixo norteador da interação. Isso porque o trabalho tem um diálogo entre 

diferentes disciplinas como a ecologia, o sensoriamento remoto, mas tudo com um eixo 

norteador, a modelagem para determinar a dinâmica de modificação do uso do solo na 

Amazônia. Ele propõe uma nova forma de pensar e medir a dinâmica da paisagem, 

utilizando ferramentas de outras disciplinas, no caso a ecologia, contribuindo para as 
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disciplinas envolvidas. Ao contemplar essa interdisciplinaridade, estaremos atendendo ao 

requisito, que diferencia as teses defendidas no CIAMB/UFG. 
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CAPÍTULO 1- PROPERTY SIZE AND GOVERNMENT 

PRESENCE AS KEY FACTORS DETERMINING THE 

SPATIAL DISTRIBUTION RECENT BRAZILIAN 
AMAZONIAN DEFORESTATION
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Abstract 

The Amazon rainforest has one of the highest levels of biodiversity in the world. 

Unfortunately, it suffers a vertiginous loss of its natural vegetation, due to 

production activities from rural properties. A relevant question is in what extend the 

process of set-aside areas for conservation and/or put them at the custody of the 

federal and state government can be able to avoid deforestation. We analyzed 

whether the rural properties size has the relationship with deforestation areas 

ocurred inside these properties, and with probability of this land owners to be in 

conformity to the environmental laws that regulates deforestation in Brazil. We also 

analyzed whether deforestation in set-aside areas and/or under the custody of the 

government vary in relation to the distances from the agrarian frontier, between 

2002 and 2012. Our results support that land tenure (in case, the rural properties 

sizes) in the Amazon have a high predictive power for the loss of natural vegetation 

in the region.  We show that despite the increased participation of larger owners in 

the total deforestation in recent years, smallholders deforest a ratio equal to or 

greater than the larger owners. Additionally, these smallholders have a greater 

propensity to not abide by the Brazilian environmental laws in relation to the 

maintenance of forest remnants. Over ten years, the increase of the protected areas 

network, indigenous land and even a land reform settlement determines the presence 

of the Brazilian government in Amazon. Furthermore  these areas have a measurable 

effect in a stabilization of the deforested area in the region, even if those areas are in 

municipalities with high deforestation activity. 

Keywords: Amazon, Deforestation, Rural properties sizes, Conservation Units, 

Indigenous Lands, Settlements of Agrarian Reform. 
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Introduction 

Rainforests are the oldest, most diverse and ecologically complex of the 

terrestrial communities (Myers, 1984). For instance, Amazon rainforest has one of the 

highest levels of biodiversity in the world and is home to several indigenous 

communities, barn with numerous natural products with pharmaceutical importance and 

is the provider of various vital ecological services, as soil conservation, water regulation 

and had a key role in carbon storage (Laurance, 1999, Fearnside, 2006, Peres et al., 

2010). Despite its importance, rainforests have been cleared, burned, fragmented and 

over-exploited in unprecedented rates all over the world (London & Kelly, 2007; Souza, 

et al. 2013). Until 1980, rainforest covered 1.970 million hectares in 76 countries, 

decreasing to 1.768 million hectares in 2005 (FAO, 2005). In this same period of time, 

Brazil was responsible for 47.8% of total global deforestation, nearly four times more 

than Indonesia (12.8%), the second country in deforestation rank (FAO, 2005). 

Nevertheless, Brazilian deforestation rates have decreased after 2005, with current rates 

lower than 10,000 km²/year (INPE, 2012).   

From late 1990s to early 21st century (2000-2004), the deforestation was 

associated to the presence of land under the private property regime(Ferreira et al., 

2007; Fearnside, 2008). These private properties have a heterogeneous size distribution, 

with small properties more common in areas far away of markets and roads in the 

northeast of Pará and Rondônia state, medium properties near to urban agglomerates in 

Pará state, and large in central and north of Mato Grosso state, nears of markets and 

roads (Pacheco, 2009). This heterogeneous size distribution of private properties rise the 

question about the not clear relationship between the properties size and the 

deforestation. Some small farmers keeps on their properties a mosaic of perennial crops, 
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temporal crops, and fallow areas, decreasing the forest conversion to pasture (Browder 

et al. 2004), and having lower responsibility about the deforestation  in your region. 

Other hand, in Uruará (Aldrich et al, .2006), Pará State, the small framers has large 

responsibilities for the forest conversion into productive areas. In this case study, the 

authors found that the small farmers increase the area of deforestation 100 times more 

than large farmers, in the same time period of 13 years. Despite this controversy, about 

smallholders responsibility to deforestation, in recent years there is an increase in the 

contribution of small patches of deforestation in relation to total deforestation (INPE 

2012, Rosa et al. 2012). Furthermore, in recent years there is also an intensification of 

anti-deforestation policies that operate mainly with large landowners, as the end credit 

for the loggers (Assunção, et al. 2013), surveillance of consumers (Nepstad et al. 2009) 

new law enforcement regulations (IBAMA. 2009). These factors combined can 

contribute to the increase in the percentage and total participation of smallholders in 

deforestation over the years.  

Almost all environmental problems in the Amazon region has as background 

land tenure issues (Pacheco, 2009), becoming the information on land property rights 

very important to Amazon conservation, probably more important than the law 

enforcements against deforestation. For instance, knowledge of land ownership provides 

more accountability of environmental crimes and inhibiting the occurrence of new 

environmental crimes.  An example of this line of reasoning is the case of Mato Grosso 

state, which, since 1999, keep a program of land tenure regularization combined with 

surveillance, and licensing directly related to a decrease of almost 35% deforestation in 

two years after its implementation of program (Fearnside, 2003). Together with the state 

of Pará, the Mato Grosso has the best knowledge about its land tenure condition in 

Brazilian Amazon, despite this knowledge was only achieved after these states 
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accumulate almost 70% of all deforestation in Amazon, (INPE, 2012), and summarize 

almost all factor that determine new cleared areas.  

Despite the discussion of Brazilian forest code that lasts for the past two years, it 

will be maintained the limit of 20% for clearing in any property in the Brazilian 

Amazon ( Brasil, 2012). This limit can seems hard for large owner, that must convert 

just a ratio of forest to productive activities, but  is probably worst to the small 

properties, which trying to keep your production with obsolete techniques and few 

financial funds (Börner et al., 2010). This different condition between the large and 

small owners can to be an issue on the failure to comply the environmental law by 

smallholders in Brazil.  

Spatial distribution of deforestation is mostly related to the distance of the 

agrarian frontier, where the conversion of native vegetation in productive uses is more 

intense (Nepstad et al, 2002). There is a clear relation between distance to the frontier, 

deforestation rates and human developed indicators for  the Amazon municipalities 

(Rodrigues et al., 2009). The gradient of pre-post-deforestation frontier, placed by 

(Rodrigues et al. 2009) presents a parallel gradient of land appropriation. The further 

closer from the pre-frontier and greater number of forest remnants, the largest number 

of smallholders, without sure about land properties rights that clear the their area to  

define the ownership of these lands. These smallholders are being gradually replaced by 

medium and large farms, especially at the frontier, where the forest is convert in 

production areas. This predominance of large, already at the post-frontier, presents a 

landscape with a small number of remaining forests (Fearnside, 2005; Margulis, 2003; 

Young and Fausto, 1997; Pacheco, 2009). This may be an important aspect of 

Amazonian deforestation that helps understand both the relation between property size 

and deforestation rate. 
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Any satellite view of the Brazilian Amazon allow to easily observe the large 

amount of remaining forests blocks (nearly 1,8 millions km²), but it is most remarkable 

that those green patches are dispersed within well defined human-dominated 

landscapes. These most part of these patches are the Conservations Units and 

Indigenous Lands that are considered decisive to protect Amazon biological and cultural 

biodiversity. The National system of Conservation Units (SNUC), (MMA, 2002) divide 

conservation units into two groups, with different concepts and permissions for explore 

natural resources. The first -- integral protection units -- had the biodiversity 

conservation as its main purpose and do not permit any natural resource exploration. 

The second, that try to balance the nature conservation with sustainable use of natural 

resources, is known as sustainable use units. The maintenance of sustainable use and 

traditional communities has suggested gains in biodiversity conservation in relation to 

the prohibition of any use (Schwartzman et al., 2000) (Nepstad et al., 2006).  However 

the deforestation in sustainable use units are almost two times mores than in integral 

protection units, even this units types ha similar area in Brazilian Amazon (INPE, 

2012). Even with the proximity from roads and deforestation fronts bring the pressures 

of deforestation, fire and hunt for protected areas (Kirby, et al., 2006, Nepstad et al., 

2006),  many studies showed that the probability of deforestation occurrence is  10 

times less than in not-protected areas (Ferreira, et al 2005, Soares-Filho et al., 2010, 

Nepstad et al.2006).  

 

Other areas important to forest conservation are the Indigenous Lands, that 

despite has the propose of keep the communities and indigenous cultures in most of 

cases maintain large forest remnants, can to be a cause of deforestation decrease the in 

the last years (Nepstad et al., 2009). Otherwise these indigenous communities can 
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assimilate unsustainable practices in their areas -- including deforestation -- by contact 

with other not indigenous communities that live near the tribes, and the growth of its 

own population over the years (Redford & Sanderson, 2000; Terborgh, 2000). Again, as 

in the conservation units case, the proximity of deforestation front can be an important 

variable to explain deforestation inside these areas.  

These protected lands represent not just important areas to biodiversity but also 

the presence of the Brazilian government in this region. Beyond them, agrarian reform 

settlements are also important public policy actions, which could have an importance in 

the determination of the geographic distribution of deforestation. These areas were 

created looking for the decrease of land inequalities, with distribution of government 

lands and land tenure regularization of the smalholders. The majority of settlers tend to 

turn their properties into mosaics of different land uses, but some converted his entire 

pasture area. This conversion is cause of deforestation within settlements and represents 

less than 15% of the deforestation total, in some cases occurred before the creation the 

settlement. However the speed and manner of this transformation depends on several 

factors, including geographic, and must be analyzed through the frontier of 

deforestation (Pacheco, 2009).  

In this study we  consider the heterogeneous spatial distribution of deforestation 

in Rural Properties, Conservations Units, Indigenous Lands, Settlements, and the 

behavior of deforestation in the last years to evaluate two main hypotheses. First, the 

deforestation by smallholders is higher than medium and large holders, and these 

smallholders tend to break environmental laws, as the forest code, more often. Second, 

areas delimitated and under custody by government tends to show equal deforestation 

for all areas, independent its proximity of large activity of deforestation regions. 

Altogether, this may picture a more adequate view of recent Amazon deforestation 
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allowing both a better understand of its causes as identify future avenues for find its 

remedy. 

 Methods 

To analyze the deforestation in areas under state custody, we used as study area: 

the Brazilian Legal Amazon, which currently comprises more than 700 municipalities, 

distributed across nine Brazilian states. This region accounts for more than 61% of the 

Brazilian territory, equivalent to more than 5 million square kilometers (5,217,423 km2), 

and contains the entire Brazilian Amazon forest (Figure 1).  

To analyze whether different rural properties size classes differ regarding the 

amount of deforested areas, and the probability of make this clearing follow the 

environmental laws, in the last years, we use only properties data available for Mato 

Grosso and Pará states ( Figure 2). We restricted our analyses to these areas given the 

restriction of data availability regarding properties limits for the other Amazon Brazilian 

states. Despite such geographical limitation to our data, these states are responsible for 

the 70% of all deforested area found within the Brazilian Legal Amazon (INPE, 2012) .  
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Figure 1- General overview of the study area. The municipalities within the Brazilian Legal 
Amazon region with its classifications according to distance from deforestation frontier ( 
“A”, “B” are pre-frontier, “C”, “D” and “E” are the frontier, and “F”, “G” are post-frontier) 
and Conservation Units (sustainable use and integral protection), Indigenous Lands, and 
Settlements of Agrarian Reform. 
 

 
 
Figure 2. The rural properties in Mato Grosso (MT) and Pará (PA). 
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The main source of data regarding deforestation in the study area was the 

“Deforestation Monitoring Program (Programa de Monitoramento do desmatamento, 

PRODES) of the Brazilian National Institute for Space Research (Instituto Brasileiro de 

Pesquisas Espaciais, INPE). The data obtained by PRODES are available on the INPE 

website, in vector format from 1997 to 2011 (INPE, 2012). The data was derived from 

automatic classification analysis of a LANDSAT-5/TM mosaic image of the entire 

Amazon region (Câmara et al., 2006), and by satellite spatial resolution just have been 

considered the deforestation poligons with area above 6 hectares. Specifically to Mato 

Grosso state, within which the Cerrado biome also occurs, we considered the 

deforestation process observed only within the limits of Amazon biome, proposed by 

the Brazilian Institute of Geography and Statistics (Instituto Brasileiro de Geografia e 

Estatística – IBGE).  

Mato Grosso and Pará states have important land tenure program designed to 

license and supervise the environmental impacts in rural properties called Integrated 

System of Monitoring and Environmental License, (SIMLAM, Sistema Integrado de 

Monitoramento e Licenciamento Ambiental), which derived maps with the limits of all 

rural properties licensed within both states between 2009 and 2011. In our analyses, we 

only used licensed rural properties, which represent 355,736 properties in Pará and 

15,867 in Mato Grosso.  

A spatial unit measure used to infer rural land properties sizes found in Brazil is 

called fiscal module. Such measurement unit is used in  many Brazilian environmental 

and Land Tenure laws, such as the forest code, and is measured in hectares (ha). Fiscal 

modules sizes vary in each municipality and are subject to conditions related to 

production, market, infrastructure, technological availability, and natural features. The 
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more these conditions are available, the smaller is the area size needed to obtain a 

profitable economic production. We classified each property using the fiscal module 

and divided this properties in 3 classes, based on the Brazilian federal law 8.629/1993, 

which determines small-sized properties those with less than 4 fiscal modules, the 

medium-sized properties as those from 4 to 15 fiscal modules and the large-sized 

properties as those with more than 15 fiscal module.  

We organized all vectors in a common database using ArcGIS 9.3 (ESRI).  In 

order to test whether the deforested area within each property is related, we followed 

two alternative methodologies. First we used Kruskal-Wallis non-parametric Analysis 

of Variance to determine whether there was a statistically significant difference of the 

deforested area between the three classes of rural properties (small-, medium-, andlarge-

sized ones). Secondly, we use quantile regression (Cade, et al., 1999 & Cade & Noon, 

2003) to evaluate the relationship between the deforested area and rural properties area 

since this method is specially suited to deal with heteroscedasticity of the response 

variable (Cade & Noon, 2003). This method allows to test whether different 

deforestation levels (quantiles) are differently affected by the rural properties size. We 

also tested the relationship between rural properties size and the probability of these 

properties to follow the environmental laws that demands to keep more than 80% of 

forest (usually known as legal reserve), using a standard logistic regression described by 

Zar (2010).   

In order to evaluate whether there was differences in the deforestation rates from 

areas under government custody (conservation units of sustainable use, conservation 

units of integral protection, indigenous lands settlements) in different distances of the 

deforestation frontier, we used the classification proposed by Rodrigues et al (2009). 

This classification divide the Amazonian municipalities in eight classes that represent 



___________________Capt. 1: Property Size, Government Presence and Deforestation 
 
 

   38
 

the gradient between the pre-frontier of deforestation and post frontier of deforestation ( 

“A”, “B” are pre-frontier, “C”, “D” and “E” are the frontier, and “F”, “G” are post-

frontier). To make this classification we divided the total municipality deforested area 

by total municipality area and used thresholds determined by deforestation activity and 

extension deforestation in each municipality. All analysis were made based on raster 

maps with cells of 100x100 meters generated from the INPE deforestation maps of the 

last 10 years (2002 until 2011). In order to evaluate the deforestation difference over the 

years, we used the trajectories of each class of deforestation frontier. Since this is not a 

sample, but the analysis of the entire data population, we only used direct descriptive 

statistics to show the overall deforestation patterns in government custody areas.   

 

Results 

Considering absolute terms, large-sized rural properties (more than 15 fiscal 

modules) showed higher deforestation rates than small-sizes ones (less than four fiscal 

modules), both in Mato Grosso and Pará states, from 2009 to 2011. In Mato Grosso, 

large-sized properties deforested near two times more forest than small-sized ones, 

while in Pará state, such value was four times higher. The absolute deforestation in 

medium-sized rural properties (with four to 15 fiscal modules) was higher than that 

observed for small-sized properties (Figure 3, and Table 1).  

The analysis in relative terms shows the opposite relation in Pará, with 

properties lower than 4 fiscal modules with higher deforested proportion than larger 

properties. It is important to note that the proportion of the properties areas that were 

cleared in 2011 was lower than previous years for all fiscal modules classes, in Pará. In 

Mato Grosso no conspicuous difference could be demonstrated (Figure 3, and Table 1). 
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Figure 3- Differences of absolute deforestation and relative deforestation between the 
fiscal modules in Mato Grosso (A, C) and Pará (B, D) to years of 2009 (square), to 2010 
(circle), to 2011 (triangle). The whiskers are the 95% confidence interval. 
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Table 1- Results of Kruskal Wallis test (df=2, p<0.05, in all cases) to difference of 
absolute and relative deforestation, between the fiscal models, over the years of 2009, 
2010 and 2010.  
Kind of Dependent Variable Year H N 

Absolute Deforestation-MT 2009 257.9 14993 

Absolute Deforestation-MT 2010 186.3 14993 

Absolute Deforestation-MT 2011 194.8 14993 

Absolute Deforestation-PA 2009 584.6 28277 

Absolute Deforestation-PA 2010 670.5 28277 

Absolute Deforestation-PA 2011 390.2 28277 

Relative Deforestation-PA 2009 416.2 28277 

Relative Deforestation-PA 2010 456.2 28277 

Relative Deforestation-PA 2011 291.6 28277 

Relative Deforestation-MT 2009 250.8 14993 

Relative Deforestation-MT 2010 180.7 14993 

Relative Deforestation-MT 2011 188.3 14993 

 

Table 2- Results of quantile regressions to relation between relative deforestation and 
rural property area log. The results with * had not significatives relationships (p>0. 05).  

 Mato Grosso Pará 

 2009 2010 2011 2009 2010 2011 

Quantile r² r² r² r² r² r² 

0.1 0.117 0.064 0.088 0.033 0.01 0.042 

0.3 0.109 0.031 0.064 0.048 0.05 0.052 

0.5 0.083 0.029 0.052 0.079 0.11 0.081 

0.7 0.060 0.033 0.039 0.087 0.16 0.124 

0.8 0.052 0.038 0.037 0.076 0.17 0.124 

0.9 0.054 0.037 0.039 0.066 0.16 0.112 

0.95 0.053 0.040* 0.040 0.058 0.15 0.097 

0.975 0.054 0.043* 0.033 0.057 0.14 0.090 
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Figure 4- Quartile Regressions to relation between deforestation proportion and  Rural 
Properties Areas to the Mato Grosso and Pará State (log), from 2009 to 2011.  

 

The relationship between the relative deforestation is inversely proportional to 

property area.  but weak (r²<0.5), in both states from 2009 and 2010. For all quartiles of 

deforestation proportion, the relationship is weak suggesting that there are other factors 
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beyond the rural proportion size affecting this process. Furthermore, for all quantiles as 

large the rural property is less proportional deforestation occurs (Figure 4. Table 2). 

The probability of infringing the law is inversely related to the size of rural 

properties: in almost all cases, large-sized properties had a low probability of infringing 

the law (near to 0%). In 2009 and 2010, in Pará, although there was a difference 

between the property sizes to probability to not respect the law, this probability in 

different class was very low (less 2%) (Figure 5). In 2009, at Mato Grosso the 

probability of not follow the law in small-sized properties varied widely, but the mean 

was more than 50%, while the mean of other properties sizes was less than 20%.   

 Table-3 The results of logarithm regression between Rural Property size log and 
the probability of rural properties in Mato Grosso and Pará to be respecting the law, 
over the years of 2009, 2010 and 2011. 

State Year χ² P 

PA 2009 28.7 <0.05 

PA 2010 87.3 <0.05 

PA 2011 34.6 <0.05 

MT 2009 21.4 <0.05 

MT 2010 1.8 0.16 

MT 2011 33.2 <0.05 
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Mato Grosso Pará 

 
 

  

  

Figure 5. Logarithm regression between Rural Property size log and the probability 
of rural properties in Mato Grosso and Pará to be respecting the law, over the years 

of 2009, 2010 and 2011. Curves’ equations are depicted inside the graphic, 
Mean±0.95 Confidence Interval. 
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For all kinds of government custody area the deforestation showed lower in the class 

closest to the post frontier (e,f and g classes) over the years. It is important to note that 

there were no Conservation Units of Integral Protection, in class “g” municipalities in 

the entire Amazon. For the other classes the deforestation values were higher and more 

stable in all government custody areas and over de years. The values of deforestation 

from settlements in all classes and years was higher than others classes in contrast with 

conservation units of integral protection, which that was lowest (Figure 6).  

 

  

Figure 6- Log of deforestation area measured as number of pixel within Settlements 
(A), Indigenous Land (B), Conservation Units of Sustainable Use (C) and Conservation 
Units of Integral Protection (D) to class of frontier distance, between 2002 and 2011. 
 

Discussion 

 We found that larger farms in Mato Grosso and Pará deforest more than smaller 

rural properties, between 2009 and 2011. However, at least in Pará, proportional 
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deforestation is lower on large properties, than middle and small properties, especially 

in 2011. This opposition between relative and absolute deforestation, shows that the 

participation of large landowners remain dominant in total deforestation, but these 

players has deforested a small proportion of their farms compared with small land 

owners. This corroborates Michalski. et al., (2010) and Rosa. et al., (2012) that 

considers a trend of  large landowner´s behavior changes, leaving the clearing of large 

areas for a deforestation sprayed in small patches that will connect in the future. This 

modification in large landowners behavior is due to the policies against deforestation in 

last years, that has more effect on large properties.  

One of these policies against deforestation is  a interministerial policy against 

Amazon deforestation known as PPCDAM, that use data from INPE´s satellite 

monitoring, to planning the operations of command and control. Despite of this 

monitoring project be considered as the best in the world to rainforests (Kintisch, 2007), 

it shows limitations, as just identify deforested areas over 6 hectares (INPE, 2012). The 

majority of the deforestation higher than 6 hectares occurs primarily in property with 

more than 4 fiscal modules. Another PPCDAM directive provides cuts in rural credit to 

properties that were deforested. This credit cut had effect for the deforestation decrease 

in recent years, affecting mainly large landowners (Assunção. et al., 2013). Moreover, a 

new internal surveillance resolution from Brazilian environmental agency, IBAMA, 

highlights the fight and punishment against large loggers, to “serve as an example”, 

dissuading other large and small loggers. Also is important to remember the  inquiry 

from consumer markets, especially of soybeans and cattle, about  the sustainable origin 

of these products, which leads to a concern primarily by large owners, who have 

conditions of  aggregate value to their product (Nepstad et al., 2009). Although in 

absolute terms the large land owners, continue deforesting more (even because they 
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have more land with conditions to be cleared), the sum of measures, as credit cuts,  

environmental law  more rigorous and questions of customers, causes a concern about 

the proportion that large landowners will deforest their properties. The Mato Grosso´s 

deforestation increase in 2011 probably demonstrates the great sensitivity of 

deforestation rates to the political situation, because at this same period there were a lot 

of rumors of a slowdown in forest code, with changes in distribution and amount of 

forest remnants in farms (Rosa. et al. 2012). The forest code is the Brazilian law that 

determines the percentage of remaining forest that could be cleared in each rural 

property, and this law was not changed for almost forty years (Brasil, 2012). However, 

in 2011, arise politics discussions in the Brazilian Congress to change this law, 

decreasing responsibilities of the landowners. Despite all political heat of this 

discussion, the percentage of forest vegetation of farms in Amazon continued being 

80% of the property area, with some caveats. The results presented in this work, despite 

do not demonstrate a greater participation of smallholder in absolute deforestation, 

shows less concern of those owners in maintaining the forest reserved in their areas. 

This  lower concern of small landowners is a contradiction with the determined by the 

new forest code (Brasil, 2012). Because the forest code modifications  allows the owner 

until 4 fiscal modules  make the regularization of its forest reserve with what was forest 

remnants on their properties until July 22, 2008, even this remnants were less than 80% 

of property. 

We found for all years analyzed and in both states a weak and inversely 

proportional relationship between deforested proportion of property and property size.  

Thus, smaller properties tend to deforest higher percentage of their area and larger 

properties tend to have lower proportions of their areas deforested. Studies (e.g., 

Pacheco, 2009) also corroborate that the relationship between small producers and the 
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forest is not always friendly or less aggressive and in some cases, these small 

landowners may produce the complete conversion of forest into pasture. Michalski et 

al., (2010) in state of Mato Grosso, found that the main driver of deforestation in Alta 

Floresta region was the small and old properties. Even though the relationship between 

deforestation and size of properties, in absolute terms, still keep weighing for the larger 

landowners, the data presented here remarks the importance of smallholder to relative 

deforestation made in recent years. 

  When we think about the future of deforestation, the action focus, advocated by 

anti-deforestation policies, must to change for smallholders. The consolidation of 

current anti-deforestation policies, (revealed in the deforestation rate decrease in recent 

years) (Nepstad. et al., 2009), and the growth in the relative contribution of 

smallholders (Oliveira and Metzger., 2006), requires a closer look to these. Because as 

these small properties in long term will increase in number, by the simple partition of 

large properties under the effect of sharing a heritage. However, these policies should 

not only be actions of command and control, but support to forest exploitation 

sustainable activities as payment for environmental services.  

This inversely proportional relationship between farm size and deforestation 

raises questions as: Whether the landowners of farms with different sizes, follow 

similarly the Brazilian environmental law? We found that the smallholders have a 

higher probability of not following Brazilian environmental laws and deforest more than 

20% of their property area. In large properties this probability tends to 0%. Despite the 

small landowners have a greater diversification of its land uses (Pacheco, 2009), these 

owners with the limits imposed by the law can not keep an income using obsolete 

techniques in small areas, as shown by Bourne et al. (2010). Moreover, small producers 

are distant  from roads, markets, consumers, and other infrastructure that could help 
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increase their income and avoid the use of timber as a further income resource and 

demonstration of ownership of their area. In some cases these factors puts the small 

landowner in a hard choice: To follow the environmental laws or survive. 

In addition to deforestation on private properties, we analyzed deforestation in 

limited areas and/or controlled by the Brazilian government. The presence of the 

government, despite, in some cases, is minimum, has a hard influence against 

deforestation in areas such as conservation units, indigenous lands and settlements. This 

effect was higher than the effect of proximity of the areas with high deforestation 

activity. This proximity is considered as one of the main drivers of the Amazon 

deforestation spatial distribution (Nepstad, 2006, Souza et al., 2013). This corroborates 

Nepstad et al., 2009 and Soares-Filho et al., 2010 that showed the presence of 

conservation units, combined with actions of command and control, contributing to the 

decline in deforestation in recent years in the Brazilian Amazon. The deforestation 

values in government custody areas were lower in post-frontier municipalities, which 

results from the absence of these areas at these municipalities. This absence is mainly 

due to the policy against deforestation in recent years that sought to create protected 

areas in places where the deforestation activity is yet small. With this policy was created 

a barrier of conservation units to prevent the spread of deforestation fronts in areas of 

large forest remnants, as south of Amazonas. Besides this, the demarcation of 

settlements, indigenous lands and protected areas may have occurred in areas previously 

deforested, with low inventories of forest remnants. 

Our results show a higher deforestation in agrarian reform settlements than in 

indigenous lands and conservation units. The implementation of land reform projects, 

has not a conservationist purpose and aims to family agricultural production, which not 

rarely creates some peaks of deforestation in some of these projects. 
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 The opposite situation of settlements occurs in conservation units of integral 

protection, demonstrating the contrast in relation of proposes of these categories of 

areas under government custody. Despite having smaller amounts of deforestation in 

conservation units of integral protection, they do not differ much from the value found 

in conservation units of sustainable use and indigenous lands. This similarity of 

deforestation  values  between the two types of conservation units and indigenous lands 

corroborates Nepstad et al. (2006) that demonstrate the importance in deforestation 

control of maintaining traditional communities inside or near units conservation.  

The results found in this study corroborate Pacheco (2009) that puts the question 

of land tenure in the Amazon as the background of all the loss of natural vegetation in 

the region. We show that despite the high participation of larger landowners in 

accumulated deforestation in recent years, the smallholders deforest a ratio equal to or 

greater than the larger landowners. And these smallholders have a greater propensity to 

not abide by the Brazilian environmental laws about the maintenance of forest 

remnants. Also over  ten years ( 2002-2011) the creation of conservation units, 

indigenous land and even a land reform settlement determines the presence of the 

Brazilian government and a stabilization of the deforested area at these sites, even if 

those areas had regions with high activity of deforestation  in their proximities. 
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Abstract 

The Amazon continues to lose its natural vegetation, and Brazil, in particular, has a 

distinct agricultural frontier. We highlight the role of surveillance in reducing 

deforestation rates in the region. This paper lists the characteristics of the current 

agrarian structure and the surveillance information from Brazilian Institute of 

Environment and Natural Resources (IBAMA) with the current deforestation standards 

in the Amazonian municipalities. In addition, we investigate the relationship between 

the new areas of deforestation and the low level of agrarian technology in those areas. 

To do this, we used public deforestation data from the second half of the last decade 

(2005-2009). We also used agricultural census data to create an index of level of 

agrarian technology. Based on level of agrarian technology index it was possible to 

conclude that areas where agriculture and livestock have low level of agrarian 

technology coincide with the areas of highest deforestation in the Amazon. We found 

that agrarian structure guided the Amazonian deforestation at the end of this decade, as 

in previous decades. The maintenance of agrarian structure in the region over the past 

10 years makes us hypothesize that factors such as surveillance may determine 

decreases in deforestation rates.  We showed that embargoed areas due to illegal 

deforestation occur in the critical areas of deforestation in Amazon, although no there a 

clear effect of this embargoed and new deforestations. Possibly due to the time lag 

between recent changes in IBAMA surveillance approach and the society perception of 

the costs associated to illegal deforestation. 

Keywords: Amazon, deforestation, agricultural census, surveillance, low level of rarian 

technology, agricultural frontier 
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Introduction 

 The Amazon rainforest has one of the highest levels of biodiversity in the world. 

Nevertheless, we only poorly understand how those areas could sustain such a wide 

diversity of taxonomic groups (e.g., woody plants, mammals, butterflies, frogs) (Peres, 

2010). Deforestation rates in the Amazonian Forest are astonishing. For instance, Brazil, 

with nearly 30% of the primary rainforests in the world (FAO, 2005), leads the ranks in 

forest clearing with an average of 19,500 km² of forest cut per year between 1996 and 

2005. This estimate is determined by complex variables, including investments in 

infrastructure, expansion of credit for agrarian reform and the introduction of private 

capital in mining, logging and farming (Celentano and Veríssimo, 2007). However, in 

the last 4 years, a decrease in deforestation rates in the Brazilian Amazon was 

determined mainly by governance actions, such as surveillance, secure tenure, the 

creation of new conservation units and cuts in rural credit for loggers (Nepstad et al., 

2009).  

There is a clear and strong relationship between advances in market economy, as 

measured by land tenure, and deforestation (Ferreira et al., 2007; Fearnside, 2001; 

Fearnside, 2008). Land tenure is a key factor in deforestation on the border of the forest, 

and the demand for land is derived from the value of products and economic inputs 

(Walker and Homma, 1996), making deforestation a typical result of activities in  

pursuit of economic value (e.g., crops or livestock) (Laurence et al., 2005; Morton et 

al., 2006; Fearnside, 2005; Margulis, 2003). As the occupation of newly forested areas 

is not regulated and property rights are unclear, the afforested land becomes a low-cost 

asset. This process causes difficulty in maintaining the asset’s value over time and 

presents an obstacle to land use sustainability (Young and Fausto, 1997). Furthermore, 
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stakeholders on the deforestation frontier consider the profitability of livestock 

production which encourage the conversion of forests into pastures (Margulis, 2003).  

Territorial occupation in the Amazon starts with settlers, or colonists, who clear 

the area to determine ownership using a limited number of production techniques 

(Young and Fausto, 1997; Fearnside, 2008). Then, the land grabbers come and cast the 

pioneers out or invade public land, thus preparing the area for speculation and the entry 

of farmers or ranchers (London and Kelly, 2007; Fearnside, 2008). The presence of land 

grabbers facilitates the entry of more technological production methods and transforms 

the space into an agricultural frontier (Fearnside, 2008; Margulis, 2003). The concept of 

agricultural frontiers not only deals with the occupation of territorial spaces but also 

includes the expansion of modern agriculture (Miziara, 2000), with increases in the 

intensive use of technology in production (Morton et al., 2006; Foley, et al., 2005). 

Thus, the measurement of technology in agricultural production determines the space in 

which the market economy is consolidated.  

In the 1970s the increase in deforestation rates showed a correlation with the 

entry of State capital through incentives (i.e., loans, tax breaks) (Margulis, 2003). 

Margulis (2003) states that the clearing of forests from 1990 to 2000 was mainly due to 

the entry of representatives from the international commodities market in the Amazon. 

The drop in deforestation rates in recent years is attributed to an increase in the number 

of protected areas, decrease in commodity prices in the international market, consumer 

awareness and government control (Nepstad, et al., 2009). However, this struggle for 

control is, in most cases, only palliative, because the damage caused to the forest has 

already been performed. Surveillance programs (the main means of control adopted by 

the Brazilian government) seem to have contributed very little to reducing deforestation 

rates in Brazil over the last several decades. While necessary, this type of control must 
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be rethought, and the causes of deforestation must be considered (Ferreira et al., 2007; 

Fearnside, 2006). In this context, prevention is as important as punishment for illegal 

environmental actions. Prevention requires the identification of factors that promote or 

inhibit deforestation. Surveying locations where a combination of these factors appear 

may help to detect deforestation (Ferreira et al., 2007).  

Given the myriad of factors that determine deforestation in tropical forests, the 

control of tropical forest loss may be one of the largest environmental challenges of all 

time. This challenge has consequences in the short, medium and long term, not only in 

the environmental field but also in the socio-economic and political realms. The 

importance of this challenge can initially be measured by the contribution of tropical 

forests to global biodiversity (Peres, et al. 2010) and by the importance of the Amazon 

to the hydrological regime of South America (Fearnside, 2005). Tropical forests store 

200 billion tons of carbon dioxide (IPCC, 2000), making tropical forest preservation 

essential to global warming control (IPCC, 2007; Stern, 2006). Additionally, clearing of 

tropical forests contributed between 10 and 35% to the global emission of carbon 

dioxide at the atmosphere in the 1990's (IPCC, 2007; Houghton, 2005; Achard et al., 

2002; DeFries et al., 2002).  

Review and motivation 

 In past decades, small agents appropriated public land in the Amazon through 

colonization projects and/or spontaneous occupation (Margulis, 2003). Although, in 

many cases, these agents did not own the land, they only possessed it (Hecht, 1993), 

justifying their possession by converting the forest into subsistence farms. However, 

these conversions do not represent a large proportion of the cleared area and the 

deforestation produced by these small agents can be insignificant when compared with 

medium and large farmers (Pacheco, 2009). These small and undercapitalized 
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landholders, ignoring long-term opportunities in favor of short-term gains, were 

replaced by a second generation of farmers with better capital allocation occupying 

larger areas, increasing the focus on the regularization of land and property rights laws 

(Fearnside, 2005; Margulis, 2003; Young and Fausto, 1997; Pacheco, 2009). 

Oftentimes, this replacement can only be made through violence and fraud by land 

grabbers (Fearnside, 2005; Margulis, 2003). These substitutions force the colonists to 

seek other pristine forests to settle, thus opening new frontiers to deforestation (Vieira et 

al., 2008). This historic land occupation dynamic has created enormous land 

concentration, rural violence and the expansion of the agricultural frontier (Walker and 

Homma, 1996; Fearnside, 2005; CPT, 2007). This expansion, together with 

deforestation, has a strong relationship with planted pastures (Margulis, 2003; Vieira, et 

al., 2008; Kaimowitz, et al., 2004). During the 1970s through the 1990s, there was a 

marked consolidation of property rights in areas dedicated to agricultural uses 

(Margulis, 2003). During this period, considering the various possible productive uses 

in this region, planted pastures increased the most in areas undergoing land 

consolidation.  

The apparent maintenance of agrarian structures in recent years and the weak 

link between agricultural production and deforestation (Angelsen, 2010) engender the 

question of whether the government may be responsible for the recent decline in 

deforestation. The reduction of deforestation to sustainable levels of exploitation can be 

achieved with a combination of the valuation of eco-services, the licensing of forest use, 

monitoring and control (Fearnside, 2003). One of the main determinants of the decline 

in deforestation over the past five years is governance  increase (e.g., surveillance and 

the creation of protected areas) (Nepstad et al., 2009). However, the lack of studies on 

the effect of surveillance on the deforestation  control does not diminish its importance 
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for the Amazon. In areas where information about environmental law offenders is very 

hard to attain (a large portion of the Amazon), surveillance is one of the most efficient 

methods for monitoring environmental crimes (Börner et al., 2010).  

The growth of farming and logging in the Amazon is guided by global markets 

(Nepstad et al., 2006). Nevertheless, deforestation in the Amazon occurs with lower 

levels of technology than the rest of the global market. Most municipalities in the 

Amazon have a low level of farm and ranch technology. Most of these municipalities 

also have low agricultural productivity and profitability. Amazonian municipalities have 

low productivity and poor absorption of labor, indicating a sub-social use of land 

(Chomitz and Thomas, 2001). Thus, the occupation of new lands at low costs promotes 

unsustainable exploitation of natural resources. This corroborates the finding that the 

abundance of cheap land leads to unsustainable exploitation of forest resources in the 

Amazon (Schneider, 1994).  

Thus, here, we attempt to evaluate the deforestation rates of the Brazilian 

Amazon, between 2005 and 2009, based on two main working hypotheses. The 

agricultural structure in the Brazilian Amazon may explain high rates of deforestation in 

earlier time periods, while governance in these same municipalities, expressed by 

surveillance activities, could explain the drop in these rates in more recent times. 

Moreover, as predicted by a general model of land use transition (Foley, et al., 2005), 

increased modernization of agricultural practices occurring at the same time as a 

perceived decrease in deforestation rates in Amazon municipalities may also contribute.  
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Materials and Methods  

Study Area 

The study area is comprised of more than 700 municipalities in the Brazilian 

Legal Amazon region, distributed across nine states. This region accounts for more than 

61% of the Brazilian territory, equivalent to more than 5 million square kilometers 

(5,217,423 km2), containing the entire Brazilian Amazon forest and part of the Cerrado 

biome  (Figure 1). Approximately 22 million people live in the region, but the area 

contains the least populated, and some of the poorest, regions of Brazil. 

 

Figure 1 – Map of Municipalities in the Brazilian Legal Amazon and deforestation 
(PRODES/INPE) until 2007. 
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Data description 

Deforestation data 

Deforestation data for the study area were obtained from the deforestation 

monitoring program (abbreviation in Portuguese, PRODES) of the Brazilian National 

Institute for Space Research (INPE). The findings presented by PRODES are available 

on the INPE website, in vector format from 1997 to 2009 (INPE, 2010). The data are 

derived from automatic classification analysis of LANDSAT-5/TM images of the 

Amazon region (Câmara, et al. 2006). For this study, the deforestation rates in the 

Amazon municipalities were analyzed for the period from 2005 to 2009. 

Census data 

The data used to determine the level of agrarian technology, agrarian structure 

and land use were assembled from the 2006 agricultural census of the Brazilian Institute 

of Geography and Statistics (IBGE). This survey is conducted at 10-year intervals at the 

municipal level throughout Brazil and is available on the IBGE website (IBGE, 2006).  

To determine the level of agrarian technology, the following data from the 

agricultural census were used: (i) total investment in agriculture per 1,000 hectares of 

crop and pasture; (ii ) number of cattle per hectare of pasture; (iii ) existing number of 

tractors per 1,000 hectares of crop and pasture; (iv) persons employed in agriculture per 

1,000 hectares of crop and pasture; (v) income from agriculture per 1,000 hectares of 

crop and pasture; (vi) cost per 1,000 hectares of crop and pasture; (vii) value of 

agricultural production per 1,000 hectares; (viii ) average size of farmland planted with 

crops and pasture;  (ix) percentage of land used for farming; and (x) percent of county 

pastures in relation to total grazing. 
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To determine agrarian structure and land use, the following data were used: (i) 

percentage of land with owners  (per 1,000 hectares); (ii ) percentage of land used for 

temporary crops (per 1,000 hectares); (iii ) percentage of land used for permanent crops  

(per 1,000 hectares); (iv) percentage of land used for pastures (per 1,000 hectares); (v) 

percentage of land used for grazing land  (per 1,000 hectares). 

We also used the results from law enforcement operations carried out by the 

Brazilian Institute of Environment and Natural Resources (IBAMA), which is the main 

institution responsible for environmental protection in Brazil. Among the results we 

used in this study  the number of embargoed areas. The embargo is an administrative 

action that decapitalizes the environmental offender because it prevents the owner from 

getting loans from the banks, selling any portion of the embargoed lands or even from 

selling products from their land. The effects of this action stand until the farmer has 

solved all violations of Brazilian law. The data includes the number of embargoed areas 

in each Amazon municipality, between 2005 and 2008.  

Data Analysis 

Using geographic information system software (ArcGIS 9.3, ESRI), we 

organized all census variables and vectors under a common municipality base. The 

Getis-Ord was used to determine land concentration and critical areas in the 

municipalities based on the PRODES deforestation rates between the years 2005 and 

2009). This measure is the ratio between the sum of the values of a certain 

neighborhood area and the sum of all sampled values, allowing for the identification of 

low and high value groups for the local spatial associations in the case of municipalities. 

The measure provides a grouping value (G) for each municipality, which can be used to 

relate to other variables (Getis and Ord, 1992). 
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To determine a set of factors that summarizes the original variables, a factor 

analysis (FA) (Manly, 2004) was used to evaluate the statistical relationships among 

variables and to summarize a determined number of orthogonal (uncorrelated) derived 

axes. In our case, only 2 orthogonal axes were used for further explanation of the 

model, and sample (municipalities) scores were used to classify and spatially organize 

the relationships.  

 We also tested the relationship between factor 1, axis 1 of FA, that represents the 

level of agrarian technology, and deforestation rates using a linear regression. 

Otherwise, we used quantile regression (Cade et al., 1999; Cade and Noon, 2003) to 

evaluate the dependency of 2009 deforestation rates with the embargoed areas imposed 

by IBAMA in previous years. Quantile regression was used both because it can deal 

with the heteroscedasticity of the response variable (Cade and Noon, 2003), but more 

importantly, because it may help to illuminate if the embargos had different effects at 

different rates of deforestation. This would be expected if, for example, large deforested 

areas were more or less affected by the presence of IBAMA.  

Results & Discussion 

Deforestation, agrarian structure and surveillance 

In the Amazon, 97% of productive land is occupied by producers with assured 

land property rights (IBGE, 2006). A significant and positive relationship (p <0.050) 

was found between the percentage of titled lands in the municipalities (per 1,000 

hectares) and the deforestation rates for all years between 2005 and 2009 (Table 1). This 

finding supports the claim that deforestation is still significantly related to the presence 

of land under the regime of private property, similar to the late 1990s and early 21st 
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century (2000-2004), as observed by some authors (Ferreira et al., 2007; Fearnside, 

2001; Fearnside 2008).  

Table 1-Spearman correlation between (i) deforestation and rural property and 
(ii) deforestation and pasture planted in the area by the municipality (P <0.050). 

PRODES(INPE) 
Deforestation 

Rural property in the 
area 

Pasture planted in the 
area 

 ρ p ρ p 

2005 0.477 <0.05 0.549 <0.05 

2006 0.477 <0.05 0.546 <0.05 

2007 0.478 <0.05 0.546 <0.05 

2008 0.478 <0.05 0.545 <0.05 

2009 0.476 <0.05 0.543 <0.05 

Between 2005 and 2009, land ownership was weakly related to permanent or 

temporary crops (total variance explained less than 17 %, Figure 2A and B). Compared 

with crops, land ownership had a higher effect on natural pastures, explaining nearly 34 

% of the total variance (Figure 2C). Otherwise, our results support the importance of 

planted pastures in the process of land ownership, with 61 % of variation of planted 

pastures among municipalities related to this measure (Figure 2D). Planted pastures in 

the Amazon follow the same pattern, being positively associated with the deforestation 
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observed from 2005 to 2009 (Table 1). 

 

Figure 2 - Relationship between land use and private properties in Amazonian 
municipalities. Linear regressions (R2), significance (p) 

 



___________________Capt. 2: Structure, Surveillance, Technology  and  Deforestation 
 
 

   68
 

 Figure 3 - Relationship between the Getis-Ord measure for land concentration and for 
PRODES deforestation in 2005 (A), 2006 (B), 2007 (C), 2008 (D) and 2009 (E). Linear 
regressions (R2), significance (p) 
 
 

The strong relationship between deforestation and pastures in the different 

municipalities of the Brazilian Amazon agrees with the findings of other authors 
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(Margulis, 2003; Vieira, et al., 2008;, Kaimowitz,  et al., 2004), which placed livestock 

as the main engine of deforestation in the Brazilian Amazon, accounting for 80% of 

illegal deforestation. The strong relationship between planted pastures and property 

consolidation observed since the 1970s was confirmed by the 2006 agricultural census 

data. Unfortunately, the growth of cattle ranching in the Amazon and the low cost of 

land contributed to the negligence of labor and environmental laws (Vieira et al., 2008). 

More than half of the cases of slave labor in Brazil occurs in the Amazon, especially in 

the states of Para and Mato Grosso, which are the states that have been the most 

deforested in recent years (Celentano & Verissimo, 2007) 

As expected, the critical areas of deforestation between 2005 and 2009 in the 

Amazon fall within the Arc of Deforestation. The hottest spots of deforestation were the 

large municipalities in the south of Pará state. We found a significant positive 

relationship between the Getis-Ord measure for deforestation for 2005 to 2009 and the 

land concentration (total area divided by the number of properties) in 2006, suggesting 

that for these factors, a spatial structure oriented by the position of individual 

municipalities in relation to the frontier of deforestation (the Arc of Deforestation) 

(Figure 3). Over all of the years, the concentration of land explains almost 20% of the 

deforestation observed in the Amazon's municipalities.  

The positive relationship between land concentration and deforestation has been 

observed in recent years, confirming a general opinion that environmental problems in 

the Brazilian Amazon, such as deforestation, are closely related with land concentration 

(Walker and Homma, 1996). Moreover, both environmental problems and land 

concentration create conflicts with indigenous peoples, traditional communities and 

small farmers, who end up being victims of land concentration. Thus, 60% of rural 
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assassinations in Brazil between 1997 and 2006 occurred in the Amazon region, and 

there is a clear relationship between these assassinations and deforestation (CPT, 2007). 

Almost 45% of rural assassinates that occurred in the Amazon region between 2003 and 

2004, occurred in the 10 municipalities with highest deforestation rates, in 2004 

(Celentano & Verissimo, 2007). The assassinations highlighted in the media over the 

last few years include Dorothy Stang in 2005 and the environmentalist couple José 

Claudio Ribeiro and Maria do Espirito Santo 2011, both of which occurred in Pará.  

A significant positive relationship between deforestation between 2005 and 2009 

and land concentration may be explained by Browder et al. (2004) who found that small 

farmers, who depend solely on farm income, increase the labor on their properties in a 

mosaic of perennial crops, temporal and fallow areas, with a decrease of forest 

conversion to pasture. Nevertheless, a case study of Uruará (Aldrich et al., 2006), Pará 

State, disagreed with the concept of less responsibility for the conversion of forest into 

productive areas being placed on small producers. In this study case, the authors found 

that the large farmers increased the area of deforestation an average of 5 square 

kilometers in 13 years, while the small farmers increased the area of deforestation an 

average of 600 square kilometers in the same time period. Other studies ( e.g., Pacheco, 

2009) also found that the relationship between small producers and the forest is not 

always friendly or less aggressive and, in some cases, may produce the complete 

conversion of forest into pasture. A similar conclusion was reached by Michalski et al. 

(2010), who found that the main driver of deforestation in the Alta Floresta region, 

Mato Grosso state, was property size, with smaller and older properties presenting less 

preserved forest than larger and younger properties. This finding explains the increased 

number of small areas (from 18% in 2002 to 38% in 2007) and participation of land 

reform colonists in the rates of deforestation in recent years, as measured by PRODES 
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(INPE, 2008). Thus, small property holders may soon have a greater responsibility for 

the annual deforestation in the Amazon than large landowners (Oliveira and Metzger, 

2006).  

Fearnside (2006), in one of the few studies about the effect of surveillance on the 

control of deforestation, did not find a direct relationship between deforestation and 

reprehension. A possible explanation is that previous metrics to quantify surveillance 

enforcements were based on fines, which may not have a strong effect on illegal 

deforestation. However, in 2008, a presidential decree (Presidência da República, 2008) 

was made, dealing with the offenses and administrative penalties against environmental 

law violations, that outlined the embargo as a measure to be enforced against any land 

owner with illegally deforested areas. The decree also requires the public release of the 

name of the violator or property that has been embargoed through a specific web site 

(SISCOM, 2008). The embargo is a much more definitive than past environmental law 

violation punishments, taking away the landowner ‘s capability to capture any economic 

production from their property. In our study, IBAMA’s law enforcement efforts in the 

municipalities is positively correlated to the deforestation over the past five years, 

which means that IBAMA actions appear to follow the spatial distribution of deforested 

areas. In all quantiles, the regression showed a positive (but weak, always less than 

20%) relationship between deforestation in 2009 and embargoed areas between 2005 

and 2008. There is a higher slope for the first quantiles (0.1, 0.2) and similar and small 

slopes for the higher quantiles (Figure 4), which may suggest that the spatial 

distribution of embargos is more related to small, rather than large, deforested areas. 

The overall result supports the argument that embargos were insufficient to block 

deforestation but correctly identifies the areas where deforestation is higher. Although 

the embargo appears to be an effective inhibitor of deforestation, the results found by us 
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follow the same reasoning of other studies (Ferreira et al., 2007) that showed that the 

presence of regional IBAMA offices, as a proxy for surveillance actions, only have an 

influence on small area deforestation rates. 

Figure 4 – Quantile regression of Amazonian deforestation by municipality and total 
embargos from 2005 to 2008. The regression is highlighted for the 0.1 quantile 
(slope=10.730, p<0.001) as the first line of top-down and the 0.95 quantile 
(slope=8.886, p<0.001). The general pattern was of decreased slopes for the top values 
of deforestation. 

The relationships found between the spatial distribution of the embargos and 

deforestation in the Amazon municipalities demonstrates that enforcement actions are 

occurring in critical locations, refuting the results of others authors (Laurance et al., 

2001). This relationship may be the result of changes in surveillance behavior, use of 

Regulation of Internal Surveillance (RIS)(IBAMA, 2009) and the increased use of GIS 

and remote sensing for the determination of critical areas of deforestation. In fact, we 

could characterize those surveillance actions as reactive, directing the embargos to areas 
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with high deforestation rate. No proactive effects of the embargos lowering 

deforestation rates were observed. We hypothesize that the time lag from the spread of 

this approach on critical areas and the decrease in deforestation rate is directly related to 

the economic cost that it causes on unlawful land owners. We expected that the indirect 

effects of institutional actions on the Amazon would have delayed success because they 

included some sociological and psychological aspects, such as the community 

perception of the institutional presence of IBAMA and its efficacy. Moreover, this study 

was conducted with deforestation data obtained after a paradigm change in IBAMA 

surveillance, which implemented new RIS (IBAMA, 2009). This new regulation directs 

surveillance activity toward large loggers in an exemplary and energetic manner that 

incorporates extensive public disclosure with the intention of exposing and defunding 

the offenders. The increase of embargoed areas and new regulation effects after 2009 

may cause a crash on the positive feedback generated by income, which facilitates the 

acquisition of equipment and inputs, prompting further illegal deforestation.  

Our results are consistent with the findings of authors that worked previously 

with governance (Smith et al., 2003), who found a weak relationship between changes 

in natural forests and governance. It is important to remember that they treat political, 

social and economic governance factors, but we focus only on one governance element: 

surveillance, which represents government action against deforestation. As we 

presented previously, the possible future proactive effects of surveillance on 

deforestation rates will occur only when society perceives deforestation as costly, which 

is possibly in the case of the embargo approach. We consider that the response of the 

increase of embargoed areas and new regulation effects after 2009 may affect the social 

perception of this problem, but a time lag in the observation of real changes in 

deforestation rates is expected. Although the relationship between deforestation rates 
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and embargoes is weak, deforestation rates in recent years are decreasing, which 

demonstrates that this change is not a unique result of the embargo action but a 

combined effect from other governance actions. 

Unfortunately, while we were writing this article, the Brazilian congress 

discussed changes to the Forest Code, which has remained unchanged since 1964. One 

of these changes would the amnesty for fast deforesters, which undo the positive impact 

surveillance as a governance has had on deforestation rates. In fact, any amnesty to 

deforesters could disarticulate the incipient link between the embargo and reductions in 

deforestation. Before closing the writing of this article, fortunately, despite changes in 

the forest code, amnesty for violators was vetoed by the Brazilian president’s office. 

Our overall results support the concept that embargoed areas are weak in inhibiting 

deforestation in the short term, at least during the year after they have been put in place. 

Considering that the offender’s fears of being punished for embargoes grow with time, 

we hope that current measures produce the necessary awareness of the state presence in 

regions with large numbers of embargoed areas. Otherwise to achieve deforestation 

reductions, more investment in resolving the land issue (i.e., that land tenure has not 

been regularized in much of the Amazon) and promotion of sustainable productive 

activities is needed, in contrast to investments in command and control actions (i.e., 

IBAMA operations with apprehension of cattle from the embargoed area).  

Level of agrarian technology in Amazon municipalities  

The first axis in the factor analysis (FA) of the variables related to the level of 

agrarian technology explains 36% of the total variation (Table 2). The largest negative 

load is the agricultural income per 1,000 hectares of crop and pasture (REC), followed 

by the value of agricultural production per 1,000 hectares (vProd) and average size of 

farmlands occupied with crops+ pasture (MEST). The factors that had high positive 
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values on the first axis were the number of persons employed in agriculture per 1,000 

hectares of crop and pasture (PESS), followed by the percentage of pastures in relation 

to grasslands (PASTF) (Table 2). 

Table 2 – Variable weight used, Eigenvalues and the cumulative value of explanation 
for axes 1 and 2. Abbreviations used: INV -total investment in agriculture per 1,000 
hectares of crop and pasture, LOT -number of cattle per hectare of pasture, TRAT - 
number of tractors per 1,000 hectares of crop and pasture, PESS - persons employed in 
agriculture per 1,000 hectares of crop and pasture, REC - income from agriculture per 
1,000 hectares of crop and pasture, DESP - cost per 1,000 hectares of crop and pasture, 
vProd - value of agricultural production for each 1,000 acres, MEST - average size of 
agricultural establishments occupied with farming and grazing in the municipality, LAV  
- percentage of land used for farming in the municipality, PASTF - percent of pastures 
in the municipality in relation to the total pasture area. 

 Axis 1 Axis 2 

TRAT -0.421 0.462 

MEST -0.765 -0.213 

LOT -0.202 -0.210 

LAV -0.248 -0.641 

VPROD -0.934 -0.126 

REC -0.938 -0.073 

DESP -0.711 0.283 

PASTF 0.208 0.689 

INV -0.645 0.414 

PESS 0.159 -199 

Eingevalues 36.093 15.015 

Cumulative (%) 36.1 51.11 

 The second axis explained 15% of the total variation in the system, with higher 

negative load for the percentage of land used for farming (LAV), and average-sized 

farmlands consisting of crop and pasture in the municipalities (MEST). The variables 

that showed higher positive load were the percentages of the pastures in relation to the 

total grassland (PASTF), followed by the existing number of tractors per 1,000 hectares 
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of crop and pasture (TRAT) and expenditure per 1,000 hectares of crop and pasture 

(DESP) (Table 2) (Figure 5).  

 Figure 5 - Factor analysis of land-use and economic variables related to the levels of 
the agrarian technology process in the Brazilian Amazon. TRAT - number of tractors 
per 1,000 hectares of crops and pasture, PESS - persons employed in agriculture per 
1,000 hectares of crop and pasture, REC - income from agriculture per 1,000 hectares 
of crop and pasture, vProd - value of agricultural production for each 1,000 hectares, 
MEST - average size of farmlands planted with crops and pasture in the municipality, 
LAV  - percentage of land used for farming in the municipality, PASTF - percent of the 
planted pastures in the municipality in relation to the total pasture area. 

We interpret the first axis to represent the expanding technology of the 

Amazonian municipalities with a dependency on economic factors, such as REC, vProd 

and average area, used for pasture and agriculture (MEST). Figure 5 shows that most 

municipalities are distributed on the positive portion of the first axis, which is 

interpreted as a low level of agrarian technology. Spatialization of the axe’s scores 

shows that municipalities that have the lowest level of agrarian technology are in or 
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near the “arc of deforestation” (53 out of 113 that are considered to be “low level of 

agrarian technology” are in the arc) (Figure 6). This region has experienced the greatest 

increases in both deforestation and atmospheric carbon emissions in Brazil. The Arc of 

Deforestation is considered the most aggressive colonization frontier of the world's 

rainforests, including the southwest, south and eastern limits of the Amazon basin 

(Nogueira et al., 2007; Durieux et al., 2003; Lees and Peres, 2006). It is clear that the 

arc is an area that practices low technological agriculture that perpetuates conditions 

favoring deforestation under a highly concentrated agrarian structure, such as the 

Amazon. Of the 43 municipalities that presented higher deforestation rates according to 

the Brazilian Ministry of Environment (MMA), 40 are considered to have low level of 

agrarian technology in our analysis.  

As the spatial relationship between larger deforested areas and low levels of 

agrarian technology became apparent, we verified the relationship between the values 

for each municipality on the first axis of FA and deforestation between 2005 and 2006. 

A significant and positive relationship was found (Spearman rank correlation varying 

from 0.157 to 0.159, p<0.050 for all years). Thus, between 2005 and 2009, the lower the 

use of technology, the greater the deforestation.  

Our results support the inverse relationship between the level of agrarian 

technology and deforestation, which is parsimoniously explained by the inverse 

relationship between cattle raising and the level of agrarian technology. Despite the low 

profit margins of cattle raising (~10%) (Margulis, 2003), this activity has low initial 

investments, and a low technology practice that does not require a large number of 

employees to manage operations or specific machinery. As a result, extensive livestock 

farming in the Amazon is widespread including small, medium and large landowners 
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(Hecht, 1993; Kaimowitz and Angelsen 2008). Otherwise, the community of Uraim (in 

municipality of Paragominas, Pará) has an income 10 times greater than the average of 

its neighbors and achieves this level of production by employing a model that includes 

agriculture intensification and diversification with extensive cattle ranching (Toniolo 

and Uhl, 1992). This is an example showing the possibility of divergent models of 

productive livestock being more sustainable in the Brazilian Amazon.  

One of our most important findings was that areas where agriculture and 

livestock have a lower level of agrarian technology coincide with the most deforested 

areas in the Amazon. Otherwise, Angelsen (2010) attributes that improvement to 

agricultural production in rich-forest areas and places high risk on the conservation of 

those forests, although the improvement on previously cleared areas may reduce the 

pressure. This argument does not invalidate our findings, but we must be careful not to 

assume that improvement in the conditions of agricultural production in rich forest areas 

is the only case for decreasing the pressure on natural vegetation   



___________________Capt. 2: Structure, Surveillance, Technology  and  Deforestation 
 
 

   79
 

 

Figure 6 – Spatialization of the first axis of the factor analysis showing the level of 
agrarian technology. Dark colors represent low levels of agrarian technology in 
municipalities 
 

.  

Conclusions 

We found that the current agrarian structure and its relationship with 

deforestation determine the axes of Amazon deforestation. Among the factors affecting 

deforestation, the appropriation of land, namely the entry of capitalism and mode of 

production, as indicated by the transformation of land into a commodity, continues to 

have a significant relationship with deforestation. Thus, municipalities that have a 

higher proportion of farms (private properties) tend to have larger cleared areas. The 

appropriation of land is related to some production practices, with an emphasis on the 

transformation of areas with natural vegetation to planted pastures and subsequent 

extensive cattle grazing. In turn, at least during the past 5 years, the use of land 
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converted to pasture has a positive relationship on deforestation. Another notable factor 

in the agrarian structure is the high concentration of land in the hands of a small number 

of owners, which also has had a direct and positive relationship on deforestation and 

violence in recent years. These characteristics of Amazonian agrarian structure, and 

others, such as economic and technological factors, exemplify an archaic mode of 

agricultural production, which uses extensive, less mechanized and less profitable 

agriculture that makes little use of labor. To understand how these factors influence the 

rate of deforestation, we created a level of agrarian technology index and found that the 

lower this index was, the more deforestation increased in the Brazilian Amazon 

municipalities. These results showed how it is important to avoid new deforestations, 

resolve land tenure questions in Brazil and build policies to develop agricultural 

technologies and modern productive models.  

When a decline in deforestation has been observed in recent years, the 

maintenance of agricultural structural factors and the level of agrarian technology in 

Amazonian municipalities suggest that other factors are contributing to this decrease. 

One of these factors is governance, especially the implementation of embargos. The 

spatial distribution of the embargos and deforestation in the Amazonian municipalities, 

although not showing a strong link, demonstrates that enforcement actions are occurring 

in critical areas, likely related to organizational improvements and technology employed 

to stop deforestation in recent years. A change in the Brazilian Forest Code bringing 

amnesty to deforesters could break the link between action (illegal deforestation) and 

consequence (property embargo); it would increase the impunity with which property 

owners acted to increase deforestation, and would discredit the actions of environmental 

authorities. The presidential veto to change the Forest Code, which addressed the 
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amnesty, shows the presence of the Brazilian state, which can inhibit a significant 

increase in deforestation of the Amazon forest remnants.  
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Summary 

1. The destruction of natural vegetation from Amazon rainforest is one of most 

important world environmental problem. A way to avoid the loss of important 

environmental heritage is a deforestation prevention. Such prevention requires the 

models creation, such consider the identification of facilitators and mitigating factors of 

deforestation, beyond he locations where the combination of these factors makes the 

occurrence of deforestation more likely. Whereas there is a set of conditions that 

increase the probability of deforestation in a determined area, it is possible to treat 

deforestation as a “species” and determine its "niche" using models based in ecological 

niche.  

2. The objective of this work is to test the efficiency of models based on ecological 

niches for defining the potential areas of deforestation in a region of the western of 

Brazilian Amazon. Thus, we analyzed five different areas that are located mainly within 

the arc of deforestation. For each area, we ran the MaxEnt model in six different 

experiments, varying the different layers of functional data and the program settings, 

which determine the boundaries of the probability distributions.  

3. Potential areas identified using the different models of MaxEnt were effective for 

predicting new deforestation areas. The models that used only previous deforestation 

density were less effective than models that included all functional variables. 

4. In 4 of the 5 areas, 80% of the new deforestation occurred in the area predicted based 

on the models.  

5. These models were more effective than the usual (BAU) and governance (GOV) 

scenarios of a model create in platform DYNAMICS-EGO by Soares-Filho et al. 

(2006).  
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5. Synthesis and applications. We demonstrate that ecological niche modeling for 

species is a great tool for determining potential areas for future Amazon deforestation. 

The use of these models arises as an effective tool for conserving tropical forests, 

determining critical locations where command and control actions against deforestation 

are more efficient, with lower costs of money, time. 

Keywords: Deforestation, Species Distribution Models, Amazon, Niche, Command and 
Control 
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Introduction  

Rainforests occupy less than 7% of the land surface of the Earth, but they are 

likely to hold more than half of its life forms (Wilson, 1988) and have a key role in the 

carbon storage and climate control of the entire planet (Laurance, 1999). Among these 

tropical forests, the Amazon stands out for its high biodiversity (Peres et al., 2010) The 

Amazon contains countless natural products of pharmaceutical importance and provides 

various vital ecological services, such as soil conservation and water regulation 

(Fearnside, 2006). Despite the importance of the Amazon, it has been deforested, 

burned, fragmented and over-exploited at unprecedented scales (London & Kelly, 

2007). Brazil, which holds most of the Amazon rainforest, is a leader in tropical 

deforestation, with an average rate of 19.500 km²/year between 1996 and 2005 (FAO 

2005) but with a decline of 36% in rates of deforestation in the last four years (INPE 

2011a). 

The incentive for command and control determines the decrease in rates of 

deforestation, but this deforestation combat is only palliative because the damage has 

already been done to the forest (Nepstad et al., 2009, Souza et al., 2013). Thus, the 

prevention of illicit environmental damage is more important than the enforcement of 

punishment. To do preventive actions is necessary to consider some factors. First, 

information derived from satellite detection (Asner et al., 2006) must be used to locate 

and quantify environmental damage. Second, the factors and actors that determine 

deforestation (Fearnside & Barbosa, 2003) must be identified and located to be able to 

address the deforestation causes. Third, the determination of land ownership (Fearnside, 

2006) is important for the determination of responsibility for the damage and the 

recovery charge. Finally, modeling deforestation scenarios (Soares-Filho et al., 2004) 
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allows us to determine trends and forecast which regions are expected to have an 

increase in deforestation rates.  

Since the late 1990s, there have been several works producing spatially explicit 

models to simulate the dynamics of deforestation (Laurence et al., 2001, Soares-Filho 

2004). The DINAMICA-EGO package developed by Soares-Filho et al. (2002, 2003) is 

a platform to develop tools and methods to be applied to a variety of studies of 

landscape dynamics and environmental modeling. Soares-Filho et al. (2006) described a 

model created by this platform for determining the Amazon deforestation up to the year 

2050, from a conservative scenario and another with decreasing government control. 

The results demonstrate the model as a powerful tool, that can identify possible 

advances arising from new ways of modeling Amazon deforestation  

Current attempts conducted by the Brazilian government to determine where 

new deforestation will happen in the Amazon (for 1 or 2 years in the future) are 

primarily based on previous deforestation events using simple spatial interpolation 

(kernel analysis) (IPEA, 2011). Here, we evaluate a novel approach to predict future 

deforestation using recent advances in ecological modeling. We consider that the 

locations with a higher chance of deforestation in the future could be associated to a 

group of conditions; this process resembles the general basis of ecological niche 

modeling (ENM) for species (Elith & Leathwick, 2009). The latter approach is based on 

the description of an ecological niche as a n-dimensional hyper volume, where each 

dimension is a feature, condition, or limitation that determines the suitability of the 

species and its capacity to survive, grow and reproduce (Hutchinson, 1957). This 

approach includes numerical tools that combine observations of species occurrence with 

environmental parameters to predict the distribution of species across landscapes, 

sometimes requiring extrapolation in space (Elith & Leathwick, 2009). The novelty of 
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our approach is to treat deforestation areas as a species and employ ENM to predict 

their potential distribution, based on the understanding that the behavior of loggers 

(individuals or companies) is affected by the environmental conditions (which also 

affect the forest structure), accessibility and socioeconomic variables that determine the 

success of their activity. By those intervenient variables represent socioeconomic and 

political forces that facilitate or restrict the process of deforestation, we believe that 

“functional variables” is more appropriate name to these variables, instead of the term 

“environmental variables” that is commonly used in the original ENM approach. 

Presently, there is an extensive literature regarding the causes and factors 

affecting deforestation (Pfaff 1999; Margulis, 2003; Fearnside, 2008; Diniz, et al., 

2009,). An analysis of these studies suggests the existence of two sets of variables that 

determine the local occurrence of deforestation. First, some variables are simply related 

to the fact that deforestation is developed as a spatial process. Thus, the presence of a 

deforested area adjacent to an area currently not cleared can be a strong predictor of the 

likelihood of the area’s future deforestation (Soares Filho, et al., 2006). Additionally, 

there are variables that affect the occurrence of deforestation, such as socio-economic 

processes that are linked to market availability, ease of disposal, difficulty of 

surveillance or wood.quality. In this study, these variables are called functional 

variables and also include the distance from roads (Laurance et al., 2001), the presence 

of livestock (Margulis, 2003), the expansion of agriculture (mainly soybeans) (Martnelli 

et al., 2010a), and conservation units (Nepstad et al., 2009), between others.  

It should be noted that forest destruction occurs differently across regions of the 

Amazon. This forest is a mosaic of heterogeneous ecosystems, socioeconomic, and 

varied and differentiated regions with its own history of occupation, and several actors 

and factors that determine deforestation (Ab'Saber, 2002, Celentano & Verissimo, 
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2007). Thus, targeting the biome becomes important to identify and isolate the 

processes of occupation for a more accurate analysis of the causes of deforestation 

(Escada & Alves, 2001). 

The objective of this work was to test the efficiency of models based on 

ecological niches for defining areas of potential future deforestation in different regions 

of the western Amazon. To reach this objective we created about 30 different models, 

alternating the functional variables in five regions of study. We tested the efficiency of 

these models in determining potential areas of future deforestation and compared with 

other models with the same propose. Thus, we could test three hypotheses. First, models 

for different parts of the Amazon that are built only with variables that represent the 

spatial interpolation of known deforestation points are less efficient than models based 

on functional variables. Second, the inclusion of a variable representing previous 

deforestation improves the predictability of models built only with functional variables 

in different parts of the Amazon. Third, species-distribution models can be equally or 

more effective than models already established to identify areas of potential new 

deforestation.  

Materials and Methods 

Study Area 

We analyzed five different areas of the Amazon (Figure 1) totaling 515,374 km2 in the 

states of Acre, Mato Grosso, Pará, Rondônia and Amazonas, which are mostly located 

inside the deforestation arc. This arc is the area where the loss of natural vegetation has 

occurred more quickly and disorderly in the last 50 years, representing the most 

aggressively colonized edge of the rainforests (Durieux et al., 2003). The chosen areas 

present a summarize of the situations encountered in this Amazon region, most notably 

the conversion of natural vegetation to livestock pasture. Soy monocultures are also 
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present in the study areas, as well as large infrastructure projects such as the 

construction of large dams, including Santo Antônio and Jirau near Porto Velho, and the 

creation and/or paving of major highways. Each of these regions are the limits of action 

of regional IBAMA´s offices. IBAMA (Brazilian Institute of Environment and 

Renewable Natural Resource) is the main actor of Brazilian environmental surveillance. 

The names of chosen regions represent the municipalities where the IBAMA´s offices 

are  located, and these names and the regions areas are as follows: Region 1- Rio 

Branco (155,000 km2), Region 2- Alta Floresta (61,596 km2), Region 3- Apuí (176,785 

km2), Region 4- Novo Progresso (38,170 km2), Region 5- Porto Velho (83,802 km2) 

(Figure 1). 

 

Figure 1- Study area, deforestation and hydrography. 
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Occurrence of deforested areas 

  The spatial distribution of deforestation that we used as data was derived from 

the Deforestation Monitoring Program (PRODES) of the National Institute for Space 

Research (INPE), which provides information in vector format of the deforestation from 

1997 to 2010. We adjusted the models to predict deforestation using information from 

the year 2008 and validated these models with data from the year 2010. 

  All of the generated models produced predictions for each pixel of 30 meters, 

but the original information used PRODES deforestation polygons as the basic unit, 

extending over more than one pixel. Therefore, we used the geographic coordinates of 

the center point of each deforestation polygon for the studied period as a record of the 

deforestation occurrence. This purposely conservative strategy has the advantage of 

reducing the effect of spatial autocorrelation of the deforestation data on the model fit.  

Functional variables 

 Because deforestation tends to occur near previous deforestation, the density of 

deforestation events can be a good predictor of this process. To verify the importance of 

previous deforestation density for the occurrence of future deforestation, we 

distinguished the input layers that may favor ( Trade-off relation) or mitigate 

deforestation ( Constrains relation) into two groups. The first group contained variables 

with functional features, not only environmental factors but also socioeconomic, land-

use and governance variables. The second group was formed only by the density of the 

previous deforestation points of the study areas. The variables we used to produce 

functional distribution models based on niche deforestation had diverse sources but 

mostly came from Brazilian government sites. These data, their sources and the reasons 

for their inclusion in the modeling process are presented in Table 1.  
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Table 1- Functional Variables, their sources relationship with deforestation and reason 

for inclusion in the model 

Variabl
e 

Source Reason for inclusion in the 
model 

Relationship 
between 

deforestation 
and variable 

 
Major 
Rivers 

IBGE 
website 

They are one of the most 
important forms of locomotion 
and penetration into the forest 

Trade-off 

Roads IBGE 
website 

The roads have a key role in the 
influx of population and 
investment, bringing the drivers 
of deforestation into the forest 
(Fearnside & Graça, 2009) 

Trade-off 

Agricult
ure 

TerraCl
ass/INP

E 
project 

The replacement of forest by 
plantations has considerably 
reducing the biodiversity of the 
Amazon rainforest, decreasing 
from 300 to 400 plant species per 
hectare for a few (Martnelli et al. 
2010). 

Trade-off 

Livestoc
k 

TerraCl
ass/INP

E 
project 

States that the livestock 
combined with the low price of 
land is the main drive of 
deforestation in the Amazon 
region (Margulis, 2003) 

Trade-off 

Urban  
Area 

TerraCl
ass/INP

E 
project 

About 72% of the population of 
the Brazilian Amazon 
municipalities lives in urban 
areas (IPEA 2006). This makes 
the Amazonian cities are centers 
of concentration of resources 
exploited from the forest, or 
warehouses. 

Trade-off 

 
 
IBAMA 
Offices 

 
 

IBAM
A 

website 

Surveillance activities are 
important to the decline in 
deforestation (Nepstad et al., 
2009). IBAMA is responsible for 
the actions of environmental 
protections, then consider that the 
proximity of the IBAMA offices 
may  mitigate  deforestation 

Constrains 

Embarg
o 

IBAM
A 

website 

The embargo is an action that 
decapitalizes environmental 

violator, freezing their economic 
activities relating with the land. 

Constrains 
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Indigeno
us 

Lands,  
Conserv

ation 
Units  

IBAM
A 

website 
 

Much of the decline in 
deforestation rates in recent years 

due to conservation units built 
and consolidation limits of 

Indigenous lands (Nepstad et al,. 
2009). 

 

Constrains 

Settleme
nts of 
Land 

Reform 

IBAM
A 

website 

These areas, in some months of 
2010, represented up to 80% of 
deforestation in some Amazon 

states 

Constrains 

Previous 
Deforest

ation 
measure

d by 
PRODE
S until 
the year 

2007 

INPE 
website 

The increase of deforestation 
occurs usually in the adjacency 

deforestation previously 
committed. 

Trade-off 

 

 For all of the data, a grid (raster) was generated, using ArcGIS 9.3 (ESRI, 2009), 

in which each grid cell value is the straight-line distance to the next resource in the grid 

at a spatial resolution of 90 meters.  

Modeling the distribution of deforestation 

 We generated potential areas of deforestation using the program Maximum 

Entropy (MaxEnt), version 3.2.1 (Phillips et al., 2006). This method is considered one 

of the most trustworthy approaches, even when it is used with limited sample numbers ( 

Wisz et al., 2008). The models created using MaxEnt are based on fitting a function 

close to the uniform distribution of the species-occurrence points, considering the 

maximum entropy of the system and under the constraint of the environmental 

information (Phillips et al., 2006, Elith et al., 2011). The models were generated using 

1,000 iterations, and the output format was the cumulative. 

 In MaxEnt, we can select “Auto Features” that determine the shape of the fit 

curve to the deforestation-occurrence data in relation to different independent variables. 
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The use of automatic features allows the program to seek ways to adjust more complex 

curves that are empirically derived but that must contain a large number of parameters. 

Thus, the use of all of the automatic features can lead to a better fit but virtually 

precludes an interpretation of the effects of individual variables and can be easily 

affected by random effects. Alternatively, one can restrict the search for curve 

adjustments to linear features or quadratic features, requiring that the settings search 

only among linear combinations or quadratic polynomials, respectively, in relation to 

the independent variables.  

 There are a variety of methods to assess the models created by MaxEnt, mostly 

based on a confusion matrix (Elith et al., 2006). Because MaxEnt is a method that uses 

only presences, the MaxEnt program adds pseudo-absences to generate a confusion 

matrix. We used a receiver operating curve (ROC) to produce an evaluation model for 

deforestation, using the area under the curve (AUC) as a descriptive measure. AUC 

values vary between 0 and 1, with 0.5 representing predictive values that are no better 

than chance. Values below 0.5 do not present a valid theoretical framework for the 

model. Recent studies have become more demanding and use values greater than 0.7 to 

indicate acceptable models (Girardello et al., 2009).  

 The conversion of the MaxEnt output variables into a binary prediction of the 

potential area of the species (in this case deforestation) requires  the choice of an 

appropriate threshold (Elith et al., 2006). The limit is derived from the ROC curve and 

balances the errors of omission and commission to generate smaller intervals than the 

alternative minimum-attendance threshold training (Nobrega & De Marco, 2011). 

 For each area, we ran the MaxEnt software in six different experiments, varying 

the different layers of functional data and program settings, which determine the 

boundaries of potential distributions in different ways (Figure 2).
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Figure 2 Chart flow of methodology  Showing as was built each experiment (left side), other scenarious from Soares Filho et al. (2006) 
metrics (right side) assessment metrics and statistical testes ( among scenarios from Soares Filho et al. 2006).  
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 Thus, the adopted experimental design yielded 6 different models for each experiment, 

involving the evaluation of three variable levels: 

- Level-1 Comparison of models with only the interpolation variable with those built 

using functional variables (density vs. functional variables); 

- Level- 2 The inclusion of previous deforestation variables (with and without 

PRODES); 

-Level- 3 The type of model within the MaxEnt software (automatic features vs. 

quadratic and linear). 

 The evaluation of distribution models is presently an area of intense research, 

with a variety of metrics proposed (Liu et al., 2010). The metric most commonly used 

in models is the AUC, but it has been questioned because of its dependence on 

prevalence (Allouche et al., 2006) and the way that the pseudo-absences are selected 

(Liu et al. 2010). In this study, the AUC was used only descriptively because the main 

objective was to evaluate the efficiency of the models in predicting the deforestation 

that occurred two years after 2008, the year of the source data. For this approach, we 

used the sensitivity and positive predictive power (PPP) (Fielding & Bell, 1997) derived 

from a confusion matrix, constructed for each analyzed region and including data 

generated using the models; we used the deforestation in 2008 as a control. The 

sensitivity was chosen as the metric for this analysis, representing the probability of 

deforestation found within the predicted areas by the models, which is an important 

criterion for the use of these models to guide preventative actions. The positive 

predictive value is the probability that a unit of predicted area, in this case a pixel, will 

be cleared in the next cycle, in this case a year. The prevalence was also considered 

because with a high prevalence, models tend to have higher sensitivity and AUC by 
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simple mathematical consequence and may not truly represent better models 

(McPherson, Jetz & Rogers, 2004). If a model predicts large distribution areas, it will 

always have high sensitivity. Thus, the best model may be the one that has the same 

sensitivity but a lower predicted area. 

 Using these metrics, we compared the models created in this study with a 

control. This control was the results of the models created for the usual scenario and a 

conservative (governance) scenario for the year 2010 by Soares-Filho et al. (2006). 

These models were created using the DINAMICA-EGO platform, which relies on the 

Vensim software to calculate the total deforestation during each simulated year based 

on economic indicators, such as gross domestic product (GDP) growth. These annual 

deforestation rates are later used in DINAMICA-EGO to determine where deforestation 

will happen based on the relative probabilities that each cell in the grid that represents 

the landscape will be deforested. These probabilities are based on the relationships 

between deforestation and the distances to roads, soil quality, protected areas, markets, 

consumers, previous deforestation and other features.  

 For each experiment, we made two or more assessments (levels). All of the 

analyses were conducted using each area as a sample and the tested variables as 

repeated measures in an analysis of variance, according to Zar (2010). 
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Results 

For all of the experiments, the AUC values were always higher than 0.77 (Table 

2). In general, the predicted areas of future deforestation were adjacent to areas already 

cleared, as can to be see in Apuí region (Figure 3). 

Table 2. AUC Value for the experiment conducted in MaxEnt and to study areas 

 AUC  

Experiments Novo 
Progresso 

Apuí Alta 
Floresta 

Porto 
Velho 

Rio 
Branco 

 

Deforestation and Automatic Caracteristics  0.90 0.94 0.88 0.84 0.94  
Deforestation, Linear and Quadratic 0.85 0.93 0.82 0.77 0.84  

Deforestation, Automatic Caracteristics and 
without PRODES 

0.89 0.94 0.86 0.82 0.87 
 

Deforestation, Linear and Quadratic without 
PRODES 

0.85 0.92 0.79 0.76 0.83 
 

Points Density and Automatic Characteristics 0.95 0.97 0.90 0.87 0.92 
 

 
Points Density and Linear and Quadratic 0.95 0.96 0.90 0.87 0.92 
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Figure 3 – Deforestation Potential areas estimate based on various experiments of MaxEnt for the Apuí region: A-Experiment-1 
(automatic characteristics and deforestation), B-Experiment 2 (deforestation, linear and quadratic adjustments), C-Experiment 3 
(deforestation, automatic characteristics without PRODES), D-Experiment 4 (linear and quadratic adjustments, deforestation 
without PRODES), E-Experiment 5 (density, automatic characteristics, deforestation points), F-Experiment 6 (density points of 
deforestation built using linear and quadratic adjustments). Warmer colors indicate greater potential for deforestation
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We found that all of the models had sensitivity values higher than 70%. Thus, each 

pixel that was cleared in the next year had more than a two-thirds chance of being predicted by 

the model. There were significant differences between the models that used only the densities 

of points and the previous history of deforestation and the models that used the functional 

variables (Table 3). The difference in sensitivity between the models with functional variables 

and those that used the density of past deforestation was positive, showing that  models based 

on functional variables had approximately 5% greater sensitivity (95% confidence interval: 

0.010, 0.088, significantly different from zero). However, there was no difference between the 

sensitivity of the models built using the automatic features or only linear and quadratic 

features (Table 3).  

Table 3 - Results ( F, statistic of test and p, probability) of analysis of variance of repeated 
sample comparing the differences of sensitivity, and predictive positive power (PPP) of the 
models with only density deforestation, deforestation distance model with previous 
deforestation as functional variables, models that used the distance of previous deforestation 
(PRODES) as one of the layers and models that did not use the previous distance of 
deforestation (PRODES) as environmental layers, and treatments in the MaxEnt Automatic 
features, linear and quadratic. Levels of freedom for testing and error are respectively 4 and 1. 

Sensitivity PPP 
Experiments 

F p F p 

1-Models with distance of  previous deforestation x 
Models with density of previous deforestation 12.258 0.024 4.113 

 0.112 

2- Automatics features X Linear & Quadratic 5.778 0.074 2.252 0.208 

3- Models with density X Models with distance of  previous 
deforestation * Automatics features X Linear & Quadratic 

5.353 0.08 1.817 0.249 

4-With PRODES x Without PRODES 0.24 0.65 3.019 0.157 

5- Automatics features X Linear & Quadratic (Without 
PRODES ) 

0.738 0.438 1.778 0.253 

6- With PRODES x Without PRODES * Automatics features 
X Linear & Quadratic  

1.039 0.365 0.84 0.411 
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The overall mean of the positive predictive power was close to 2%. More than 90% of 

the predicted pixels were not deforested in the next year, and there was no difference between 

the models with functional variables or with the density of previous deforestation in respect to 

this metric (Table 3). The addition of previous deforestation information in the models based 

on the functional variables did not affect either the sensitivity or the positive predictive power 

of the models (Table 3).  

Because there were no significant differences in the effectiveness of the different 

experiments performed in MaxEnt, we found high levels of sensitivity for most of the 

experiments, except to Novo Progresso (Table 4). Approximately 80% of the next year’s 

deforestation was within the area of potential deforestation determined using the models.  

Table 4 – Deforested Area until 2008, the fraction of the municipality deforested area in %, 
and the effectiveness parameters of the model, average of sensitivity and positive predictive 
power for the areas of study 

Local 

Defores
ted 

Área 
(2008) 
(km2) 

Deforested 
Area (%) Sensitivity 

Positive 
Predictive 

Power 
Alta 

Floresta 22004.6 48.2 0.826 0.013 

Apuí 4865.4 02.6 0.845 0.012 

Novo 

Progresso 5314.1 13.9 0.548 0.066 

Porto 

Velho 16131.7 23.1 0.823 0.023 

Rio Branco 18157.7 29.5 0.781 0.006 

The potential area of future deforestation determined using the different models did not 

exceed 20% of the different regions, as can to be seen in experiment 3 (Table 5, Figure 4). In 
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Apuí, for example, this prediction did not reach 10% of the total area (Table 5) (Figure 3, 

Figure 4). The use of any of these models in command and control activities against 

deforestation may provide a large reduction in cost based on the centralization of critical 

points found.  

Table 5 – Potential area of deforestation determined by experiment 3 used in this study, study 
area and proportion of the total potential area determined by the models in relation to the total 
area of study 

Place 
Potential Area 

(km2) Total Study Área (km2) 

 Potential Area and 
relationship to Total 

Study Área (%)  
Apuí 17648 176785 9,98 

Alta Floresta 11524,8 61596 18,71 

Porto Velho 17146 83802 20,46 

Rio Branco 27989,5 155021 18,06 

Novo Progresso 6767,4 38170 17,73 

Total 8.1075,70 515374 16,99 
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Figure 4 - Potential areas determined using experiment 3 in this study and the deforestation by 
2010 within these areas 

 
The sensitivity of the models based on ENN was higher than both the BAU and GOV 

scenarios of the models of Soares-Filho et al. (2006) (F5, 20 = 169.95, p <0.050) (Figure 5 A). 

However, the positive predictive power showed no difference between the models based on 

ENM and the scenarios of Soares-Filho et al. (2006) (F5, 20 = 0.32, p = 0.892) (Figure 5 B). 

The prevalence in the models proposed here was significantly different from the scenarios of 

the models of Soares-Filho et al. (2006) (F5, 20 = 25.56, p <0.050) but similar to that of the 

ENM models that included the distance from previous deforestation together with other 

functional variables built using automatic features (Figure 5 C) ( Figure 6).  
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Figure 5. – Sensitivity (A), positive predictive power (B), and prevalence (C) of the models of 
the potential distribution of species and the usual models (BAU) and governance (GOV) of 
Soares-Filho et al. (2006); The following distribution models of species were considered: 
model in which the distance from previous deforestation (PRODES) was used as a functional 
variable and the automatic features of MaxEnt were selected (cFull); model in which the 
distance from previous deforestation (PRODES) was considered as a functional variable and 
the linear and quadratic features of MaxEnt were selected (Clq); model in which the distance 
from previous deforestation (PRODES) was not considered as a functional variable and the 
automatic features in MaxEnt were used (sFull); model in which the distance from previous 
deforestation (PRODES) was considered as a functional variable and the linear and quadratic 
adjustments of MaxEnt were selected (Slq).    
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Figure 6 - Map with the differences between the potential areas of deforestation determined 
using models basis in ecological niche of species (ENM) created in this work and the models 
BAU and GOV of Soares-Filho et al. (2006). 

 
Discussion 

The use of the ecological niche modeling approach predicted the spatial location of 

deforested areas better than spatial interpolation. Our models showed high sensitivity, which 

means that deforestation in 2010 had an approximately 80% chance of occurring within the 

potential areas predicted based on 2008 data. Considering the gigantic size of the Amazon and 

the adverse conditions to access of deforested sites, the extent of the areas prone to 

deforestation is a challenge for effective monitoring and conservation actions. Our models 

allow to narrow the possible sites for those actions to approximately 17% of the study area, 
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favoring the concentration of resources (time and money) for command and control actions. 

This effect also allows advances in other public policies for biodiversity conservation, such as 

establishing conservation units in more vulnerable areas.   

A decrease in deforestation in the Brazilian Amazon was observed in recent years due 

to governance, including the creation of new conservation areas and licensure actions, 

commands and control (Nepstad et al., 2009). Fearnside (2003) notes the importance of 

licensing to combat deforestation, relying on a system to identify where deforestation occurs 

and how it relates to the landowner. Amazon states do not have a licensing model that 

combines deforestation and command and control actions, except for Mato Grosso (Nepstad et 

al., 2002). In the absence of information about the landowners and deforesters, surveillance 

becomes the best method to curb deforestation (Börner et al., 2010).  

 Despite the high sensitivity values, the positive predictive power of all of the models 

presented was very low, approximately 2%. When we considered all of the pixels with 

potential deforestation, fewer than 2% were deforested in 2010, demonstrating a huge over-

prediction. However, it is important to remember that the potential area produced predicted 

deforestation not only in the interval between 2008 and 2010 but also in all of the years during 

which the conditions placed by the functional variables of 2008 remain. This low positive 

predictive power does not constitute a major problem for surveillance, which is not executed 

in a pixel-by-pixel basis. Rather, it is focused on critical areas, which in the case of Brazil can 

be attested in the new internal surveillance regulations (RIF) of IBAMA (IBAMA 2009). 

The effectiveness of the models with only the density of previous deforestation as an 

environmental variable was lower than that of the models that considered different functional 

variables, such as the presence of livestock, agriculture and others. The deforestation density 
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layer is a surrogate for all of the information that previously determined deforestation, and 

even knowing that the new deforestation occurs in the vicinity of previously deforested areas, 

there is no guarantee that previous deforestation is the sole determinant of newly deforested 

areas. Regions where previous deforestation was low but with factors (e.g., planned 

hydroelectric power plants) that encourage new cycles of deforestation could not be predicted 

using models that use only previous deforestation as an explanatory variable (Fearnside et al. 

2009). Thus, the models based on functional variables proved to be better predictors of new 

areas of deforestation than models based only on variables derived from the previous 

deforestation density. The success in using these variables possibly relies on the inclusion of 

broader processes, such as economic and social effects. This pattern makes such models more 

attractive for long-term predictions, such as those conducted by Soares-Filho (2006), who 

simulated deforestation in the Amazon basin between 2006 and 2050. 

Despite the similarity of the model sensitivity (~ 80%) and positive predictive power (~ 

1.5) for the different sites studied, the values of the effective models for the region of Novo 

Progresso differ. The probability of a deforested area being within the predicted potential area 

in the region of Novo Progresso was 60%. The probability of the predicted area by the model 

to be deforested in 2010 was 6% in Novo Progresso. This value of positive predictive power 

may be related to a low prevalence, the percentage of cumulative deforested area in the study 

region. However, we found lower values of prevalence for Apuí, failing to corroborate this 

hypothesis for the low PPP value for Novo Progresso. Another possible explanation for the 

low effectiveness of the model for Novo Progresso is the command and control actions in 

2009 during the IBAMA operation Boi Pirata II, which drove a decline in deforestation in the 

region. During the eight months of operation of Boi Pirata II, IBAMA was on the field in the 
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region and embargoed 50,000 hectares, filed more than 100 fines and forced the evacuation of 

thousands of cattle from land where forests grow and that most likely were public lands 

(IBAMA, 2010 ). During this operation, newly deforested areas decreased by 80% in the 

municipality of Novo Progresso, which was the fifth-most deforested area in the Amazon in 

2008 (INPE, 2011a). Thus, the possibility of deforestation spreading to other areas where 

surveillance efforts were not as intensive and the differences between the situation during 

which the model was built (before the Boi Pirata II operation) and the situation in which the 

model was validated (after the Boi Pirata II operation) might determine the difference in the 

effectiveness of the model parameters. 

The simulation of Amazon basin deforestation performed by Soares-Filho et al. (2006) 

for the business-as-usual (BAU) and governance (GOV) scenarios was used here as a control. 

We believe that the model built by Soares-Filho et al. (2006) aims far beyond the 

determination of a potential area of deforestation for surveillance purposes. In fact, their 

model allows for the construction of dynamic models of the environment and has become the 

reference for model building for the Amazon region (Yanai, et al., 2012, Fearnside et al., 

2009). Even 6 years after its publication, this platform remains the best predictor for the entire 

Amazon basin. Nevertheless, the MaxEnt models surpassed the previous model’s metrics for 

predicting 2010 deforestation and also produced better predictions of newly deforested areas 

with a lower total predicted area compared to both the BAU and GOV scenarios. 

Although deforestation rates across Amazon have declined in recent years (INPE, 

2012) and the end of illegal deforestation may even be reached in the next few years (Nepstad 

et al., 2009), the use of predictive models of Amazon deforestation continues to be an 

excellent tool for defining and monitoring public policies for the environment. The 
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effectiveness of this tool relies on monitoring of the variables that determine deforestation, 

which may change over time, both in spatial distribution and in relevance to the occurrence of 

deforestation. An example of this change is the possible impact resulting from the installation 

of energy infrastructure projects in the Amazon basin (Finer & Jenkins, 2012, Fearnside. & 

Pueyo 2012), which have not yet been considered in predictive deforestation models in the 

region. Furthermore, the models can be used as tools to validate the effectiveness of public 

policies, increasing the preventive powers of command and control actions. 
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Abstract 

The Amazon rainforest has been deforested, burned, fragmented and over-exploited at 

unprecedented scales, and prevention of such things has become so important that there is 

punishment for unlawful environmental acts that are committed. Prevention requires the 

identification of facilitators and mitigating factors of deforestation, in addition to knowing the 

locations where combinations of these factors make the occurrence of deforestation more 

likely. Whereas there is a set of conditions that increase the probability of deforestation in a 

determined area when compared to other areas, it is possible to treat deforestation as a 

“species” and determine the "niche" using techniques from the Ecological Niche Modeling 

(ENM) of species. The objective of this work is to test the efficiency of ecological niche 

models for defining potential areas of deforestation in the entire Brazilian Amazon. Thus, we 

analyzed all the Brazilian Amazon municipalities, totaling more than 5 million km2. For each 

municipality, we ran MaxEnt in two different experiments, using layers of data comprising the 

distances from previously deforested areas as functional data, which determine the different 

ways the boundaries of probability distributions. To measure the effectiveness of the models, 

we used a confusion matrix to determine the sensitivity, positive predictive power (PPP) and 

prevalence of the models. The potential areas of deforestation that were created from the 

different models in MaxEnt were effective for predicting new deforestation areas throughout 

the heterogeneous Amazon municipalities. Models that did not include the distances from 

previously deforested areas as one of the functional variables were less effective. The 

inclusion of a variable representing previous deforestation areas improves the predictability of 

the models that are initially constructed with "functional variables". These models were more 
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effective than the usual (BAU) and governance (GOV) scenarios that were constructed in the 

DYNAMICS-EGO platform by Soares-Filho et al. (2006). Thus, the use of ENM is an 

innovative and effective tool for determining the location of new command and control 

operations against deforestation, decreasing both the cost and time of these operations.  

Keywords: Deforestation, Distribution Species Models, Amazon, Niche, Command and 

Control 
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Introduction 

Despite the importance of the Amazon rainforest for global biodiversity, carbon 

storage, climate control and ecological services (Fearnside & Laurance, 2004; Malhi et al., 

2008), it has been deforested, burned, fragmented and over-exploited at unprecedented scales 

(Laurance & Bierregaard, 1997, Souza et al. 2013). Obviously, deforestation is the most 

persistent environmental problem in this region. Although it appears evident that an incentive 

for command and control operations, with fines and administrative penalties in order to 

decapitalize the offender environmental, determines the decreases in the rates of deforestation, 

combating deforestation is only palliative because damage to the forest has already occurred 

(Laurance 2001, Nepstad et al., 2009)  

It should be noted that the process of deforestation occurs differently across the regions 

of the Amazon. This forest is a mosaic of heterogeneous ecosystems and socioeconomic 

systems, and it varies significantly: different regions have their own history of occupation and 

several actors and factors that determine deforestation (Ab’Saber 2002, London & Kelly 2007, 

Celentano & Verissimo, 2007). Targeting the problem at the biome scale becomes important 

to identify and isolate the processes of occupation for a more accurate analysis of deforestation 

causes (Escada & Alves, 2002). The approach used in this study to consider the heterogeneity 

of acts of Amazon deforestation is to group the municipalities where the damage occurs into 

seven classes (A-G) that describe their relative distances from the deforestation frontier based 

on the extent and activity level of deforestation (Rodrigues et al. 2009). These classes cover a 

gradient of active deforestation, beginning in class A, with low deforestation activity and large 
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forest remnants (Pre-Frontier), through classes C, D, and E (Frontier), which have high 

deforestation activity, to classes F and G (Post-Frontier), which have low deforestation activity 

because the forest is gone.  

In the last 20 years, extensive literature is being produced on the causes and factors 

affecting deforestation (Pfaff 1999; Fearnside 2008 Nepstad et al. 2009; Margulis 2003; 

Celentano & Verissimo, 2007) considering the rapidity of natural vegetation loss in the 

Amazon and its consequences. An analysis of these studies suggests that there are two sets of 

factors that are associated with the local occurrence of deforestation. First, one set of factors is 

related to deforestation as a spatial process. Thus, the presence of a deforested area adjacent to 

an area that is currently not cleared can be a strong predictor of the likelihood of future 

deforestation (Soares-Filho et al. 2006). Second, there are factors that affect the occurrence of 

deforestation, such as socioeconomic processes, that are linked to market availability, the ease 

of disposal, and the difficulty of surveillance, in addition to the wood quality, the distance 

from roads (Laurance 2001), the presence of livestock (Margulis, 2003), the expansion of 

agriculture (mainly soybeans) (Martinelli et al. 2010), and conservation units (Nepstad et al. 

2009) 

A promising tool for combating deforestation is spatially explicit models, or landscape 

models, which simulate changes in the environmental attributes of geographic territories and 

represent an effort to understand how the system developed under predetermined conditions 

(Baker 1989). Understanding the relationship between certain conditions, such as 

socioenvironmental, political , and environmental conditions, and even different surveillance 

efforts against deforestation, is the key to construct potential future scenarios from estimates 

of the changes in these conditions. Thus, the results of these models can be used to test 
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hypotheses about landscape development (Soares-Filho et al. 2006). Since the late 1990s, 

there have been several studies about the construction of spatially explicit models. One of 

these studies simulated deforestation in the Amazon region between 2000 and 2020 using 

historical records of deforestation in areas in the proximity of existing roads and roads that 

would be built in future years (Laurence et al., 2001). Other Amazon simulation studies 

(Aguiar et al., 2006) that were performed using the software CLUE (Conversion of Land Use 

and its Effects) evaluated the relationship between deforestation and deforestation factors with 

logistic regression and created a spatial representation of the deforestation of the entire 

Amazon biome, despite the fixed deforestation rate and the fact that the spatial resolution was 

coarse, with the use of a grid cell size of 25 km x 25 km.  

In 2006, a model was created which used deforestation records, and instead of spatial 

models, the allocation of deforestation was determined by weight or the probability that a cell 

would become deforested in the next cycle (e.g. 1 year) based on different variables (Soares-

Filho et al., 2006). This model produced a prediction of deforestation until the year 2050 from 

the perspective of a conservative scenario and a scenario with decreasing government control, 

which represents an alternative to deforestation predictions for the Amazon. This model was 

created in DINAMICA-EGO, in which developing tools and methods can be applied to a 

variety of landscape dynamic and environmental modeling studies (Soares-Filho & Coutinho, 

2002, Soares-Filho et al., 2008). This platform was applied in studies performed at continental 

and at regional scales: modeling Amazon deforestation, land use and forest coverage change in 

the Atlantic Forest, timber exploration in the Amazon, the role of conservation units in carbon 

balances, risk and spread of fire, trade-offs between agriculture and forest, and REDDs 

projects in the Amazon (Soares-Filho et al. 2010).  
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A spatial model approach allows an improved ability to identify locations with high 

chances of becoming deforested in the future by associating a set of conditions with 

deforestation. This resembles the modern approach of predicting species distributions that use 

associated set climate variables or other environmental conditions. In this description, the 

concept of the ecological niche could be described as hyper-volume n-dimensional, in which 

each dimension is a feature, a condition, or a resource that can be quantified,and in which 

individuals of a species are able to survive, grow and reproduce (Hutchinson, 1957). The 

approach that has been used more in recent years is the ecological niche modeling (ENM) of 

species. This approach includes the use of numerical tools that combine observations of 

species occurrences with environmental parameters, predicting the distribution of species 

across landscapes, sometimes requiring extrapolation in space (Elith & Leathwick 2009). 

Based this approach, methodology that use all entropy of system to determined a better   

function for distribution species, considering environmental limits, has been used in 

determination of species distribution ( Phillips et al., 2006).   A recent innovative use of this 

idea is treating deforestation areas as a species and generating  distributions areas where the 

most of new deforestation  areas occurs and similar in size to those used with previously 

proposed models  in the Western Amazon (Souza & DeMarco, submitted manuscript).  

Considering this model from the Western Amazon, we hypothesized that ENM applied 

across the Amazon would be more efficient than previously proposed models, using a 

potential area of similar size, especially in areas with greatest deforestation activity. Our main 

objective is to go beyond Souza and DeMarco (submitted manuscript) and use ENM to 

produce a model of deforestation in the entire Brazilian Amazon, considering its regional 

heterogeneity. As in the previous study, we use the term “functional variables” instead of 
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environmental variables, which is commonly used in the original ENM approach, to the some 

intervenient variables that represent the socioeconomic and political forces that facilitate or 

restrict the process of deforestation.  

. 
Methodology 

Study Area 

The study area comprises more than 700 municipalities in the Brazilian Legal Amazon, 

distributed in 9 states. This region accounts for more than 61% of the Brazilian territory, 

equivalent to more than 5 million square kilometers (5,217,423 km2) ( Figure 1). This region 

contains the entire Amazon forest area in Brazil and some regions with remnants of the 

Cerrado. Approximately 22 million people live in the region, but the area maintains an overall 

low population density and includes some of the poorest regions in Brazil.  
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Figure 1 – Legal Brazilian Amazon with municipalities, conservation units of sustainable use, 
conservation units of integral protection, indigenous lands, settlements, and deforestation 
between 1997 and 2011. 
 
Occurrence of deforested areas 

 We used data from the Deforestation Monitoring Program (PRODES) of the National 

Institute for Space Research (INPE) for the spatial distribution of deforestation analysis. This 

database provides information about deforestation in vector format, from 1997 to 2011, and 

results from a semi-automatic analysis of LANDSAT 5 TM with a spatial resolution of 30 

meters (Câmara et al., 2006). We fit the models for prediction of deforestation using 

information from 2008 and validated these models with data from 2009, 2010 and 2011. 
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  All the generated models produced predictions of 90 meters for each pixel, but the 

original information uses PRODES deforestation polygons as the basic unit, extending beyond 

one pixel. Thus, we only used the geographic coordinates of the center point of each 

deforestation polygon for the period as a record of deforestation occurrence. 

Functional Variables 

 For the intervenient variables that represent socioeconomic and political forces that 

facilitate (Trade-off relation) or restrict ( Constrains relation) the process of deforestation, we 

chose to use the more appropriate name “functional variables” instead of the term 

“environmental variables”, which is commonly used in the original ENM approach. The 

functional variables used here have diverse sources, mainly from Brazilian government 

websites. These data and sources and the reasons for their inclusion in the modeling process 

are presented in Table 1. 

As subsequent deforestation events tend to occur near previous deforestation activity 

(Alves, et alet al., 2003  Soares-Filho et al. 2006 Ferreira, et al. 2007, Souza, et al., 2013), this 

variable can be a good predictor of future deforestation. Thus, we assume the importance of 

previous deforestation to the occurrence of future deforestation and use this as a functional 

variable. However, the model’s adherence to previously deforested areas is so strong that this 

variable could mask other variables that influence the occurrence of new deforestation. This 

would reduce the efficiency of the model in areas that have a strong effect on other variables, 

such as where the deforestation process begins. Thus, we created two models, one with 

functional variables including the distance from previous deforestation areas as a variable, and 

another with the same functional variables, but without the distance from previous 

deforestation areas as a variable. 
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Table 1 - Functional variables, their sources and the reasons for their inclusion in the model. 

Variable Source Reason for inclusion in the model Relationship 
between 

deforestatio
n and 

variable 

 

Major Rivers IBGE 
site 

They are one of the most important forms of 
transport and penetration into the forest. 

Trade-off 

Roads IBGE 
site 

The roads have a key role in the influx of 
population and investment, bringing drivers of 
deforestation into the forest (Fearnside & Graça 

2009). 

Trade-off 

Agriculture TerraCla
ss/INPE 
project 

The replacement of forest by plantations has 
considerably reduced the biodiversity of the 

Amazon rainforest, decreasing plant species from 
400 to 300 per hectare, for some few (Martinelli 

et al. 2010). 

Trade-off 

Livestock TerraCla
ss/INPE 
project 

Livestock, combined with the low price of land, 
are the main drivers of deforestation in the 
Amazon region (Margulis, 2003). 

Trade off 

Urban Areas TerraCla
ss/INPE 
project 

Approximately 72% of the population of the 
Brazilian Amazon municipalities lives in 

metropolitan centers (IPEA 2006). This makes 
the Amazonian cities into centers or warehouses 
to concentrate resources that are exploited from 

the forest. 

Trade-off 

IBAMA 
Offices 

IBAMA 
site 

Nepstad et al. (2009) noted the importance of 
command and control activities for the decline in 
deforestation. IBAMA is primarily responsible 

for environmental protection, so we consider that 
the proximity of the decentralized units of the 

institute may mitigate deforestation. 

Constrains 

Embargo IBAMA 
site 

The embargo is an action that decapitalizes 
environmental violators, freezing their economic 

activities that are related to the land. 

Constrains 

Indigenous 
Lands, 

Protected 
Areas 

(Sustainable 
Use, 

Conservation 

IBAMA 
site 

Much of the decline in deforestation rates in 
recent years is because of conservation units that 

have been constructed and because of the 
consolidation limits of Indigenous lands 

(Nepstad et al, 2009). 

Constrains 
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Units of 
Integral 

Protection) 
Settlements 

of Land 
Reform 

IBAMA 
site 

These areas, in some months of 2010, 
represented up to 80% of the deforestation in 

some Amazon states. 

Constrains 

Previous 
Deforestation 
(PRODES) 
until 2007 

INPE 
site 

The increase of deforestation usually occurs in 
areas adjacent to those that were previously 

deforested. 

Trade-off 

 

 For all data it was generated a grid (raster), in which each grid cell is a measure of the 

straight-line (Euclidean) distance of the closest point of  any functional variable point. These 

grids of functional variable distance have a spatial resolution of 90 meters. 

Modeling the distribution of deforestation 

We generated potential areas of the deforestation distribution using the program 

Maximum Entropy (MaxEnt) version 3.2.1 (Phillips et al., 2006). This method is considered 

one of the most reliable, even when it is used with only a few occurrence points (Hernandez et 

al, 2006; Pearson et al, 2007; Wizs et al, 2008), and was the most efficient in a comparative 

analysis with 15 other alternative methods of ENM (Elith et al. 2006). The models created by 

MaxEnt are based on the fitting of a function that is closer to the uniform distribution of the 

species occurrence points, considering the maximum entropy of the system, and under the 

constraint of environmental information (Phillips et al. 2006; Elith et al. 2011). 

 In MaxEnt, Auto Features can be selected, which determines the shape of the fit curve 

to the deforestation occurrence data in relation to different independent variables. The use of 

automatic features allows the program to search for adjustments for more complex empirically 

derived curves, but these models must contain a large number of parameters (Phillips et al. 
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2006). Alternatively, it is possible to restrict the search for curve fits to linear features (linear 

features command in MaxEnt) or quadratic features (quadratic features command in MaxEnt 

features), assuming that with these settings the search only occurs among linear combinations 

or quadratic polynomials, respectively, in relation to the independent variables. The use of 

automatic features can lead to a better fit, but virtually precludes an interpretation of the 

effects of individual variables and can be easily affected by random effects (Phillips & Dudík, 

2008). We ran the MaxEnt analysis using Auto Features, varying the different layers of 

functional data, which determine the different boundaries of potential distributions, if we 

varied the inclusion of previous deforestation variables (with and without the distance from 

previous deforestation areas). Thus, the experimental design that we adopted yielded 2 

different models.  

 The conversion of the output variable from MaxEnt, a suitability for  new deforested 

areas, in a binary prediction of the potential area of the species requires the choice of an 

appropriate threshold (Elith et al, 2006; Peterson 2006). The limit is derived from the receiver 

operating characteristic  (ROC) and balances the omission and commission erros to generate 

smaller intervals than the alternative minimum attendance threshold training (Nóbrega & De 

Marco Jr. 2011). 

 We compared the models created in this study with a control. This control was the 

result of the DINAMICA-EGO models created for the usual (BAU) and conservative 

(governance) scenarios (GOV) for 2011 and the sum of these models between 2009 and 2011 

(Soares-Filho et al, 2006). These models were created using VENSIM software to calculate 

the total deforestation during each year to be simulated based on economic indicators, such as 

gross domestic product (GDP)  growth. These annual deforestation rates are used later by 
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DINAMICA-EGO, which determines the spatial allocation of deforestation based on the 

relative probabilities of each cell being be deforested. The spatial allocation of deforestation 

that is determined by DINAMICA is conceptually similar to potential area to that determined 

by MaxEnt because the cell relative probabilities arise from the relationship between 

deforestation and distances to roads, different soil quality, protected areas, markets, 

consumers, previous deforestation and other features (Soares Filho et al. 2006, Fearnside et al. 

2009). Thus, the results of the DINAMICA model in both scenarios (BAU and GOV) become  

a control for our proposal of ENM use because we can evaluate whether the models proposed 

by us make better predictions than chance and better predictions than the broader and more 

complex models currently available (Fearnside et al. 2009).  

 There are a variety of methods for model assessment primarily based on the confusion 

matrix (Elith et al., 2006, Fielding & Bell 1997), but in this study, we evaluated sensitivity and 

positive predictive power (PPP) (Fielding and Bell 1997), more appropriate criteria to guide 

prevention actions. Sensitivity was chosen as the metric for this analysis by representing the 

probability that deforestation is found within the predicted area of the models. The positive 

predictive value is the probability that a predicted unit area will be cleared in the next year. 

The prevalence was also considered because high prevalence models tend to have higher 

sensitivity, and AUC values that are simply mathematical consequences are not indicative of 

better models (McPherson et al 2004). Whether or not the model predicts large distribution 

areas, it will always have high sensitivity. Thus, the best model may be one that has identical 

sensitivity, but with fewer predicted areas. 

We determined the sensitivity, PPP and prevalence of all the models used in this study 

for each Amazon municipality for 2011 and between 2009 and 2011. Considering the 
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heterogeneity of deforestation in the entire Brazilian Amazon, we grouped the Amazon 

municipalities into deforestation frontier classes, considering the deforestation activity and the 

extent of the deforested areas, similar to Rodrigues et al. (2009), using the deforestation data 

from 2008 (INPE, 2008). We compared the sensitivity, PPP and prevalence of the models 

among the classes of distance to the deforestation frontier using a repeated measures analysis 

of variance according to Zar (2010). The large number of replicates, more than 700 

municipalities, demands that the statistical analyses be used mainly for descriptive purposes, 

considering the robustness of this test. Thus, basic inferences were performed based on 

confidence interval estimates.   

A summarize of methodology can be see in flow chart of Figure 2. In this flow chart 

we can see the variations of ENM models, validations metrics, and comparison between ENM 

models, and DINAMICA-EGO scenarios.  

 

 

Figure 2 –Flow chart of the methodology showing, on the left, the constructions of the ENM 
models with automatic features and the differences in their variables, the validation with 
deforestation data from PRODES, and the metrics for assessment of the models (sensitivity, 
PPP, prevalence). In the center is the comparison of the ENM models with different factors, 
and the comparison between models from DINAMICA-EGO, BAU, and GOV. On the right 
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are the models from DINAMICA, BAU and GOV, their validation, and their assessment 
metrics. 
Results 

  In most of the classes, the ENM sensitivity values were higher than the BAU and GOV 

scenarios’ sensitivity values. The difference in sensitivity values between the ENM and the 

BAU and the GOV scenarios particularly highlights where deforestation is most active, near 

the deforestation frontier. In post-frontier classes, the sensitivity values of the ENM and the 

BAU and GOV scenarios are approximately identical. In localities where the natural 

vegetation cover is more preserved, the sensitivity values for the BAU and GOV scenarios are 

identical to the ENM without previous deforestation as one of the functional variables, but 

lower than the ENM with previous deforestation as one of the functional variables. This 

pattern of sensitivity values between the ENM and the BAU and GOV scenarios is consistent 

with deforestation in 2011 and the sum of deforestation between 2009 and 2011 (Figure 3). 

The model using automatic features and including the distance from previous deforestation 

activity presents sensitivity values over 97%. Thus, for every 10 pixels that were cleared 

between 2009 and 2011, more than 9 could be predicted using our model, which was fit using 

the 2008 data. Even if we only consider the deforestation activity of 2011, the average 

sensitivity is 71% (Figure 3). The model using automatic features and including the distance 

from previous deforestation also presents sensitivity values higher than the ENM analysis that 

did not consider the distance from previous deforestation activities, presented as a functional 

factor for all the classes between 2009 and 2011. This result is similar to the validation 

analysis using only deforestation data from 2011; however, for the classes in which there is 

more deforestation activity, the difference between the ENM scenarios is not conspicuous.  
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Figure 3 Results of the sensitivity, the positive predictive power, and the prevalence analyses 
of ENM with previous deforestation as a functional variable ( ), ENM without previous 
deforestation as a functional variable(), the BAU scenario ( ) and the GOV scenario ( ) 
for different classes of deforestation, taking frontier distance into account ( Classes A, B: pre-
frontier, Classes C, D e E: frontier, F, G: post-frontier). In the left column are the results of the 
evaluation metrics of deforestation activity for 2011, and the in right column are  results of the 
evaluation metrics of deforestation activity in 2009, 2010 and 2011. 
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The ENMs presented PPP values of approximately 2% in almost all the frontier 

distance classes when we used the deforestation data from 2011 in our analyses. In the 

deforestation frontier classes in which large deforestation areas had previously been 

consolidated (G), we found a PPP value of approximately 8%. The results are similar to the 

PPP values from the BAU and GOV scenarios for all the classes of deforestation activity that 

take into account the frontier distance. As expected, the PPP values increase with the sum of 

the deforestation over the years; the average is approximately 6% when we evaluate the ENMs 

with the deforestation sum for 2009 and 2011, emphasizing post-frontier municipalities. In the 

intermediate classes, the BAU and GOV scenarios showed values of PPP that were slightly 

greater than the values from the ENMs (Figure 3). 

The prevalence among the models proposed with and without consideration of the 

distance from previous deforestation activity did not indicate any significant difference 

compared to the scenarios of Soares-Filho et al. (2006). The prevalence values of the models 

are similar when evaluated using the deforestation activity of 2009 or when using the 

combined deforestation activity from 2009 to 2011 (Figure 3). 

The potential area that is predicted by ENM does not exceed more than 20% of the 

total area of the region. However, without considering previously cleared areas, will not log 

onto the new deforestation in the future.  The areas with higher deforestation rates (30%) were 

those with the largest predicted potential areas of deforestation. The lowest values were in 

municipalities that were farthest from the deforestation frontier (Figure 4, Figure 5). The AUC 

values from the two ENMs created in this study are always higher than what is expected by 

chance, usually higher than 0.7. 
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Figure 4 –Distribution of the percent of potential areas from the ENM model that considers 
previous deforestation activity as a functional variable.  in Amazon municipalities. 

Figure 5 – 
Percentage of municipality areas that are predicted to be deforested according to their distance 
classification from the deforestation frontier (Classes A, B: pre-frontier, Classes C, D e E: 
frontier, F, G: post-frontier). Squares represent the mean, and bars represent ± 95 percent 
confidence intervals of the means.
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Figure 6- Map of the deforestation frontier distance classes for the entire Brazilian Amazon (in center). Clockwise from the top 
left are examples of each of these classes, with potential areas of ENMs (with and without consideration of the distance from 
previous deforestation as function variable), deforestation activity in 1997, 2010, and 2011, and natural vegetation. The second 
example for each class is from the BAU and GOV Scenarios, deforestation activity in 1997, 2010 and 2011, and natural 
vegetation. 
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Discussion 
 

In this study, we found that all the models that were produced by ENMs using the 

distance from previous deforestation activity as one of the functional variables have a high 

sensitivity for predicting future deforestation. Thus, Amazon deforestation between 2009 and 

2010 has an approximately 80% chance of occurring within the potential areas predicted by 

the MaxEnt models. These models have similar prevalence and  higher sensitivity than 

previous values from the BAU and GOV scenario models from Soares et al. (2006). We 

conclude that the use of our approach to predict future potential deforested areas constitutes a 

major advance in the field and may allow the concentration of efforts on preventative or 

command and control actions on only 21% of the total Legal Amazon area, which will be very 

efficient. This result is particularly important considering the size of the area to be protected 

and the difficulties applying efficient prevention or control activities in this area (Linkie, et al. 

2010, IPEA, 2011). The similar prevalence between different models of different classes of 

municipalities confirms the effectiveness of the models based on ENM compared to the BAU 

and GOV scenarios. As stated by McPherson et al. (2004), models that have large potential 

areas will have large sensitivity values. In such cases, models with low prevalence must be 

considered the best because will hits more with the small área occupied. 

These results are similar to those of Souza & De Marco (submitted), who evaluate part 

of the Western Amazon also using an ENM approach. Nevertheless, the present study expands 

the previous observation to the entire Amazon and allows the evaluation of some results that 

are dependent on the Amazon region under evaluation. The Amazon is very heterogeneous, 

which is reflected in the distribution of deforestation activity in the region; there is a clear 
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front of higher deforestation activity, known as the deforestation frontier (Ab’Saber 2002, 

London & Kelly 2007, Dureiux, 2003). Considering the heterogeneity of the occurrence of 

deforestation activity in the Amazon, a way to classify the different municipalities in the 

Amazon is by the distance from the deforestation frontier, to consider the activity and extent 

of deforestation in relation to the total area of the municipality (Rodrigues et al. 2009). 

Considering this, the ENMs showed a higher sensitivity than the BAU and GOV scenarios in 

almost all the classes of deforestation frontier distance. Notably, there is greater sensitivity of 

the ENMs when compared to the BAU and GOV scenarios for classes in which deforestation 

is most active in the deforestation frontier. More hits (better sensitivity) where they are most 

required (deforestation frontier) increases the importance of ENMs as tools for planning 

command and control actions. Variables such as roads, livestock, agriculture, and urban areas, 

which we consider functional variables in the construction of ENMs, are more common in the 

deforestation frontier and determine that there is a lot of deforestation activity (Nepstad, 2006, 

Souza et al. 2013, Rodrigues et al., 2009) and better sensitivity for these models.  

The success in using these variables is possibly because of the inclusion of broader 

processes, as each functional variable represents an economic, social, political or 

circumstantial process that has a known relationship with deforestation (Margulis, 2003, 

Martinelli et al. 2010, Ferreira, et al 2007, Fearnside, 2008, Souza et al., 2013). This makes 

the model more attractive for long-term predictions, and it has better accuracy (Soares-Filho, 

2006, Aguiar, 2006, Laurance 2011). These processes can begin or mitigate a new frontier of 

deforestation when they occur alone or together. A example of importance of these variables is 

the previous desforestation to accuracy of deforestation models. The new deforestation areas 

have a tendency to occur near areas where there has previously been deforestation activity, 
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forming adjacent cleared areas (Alves, 2002). This trend should occur because the area that 

was previously cleared also has the occurrence of other factors that favor deforestation, such 

as proximity to roads, urban areas, the presence of crops and pastures, and the absence of the 

command and control action in the region. This strong relationship between new deforestation 

activity and previous deforestation activity favors the more accurate results of the ENM 

models that used the distance from previous deforestation areas as one of the functional 

variables. Another example of these variables is the roads; the road itself is an insignificant 

deforested area, but it is a way of promoting impact activities (cattle, timber) in the forest. 

Moreover, the two examples of variables show that they strongly influence the occurrence of 

new deforestation in the BAU and GOV scenarios (Soares-Filho et al. 2006).  

The understanding of functional variables is essential for the effectiveness of 

satisfactory models based on ENM for the purposes of preventive command and control 

against deforestation. Because these variables include socioeconomic processes and political 

decisions, these can change over time and space, and it becomes necessary to monitor the 

evolution of these variables. It is possible that the functional variables that were considered to 

construct the model for 2008, beyond the distance of previous deforestation, have had changes 

in their spatial distribution, or their importance in determining deforestation has been 

modified. This may explain the lower sensitivity in the 2011 model compared to the sum of 

2009, 2010 and 2011. 

Even though the variables used to construct the BAU and GOV scenarios are similar to 

the functional variables used in constructing the ENMs, the latter had better sensitivity values 

in almost all localities in the Amazon. The important difference between these methods is how 

the variables are used: whereas MaxEnt treats the variables equally in the model and derives 
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its effect based on the fit to deforestation areas, the cellular automata models give a different 

weight (which could be determined subjectively) to each variable in the DINAMICA-EGO 

platform. Despite the lower sensitivity values, the models presented by Soares-Filho et al. 

(2006) show a change in the distribution of deforestation in each year, mainly determined by 

changes in the network road distance and the previous deforestation distance, updated 

throughout the years. These variables did not influence the rate of deforestation, which was 

calculated for the entire period with non-spatial software (VENSIM), distinct from 

DINAMICA-EGO, but influenced by the spatial distribution of the new deforestation, 

attributing a time to these scenarios (Fearnside, et al. 2009). Despite the lack of discrimination 

of the deforestation rates among the years, the ENM fully serves the purpose of preventive 

surveillance as advocated by the new RIF IBAMA (2009) and has a high sensitivity and 

allows modification of the variables to create different surveillance scenarios. 

In all cases, the ENM models had very low predictive power, which represents a model 

overprediction. Different from DINAMICA-EGO, which produces valid predictions for a pre-

defined year, the ENM models produce predictions of areas that may be potentially deforested 

in the future, with no pre-determined time frame. In this case, a low predictive power is 

obviously expected because we may see its real effect many years in the future from an 

aggregation of data Otherwise, this also represent that from a large set of potential areas of 

deforestation in Amazon, current productive force in this field may select a small subset.  

Another possible advantage of this analysis, which is beyond our approach used here, is the 

ability to evaluate the relationship between the next set of future observations (1 to 3 years 

after the year of observation). Regarding the new internal regulation surveillance of IBAMA, 

RIF (2009), the low positive predictive value of power does not constitute a major problem for 
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surveillance, at least for IBAMA, as they are not working on a pixel by pixel basis, 

deforestation by deforestation, but in critical areas (Souza & De Marco, submitted, IPEA, 

2011). However, the decrease in the total surveillance area to approximately 21% with the use 

of ENMs, without disregarding previously cleared areas, which will not be cleared again, 

constitutes a great advantage because of a decrease in spending on people in the field, cars, 

helicopter hours and other resources. 

The use of deforestation predictor models for improving the command and control in 

the Brazilian Amazon is an innovation because until now, all the approaches with these 

models did not have this intention. Thus far, studies of deforestation predictor models 

(Laurance, 2001, Aguiar et al., 2006, Soares-Filho, 2006, Feranside et al., 2009, Nepstad et al. 

2009) have tried to provide scenarios of a estimated area, currently and in the future, trying to 

inform or/and influence the decision makers. However, studies using models for law 

enforcement are rare, although there are studies in other forests, such as in the Sumatran 

rainforest, with the intent to improve or evaluate law enforcement strategies against 

deforestation (Linkie, et al., 2009). This study, in addition to using predictive models of 

deforestation to improve planning command and control operations, is also innovative because 

it uses a common methodology (ENMs) for the distribution of species to assess the spatial 

distribution of potential deforestation.  

Although not used in the construction of the models in this work, we acknowledge that 

infrastructure features that are mainly related to energy sources have been gaining importance 

in determining new deforestation in recent years. Excluding cattle and soybean farmers who 

deforest to generate goods directly for the consumer market (Nepstad et al., 2006, Nepstad et 

al. 2009), explorations of oil pipelines and hydroelectricity and energy conveying lines that 



_______________________________Capt.4: Uncommon Species, Niche Models, Amazon Deforestation 

 148 

are planned and that have been built in recent years in the Amazon region have great potential 

for environmental and social impacts in the region if not adopted public policies (Finer et al. 

2008, Finer & Jenkins, 2012). Among the impacts that stand out are the emission of 

greenhouse gases from dammed lakes (Fearnside & Pueyo 2012) and deforestation in flood 

areas near the built areas. This last impact can be observed with the large concentration of 

detected deforestation alerts by DETER (INPE, 2012) in the last year near the construction of 

the three mega-hydropower plants, Belo Monte in the region of Altamira in Para, and Santo 

Antônio and Jirau in the region of Porto Velho in Rondônia. New models that will address the 

phenomenon of deforestation in the short and midterm should consider, in addition to roads, 

variables that are related to infrastructure construction in the regions analyzed.  

Conclusion 

The use of ENMs to predict new areas of deforestation in the entire Brazilian Amazon 

was effective. In all the classes of municipalities, approximately 100% of the new 

deforestations in 3 years after the created model occurs within the area predicted by ENMs 

that considerer a previous desforestation as function variable.  Potential areas of deforestation 

determined by the ENMs that were not limited to deforestation occurring within a range of 

only 3 years, but in an indeterminate amount of time in the future, showed an identical 

relationship between deforestation and the functional variables used in other models, as well 

as identical spatial distribution of these variables. In the regions where there is currently more 

deforestation activity, the ENMs were the most effective. This effectivity localized in critical 

areas and the high sensitivity associated with a low prevalence turn the use of these models a 
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great tool for determining the location of new command and control operations against 

deforestation, determining time and cost savings in the surveillance. 

Moreover, we found that the effectiveness of the models that include the distance from 

areas that were previously deforested as one of the functional variables is greater than in 

models that did not use this variable as a functional variable. The inclusion of a variable 

representing previous deforestation improves the predictability of the models. 

The ENMs, mainly the model that included the distance to previously deforested areas 

as one of the functional variables, also presented greater efficiency compared to the usual 

(BAU) and governance (GOV) scenarios that were created by Soares-Filho et al. (2006), for 

2011, and the sum of 2009, 2010 and 2011. Even though the predictions of the three models 

present similar potential areas (prevalence), the deforestation polygons for 2010 have a higher 

chance of being inside a potential area that was determined by ENMs than inside the 

deforested area determined by the models of Soares-Filho et al (2006) (Sensitivity). 

The possible use of these models in determining priority areas for combating 

deforestation is a great innovation, not only to improve environmental public policy -- until 

now, the models in place did not address surveillance assistance -- but also to alert decision 

makers to forest dynamics in the long term. It is an innovation to use these types of analyses in 

a multidisciplinary way and it is an important ecological tool to determine the location of the 

loss of natural vegetation in the most biologically diverse forest on the planet. 
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Considerações Finais 
 

Este estudo demonstrou que o desmatamento na Amazônia Brasileira tem uma forte 

relação com as propriedades privadas e com a concentração de terras entre poucos 

proprietários. E que as maiores propriedades (>15ha) desmatam mais em termos absolutos, 

utilizando principalmente a área convertida para pastagem, apesar de grandes propriedades 

serem menos propensas a desmatar acima do que preconiza a lei ambiental brasileira.  

Os pequenos proprietários, embora em termos absolutos desmatem menos, em termos 

relativos desmatam mais do que os grandes proprietários. Além disso, são menos propensos a 

seguir a lei ambiental brasileira, desmatando mais do que 20% da área de sua propriedade, 

aumentando sua responsabilidade nos valores de desmatamento absoluto. 

Esse desmatamento geralmente ocorre para utilização dessas terras para práticas 

agrícolas com baixo aporte tecnológico, como a pecuária, muito presente nas propriedades da 

região Amazônica. Os municípios onde as propriedades predominam práticas agrícolas com 

baixa tecnificação são os que compõem o arco do desmatamento. Assim, práticas agrícolas 

mais sustentáveis e com maior aporte tecnológico poderiam além de ser mais lucrativas para 

os proprietários, ser menos impactantes para a floresta. 

Além das propriedades privadas, grande parte da Amazônia brasileira é formada por 

áreas delimitadas, ou sobre custódia do Estado (unidades de conservação, terras indígenas e 

assentamentos). Essas áreas mantiveram taxas de desmatamento baixas e estáveis ao longo dos 

anos, mesmo em regiões onde a pressão de desmatamento de suas redondezas é muito alta, 

como na fronteira agrícola.  Isso demonstra que a presença estatal de forma preventiva, 

ocorrendo antes do dano à floresta, é mais eficiente do que a punitiva. Outro exemplo disso é a 
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fraca relação entre embargos de áreas que perderam a vegetação natural e as áreas críticas do 

desmatamento. A atuação do Estado no combate ao desmatamento poderia ser mais efetiva se 

fosse mais preventiva.  

A construção de estimativas baseados em modelos de nicho ecológico (ENMs) mostra-

se bastante eficiente na criação de mapas de áreas potenciais de novos desmatamentos em 

escala regional e em todo o bioma Amazônico. Esses modelos levaram em consideração 

fatores que, como já descritos acima e na literatura, são facilitadores (distância de pastagem, 

estradas, práticas obsoletas de produção agrícola e outros) e mitigadores (distância de 

unidades de conservação, presença punitiva do estado e outros) do desmatamento. Em áreas 

onde a atividade de desmatamento é mais intensa, 80% dos novos desmatamentos ocorreram 

nas áreas potenciais estimadas por esses modelos. Esses resultados são superiores aos dos 

modelos baseados em autômatos celularese construídos no DINAMICA-EGO, amplamente 

utilizados na literatura cientifica. As áreas potenciais estimadas representam cerca de 20% da 

área total. 

Esses resultados credenciam os ENMs a serem utilizados no planejamento de ações de 

comando e controle, aumentando a eficiência dessas e diminuindo custo e tempo. Além disso, 

o planejamento poderia ser testado antes mesmo das ações serem colocadas em prática pela 

criação de cenários com diferentes intensidades da fiscalização. Isso coloca os modelos como  

ferramentas para apoiar a formulação de políticas públicas de meio ambiente. 

As possibilidades de uso desses ENMs não se esgotam nessa tese. A construção de 

outros cenários para responder à novas perguntas sobre ações de comando e controle e outras 

políticas antidesmatamento colocam-se como um próximo passo. Essa construção pode ser 

feita de forma regionalizada, considerando quais os principais fatores como variáveis 
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funcionais serão utilizadas em cada região da Amazônia Legal. Considerar o tempo é outro 

passo importante para termos um modelo que possa ser utilizado em um período longo. Para 

isso é necessário atualizar as variáveis funcionais de uma forma automatizada, considerando a 

área potencial determinada no ano anterior como uma variável funcional do modelo.   

Outra possibilidade, abrindo uma nova frente totalmente nova é considerar a 

distribuição dos diferentes usos do solo (pastagens, usos agrícolas, área urbana) como espécie, 

levantando seus facilitadores e mitigadores. Posteriormente trabalhar a diferença entre nicho 

fundamental e realizável desses usos do solo. A interseção entre o nicho fundamental dos 

diferentes usos do solo e a floresta, além de predizer o nicho realizável, seria o desmatamento 

propriamente dito.
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