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Resumo geral 

O pau-rosa (Aniba rosaeodora Ducke) é uma espécie arbórea Amazônica ameaçada de 

extinção cultivada comercialmente para a produção de um dos óleos vegetais mais valiosos do 

mundo, utilizado na indústria mundial de cosméticos e perfumaria fina. Consequentemente, 

existe a necessidade da utilização de técnicas de manejo sustentável dos cultivos, que que 

prporcionam um meio para reduzir a pressão de exploração sobre populações naturais de pau-

rosa, promovendo, ao mesmo tempo, desenvolvimento regional. No entanto, conhecimento 

técnico e cientifico sobre seu cultivo é escasso, afetando negativamente o valor comercial do 

óleo essencial, gerando incertezas aos potenciais investidores do setor e representando 

percalços à conservação da espécie e ao desenvolvimento da silvicultura na Amazônia. 

Devido o potencial de rebrota da espécie, o manejo da biomassa aérea tem sido estimulado 

por lei desde 2006, porém, os estudos que desvendem questões concernentes a este tipo de 

manejo permanecem escassos. A necessidade de desenvolver estudos que aumentem a 

viabilidade do manejo da espécie resultou na maior amostragem de pau-rosa já realizada em 

um estudo acadêmico, com o objetivo de definir padrões de manejo da biomassa aérea que 

contemplem questões, dentro da cadeia produtiva, sobre o planejamento, a prática de manejo 

e a oferta do produto final. Para isto, foram amostradas 144 árvores em três áreas de plantio 

localizadas em duas regiões da Amazônia Central - Maués e Novo Aripuanã, onde 36 árvores 

foram podadas na copa e 108 cortadas a 50 cm do solo. Em uma amostragem de 

acompanhamento foi estudado o processo de rebrota de todos os indivíduos, para analisar o 

potencial de recomposição de biomassa de árvores submetidas a diferentes intervenções de 

colheita, ao mesmo tempo em que a condução das brotações, status nutricional e manutenção / 

variação da qualidade de óleo essencial também foram análisados. Com a primeira 

amostragem foram desenvolvidas equações alométricas de volume e biomassa da árvore 

interia e da copa, fundamentais no planejamento do manejo e colheita de plantios comerciais. 

As equações geradas foram comparadas com uma equação utilizada em manejo florestal para 

estimativa de volume e outra recomendada por lei para estimar biomassa de pau-rosa, o que 

constituiu o primeiro capítulo da presente Tese. O segundo capítulo apresenta a avaliação de 

formas de manejo da biomassa aérea de pau-rosa, mensurando a exportação de nutrientes 

resultante da colheita sequencial e validando modelos de manejo sustentáveis no uso de 

rebrotas através da descrição do desempenho das brotações das cepas após a colheita e de 

conduções das brotações, que tiveram suas variáveis alométricas quantificadas juntamente 

com a massa rebrotada das árvores podadas. No terceiro capítulo, avaliamos o rendimento e a 

composição química do óleo essencial extraído a partir da biomassa aérea manejada por meio 

de duas amostragens dos compartimentos vegetativos das árvores: antes (referência) e após a 

colheita (rebrota), simulando as técnicas utilizadas em plantios comerciais. Os resultados 

apontam que a equação sugerida por lei para estimativa de biomassa de pau-rosa subestima os 

valores reais em mais de 70%, se tornando inviável de ser utilizada em plantios comerciais. 

Em contraste, as equações geradas para a espécie, independentemente da idade e da região de 

cultivo, obtiveram bom ajuste e servem como alternativa à necessidade de desenvolvimento 

de equações para cada condição. Os atributos químicos da rebrota de árvores manejadas 

diferiram dos atributos químicos da biomassa determinados antes do manejo. A recomposição 

da biomassa foi significativamente correlacionada com a concentração de açucares solúveis 
nos tecidos de raiz e com o estado pré-manejo da árvore. O manejo por talhadia com a gestão 

precoce do numero de brotos subsequentes, resultou em incrementos significativamente 

maiores, podendo ser uma forma de manejo adotada em plantios de pau-rosa. O manejo 

sequencial da biomassa promove elevada exportação de nutrientes, exigindo técnicas de 

reposição e as quantidades a serem repostas dependem da intensidade e frequência das 



 

 

xx 

colheitas. Nessas colheitas o rendimento e a composição química do OE apresentam 

diferenças significativas, tendo sido observada a presença de substancias com características 

importantes para a fragrância característica do óleo essencial de pau-rosa Essas variações 

foram observadas entre as regiões de amostragem, compartimento vegetativo da árvore e das 

colheitas sequenciais (referencia ou rebrota). Embora havendo diferentes perfis químicos de 

composição dos constituintes minoritários, o elevado teor de linalol, dentro dos percentuais 

requeridos pela indústria, motiva perspectivas sobre a valorização do óleo essencial de pau-

rosa obtido pelo conhecimento da diferenciação do seu bouquet aromático. 

consequentemente, os resultados dessa pesquisa indicam que é possível obter óleo essencial 

de pau-rosa manejado de maneira sustentável Os resultados deste estudo representam uma 

grande contribuição no avanço dos conhecimentos científicos que auxiliam a silvicultura 

econômica e a conservação da espécie, bem como a formulação de políticas públicas de 

normatização e fiscalização. 
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General Abstract 

Rosewood (Aniba rosaeodora Ducke) is an endangered Amazon tree species cultivated 

commercially for producing one of the most valuable vegetable oils in the world and which 

used worldwide in the cosmetics and fine fragrance industry. Consequently, there is a viable 

and valid need for the use of sustainable crop management techniques in rosewood 

cultivation, providing a means to reduce exploitation pressure on natural rosewood 

populations, while at the same time promoting regional development. Nevertheless, technical 

and scientific knowledge concerning rosewood cultivation is scarce. This negatively impacts 

the commercial value of the essential oil, generating uncertainty among potential investors in 

the sector and undermining the effective conservation of the species and the development of 

forestry in Amazonia. Due to the species’ potential for regrowth, management of rosewood 

aerial biomass has been a legally-incentivized management option since 2006. However, 

studies that investigating the issues and options involved with this type of management 

remain scarce. The need to develop studies that enhance the feasibility of rosewood 

management resulted in the largest sampling of rosewood performed to date in an academic 

study, with the aim of defining standards for aerial biomass management, considering 

questions regarding the productive chain, planning sustainable management practices, and 

considering final product marketing. To this end, 144 trees were sampled in three plantations 

located in two regions of Central Amazonia — Maués and Novo Aripuanã, where 36 trees 

were canopy pruned and 108 were felled at 50 cm from the ground. In a follow-up sampling, 

the sprouting process of all the individuals was studied, to analyse the potential of biomass 

regrowth of trees sujected to different harvesting interventions. Sprouting capacity, nutritional 

status and maintenance/variation of essential oil quality were also analysed. For the first 

sampling, allometric equations were developed for volume and biomass of the whole tree and 

crown that are essential for planning rosewood plantation management. The generated 

equations were compared with an equation used in forestry management for volume 

estimation and another recommended by law to estimate rosewood biomass. Analysis of the 

relative effectiveness of these equations constituted the first chapter of the present thesis. The 

second chapter evaluates the management of rosewood aerial biomass, measuring the export 

of nutrients resulting from the sequential harvesting, and testing sustainable management 

models for the use recently-sprouted shoots with an evaluation of the performance of post-

harvest sprouting and of shoots conduction. This involved quantification of allometric 

variables and measuring the regrowth biomass generated by pruned trees. The third chapter, 

evaluated essential oil yield and chemical composition from managed aerial biomass by twice 

sampling tree vegetative components: before (reference) and after (regrowth) harvest. This 

was done using commercial plantation techniques. The results indicate that the equation 

suggested by law for estimating rosewood biomass underestimates actual values by more than 

70%, making it unviable for used in commercial plantations. In contrast, the equations 

generated by the current study, obtained a good fit for the species, regardless of age and 

culture region. The chemical composition of biomass sprouted from managed trees differed in 

chemical profile from that obtained from pre-management material. Biomass recomposition 

was significantly correlated with the concentration of soluble sugars in root tissues and with 

the pre-management status of the tree. Coppicing and management of the number of 
subsequent shoots results in significantly larger diameter and height increments of retained 

shoots, and may be a highly appropriate form of management for adoption in commercial 

rosewood plantations. Sequential management of biomass promotes high export of nutrients, 

requiring nutrient replacement techniques (i.e. supplemental fertilization), and the quantities 

to be replenished depend on the intensity and frequency of harvesting. In these harvests the 
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essential oil yield and chemical composition show significant differences and the presence of 

substances that are important for the characteristic fragrance of rosewood oil were observed. 

These variations were observed to occur between the sampling regions, as well as between the 

analysed vegetative portions of the tree and between material from reference and regrowth 

harvestings. Although there are different chemical composition profiles of the minority 

constituents, the high content of linalool, within the percentages required by the industry, 

motivates perspectives on the appreciation of the sustainably obtained rosewood essential oil, 

knowing the differentiation of its aromatic bouquet. Consequently, the results of this research 

indicate that it is possible to obtain rosewood essential oil sustainably. The results of this 

study greatly advance scientific knowledge concerning rosewood plantation production and 

management, and should greatly assist rosewood-based economic forestry and the 

conservation of the species, as well providing an informed underpinning for the formulation 

of public policies of regulation and inspection for this key natural Amazonian resource. 
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1. Introdução geral 

Na Amazônia existe um grande número de espécies vegetais com potencial de 

geração de renda e de melhoria das condições socioeconômicas da região. Dentre estas, o 

pau-rosa (Aniba rosaeodora Ducke - Lauraceae) é uma espécie florestal de destaque que 

produz óleo essencial requerido pela indústria de perfumaria fina mundial por sua excelente 

fragrância (Marques, 2001; Zanin e Lordello, 2007). 

Durante décadas esta espécie foi superexplorada para a extração e comercialização 

de seu óleo essencial. O constituinte majoritario é o linalol, variando de 78% a 93% (Maia 

et al., 2007; Takeda, 2008; Chantraine et al., 2009; Krainovic, 2011; Fidelis et al., 2012; 

2013), produto valorizado no mercado. Presente em todos os compartimentos vegetativos 

das árvores de pau-rosa, o linalol é um álcool monoterpênico de cadeia aberta, que é 

encontrado normalmente sob a forma de uma mistura de isômeros. Somado à grande 

demanda pela indústria de perfumaria, o linalol tem sido testado como acaricida (Prates et 

al., 1998), bactericida e fungicida (Belaiche et al., 1995), além de ser largamente usado 

como composto de partida para várias sínteses importantes, como a do acetato de linalila 

(Shirong et al., 1998). Na medicina, tem sido aplicado, com sucesso, como sedativo 

(Elisabetsky et al., 1995; Sugawara et al., 1998) e em estudos relacionados ao seu efeito 

ansiolítico (Souto-maior et al., 2011).  

Tendo em vista o potencial econômico desta espécie, o uso do pau-rosa ao longo do 

tempo seguiu o modelo extrativista de exploração predatória clássica, onde o maior lucro 

em um menor tempo foi o principal propósito dos empreendedores extrativistas. Este tipo 

de extrativismo baseava-se no corte raso indiscriminado, tanto de plantas jovens quanto 

adultas, impossibilitando a regeneração natural e a recomposição das populações. Os 

princípios de sustentabilidade nunca foram considerados e a drástica redução das 

populações naturais levou a espécie ao status de ameaçada de extinção, sendo colocada na 

lista da CITES (Convention on International Trade in Endangered Species of Wild Fauna 



 

 

and Flora), que tem como objetivo garantir que o comércio internacional de espécimes de 

animais e plantas selvagens não ameace a sua sobrevivência. 

O esgotamento das populações naturais pode ser observado considerando que, de 

1937 a 2002, foram exportadas quase 13 mil toneladas de óleo essencial de pau-rosa, 

enquanto em 2013, por exemplo, apenas 2,08 toneladas do produto foram exportados 

(Ministério do Desenvolvimento, Indústria e Comércio Exterior, 2014). Estimando a 

distribuição média de uma árvore para cada cinco hectares e que, no mínimo, 825 mil 

árvores foram abatidas, pode-se concluir que mais de 4 milhões de hectares de matas foram 

explorados (Homma, 2005). A valorização do óleo no mercado internacional se deu pela 

limitada disponibilidade da espécie na natureza, ao passo em que o produto continua sendo 

demandado, o que estimula a utilização de práticas sustentáveis de manejo no cultivo da 

espécie. Aliado ao declínio das populações naturais pode-se destacar os custos de logística, 

de produção e também as dificuldades de tornar a atividade regulamentada (May e Barata, 

2004; Maia et al., 2007) como os principais fatores para a escassez do produto no mercado. 

Com relação à regulamentação, a atual política do governo federal e de órgãos 

internacionais estabelece que o pau-rosa (Aniba rosaeodora Ducke - Lauraceae) é uma 

árvore amazônica ameaçada de extinção (IBAMA 1992; CITES 2010; IUCN 2015) e sob 

proteção integral (Portaria N
0 
443 12/2014, MMA), o que ratifica a preocupação brasileira e 

internacional sobre o descontrole quanto à utilização adequada dos recursos naturais da 

região Amazônica. Por esta razão, a espécie vem sendo cultivada em plantios comerciais 

para atender a demanda por óleo essencial requerido pela indústria de cosméticos mundial. 

Esses plantios fortalecem a normatização e à racionalização do uso do Pau-rosa, gerando 

empregos e desenvolvendo áreas rurais ao mesmo tempo em que diminuem a pressão de 

exploração sobre a espécie em ambientes naturais (McEwan et al. 2016). A demanda 

internacional por óleo essencial de pau-rosa brasileiro tem sido constante, com potencial de 

crescimento no mercado mundial. Como resultado, muitos produtores se interessam em 

iniciar cultivos da espécie, mas esbarram na falta de critérios técnicos da produção (May e 

Barata, 2004) e nos mecanismos de normatização estabelecidos pela legislação vigente.  



 

 

Resultados promissores indicam que o manejo realizado em plantios pau-rosa 

apresenta elevada sobrevivência e crescimento (Sampaio et al., 2005; 2007). As árvores de 

plantios estudados, após a poda de 100% da copa, apresentaram grande número de rebrotas 

(Takeda, 2008; Krainovic, 2011), o que pode ser visto como uma fonte renovável de 

biomassa para obtenção do óleo.  Manejar a biomassa aérea não requer operações 

intensivas de preparação do local de plantio, demandando cuidados simplificados e 

proporcionando benefícios em curto tempo (Spinelli et al., 2017), o que, aliado à difícil 

aquisição de mudas de pau-rosa, torna-se a melhor opção de gestão para o manejo de 

plantios. May e Barata (2004), fazendo um relato dos estudos passados e correntes 

referentes ao manejo de populações de pau-rosa, concluíram que é necessário o 

desenvolvimento de estudos que possam melhor definir os ciclos de rotação apropriados ao 

manejo da espécie, bem como a definição de sistemas de gestão que surgirão como uma 

contribuição para a regulamentação existente do IBAMA. 

No entanto, o manejo da biomassa aérea, feito com rotações de colheita sequenciais, 

passa pela necessidade da rebrota apresentar características aceitáveis para atender às 

necessidades do mercado. A estimativa da biomassa da colheita em função das quantidades 

demandas pelo mercado contribui com o planejamento do momento de colheita, bem como 

fortalece a atuação da silvicultura economica de pau-rosa como medida de mitigação das 

mudanças climáticas associadas a imobilização de carbono, agregando valor à cadeia 

produtiva. Dentro do contexto da produção sustentada e do uso racional dos recursos 

naturais, a exportação de nutrientes e a recomposição de biomassa associados à colheita do 

pau-rosa carece de estudos. Estes são justificados pelo fato de que todos os compartimentos 

das árvores são utilizados na extração de óleo essencial (Maia, 2007; Chantraine et al., 

2009; Fidelis et al., 2012; 2013) e, nesse momento, todo nutriente assimilado do solo pela 

planta é retirado do ciclo biogeoquímico (Paul et al., 2010; Londero et al., 2012; 

Schumacher et al., 2013; Cram et al., 2015), acarretando a exportação de nutrientes e 

comprometendo as taxas de crescimento das rebrotas no decorrer das rotações de cultivo 

(Barrichelo, 2007; Lammel et.al., 2015; Nyland, 2016), o que não justificaria colheitas em 

rotações adicionais. Chegando ao produto final comercializado, quanto ao rendimento e a 



 

 

qualidade de óleo essencial, uma diversa composição química pode refletir negativamente 

sobre a qualidade do OE requerida pela, comprometendo o conhecido bouquet aromático do 

pau-rosa e, consequentemente, sobre o valor comercial, ratificando a importância de se 

conhecer a variabilidade dos óleos essenciais em função do local de cultivo, compartimento 

vegetativo da árvore e ciclo de colheita. 

Esta conjuntura motivou o desenvolvimento deste trabalho de pesquisa com base 

nas seguintes hipóteses: (1) As alometria das árvores de pau-rosa em plantios comerciais 

manejados de diferentes formas pode ser feita com o uso da equação sugerida por lei para a 

espécie em ocorrência natural; (2): A exportação de nutrientes durante o manejo sequencial 

da biomassa aérea de pau-rosa independe do tipo de colheita adotado, devido as diferentes 

magnitudes de rebrotamento entre o corte do fuste e a poda da copa da árvore; (3): O pau-

rosa é uma espécie florestal que pode ser manejada em plantios comerciais por talhadia 

com condução de brotações, assim como outras espécies florestais. (4): A região de cultivo 

e o manejo sequencial da biomassa aérea tem efeito sobre o rendimento e a qualidade do 

óleo essencial extraído, independentemente do ciclo de colheita; (5): O processamento da 

biomassa utilizado hoje não permite o conhecimento da variabilidade do óleo essencial, 

refletindo negativamente na agregação de valor comercial ao produto e; (6): O óleo 

essencial de pau-rosa pode ter maior valor agregado no mercado nacional e internacional. A 

lamentável falta de informações a respeito da maneira correta de realizar o manejo do pau-

rosa em condições de plantio promoveu a reunião da maior amostragem de individuos de 

pau-rosa ja realizada em um estudo acadêmico, dando origem a esta Tese multidisciplinar 

estruturada em três partes temáticas: 1. Planejamento de manejo e produtividade; 2. Prática 

de colheita utilizada em plantios comerciais e; 3. Qualidade e rendimento do produto final 

exportado da Amazônia Central para o mundo. 

No primeiro capítulo desta Tese foram geradas equações alométricas para estimativa 

de volume, massa fresca e massa seca das árvores de pau-rosa. Essas equações são 

aplicáveis ao manejo de plantios comerciais e servem de base à tomada de decisão no 

manejo florestal. A quantificação de biomassa é necessária para avaliação da produtividade 

biológica, econômica e para a alocação de nutrientes (Higushi, 1998; Yuen et al., 2016). No 



 

 

entanto, o método mais preciso para determinação da biomassa é, destrutivamente, remover 

a planta e pesa-la, o que, especialmente se tratando de árvores, é demorado, caro, e, às 

vezes, ilegal (Chave et al., 2014; Yuen et al., 2016). O rendimento de óleo essencial pode 

variar entre 0,75% a 3,4% da biomassa destilada (Takeda 2008; Krainovic 2011; Fidelis et 

al., 2012), e o manejo da biomassa aérea vem sendo utilizado para extração de óleo 

essencial das diferentes partes da planta. Embora este tipo de manejo seja empregado, não 

existe hoje a definição de como realizar a estimativa de volume e massa dos diferentes 

compartimentos de árvores de pau-rosa em plantios comerciais, inviabilizando, no 

momento da colheita, estimativas das quantidades de óleo essencial demandada. As 

equações alométricas também são necessárias para avaliar a magnitude de fluxo de carbono 

entre os ecossistemas florestais e a atmosfera (Grace, 2004; Chave et al., 2005, Chave, 

2014), fortalecendo a silvicultura econômica de pau-rosa como uma atividade mitigadora 

das mudanças climáticas e do desmatamento (IPCC, 2007), sendo importante melhorar a 

precisão de tais estimativas (Feudspauch, 2012). 

No segundo capítulo, foram derscritas as mudanças nutricionais associadas ao 

manejo da biomassa aérea de pau-rosa, a recomposição de biomassa pela rebrota, o 

incremento dos brotos sob diferentes formas de condução, além da exportação de nutrientes 

pela colheita sequencial e a necessidade de reposição por adubação para os diferentes tipos 

de manejo aplicados em plantios comerciais. Diversos autores (Fleck et al., 1995; Fang et 

al., 2008; Bond e Midgley., 2001; Moreira et al., 2012; Shibata et.al., 2016; Pausas et.al., 

2016) relatam características fisiológicas e de status nutricional diferenciadas nas rebrotas, 

que, no caso de plantas com interesse comercial, precisam ter características que atendam 

às necessidades do mercado, sendo, no caso do pau-rosa, as características do óleo 

essencial. Após a colheita, a capacidade de rebrotamento de uma árvore é influenciada por 

fatores como o estado de pré-perturbação da planta (Pausas et al., 2004; 2016), capacidade 

inicial de aquisição de recursos no momento pós-perturbação, pré disposição genética 

(Moreira et al., 2012), além do estoque de gemas dormentes para sobrevivência (Vesk et al., 

2004). Nesse momento, a planta perde a capacidade fotossintética e necessita ter estoques 

de nutrientes em seus órgãos subterrâneos para manter as demandas de respiração e do 



 

 

processo de rebrota (Moreira, 2011; 2016). Assim, o entendimento dos mecanismos 

subjacentes à recomposição de biomassa de pau-rosa serve de auxílio aos técnicos 

tomadores de decisão quanto ao manejo da espécie em sistemas produtivos. 

No terceiro capítulo, foi dado foco às características do produto final em função do 

manejo e objetivamos compreender: 1. Os efeitos da região de cultivo sobre o óleo 

essencial de pau-rosa; 2. Determinar quais são as diferenças entre os óleos essenciais 

provenientes dos diferentes compartimentos utilizados no manejo silvicultural e; 3. 

Investigar se a utilização de rotações sequenciais de colheita com o uso das rebrotas para 

produção de óleo essencial tem viabilidade, considerando o rendimento e a composição 

química do produto frente às exigências demandadas pela indústria. O conhecimento da 

variabilidade do óleo essencial proveniente de plantios manejados, bem como os fatores 

que podem influenciar tal variabilidade é fundamental na agregação de valor a este produto 

e no fortalecimento da sua cadeia produtiva. O óleo essencial de pau-rosa consiste, em sua 

maioria, de monoterpenos e sesquiterpenos de baixo peso molecular e, embora o 

constituinte majoritario seja o linalol, as substâncias minoritárias conferem um buquê de 

fragrâncias único, exclusivo dessa espécie. Nesse sentido, os diversos estímulos decorrentes 

da condição no qual a planta se encontra podem redirecionar as rotas metabólicas, 

modificando a biossíntese dos compostos minoritários (de Moraes, 2009). Com isso, o 

avanço da cadeia produtiva desse produto passa pela necessidade de entendimento global 

do manejo de plantios, desde a forma adequada de se manejar uma árvore, até a 

disponibilidade de OE de qualidade para o mercado internacional.  

No presente estudo informações relevantes na diferenciação dos óleos essenciais de 

pau-rosa cultivado na Amazônia Central associadas à diversos fatores relacionados com as 

diferentes formas de manejo silvicultural de cultivos comerciais da espécie estão sendo 

disponibilizados pela primeira. As conclusões geradas apoiam o uso de diferentes formas 

de manejo de plantios de pau-rosa para obtenção de óleo essencial, contribuindo com a 

manutenção e implantação de sistemas produtivos, norteando dessa maneira o futuro de 

atividades acadêmicas e do empreendedorismo do setor. Os resultados são de grande valia 

no avanço dos conhecimentos científicos que auxiliam os programas de silvicultura 



 

 

econômica, conservação e manejo do pau-rosa, subsidiando as tomadas de decisão e 

contribuindo na elaboração de políticas para o uso sustentável da espécie. 

2.  Objetivos 

2.1. Objetivo geral 

 Definir padrões de manejo da biomassa aérea de pau-rosa (Aniba rosaeodora 

Ducke) visando obtenção de óleo essencial a partir de colheitas sucessivas em plantios 

comerciais da Amazônia Central.  

 

2.2. Objetivos específicos 

 

Capítulo 1: Evaluating rosewood (Aniba rosaeodora Ducke) stands allometric equations in 

Central Amazon: New contributions to commercial plantations management front effective 

law. 

 

1. Gerar equações alométricas para volume, massa seca e massa fresca de pau-

rosa em plantios comerciais submetidos a diferentes formas de manejo; 

2. Testar equações generalistas para a espécie independentemente da região de 

cultivo, idade e espaçamento do plantio; 

3. Determinar as diferenças existentes entre equações generalistas usadas para 

estimativa de volume, as equações para estimativa de massa sugerida por lei e 

as geradas para plantios comerciais. 

 

Capítulo 2: Nutrient export and biomass recomposition associated with the sequential 

management of commercial rosewood (Aniba rosaeodora Ducke) plantations in Central 

Amazonia. 



 

 

1. Descrever as mudanças nutricionais associadas ao manejo da biomassa aérea 

de pau-rosa;  

2. Quantificar a recomposição de biomassa pela rebrota das árvores submetidas 

à poda da copa e ao corte do fuste; 

3. Quantificar a exportação de nutrientes pela colheita sequencial da biomassa 

aérea; 

4. Avaliar a necessidade de reposição por adubação para os diferentes tipos de 

manejo aplicados em plantios comerciais; 

5. Mensurar os incrementos em diâmetro e altura dos brotos da cepa sob 

diferentes formas de condução. 

 

Capítulo 3: Changes in the rosewood (Aniba rosaeodora Ducke) essential oil as response 

to management in commercial plantations of Central Amazonia. 

1. Compreender os efeitos da região de cultivo sobre o óleo essencial de Pau-

rosa; 

2. Determinar quais são as diferenças entre os óleos essenciais oriundos dos 

diferentes compartimentos utilizados no manejo silvicultural; 

3. Investigar se a utilização de rotações sequenciais de colheita visando o uso 

das rebrotas para produção de óleo essencial tem viabilidade, considerando o 

rendimento e qualidade do produto frente às exigências demandadas pela 

indústria. 
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Abstract: Rosewood (Aniba rosaeodora Ducke) is an endangered Amazonian tree species which 

produces one of high valuable essential oils in the world. The species is used in silvicultural 

systems which are seen as a means to reducing the pressure of exploitation of natural rosewood 

populations. There are no specific equations for rosewood plantations, and therefore generalized 

equations used are inappropriate for the species in commercial systems. This study presents 

allometric equations from 144 trees sampled in different rosewood plantations of Central 

Amazonia. The equations generated were compared with an equation used in forest management 

to estimate wood volume and another one recommended by law for rosewood biomass. The 

equation suggested by current legislation underestimates the actual values by more than 70% 

making it impossible this equation to be used viably in commercial plantations. The equations 

generated to estimate the volume and biomass serve as an alternative to the need to develop 

specific equations for each area and age of the plant. The generic equation for the species is 

consistent for fresh mass management, with a generalized R2 of 0.80 and underestimation of 

0.33%. The equation for crown fresh mass estimation presented generalized R2 of 0.32 and 

underestimation of 0.24%. The underestimation of the mass production by rosewood plantations 

represents a serious impediment to this forest activity. The allometric equations developed are 

highly applicable under different conditions and management options and should be suggested 

by the legal provisions regulating rosewood-related activity in Central Amazonia. 

Keywords: Biomass estimation; Species conservation; Endangered tree; Harvest ways; Above- 

Above-ground mass; Crown mass; Essential oil; Non timber products silviculture; Amazonia. 

 

1. Introduction 

Rosewood (Aniba rosaeodora Ducke, Lauraceae) is an Amazonian tree species that produces an 

essential oil, in high demand by the world's fine perfumery industry [1,2]. The species was 

overexploited for decades, which led to its inclusion in the national [3] and international list of 

endangered species [4,5]. In Brazil, this species is under full protection [6] and current legislation 

allows for the exploitation of the species only in established plantations. These plantations reduce 

the pressure on natural populations, generating jobs, income and promoting development in rural 

areas. Although recommended by law [7,8], the development of technical criteria for the cultivation 

and management of this species is still poorly developed. 

Biomass quantification is necessary to evaluate biological, economic and nutrient productivity 

[9,10]. However, the most accurate method for determining biomass is to destructively remove the 

plant and weigh it. This, especially in the case of trees, is time-consuming, costly, and sometimes 

illegal [10,11]. The essential oil yield can vary from 0.75% to 3.4% of the distilled biomass [12,14], 



 

 

and above ground biomass management has been used to extract essential oil from different parts 

of the plant. Although this method is used, there is no definition of how to estimate the volume and 

mass of different compartments of rosewood trees in commercial plantations. 

Allometrics, in the context of biomass estimation, refers to mathematical equations that 

consider the relationships between biomass of an entire tree, or its components, to one or more 

biophysical factors [15,19] and has never been studied in rosewood stands. Furthermore, the use of 

predictive variables, this means that equations can be developed to estimate the biomass of 

branches and leaves [20] for rosewood, and these can be applied to the management of above 

ground biomass, adding value to the production chain by the production of “sustainable oil” which 

can contribute to improving the viability of commercial plantations and to conservation of the 

species. 

The models used to estimate biomass of the trees in the Amazon have produced satisfactory 

results [9,21,22,23]. However, analyzing academic results, we verified that the equation suggested 

by law did not originate from rosewood sampling and is used for several species in several biomes, 

based on multi species sampling. The use of this may be inadequate and represents a serious 

impediment in the subsidy of this forest activity in the Amazon. For this reason, was sampled 

unique areas of regularized rosewood plantations in Brazil, in order to cover the main forms of 

cultivation and management used today, which represents the largest sampling ever made for the 

species to date.  

There are important sources of uncertainty in above ground biomass estimates [9,10,24,25), and 

no allometric equations have been developed specifically for volume and mass estimates in 

commercial rosewood plantations. Consequently, the aim of the current study is to generate 

allometric equations to estimate: 1. Volume and; 2. Fresh and; 3. Dry mass that may be applicable to 

the management of commercial rosewood plantations helping both management decisions and 

government actions relating to the use and conservation of the species in Central Amazonia. 

 

2. Materials and Methods  

 

2.1. Descripions of study sites 

The study was conducted in two regions of Brazilian Amazonia: Maués and Novo Aripuanã 

where was sampling stands with different ages (the period between the date of tree planting and 

sampling). In the municipality of Maués was studied two rosewood stands: 10 and 12 year old 

culture (C 10 and C 12, respectively). In Novo Aripuanã the studies was conducted in one stand 

with 17 year old (C 17). Both regions in the state of Amazonas, Brazil (Figure 1), in Central 

Amazonia [26].The climate in Maués is hot and humid, with regular and abundant rainfall, and an 

annual rainfall of 2,101 mm and an annual mean temperature of 27.20C, according to Köppen-

Geiger, the climate is type Amazonia Af. The soil under rosewood plantations is classified as 

dystrophic yellow red latosol [13]. The climate of Novo Aripuanã is also classified as type Af, hot 

and humid according to Küppen-Geiger, with an annual average rainfall of 2,444 mm and an 

annual mean temperature of 26.90C [27,28]. The soils of the region are predominantly classified as 

yellow poor latosol saturated by oxidized iron and aluminium with low pH [29] (table A.1 - 

appendix A of supplementary material for more details). 



 

 

 

Figure 1. Map of study areas showing a) Brazilian Legal Amazon, and Amazon River sub-basins; 

and b) Maués, directly linked to main Amazon River channel and Novo Aripuanã just inside 

Madeira River basin. 

In Maués, in the 1950’s, the natural forest of the region was slash-and-burned to make way for 

commercial cultivation of guarana (Paullinia cupana Kunth, Sapindaceae), using conventional 

farming methods. In the 1970’s, these plantations were converted to pastures of Brachiaria (Train.) 

Griseb sp. (Poaceae). Rosewood (Aniba rosaeodora Ducke) plantations only began in the 1990’s. Seeds 

from a variety of different natural populations were used. Once the seedlings were established in 

the field, a management practice was begun whereby regenerated understory vegetation within the 

rosewood plantations was annually removed. In this region, were sampled 10 and 12 years old 

plantations initially planted with different spacings. New areas for the establishment of rosewood 

plantations were prepared by cutting and burning the existing vegetation, a method widely used 

within the Amazon basin [30].  

In Novo Aripuanã the original forest was cut, burned and during natural regeneration lines 

were cut in which rosewood seedlings were planted in 5.0 X 10 m spacing. The seedlings had been 

raised from seeds collected from natural populations of the middle Madeira River. After one year in 

a nursery the seedlings were taken to the field and planted in the lines traversing the naturally 

regenerating vegetation. Annual cleaning (removal of vegetation that compete for resources in the 

planting line) of each planting line was carried out until the eighth year and then again after the 

15th year. 

 

2.2. Data collection and sampling  

Field measurements were performed in February and June 2015 in Maués and Novo Aripuanã, 

respectively. Eight adjacent subplots with six neighbor trees were installed within each cultivated 

area, distant 25 meters from the edge avoiding any edge effects. In the three areas stems of 108 trees 

were cut at 50 cm above the ground [7] (Figure B.1), and the crowns of 36 trees were pruned with 



 

 

the removal of 100% of the leaves and branches (Figure B.2), totaling 48 trees per area. Diameter at 

breast height (DBH - 1.30 m above ground) was measured with a diametric tape and the height of 

the trees (H) using a 50-meter track (Table A.1). Fresh trunk and crown masses (here considered as 

all the leaves and branches that emerge from the main stem, objectified by the harvest) were 

measured using a digital suspension balance with a capacity of up to 500 kg and 2 kg of accuracy 

(Figure B.3). The sampled diameters had values between 5.8 and 19 cm, with frequency histogram 

of tree DBHs following a normal distribution (Shapiro-Wilk normality test, p = 0.586 for data sets 

together; p = 0.741 for C 10; p = 0.735 for C 12 and p = 0.652 for C 17 Figure A.1). 

The mass of the stem and the crown of the trees was measured with a digital suspension scale, 

previously installed near the collection site. To facilitate mass measurements, the stems of each tree 

were sectioned using a chainsaw (Figure B.4). The sawdust mass and the masses of other remnants 

were also measured (Figure B.4). To determination of the mean water content, discs (3 to 6 cm thick) 

were collected at points 0, 50 and 100% of the total height of the commercial stem (Figure B.4) and 4 

kg of leaves and branches at the four cardinal points of the middle third of the crown, considering 

the methodological results of SIlva, 2007 [23]. The collected samples were weighed in the field with 

their natural moisture content and then transported to the laboratory where the leaves were oven-

dried at 65°C until they reached constant mass. For wood samples (branches and discs) the 

temperature used was 103°C. Using the mean of water content of the stem and crown, 

transformation factors of the fresh biomass to dry matter were calculated for each portion, 

generating a set of data applicable to the allometric model, which uses dry mass estimation. 

When the trees had a bifurcation or more than two bole divisions, the diameters of each bole 

was measured and the average values of transversal area of each bole were calculated. Felled trees 

(108) were cubed according to the method proposed by [31] that combines the cubing method 

formulated by Hohenadl, where there is the relative division of the section length, with the 

Smallian cubing method, which considers the mean basal area and the log length, in which the 

diameter of the base and top diameters of each section (Figure A.2) is measured. The diameter at 

breast height (DBH), stump diameter (Dstump) and commercial height (Hc) were measured in 

individuals that had already ben felled. 

 

2.3. Statistical models and analyses 

 

2.3.1. Development of allometric equations of volume and biomass 

 

Based on the previous studies using allometric models in Amazonian forests [9,21,23], those 

that estimate the volume and fresh and dry masses of the tree and the crown of the trees were 

selected. Fresh mass estimation is important because fresh mass what is used for rosewood oil 

distillation, a method that reduces losses of the volatile constituents of the essential oil. The selected 

models are based on DBH, DBH and height, and as a function of the DBH2 ratio and height 

(represents basal area). 

 

Model 1            
    

Model 2                   
   

Model 3          
    

    

Model 4          
    

Model 5           
     

    

  

 (1) 

where Ec (Estimated sector) is the volume or mass of a defined compartment (total volume, fresh 

mass and total above soil dry mass, and the fresh and dry masses of the tree canopies), and 



 

 

parameters a - c are coefficients for each model. Model 1 proposed by Kopesky and Gehrardt; 

Model 2 proposed by Hohenaldl and Kreen; Model 3 proposed by Shumacher and Hall; Model 4 

proposed by Hush and; Model 5 proposed by Spur. 

The ordinary least squares method was applied for Models 1-2 and non-linear least squares method 

for models 3-5. In order to determine the best fit model, graphical analysis of percent residuals 

distribution, and relative standard error (RSE%) of observed values on the graphs was estimated for 

the models, and the degree of adjustment between the observed and estimated values expressed by 

the AIC index and the adjusted coefficient of determination (R² adjusted). Additionally, a t-test 

(partial test) was applied for each parameter. For the nonlinear equations, the model was linearized 

only to obtain the initial coefficients, which were later used for nonlinear estimation. The RSE%, 

values for AIC, R2 adjusted and significance of the coefficients for the nonlinear models were 

calculated following the Gauss-Newton algorithm, using the nonlinear function (nls) for R software 

[32]. 

 

2.3.2. Comparison between the models used 

 

Three categories were created to compare the models: 1. Species equation: Models tested with all 

data combined; 2. Area specific equations: Models tested with Maués and Novo Aripuanã data 

separately; 3. age-specific equations: Models tested with data from each planting used separately. 

For each category, the estimated volumes, dry and total fresh biomass above the soil and crown 

were calculated. 

Covariance analysis (ANCOVA) was used to evaluate interactions of the predictive variables (DBH 

and height) with dry and fresh mass and volume, in relation to the categorical variables "age" and 

"area". When the ANCOVA showed a significant difference for the intercepts or coefficients related 

to the regression describing the allometry, we applied an analysis of the variance (ANOVA) of the 

residuals of the estimates between the general (for the species) and specific equations (ages, areas). 

ANCOVA was based on linear or linearized models. 

Since there were no specific equations for determining the volume of rosewood in commercial 

plantations, the general volume calculation equation commonly used in Amazonas state [33]was 

used for compair with the equation suggested in this study. This equation is described by the 

product between the basal area of the trees and height, multiplied by the form factor (FF) 0.7. The 

equation suggested by law for calculating the mass of rosewood trees under natural conditions of 

occurrence (spontaneous environments) was also employed. This equation was developed to be 

generalist, from the sampling of different tree species. As the law does not state whether this 

equation is applicable to fresh or dry biomass estimation, it served as a comparison parameter for 

the equations generated under the two conditions. For each equation, the accuray with which it 

estimated absolute values for total mass (as a function of total mass measured in the field) was 

quantified. Model adjustments were made with the values of RSE%, AIC, adjusted R2. For the 

nonlinear models the generalized R2 was used. The comparison between equations was made by 

contrasting the values estimated from a jacknife (leave-one-out) validation with the sequential 

withdrawal of an observation, using the values observed and estimated by the contrasted equations 

and the graphical analysis of residuals.. Additionally, the residue distribution plot and observed 



 

 

biplot vs. estimated and the generalized determination coefficient was analysed. All analyses were 

performed using R software [32]. 

 

 

3. Results and discussion 

 

The classes of equations for the prediction of volume and biomass are shown in several ways. As a 

very large number of equations was generated the values of the coefficients, significance of the 

coefficients, residues, R2 and AIC of all the models used to estimate of volume, dry mass and fresh 

mass of each class are presented in the table A.2, table A.3 and table A.4. 

 

3.1. Allometric models for volume estimation 

 

For the most part, models tested had a better fit at C 12, followed by C 10 and C 17, respectively. 

For all categories, model 3 was chosen to estimate the total volume of rosewood trees in commercial 

plantations, with significant coefficients, higher values of adjusted R2 and lower AIC and RSE%, 

values, with emphasis on the separation by areas (area specific equations) and age (age specific 

equations), which gave the best results (Table A.2). ANCOVA revealed no statistical difference in 

regression coefficients or intercepts between the three area/agea sets (table A.5; table A.6), making it 

possible to use the equation:                              to estimate the volume, 

independant of the region or age. The species-speciic equations for volume estimation are given in 

table 1. 

 

Table 1. Coefficients and statistics of five allometric models (Models 1–5) for estimating Rosewood 

tree volume (n = 108 - category 1) in commercial plantations in Central Amazon. Each coefficient (a–

c) is shown with the standard error in parentheses. The degree of fitness is indicated by percentage 

of residual standard error (RSE%), adjusted determination (R2)  coefficient and Akaike information 

criterion index (AIC). 

Models a b c RSE% R2  AIC 

Model 1 0.00927 (± 0.004582)  0.00034 (± 0.00002492) - 27.74 0.64 -549.10 

Model 2 -0.02555 (± 0.030467) 0.0056 (± 0.004848) 0.00013 ± 0.0001876 27.70 0.65 -548.47 

Model 3  0.000071579 (± 0.00001661) 1.624 (± 0.06555) 1.189 ± 0.06527 13.84 0.91 -698.38 

Model 4  0.0008837342 (± 0.0003154) 1.694692783 (± 0.133663) - 27.61 0.65 -550.15 

Model 5 0.00009644673(± 0.00002446) 0.8872781 (± 0.03308) - 15.43 0.89 -675.86 

 

For greater accuracy, cubing should be performed on the individuals from the inventory area, and 

represent their characteristics and intrinsic variations [20, 34]. When preexisting equations are 

applied, the precision is less uncertain if a subset of trees is sampled for validation of the equation 

[35]. However, this step is rarely implemented [10], especially in rosewood plantations of these 

regions, so that equations that allow a good estimate on different occasions are highly useful tools. 

This underlies the importance of the results, since they were based on field measurements and did 



 

 

not have significant differences between the variations (age and local), and so can be used in 

different situations. However, it is possible that new plantations, with great soil variation, climate 

and silvicultural management, need to develop specific equations. 

 

3.2. Allometric models for estimating dry mass 

 

Combining all data, regardless of age or region (category 1 - table 2), models 3 and 5 obtained the 

lowest RSE% and AIC values.  

 

Table 2. Coefficients and statistics for the five allometric models (Models 1–5) for estimating 

Rosewood above-ground dry mass (AGDM; kg per tree) (n = 108 - category 1) and crown dry mass 

(CDM; kg per tree) (n = 144 - category 1) in commercial plantations in central Amazon. Each 

coefficient (a–c) is shown with standard error in parentheses. The level of model fit to the data is 

indicated by percentage of residual standard error (RSE%), adjusted determination of coefficient 

(R2) and Akaike index (AIC). 

The ANCOVA showed a significant difference in the C12 regression for the DBH variable 

coefficient (p = 0.026; figure 2 - left; Table A.7 and Table A.8). However, the analysis of variance 

using the species and age-specific equations estimateed for the C12 data set showed a significant 

difference between the generated residues (p = 0.0007708; Figure 2 - right; table A.9). This indicates 

that the generalist allometric equation is not the best equation for C12. Instead, the suggested 

equation for use in C 12 is:                                 (Table A.3). Separating the data 

set by sampling site (category 2), model 5 gave better results for the two regions, although these 

were very close to model 3. In the analysis of category 3, separating the data by age, model 5 was 

more accurate (lower values of RSE%) in C 10 and C 17 with AIC and adjusted R2 values very close 

to model 3, which proved to be more accurate for the C 12 data set. 

Models a b c RSE% R2  AIC 

AGDM       

Model 1 13.08642 (± 3.66748) 0.26283 (± 0.01994) - 26.00 0.62 894.88 

Model 2 8.6451 (± 24.5359) 0.7148 (± 3.9042) 0.2354 (± 0.1511) 26.12 0.62 896.84 

Model 3 0.14867 (± 0.0472) 1.50003 (± 0.09002) 0.93917 (± 0.1221) 18.92 0.80 827.21 

Model 4 1.12 (± 0.3724) 1.5415 (± 0.125) - 26.03 0.63 895.12 

Model 5 0.17609 (± 0.06623) 0.78505 (± 0.04166) - 19.13 0.80 828.53 

CDM       

Model 1 6.870357 (± 1.413232) 0.060308 (± 0.007963) - 40.72 0.28 964.32 

Model 2 12.37413 (± 9.01858) -0.90114 (± 1.45831) 0.095541 (± 0.05736) 40.81 0.28 965.94 

Model 3 0.4507 (± 0.2553) 1.1659 (± 0.1598) 0.2965 (± 0.1757) 40.74 0.30 965.48 

Model 4 0.8571 (± 0.3638) 1.1744 (± 0.1623)  - 40.99 0.29 966.23 

Model 5 0.3358 (± 0.18043) 0.53527 (± 0.07173) - 40.91 0.29 965.66 



 

 

  
Figure 2. Left) Comparison of allometric equations of above-ground dry mass (AGDM) using the 

estimated of "Species Equation" and "Age specific equation" for C 12 in relation to the observed 

values. Right) Comparing the equations showing the differences between the residuals generated 

from "Species equation" and "Age specific equation" for AGDM with deviations around the mean. 

 

Nonlinear models 3, 4 and 5 gave the best results for crown dry mass estimation. In the joint 

analysis of the data, model 3 was the most accurate (RSE% = 40.74, adjusted R2 = 0.30 and AIC = 

965.48). For height variables ANCOVA revealed no significant differences in the regression 

coefficient between C17 and C12 (p = 0.0973; table A.10) and between C17 and C10 (p = 0.051986; 

Table A.11). This was confirmed by analyzing the variance of the generated residues between the 

species and age specific equations for the data set of C17 (p = 0.08433; table A.12), substituting the 

use of the general equation:                             independent of the location and age 

of the plantation to estimate crown dry biomass. The results for the models in classes 2 and 3 are 

given in table A.3. 

 

3.3. Allometric models for fresh biomass 

 

Although dry biomass estimates are very common in forest management studies, the material 

harvested from rosewood plantations is kept in the shade at most for 72 hours prior to the 

distillation process. This treatment, designed to prevent the excessive loss of volatile materials from 

the essential oil, makes the application of the fresh biomass estimates more appropriate. Model 3 

obtained the best results for estimating fresh above ground biomass (Table 3). 

 

Table 3. Coefficients and statistics of five allometric models (Models 1–5) for estimating rosewood 

above-ground fresh mass (AGFM; kg per tree; n = 108) and crown fresh mass (CFM; kg per tree; n = 

144) in commercial plantations in the Central Amazon. Each coefficient (a–c) is shown with 

standard error in parentheses. The degree of fitness is indicated by percentage of residual standard 

error (RSE%), adjusted determination of coefficient (R2) and Akaike index (AIC). 

 



 

 

Models a b c RSE% R2 AIC 

AGFM       

Model 1 12.71452 (± 5.6557)  0.45218 (± 0.02872) - 17.40 0.78 983.92 

Model 2 5.9292 (± 37.03262) 2.1841 (± 5.8933) 0.3686 (± 0.2281) 23.63 0.68 985.78 

Model 3 0.31046 (± 0.09485) 1.54806 (± 0.08716) 0.78635 (± 0.08891) 18.21 0.81 929.46 

Model 4 1.6607 (± 0.5011) 1.5872 (± 0.1133) - 23.52 0.69 983.84 

Model 5  0.319 (± 0.09231) 0.77631 (± 0.03854) - 18.12 0.81 927.48 

CFM       

Model 1 10.22513 (± 2.22657) 0.11251 (± 0.01255) - 37.51 0.36 1095.25 

Model 2 14.94215 (±14.22244) -0.77233 (±2.29977) 0.14259 (± 0.09046) 37.63 0.36 1097.14 

Model 3 0.94096 (±0.49099) 1.28087(± 0.15078) 0.07649 (± 0.16372) 37.81 0.37 1098.48 

Model 4 1.107 (± 0.4369) 1.2843 (± 0.1504)  - 37.70 0.36 1096.69 

Model 5 0.53792 (± 0.27526)  0.54422 (± 0.06828) - 38.93 0.32 1105.94 

        

There was no significant difference between estimates generated by models 3 and 5 (p = 0.9033), 

therefore, model 3 was chosen to estimate fresh biomass of the species in commercial plantations. 

The ANCOVA comparison showed a significant difference in the DBH-related regression 

coefficient between C12 and C10 (p = 0.02857; Table A.13), while C12 and C10 did not differ from 

C17 (p = 0.9061 and p = 0.58522, respectively; Table A.13 and A.14). Consequently, an analysis of the 

variance of the residues was performed using the species and age-specific equations for data sets 

C12 and C10. For C12 the difference was significant (p = 0.001158, Figure 3; Table A.15), while there 

was no significant difference between the residues generated and C10 (p = 0.2644; Table A.16).  

  
Figure 3. Left) Comparison of allometric equations of above-ground fresh mass (AGFM) using the 

estimated values by "equation species" and "age specific equation" for C 12 in relation to the 

observed values. Right) Comparing the equations showing the differences between the residuals 

generated from "species equation" and "age specific equation" for AGFM with deviations around 

the mean. 

 

Using the data from the Maués region (C 10 and C 12 combined), model 3 performed best when 

adjusted with lower AIC and RSE% values and higher R2 value (0.84) (Table A.4). Model 5 showed 



 

 

better adjustments for fresh above ground biomass for C 10 and C 17, while model 3 gave better 

results for C 12. 

Although the average contribution of fresh stem biomass of all trees weighed directly in this study 

(59.08%) is similar to the value found by Nogueira [36] in open forest (57.9%), the result reveals that 

the silvicultural treatments used in C12 changed the allometry of individual trees, requiring the use 

of a differentiated equation to estimate fresh biomass, so ratifying the results found for dry 

biomass. The application of species equation to the C12 data set resulted in an 8.38% 

overestimation, against a 4.86% underestimation generated by the application of age specific 

equation, which confirms the allometric difference of the C 12 trees being the equation      

                            indicated for the estimation of fresh biomass at this site. 

For fresh crown biomass the ANCOVA revealed no differences between C17 and C10 (p = 0.051986; 

Table A.17), and between C17 and C12 (p = 0.0973; Figure 4 — left; Table A.18) in the height- related 

coefficient. Even so, due to the level of significance, we perform the ANOVA between the species 

and age-specific equation for the C17 dataset and it did not show a significant difference (p = 0.1921, 

Figure 4 — right; Table A.19) among the generated residues, indicating that the general equation 

can be used regardless of age and area for the estimation of fresh crown biomass.The equation 

indicated in this study to estimate fresh crown biomass (CFM) in commercial plantations is        

 0.94096   1.28087  0.07649. 

  
Figure 4.  Left) Comparison of allometric equations of crown fresh mass (CFM) using the estimated 

values by"equation species" and "age specific equation" for C 17 in relation to the observed values. 

Right) Comparing the equations showing the proximity of the means of the residues and the 

overlap of deviations around the mean between "species equation" and "age specific equation" for 

CFM. 

 

Allometric models for estimating CFM have rarely been developed for Amazonian forests [36] and 

have never been developed for commercial plantations in central Amazonia. The accuracy founded 

in the present work represented by R2 and AIC values, were considered “weak” when compared to 

other works [36, 37]. However, in the study by Nogueira et al. [36], a mass expansion factor was 

used, not a direct in-field measurement of crown biomass. For Figueiredo et al. [37] while the data 

contained crown morphometric variables, the estimate was made using LIDAR technology. In the 



 

 

first case, the allometric equations developed to estimate dry crown biomass were from open forest 

in the southern Amazon, were adjusted to model 4 (tested in the present study), with R2 adjusted = 

0.901 with a sample of 206 trees of different species [36]. The results indicate that a better 

application can be found for estimating the CFM of rosewood in commercial plantations. This is 

usually done with the inclusion of variables of the tree component (crown) inside the models [38]. 

On average, rosewood tree fresh crown biomass contributed 40.92% of the total fresh above the 

ground biomass. This value becomes 30.19% when the comparison is based on dry biomass, due to 

the higher moisture content of the crown tissues, such as leaves and thin branches. There are, 

however, differences between the study sites in the contribution of the crown to total biomass; with 

the crowns of Novo Aripuanã trees making, on average, a greater contribution than those from 

Maués. The results from Maués agree with those from trees weighed directly in the natural forest 

studied by Nogueira et al. [36] (39.4%), but they contradict his observation that crowns studied by 

him in open forests were smaller than those in dense forest. However, this was recorded at Novo 

Aripuanã, where trees shaded by natural vegetation had larger crowns than those at Maués, which 

grew in full sun. 

The silvicultural method of enriching natural regeneration resulted in a greater proportion of tree 

biomass being stored in the crowns (proportion of the total weight and weight of the crown). The 

difference in the crown allometry between sites is probably because of different crown-understory 

light gradients, which result in differentiation of resource allocation between vertical and horizontal 

growth between southern and central Amazonia regions [39]. That plantation trees have smaller 

crowns occurs because in environments where different species compete, trees can occupy more 

crown space without mechanical abrasion or penetration by neighboring canopies, and so generate 

larger canopies than trees in more homogeneous environments [40]. Competition for position in the 

vegetation column stimulates branch formation and height gain [41]. Depending on the genotype, 

environment and age of the plant, this can also impact apical dominance and lateral organ growth, 

while the leaf area of the plant is strongly related to light attenuation [41,42]. 

Peer et al. [38], studying competition effects on the architecture of commercial tree species, noted 

that some species increase the H/D ratio, decreasing crown branching to reach the upper crown, 

while others (like Rosewood) are more shade tolerant, and show increased branching to capture 

light, optimizing photosynthesis. In the case of competitive monocultures, the extent of crown 

branching is smaller, and the plasticity of the architecture is influenced by the strategy avoiding or 

tolerating overlap-induced shapding [43]. Thus, crown height and size in C17 is likely to be 

influenced by competition for light. 

In general, rosewood has an architectural model consisting of a monopodial orthotropic main axis, 

(figure B.5), with variation due to bifurcations. Its architecture in natural forest is described as being 

a tall tree with a small or narrow crown [44,45,46]. However, in the homogeneous plantations of 

Maués, as well as in the enrichment lines at Novo Aripuanã, tree architectures was variable enough 

that such a classification was not possible. This was probably due to competition between trees in 

plantations influencing the indivudual architecture before and during crown closure [38]. In 37-

year-old plantations at the Adolpho Ducke Forest Reserve, Manaus, Brazil, the biomass distribution 

of a rosewood tree was described as consisting of 86.2% trunk, 6.17% branches and 7.63% leaves 

[47,48]. However, at the time, the trees occupied the upper crown position in relation to the adjacent 

forest, and so had lower crown plasticity [40]. In contrast, current legislative definitions attribute a 



 

 

34.4% contribution of crown to the total mass of the tree under natural conditions, which, instead, is 

close to the value found in the present study for relatively young commercial plantations. 

In general, the models gave the most accurate results with C 12 (Table A.2, A.3 and A.4), especially 

in terms of the lower amplitude of residues for evaluated parameters. In plot, the trees had initially 

been planted more densely, so that the morphology or ecophysiological characteristics observed 

may be related to competition, rather than to plant size or biomass [41]. Life history strategies [10], 

climate [24] and site characteristics [49] contribute significantly to variation in above-ground 

biomass, making it necessary to understand dynamics of growth of this species under various 

cultivation patterns so that production can be managed appropriately, being a relevant topic for 

later studies 

DeMalach et al. [50] describe the Tilman-Grime debate in which the effects of competition can be 

separated into two groups: 1. where competitive capability causes competitors to overcome 

suppression by neighbors and grow faster [51], and 2. when individuals survive longer with low 

levels of resources [52]. As a result of competition for spaces, water, light and nutrients a higher or 

lower density of plants can generate dierent productive behavior responses [42]. An increase in 

vegetative production may give a competitive advantage [51]. The continuous spacing of C 10 

resulted in a higher stock biomass, probably due to the reduction in self-shading and the 

consequent delay of competition for soil resources, leading to a high efficiency in the capture and 

use of resources [42]. Plants without close neighbors are usually larger and have different 

morphology/architecture than those with many neighbors [40] explaining the allometry seen in C12, 

where the smaller spacing in the early planting years may have resulted in a greater similarity in 

tree allometry, without suppression of one individual over the other due to competition, a common 

mechanism in homogeneous environments. 

The height parameter (H) is not always incluced in allometric models as it can be difficult to 

measure in the field [53]. This could, potentially, cast doubt on the validityof the models developed 

here. However, in forest plantations this measurement can be made more accurately than in the 

wild. In addition, if the total height of the tree is available, the allometric model is far less biased 

[54] and more accurate estimates result [55]. Therefore, the relatively high RSE% values of models 1, 

2 and 4 were attributed to the inclusion of the H parameter in models 3 and 5. Adjusted R2 and AIC 

are adjustment measures that penalize the addition of parameters to models [11]. However, the 

inclusion of the height parameter appears to have improved the model, as indicated by the non-

significant hypsometric relation in the data set (p = 0.797), which reveals the low correlation 

between diameter and height of rosewood trees in commercial plantations (R2 = 0), making the 

inclusion of H parameter in the models significant. 

Model 4, although exponential, does not include the parameter H. Instead, it was an intermediate 

model between those using single and double linear DBH input (models 1 and 2) and exponential 

models that included parameter H (models 3 and 5). Accuracy of the models followed this order: 

model 2 <model 1 <model 4 <model 5 <=> model 3. This order was maintained for regional 

variations of our sampling, which has been widely reported in the literature [20,36,54,55,56). The 

models tested in the two regions of Central Amazonia did not differ, even the areas that had 

distinct edaphoclimatic conditions, which could be explained by the remarkable plasticity in 

response to the environmental conditions that trees possess [38]. 

3.4. Comparison of the developed equations with preexisting equations 



 

 

Table 4 summarizes the equations from the allometric models tested and chosen to estimate the 

volume and the dry and fresh biomass of the entire tree and crown, in addition to the general 

equations of volume estimation and the equation suggested by law for estimating tree biomass of 

rosewood in natural forests. 

 

Table 4. Allometric models developed for rosewood commercial plantations at different tree 

sample-plots for estimating volume tree (V - m3 per tree), above-ground dry mass (AGDM; kg per 

tree), above-ground fresh mass (AGFM; kg per tree), crown dry mass (CDM; kg per tree) and crown 

fresh mass (CFM; kg per tree) with stem diameter at breast height DBH (cm) and height (m) in 

contrast with allometric models used in Amazon for estimating volume and equations by 

normative instruction (NI) for estimating rosewood biomass. The allometric equations were 

developed on the basis of two regions from Central Amazonia with 108 trees for volume and total 

weight and 144 trees for crown mass. 

Models Equations Reference 

Volume   

Model 3                              This study 

Generalist 

model 
                         

Used in 

Amazon 

AGDM   

Model 3                                 This study 

By law                            NI N° 09/2011 

CDM   

Model 3                             This study 

By law                                          NI N° 09/2011 

AGFM   

Model 3                                 This study 

By law                            NI N° 09/2011 

CFM   

Model 3                                This study 

By law                                          NI N° 09/2011 

 

Once the best models were chosen, the equations generated to calculate the values of the estimated 

variables of interest were used. Equations developed in this study for volume estimation were 

compared to the general volume estimation used in the Brazilian Amazon (Figure 5 - Left). The sum 

of the estimates calculated by the Jacknife method gave an overestimation of 0.15% due to the 

compensation for the over- and under-estimation  , while the general equation for volume 

calculation overestimated the observed values by 32.79%, what is seen in the residues distribution 

(Figure 5 - Right). The average tapering (form factor) adopted for the general equation is derived 



 

 

from measurements of trees with bark and circumference ≥100 cm, including all species, regardless 

of forest type, diameter class or stem length [36,57]. 

  
Figure 5. Left) Comparison of allometric equations of volume using the values estimated by "species 

squation" and "general model" used in the Amazon in relation to the values observed in rosewood 

plantations in the study sites and; Right) Comparison of allometric equations of volume using 

residues distribution. 

 

Nogueira et al. [36] attributes the major sources of uncertainty in the calculation of wood volume in 

the Amazon to the use of a single form factor for trees of all sizes and in all types of forests. 

However, when studying the general model of volume estimation, the same author reported that 

form factor value is 0.709 for dense forests of central Amazonia and 0.76 for open forests, and 

concluded that no adjustments are necessary in the form factor used in the general model (0.7). 

However for the volume of rosewood cultivated in commercial plantation, we fond the general 

model overestimated in comparison to observed values, and the average FF value for the current 

study was 0.54. This can be explained by the size and shape of the crown characteristic of the 

species and the relation of the trees to the water and fertility conditions of the environments [11]. In 

addition, regular spacing of trees within plantations both favor growth and is a cause tree shapes 

that differ from those in the wild [36,40,41,42,50,51] 

For AGFM, the equation legally suggested by the Normative Instruction, gave an estimate that was 

only 23.5% of the total AGFM, an underestimation of 76.5%, tending to higher under-estimates for 

larger trees (Figure 6 - Left). The application of equation generated in this study did not result in 

bias or systematic errors, while the equation suggested by law underestimates systematically all 

trees (Figure 6 - Right). Although this occurs, the sum of the estimates calculated by the jacknife 

method for model 3 was similar to those obtained in the field (10,370.3 kg and 10,339.94 kg 

respectively), with an underestimation of 0.33% due to the over- and underestimation 

compensations for all sizes of trees.. 

 



 

 

 
 

 

Figure 6. Left) Comparison between above-ground fresh mass (AGFM) equation developed in this 

study and law-based equation currently recommended by estimated and observed plot and; Right) 

Residuals distribution of the two allometric equations for AGFM estimation. 

 

For CFM, The equation suggested by the Brazilian law for crown mass, estimates only 25.81% of the 

mass observed, an underestimation of 74.19% (Figure 7 — Left), sub-estimating systematically all 

trees (Figure 7 — Right). The distribution of the residuals of the equation generated in this study for 

CFM show sub- and over-estimates of all sizes of trees, what resulted in an underestimation of 

0.24% in relation to the observed total. It is important to note that the crown's contribution to the 

total mass of the tree was obtained from the law, but the fact that there is no equation constructed 

specifically for estimating CFM makes this result even more important due to its application and 

novelty. 

  
Figure 7. Left) Comparison between allometric equation of this study and law-based equation for 

estimating rosewood crown fresh mass (CFM) and; Right) Residuals distribution of the two 

allometric equations for CFM estimation.  



 

 

Today, the activity is controlled by the volume of essential oil exported, controlled by the Ministry 

of Development, Industry and Foreign Trade. With the volume of exported oil related to biomass 

underestimated by the equation now suggested by law, the yield (quantity of essential oil in 

relation to mass) is erroneously high, since the amount of essential oil is obtained from a mass that 

is highly underestimated. This situation allows plantings to have few trees felled in the plantation, 

while most of the mass needed to obtain that volume of oil quantified on export could come from 

natural populations, which is illegal. In other words, productive plantations might reduce their real 

exploitation, while oil production remains high, supplemented by raw material from natural 

populations. 

In addition, it is important to point out that the allometric equations developed contribute to carbon 

stock assessment [58] introducing rosewood cultivation among land-use change options that 

generate revenues from the conservation of forest carbon stocks [59]. Among the options for 

mitigation of deforestation and carbon emissions proposed for the Amazon are plantation forestry 

[49,60,61,62]. The carbon outflows are associated with deforestation by agriculture, timber 

commercial exploitation and soil oxidation, while the entrance is related to reforestation and 

recovery of forest vegetation [24].  

 

4. Conclusions 

 

We conclude that there is encouraging evidence that general predictive equations can be developed 

across sites in Central Amazonia. The allometric equations developed for estimates of mass and 

volume can be a good alternative for forest management in productive rosewood plantations under 

different conditions and management options and should be suggested by the legal provisions 

regulating rosewood-related activity in Central Amazonia. The compensation between sub- and 

over-estimation of all sizes of trees resulted that these equations are appropriate to use in forestry 

operations, with some trees and not with individual tree. Equations suggested by law 

underestimate the mass when applied in rosewood plantations. The incorrect estimation of the real 

value of the mass and, consequently,  of the carbon stored by rosewood plantations, represents a 

serious impediment in the subsidy of this forest activity in the Amazon, and there is a need to 

amend the current legislation regarding productive environments. Although the plantations are 

heterogeneous in terms of the origin of their stock, considerations of the auto ecology of the species 

indicate that competition for light is a preponderant factor in the architectural development of the 

crowns and their relative contribution to the total mass of the rosewood trees. In addition, due to 

the variability of the equations found, climate, soil and, mainly, silvicultural management can cause 

specific morphological responses. For this reason, we consider it important that ecological studies 

of intra-specific competition in different commercial plantations of rosewood should be conducted 

in order to generate a better understanding of the effect of these variables on tree development. 

 

Acknowledgments: The authors would like to thank FAPEAM - Amazonas Research Foundation 

for the financial support to carry out the research, to Carlos Magaldi, Zanone Magaldi and Akira 

Tanaka for granting the study areas and to Dr. Adrian Ashton Barnett, a native English speaker 



 

 

that reviewed the spelling and grammar of this manuscript. Additionally Danilo Roberti Alves 

de Almeida thanks FAPESP - São Paulo Research Foundation for the financial support.  

 

Author Contributions: P.M.K. collected the experimental data, wrote the manuscript and did data 

analysis. All co-authors participated equally in experimental design, and manuscript preparation.  

 

Conflicts of Interest: The authors declare no conflict of interest. 



 

 

27 

 

Appendix A 

Table A. 1. Description of study areas showing values for: diameter at breast height (DBH) height (H), above-ground fresh mass (AGFM), percentage of 

canopy fresh weight and form factor (FF)* of the trees in farmlands near Maués and Novo Aripuanã, Amazonas, Brazil. 

* Form factor for each tree was calculated using the ratio of the calculated volume to a volume that assumed the canopy was a perfect cylinder. 

Soil 

management 

system 

Planted 

date 
Spacing (m) AGFM (Kg) DBH (cm) H (m) 

Crown mass 

proportion (%) 
FF 

General description of 

cultivated areas 

 
       

 
Rosewood 

plantations 

(cultivated for ten 

years): C10. 

2005 3.0 x 4.0 
102.47 ± 

33.69 
13.88± 2.37 8.15± 1.39 35.89% ± 6.91% 

0.49 ± 

0.061 

Rosewood seedlings 

planted following cutting 

and burning of original 

vegetation. Pure stand. 

 
       

 
Rosewood 

plantations 

(cultivated for 

twelve years): 

C12. 

2003 
1.5 x 2.0 to 3.0 x 

4.0  
89.89 ± 36.44 

12.80 ± 

2.68 
9.49 ± 1.13 32.01% ± 8.06% 

0.57 ± 

0.053 

Rosewood seedlings 

planted following cutting 

and burning of original 

vegetation. Pure stand  

 
       

 

Rosewood 

plantations 

(cultivated for 

seventeen years): 

C17. 

1998 5.0 x 10 m 96.02 ± 39.78 12.7 ± 2.8 
11.02 ± 

1.97 
54.87% ± 17.99% 

0.57 ± 

0.106 

Rosewood seedlings 

planted, following cutting 

and burning of original 

vegetation. Planting lines 

were maintained in the 

middle of naturally 

regenerating, occasionally 

cut vegetation in the lines.  
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Figure A. 1. A) Histogram of DBH frequency of trees in three study sites. n = 144 - Shapiro-Wilk 

normality test, p = 0.586; B) Histogram of DBH frequency of trees in C 10- Shapiro-Wilk normality 

test, p = 0.741; C) Histogram of DBH frequency of trees in C 12- Shapiro-Wilk normality test, p = 

0.735 and; D) Histogram of DBH frequency of trees in C 17 - Shapiro-Wilk normality test, p = 0.652. 

  

Figure A. 2.  Illustration of the tree cubing method by HOHENALDL (10 sections) and sections by 

Smalian. 



 

 

Table A. 2. Test results for the five models asssyed for tree volume calculation for each category containing parameters calculated for each equation (a, b 

and c); Significance of the coefficients (p value); Standard error of the coefficients (std error.); Number of sample trees used to calculate equation (n); 

Residuals (RSE and RSE%), Coefficient of determination (R2) and Akaike index (AIC). N.A means Novo Aripuanã. 

Model Variation a std. error a p value a b std. error b p value b c std. error c p value c n RSE RSE% R2  AIC 

1 

10 years old -2,00233 6,79E-03 0,733 0,00033 3,26E-05 8,75E-12 - - - 36 0,01271 20,20 0,74 -208,22 

12 years old -0,00184 4,64E-03 0,694 0,00044 2,51E-05 2,00E-16 - - - 36 0,01048 14,45 0,90 -222,08 

17/N.A 0,00937 7,47E-03 0,218 0,00041 4,83E-05 4,94E-10 - - - 36 0,02002 30,01 0,68 -175,48 

Combined ages 0,00927 4,58E-03 0,0457 0,00034 2,49E-05 2,20E-16 - - - 108 0,01869 27,74 0,64 -549,10 

Maués 0,00192 5,29E-03 0,7118 0,00036 2,69E-05 2,00E-16 - - - 72 0,01565 23,11 0,71 -390,37 

2 

10 years old -0,09322 0,0588237 0,0765 0,01342 0,0086273 0,0737 -0,0001518 0,000311 0,3234 36 0,01245 19,79 0,77 -208,76 

12 years old 4,34E-06 3,47E-02 0,9999 -0,00029 5,43E-03 0,9577 0,00045 2,07E-04 0,0384 36 0,10639 14,67 0,90 -220,08 

17/N.A -0,07829 0,0436559 0,082 0,01492 0,0073298 0,0499 -0,00018 0,0002976 0,5416 36 0,01916 28,71 0,72 -177,74 

Combined ages -0,02555 0,030467 0,404 0,0056 0,004848 0,25 0,00013 0,0001876 0,494 108 0,01867 27,70 0,65 -548,46 

Maués -0,1705 0,0411117 0,68 0,00291 0,0062586 0,643 0,00025 0,0002331 0,29 72 0,01574 23,24 0,72 -388,59 

3 

10 years old 8,74563E-05 3,92E-05 3,25E-02 1,532782 1,54E-01 1,96E-11 1,193051 1,19E-01 3,23E--8 36 0,00787 11,67 0,91 -241,81 

12 years old 7,19168E-05 2,45E-05 0,00601 1,76018 9,20E-02 2,00E-16 1,055748 1,57E-01 1,21E-07 36 0,00685 10,16 0,96 -251,81 

17/N.A 7,05628E-05 3,14E-05 0,313 1,567122 1,19E-01 1,06E-14 1,243728 1,49E-01 1,16E-09 36 0,01118 16,58 0,91 -216,53 

Combined ages 0,000071579 1,66E-05 3,69E-05 1,624 6,56E-02 2,00E-16 1,189 6,53E-02 2,00E-16 108 0,00932 13,84 0,91 -698,38 

Maués 5,37362E-05 1,53E-05 0,000757 1,584226 8,47E-02 2,00E-16 1,371793 1,04E-01 2,00E-16 72 0,00809 11,94 0,93 -484,42 

4 

10 years old 0,000319856 0,0001926 0,106 1,998506808 0,2212336 1,47E-10 - - - 36 0,01273 20,23 0,76 -208,09 

12 years old 0,000372362 0,0001272 0,00606 2,050015054 0,1270369 2,00E-16 - - - 36 0,01048 14,45 0,90 -222,08 

17/N.A years 

old 0,001144129 0,0005888 0,0603 1,659720253 0,1976981 8,40E-10 - - - 36 0,01957 29,33 0,71 -177,12 

Combined ages 0,000883734 0,0003154 0,00604 1,694692783 0,133663 2,00E-16 - - - 108 0,01860 27,61 0,65 -550,15 

Maués 0,000446839 0,0001914 0,0224 1,925736118 0,1584811 2,00E-16 - - - 72 0,01564 23,09 0,72 -390,46 

5 

10 years old 9,77357E-05 4,89E-05 0,0365 0,873384398 6,03E-02 4,20E-16 - -  36 0,00824 13,10 0,90 -239,37 

12 years old 8,69155E-05 2,40E-05 0,00093 0,9083541 3,59E-02 2,00E-16 - - - 36 0,00684 9,43 0,96 -252,79 

17/N.A 0,000127887 5,60E-05 0,0286 0,85427041 5,69E-02 2,00E-16 - -  36 0,01225 18,36 0,89 -210,85 

Combined ages 9,64467E-05 2,45E-05 0,000145 0,8872781 3,31E-02 2,00E-16 - -  108 0,01040 15,43 0,89 -675,86 

Maués 9,87364E-05 2,46E-05 0,00182 0,9101592 4,03E-02 2,00E-16 - -  72 0,00929 13,72 0,90 -465,40 



 

 

Table A. 3. Description of test results for the five models tested for tree dry mass calculation for each category containing parameters calculated for each 

equation (a, b and c); Significance of the coefficients (p value); standard error of the coefficients (std error.); Number of sample trees used to calculate 

equation (n); Residuals (RSE and RSE%), Coefficient of determination (R2) and Akaike index (AIC). N.A means Novo Aripuanã. 



 

 

Model Variation a std. error a p value a b std. error b p value b c std. error c p value c n RSE RSE% R2 AIC 

1 

whole tree 10 12,27259 6,31445 0,0603 0,23382 0,03027 5,51E-09 - - - 36 11,81492 20,15 0,63 283,90 

whole tree 12 3,18717 3,07645 0,308 0,29498 0,1667 2,00E-16 - - - 36 6,95191 12,97 0,90 245,72 

whole tree 17/N.A 9,41361 5,9067 0,12 0,36872 0,03822 2,90E-11 - - - 36 15,84002 26,23 0,73 305,01 

whole tree 

combined 13,08642 3,66748 0,000541 0,26283 0,01994 2,00E-16 - - - 108 14,96293 26 0,62 894,88 

whole tree Maués 7,54355 3,32616 0,0264 0,26315 0,01689 2,00E-16 - - - 72 9,842599 17,54 0,77 537,59 

canopy 10 6,23448 2,1792 0,00633 0,0698 0,01066 4,40E-08 - - - 48 4,855432 24,6 0,47 291,86 

canopy 12 6,020556 1,346626 5,06E-05 0,037937 0,007468 6,72E-06 - - - 48 3,357062 27,07 0,35 256,44 

canopy 17 5,40416 2,46842 0,0337 0,09899 0,01736 8,06E-07 - - - 48 7,893769 44,12 0,40 338,52 

canopy combined 6,870357 1,413232 3,05E-06 0,060308 0,007963 4,23E-12 - - - 144 6,790991 40,72 0,28 964,32 

canopy maués 4,750729 1,534647 0,00259 0,06259 0,007963 6,28E-12 - - - 96 5,189632 32,29 0,39 592,57 

2 

whole tree 10 4,8398 56,6492 0,932 1,0971 8,3079 0,896 0,1945 0,2995 0,521 36 11,98943 20,45 0,64 285,88 

whole tree 12 -17,9733 22,7429 0,435 3,337 3,5534 0,355 0,1688 0,1354 0,221 36 6,964018 12,99 0,91 246,77 

whole tree 17/N.A -3,5761 36,5615 0,923 2,2113 6,1402 0,721 0,28 0,2493 0,269 36 16,04673 26,57 0,72 306,87 

whole tree 

combined 8,6451 24,5359 0,725 0,7148 3,9042 0,855 0,2354 0,1511 0,122 108 15,03161 26,12 0,62 896,84 

whole tree Maués -15,0742 25,7534 0,56 3,4724 3,9205 0,379 0,1347 0,146 0,36 72 9,857789 15,57 0,78 538,77 

canopy 10 14,8512 20,3631 0,47 -1,264 2,9696 0,672 0,1148 0,1063 0,286 48 4,899232 24,82 0,46 293,67 

canopy 12 -7,60925 9,71507 0,438 2,16486 1,52849 0,164 -0,04482 0,0589 0,451 48 3,320945 26,77 0,36 256,34 

canopy 17 11,1566 14,8714 0,457 -1,0135 2,5832 0,697 0,1409 0,1082 0,2 48 7,967379 44,53 0,39 340,35 

canopy combined 12,37413 9,01858 0,1722 -0,90114 1,45831 0,5376 0,095541 0,05736 0,0985 144 6,805821 40,81 0,28 965,94 

canopy maués 0,60136 11,99269 0,96 0,63542 1,82127 0,728 0,03909 0,06782 0,566 96 5,214048 32,44 0,38 594,45 

3 

whole tree 10 0,3576 0,1982 8,04E-02 1,1971 0,2035 1,37E-06 0,9179 0,2155 1,60E-04 36 9,601572 16,69 0,77 269,89 

whole tree 12 0,13794 0,05135 1,12E-02 1,66283 0,10244 2,00E-16 0,74926 0,17504 1,51E-04 36 5,625728 9,78 0,94 231,40 

whole tree 17/N.A 0,1981 0,1201 1,09E-01 1,6502 0,1605 8,01E-12 0,69066 0,201 1,61E-03 36 13,79181 23,97 0,81 295,96 

whole tree 

combined 0,14867 0,0472 2,13E-03 1,50003 0,09002 2,00E-16 0,93917 0,09174 2,00E-16 108 10,88936 18,92 0,81 827,21 

whole tree Maués 0,22506 0,07431 3,45E-03 1,55256 0,10377 2,00E-16 0,67511 0,1221 5,35E-07 72 8,171381 14,56 0,85 511,75 

canopy 10 0,4073 0,2601 1,24E-01 1,2649 0,2458 5,66E-06 0,2643 0,2608 3,16E-01 48 4,883152 29,28 0,51 293,36 



 

 

 

canopy 12 0,4897 0,3412 0,15815 0,9095 0,2184 1,40E-04 0,4157 0,3125 1,90E-01 48 3,279679 19,66 0,43 255,14 

canopy 17 2,0833 2,0561 0,3164 1,4905 0,2415 1,74E-07 -0,5971 0,3505 9,53E-02 48 7,791281 46,72 0,46 338,21 

canopy combined 0,4507 0,2553 7,97E-02 1,1659 0,1598 1,95E-11 0,2965 0,1757 9,37E-02 144 6,794992 40,74 0,30 965,48 

canopy maués 0,5625 0,3198 0,0819 1,467 0,202 1,14E-10 -0,2062 0,2248 3,61E-01 96 5,19405 32,32 0,41 593,71 

4 

whole tree 10 0,9295 0,5422 0,0956 1,5704 0,2157 1,99E-08 - - - 36 11,81726 20,16 0,65 283,91 

whole tree 12 0,45 0,1352 0,00211 1,862 0,1122 2,00E-16 - - - 36 6,909201 12,89 0,91 245,27 

whole tree 17/N.A 0,9274 0,4287 0,0376 1,7006 0,1773 3,36E-11 - - - 36 15,76979 26,11 0,74 304,69 

whole tree 

combined 1,12 0,3724 0,0329 1,5415 0,125 2,00E-16 - - - 108 14,9801 26,03 0,62 895,12 

whole tree Maués 0,652 0,2076 0,00246 1,7111 0,1183 2,00E-16 - - - 72 9,799471 17,46 0,78 536,95 

canopy 10 0,5301 0,3076 0,0916 1,3783 0,216 7,78E-08 - - - 48 4,883292 24,74 0,50 292,41 

canopy 12 0,9462 0,5007 0,0651 1,0119 0,203 9,24E-06 - - - 48 3,306842 26,66 0,40 254,99 

canopy 17 0,5243 0,3348 0,124 1,4674 0,2507 4,81E-07 - - - 48 7,94683 44,42 0,43 339,16 

Canopy combined 0,8571 0,3638 0,0198 1,1744 0,1623 2,63E-11 - - - 144 6,83581 40,99 0,29 966,23 

canopy maués 0,4273 0,2114 0,046 1,4011 0,1858 2,88E-11 - - - 96 5,188738 32,29 0,41 592,54 

5 

whole tree 10 0,38543 0,21111 0,0767 0,67969 0,07237 5,67E-11 - - - 36 9,64982 16,46 0,76 269,32 

whole tree 12 0,12585 0,03757 0,00199 0,8187 0,039 2,00E-16 - - - 36 5,55605 10,36 0,94 229,58 

whole tree 17/N.A 0,1674 0,09033 0,0726 0,80382 0,07036 3,46E-13 - - - 36 13,65881 22,62 0,81 294,34 

whole tree 

combined 0,17609 0,05477 0,00173 0,78505 0,04075 2,00E-16 - - - 108 11,00579 19,13 0,80 828,53 

whole tree Maués 0,2089 0,06623 0,00237 0,75644 0,04166 2,00E-16 - - - 72 8,141281 14,51 0,85 510,26 

canopy 10 0,37289 0,24026 0,128 0,5837 0,08557 1,06E-07 - - - 48 4,890941 24,78 0,50 292,56 

canopy 12 0,47157 0,29126 0,112 0,44809 0,08289 2,23E-06 - - - 48 3,244245 26,16 0,43 253,16 

canopy 17 0,2885 0,273 0,296 0,5726 0,1266 4,30E-05 - - - 48 8,675436 48,49 0,32 347,58 

Canopy combined 0,3358 0,18043 0,0648 0,53527 0,07173 7,79E-12 - - - 144 6,822263 40,91 0,29 965,66 

canopy maués 0,33253 0,19817 0,0967 0,52844 0,07941 1,87E-09 - - - 96 5,459923 33,97 0,35 602,32 



 

 

Table A. 4. Description of test results for the five models tested for tree fresh mass calculation for each category containing parameters calculated for each 

equation (a, b and c); Significance of the coefficients (p value); standard error of the coefficients (std error.); Number of sample trees used to calculate 

equation (n); Residuals (RSE and RSE%), Coefficient of determination (R2) and Akaike index (AIC). N.A means Novo Aripuanã. 

Model Variation a 
std. error 

a 

p value 

a 
b std. error b 

p value 

b 
c std. error c p value c n RSE RSE% R2  AIC 

1 

whole tree 10 21,61689 10,99357 0,0575 0,4079 0,05269 5,27E-09 - - - 36 20,57 20,07 0,63 323,82 

 whole tree 12 6,0764 5,1853 0,249 0,4903 0,0281 2,00E-16 - - - 36 11,72 13,03 0,90 283,30 

whole tree 17/N.A 14,75406 9,35753 0,124 0,58551 0,6055 2,74E-11 - - - 36 25,09 26,22 0,73 338,14 

whole tree 

combined 19,4996 5,53868 0,000636 0,45241 0,3012 2,00E-16 - - - 108 22,60 23,53 0,68 983,92 

whole tree Maués 12,71452 5,6557 0,0277 0,45218 0,02872 2,00E-16 - - - 72 16,74 17,4 0,78 614,03 

canopy 10 10,96819 4,90701 0,0321 0,13193 0,02314 2,10E-06 - - - 48 8,76 24,6 0,47 348,51 

canopy 12 17,24565 3,51823 2,30E-05 0,04611 0,01914 2,15E-02 - - - 48 6,03 27,07 0,35 312,63 

canopy 17 10,54234 2,483 0,000159 0,07796 0,1625 3,14E-05 - - - 48 12,21 44,12 0,40 380,42 

canopy combined 10,22513 2,22657 9,57E-06 0,11251 0,01255 1,60E-15 - - - 144 10,70 37,51 0,36 1095,25 

canopy maués 11,26083 3,4854 0,00188 0,10749 0,01756 4,80E-08 - - - 96 9,39 32,43 0,39 706,36 

2 

whole tree 10 9,3245 98,6298 0,925 1,8144 14,4646 0,901 0,3428 0,5214 0,515 36 20,87 20,37 0,64 325,80 

 whole tree 12 -31,4192 38,2788 0,418 5,913 5,9808 0,33 0,2667 0,2278 0,25 36 11,72 13,04 0,90 284,25 

whole tree 17/N.A -6,5822 57,9131 0,91 3,6322 9,726 0,711 0,4398 0,3949 0,273 36 25,42 26,56 0,73 339,98 

whole tree 

combined 5,9292 37,03262 0,873 2,1841 5,8933 0,712 0,3686 0,2281 0,109 108 22,69 23,63 0,68 985,78 

whole tree Maués -28,3408 43,7556 0,519 6,303 6,6611 0,347 0,219 0,2481 0,381 72 16,75 17,41 0,78 615,10 

canopy 10 26,793 36,7369 0,47 -2,2803 5,3574 0,672 0,2071 0,1918 0,286 48 8,84 24,82 0,48 350,32 

canopy 12 -13,66282 17,44392 0,438 3,88712 2,74449 0,164 -0,08048 0,10575 0,451 48 5,96 26,77 0,39 312,53 

canopy 17 17,2627 23,0106 0,457 -1,5683 3,997 0,697 0,218 0,1674 0,2 48 12,33 44,53 0,42 382,26 

canopy combined 14,94215 14,22244 0,295 

-

0,77233 2,29977 0,738 0,14259 0,09046 0,117 144 10,73 37,63 0,36 1097,14 

canopy maués 1,06925 21,69248 0,961 1,14072 3,29432 0,73 0,07073 0,12268 0,566 96 9,43 32,59 0,40 708,24 

3 
whole tree 10 0,6401154 0,355 8,05E-02 1,199 0,2039 1,37E-06 0,9044 0,2157 1,94E-04 36 16,82 17,51 0,77 310,24 

 whole tree 12 0,24537 0,09252 1,22E-02 1,64861 0,10386 2,00E-16 0,073956 0,17752 2,10E-04 36 9,56 9,96 0,94 269,61 



 

 

whole tree 17/N.A 0,303 0,1824 1,06E-01 1,6517 0,1593 6,52E-12 0,7036 0,1994 1,25E-03 36 21,69 22,59 0,81 328,58 

whole tree 

combined 0,31046 0,09485 1,44E-03 1,54806 0,08716 2,00E-16 0,78635 0,08891 2,38E-14 108 17,48 18,21 0,81 929,46 

whole tree Maués 0,4491 0,154 4,79E-03 1,5767 0,1087 2,00E-16 0,5773 0,1267 2,19E-05 72 14,66 15,24 0,84 595,88 

canopy 10 0,7348 0,4692 1,24E-01 1,2649 0,2458 5,66E-06 0,2643 0,2608 3,16E-01 48 8,81 30,89 0,51 350,00 

canopy 12 0,8792 0,6126 0,15815 0,9095 0,2184 1,40E-04 0,4157 0,3125 1,90E-01 48 5,89 20,65 0,43 311,33 

canopy 17 3,2235 3,1814 0,3164 1,4905 0,2415 1,74E-07 -0,5971 0,3505 9,53E-02 48 12,06 42,27 0,46 380,11 

canopy combined 0,94096 0,49099 5,73E-02 1,28087 0,15078 2,52E-14 0,07649 0,16372 6,41E-01 144 10,78 37,81 0,37 1098,48 

canopy maués 1,0139 0,5787 0,0831 1,4715 0,2029 1,20E-10 -2121 0,2256 3,50E-01 96 9,39 32,46 0,41 707,46 

4 

whole tree 10 1,6381 0,9515 0,0942 1,5673 0,2149 1,90E-08 - - - 36 20,57 20,08 0,65 323,84 

 whole tree 12 0,7884 0,2376 0,00217 18452 0,1126 2,00E-16 - - - 36 11,63 12,94 0,90 282,79 

whole tree 17/N.A 1,4605 0,6748 0,0376 1,7031 0,1772 3,19E-11 - - - 36 24,98 26,1 0,74 337,80 

whole tree 

together 1,6607 0,5011 0,00126 1,5872 0,1133 2,00E-16 - - - 108 22,59 23,52 0,68 983,84 

whole tree Maués 1,108 0,3498 0,00228 1,7144 0,1173 2,00E-16 - - - 72 16,66 17,32 0,78 613,33 

canopy 10 0,9563 0,555 0,0916 1,3783 0,216 7,78E-08 - - - 48 8,81 24,74 0,50 349,06 

canopy 12 1,699 0,899 0,0651 1,012 0,203 2,24E-06 - - - 48 5,94 26,66 0,40 311,18 

canopy 17 0,8113 0,518 0,124 1,4674 0,2507 4,81E-07 - - - 48 12,30 44,42 0,43 381,07 

canopy combined 1,107 0,4369 0,0124 1,2843 0,1504 1,87E-14 - - - 144 10,75 37,7 0,36 1096,69 

canopy maués 0,7643 1,4037 0,047 1,4037 0,1866 3,18E-11 - - - 96 9,39 32,43 0,41 706,33 

5 

whole tree 10 0,68739 0,37622 0,0765 0,67701 0,07232 6,15E-11 - - - 36 16,90 16,46 0,76 309,54 

 whole tree 12 0,2232 0,06749 0,00223 0,8112 0,03952 2,00E-16 - - - 36 9,45 10,51 0,94 267,80 

whole tree 17/N.A 0,26002 0,13919 0,0704 0,80651 0,06978 2,53E-13 - - - 36 21,47 22,43 0,81 326,89 

whole tree 

combined 0,319 0,09231 0,000949 0,77631 0,03854 2,00E-16 - - - 108 17,40 18,12 0,81 927,48 

whole tree Maués 0,38526 0,12886 0,00385 0,74665 0,04396 2,00E-16 - - - 72 14,75 15,34 0,83 595,88 

canopy 10 0,67274 0,43345 0,128 0,5387 0,08557 1,06E-07 - - - 48 8,82 24,78 0,50 349,21 

canopy 12 0,84672 0,52297 0,44809 0,08289 2,23E-06 6,66E-07 - - - 48 5,83 26,16 0,43 309,35 

canopy 17 0,4464 0,4225 0,296 0,5726 0,1266 4,30E-05 - - - 48 13,42 48,49 0,32 389,49 

canopy combined 0,53792 0,27526 0,0526 0,54422 0,06828 4,70E-13 - - - 144 11,10 38,93 0,32 1105,94 



 

 

canopy maués 0,59702 0,3575 0,0982 0,52884 0,07978 2,12E+00 - - - 96 9,88 34,13 0,34 716,17 
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Table A. 5. R software output table with ANCOVA significance values resulting for volume 

using C 10 as reference for comparison of C 12 and C 17. 

Coefficients: 

                                     stimate       Std. Error        t value       Pr(>|t|)     

(Intercept)                          -9.28771       0.32522         -28.558       < 2e-16 *** 

log(dados$dap)                     1.53447       0.15770            9.730        4.24e-16 *** 

log(dados$ht)                       1.16045       0.15092            7.689        1.11e-11 *** 

dados$idade12                     -0.45012       0.51502           -0.874         0.384     

dados$idade17                      0.02887       0.45181           -0.064         0.949     

log(dados$dap):dados$idade12      0.16933       0.19707           0.859         0.392     

log(dados$dap):dados$idade17      0.10568       0.18198           0.581         0.563     

log(dados$ht):dados$idade12        0.04638       0.25584           0.181         0.857     

log(dados$ht):dados$idade17       -0.09858       0.19645           -0.502        0.617     

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Table A. 6. R software output table with ANCOVA significance values resulting for volume 

using C 12 as reference for comparison of C 10 and C 17. 

Coefficients: 

                                   Estimate     Std. Error      t value         Pr(>|t|)     

(Intercept)                           -9.73783      0.39935       -24.384       < 2e-16 *** 

log(dados$dap)                      1.70380      0.11819        14.416        < 2e-16 *** 

log(dados$ht)                        1.20683      0.20658         5.842         6.6e-08 *** 

dados$idade_1210                    0.45012     0.51502         0.874         0.384     

dados$idade_1217                    0.42125     0.50779         0.830         0.409     

log(dados$dap):dados$idade_1210   -0.16933      0.19707        -0.859        0.392     

log(dados$dap):dados$idade_1217   -0.06364      0.14905        -0.427        0.670     

log(dados$ht):dados$idade_1210     -0.04638      0.25584        -0.181        0.857     

log(dados$ht):dados$idade_1217     -0.14496      0.24185        -0.599        0.550     

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

 

Table A. 7. R software output table with significance values resulting from ANCOVA for 

AGDM using C 10 as reference for comparison with C 12 and C 17. 

Coefficients: 

                                 Estimate     Std. Error       t value          Pr(>|t|)     

(Intercept)                       -0.3510        0.5294           -0.663          0.5089     

log(dados$dap)                   1.0713        0.2567            4.173         6.47e-05 *** 

log(dados$ht)                     0.7505        0.2457            3.054          0.0029 **  

dados$idade12                   -1.6936        0.8384           -2.020          0.0461 *   

dados$idade17                   -0.4321        0.7355           -0.588          0.5582     

log(dados$dap):dados$idade12    0.7247        0.3208            2.259         0.0261 *   

log(dados$dap):dados$idade17    0.3661        0.2963            1.236         0.2195     

log(dados$ht):dados$idade12     -0.1273       0.4165            -0.306          0.7606     

log(dados$ht):dados$idade17     -0.2006        0.3198            -0.627         0.5320     

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Table A. 8. R software output table with significance values resulting from ANCOVA for 

AGDM using C 12 as reference for comparison with C 10 and C 17 

Coefficients: 

                                      Estimate   Std. Error     t value            Pr(>|t|)     

(Intercept)                           -2.04455     0.65013      -3.145           0.00219 **  

log(dados$dap)                       1.79596     0.19241        9.334         3.1e-15 *** 

log(dados$ht)                         0.62321     0.33631        1.853         0.06685 .   

dados$idade_1210                    1.69358     0.83844        2.020          0.04609 *   

dados$idade_1217                    1.26144     0.82666        1.526          0.13021     

log(dados$dap):dados$idade_1210   -0.72470      0.32083      -2.259          0.02609 *   

log(dados$dap):dados$idade_1217   -0.35862      0.24266      -1.478          0.14261     

log(dados$ht):dados$idade_1210     0.12726     0.41650        0.306          0.76060     

log(dados$ht):dados$idade_1217     -0.07334      0.39373      -0.186          0.85262     

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Table A. 9. R output of ANOVA among the residues generated from the estimation of AGDM 

using species equation and age specific equation with C12. 

Analysis of Variance Table 

Response: res 

                         Df    Sum Sq     Mean Sq         F value           Pr(>F)     

trat                     1      384.59       384.59           12.369        0.0007708 *** 

Residuals              70     2176.49        31.09 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

 

Table A. 10. R software output table with significance values resulting from ANCOVA for 

CDM using C 12 as reference for comparison with C 10 and C 17. 

Coefficients: 

                                      Estimate      Std. Error       t value          Pr(>|t|)     

(Intercept)                            -0.91285      0.86428          -1.056          0.2928     

log(dados$dap)                       1.14182      0.25152           4.540           1.23e-05 *** 

log(dados$ht)                         0.22081      0.39124           0.564           0.5734     

dados$idade_1210                    0.20288     1.13949           0.178             0.8590     

dados$idade_1217                    2.08225     1.13886           1.828             0.0697 .   

log(dados$dap):dados$idade_1210    0.04724     0.41071           0.115             0.9086     

log(dados$dap):dados$idade_1217    0.12834     0.31721           0.405             0.6864     

log(dados$ht):dados$idade_1210      0.03345    0.50601            0.066             0.9474     

log(dados$ht):dados$idade_1217     -0.80873    0.48437            -1.670            0.0973 .   

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Table A. 11. R software output table with significance values resulting from ANCOVA for 

CDM using C 10 as reference for comparison with C 12 and C 17. 

Coefficients: 

                                         Estimate         Std. Error       t value    Pr(>|t|)     

(Intercept)                              -0.70997         0.74260         -0.956    0.340752     

log(dados$dap)                         1.18906         0.32469          3.662    0.000358 *** 

log(dados$ht)                           0.25426         0.32089          0.792    0.429538     

dados$idade12                         -0.20288         1.13949         -0.178     0.858957     

dados$idade17                          1.87937        1.04952          1.791     0.075582 .   

log(dados$dap):dados$idade12          -0.04724        0.41071         -0.115     0.908592     

log(dados$dap):dados$idade17          0.08110        0.37787          0.215     0.830392     

log(dados$ht):dados$idade12           -0.03345        0.50601          0.066     0.947390     

log(dados$ht):dados$idade17            0.84218        0.42956         -1.961     0.051986 .   

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Table A. 22. R output of ANOVA among the residues generated from the estimation of CDM 

using species equation and age specific equation for C17. 

Analysis of Variance Table 

Response: res 

                                Df        Sum Sq    Mean Sq     F value          Pr(>F)   

trat                             1          194.4      194.395      3.0435          0.08433 . 

Residuals                      94         6004.0       63.872                   

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Table A. 33. R software output table with significance values resulting from ANCOVA for 

AGFM using C10 as reference for comparison with C 12 and C 17. 

Coefficients: 

                                             Estimate   Std. Error      t value     Pr(>|t|)     

(Intercept)                                    0.2278       0.5290         0.431     0.66771     

log(dados$dap)                               1.0739       0.2565         4.186     6.15e-05 *** 

log(dados$ht)                                 0.7376       0.2455         3.004     0.00337 **  

dados$idade12                               -1.6982       0.8378        -2.027     0.04536 *   

dados$idade17                               -0.5858       0.7350        -0.797     0.42737     

log(dados$dap):dados$idade12                0.7123        0.3206       2.222     0.02857 *   

log(dados$dap):dados$idade17                0.3654        0.2960       1.234     0.22007     

log(dados$ht):dados$idade12                 -0.1285       0.4162        -0.309    0.75824     

log(dados$ht):dados$idade17                 -0.1750        0.3196       -0.548    0.58522     

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Table A. 44.  Software output table with significance values resulting from ANCOVA for 

AGFM using C 12 as reference for comparison with C 10 and C 17. 

Coefficients: 

                                     Estimate     Std. Error      t value          Pr(>|t|)     

(Intercept)                           -1.47042     0.64965        -2.263         0.0258 *   

log(dados$dap)                      1.78620     0.19227         9.290          3.87e-15 *** 

log(dados$ht)                        0.60913     0.33606         1.813          0.0729 .   

dados$idade_1210                   1.69821     0.83781          2.027         0.0454 *   

dados$idade_1217                   1.11244    0.82604           1.347         0.1811     

log(dados$dap):dados$idade_1210   -0.71229     0.32059         -2.222         0.0286 *   

log(dados$dap):dados$idade_1217   -0.34693     0.24247         -1.431         0.1556     

log(dados$ht):dados$idade_1210     0.12845    0.41619           0.309         0.7582     

log(dados$ht):dados$idade_1217     -0.04653    0.39343          -0.118         0.9061     

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Table A. 55. R output of Anova among the residues generated from the estimation of AGFM 

using species equation and age specific equation for C12 

Analysis of Variance Table 

Response: res 

                            Df      Sum Sq       Mean Sq       F value          Pr(>F)    

trat                        1        1003.6        1003.56         11.48        0.001158 ** 

Residuals                 70        6119.3          87.42                     

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Table A. 66. R output of ANOVA among the residues generated from the estimation of AGFM 

using species equation and age specific equation for C 10. 

Analysis of Variance Table 

Response: res 

             Df               Sum Sq             Mean Sq         F value         Pr(>F) 

trat           1                 345                 345.03           1.2659          0.2644 

Residuals    70               19078                 272.55  

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Table A. 77. R software output table with significance values resulting from ANCOVA for CFM 

using C 10 as reference for comparison of C 12 and C 17. 

Coefficients: 

                                      Estimate     Std. Error     t value       Pr(>|t|)     

(Intercept)                            -0.11991      0.74260      -0.161         0.871958     

log(dados$dap)                       1.18906       0.32469       3.662        0.000358 *** 

log(dados$ht)                         0.25426       0.32089       0.792        0.429538     

dados$idade12                        -0.20762      1.13949      -0.182        0.855695     

dados$idade17                        1.72583       1.04952      1.644         0.102420     

log(dados$dap):dados$idade12        -0.04724      0.41071      -0.115        0.908592     

log(dados$dap):dados$idade17        0.08110       0.37787      0.215        0.830392     

log(dados$ht):dados$idade12          -0.03345      0.50601      -0.066       0.947390     

log(dados$ht):dados$idade17          -0.84218      0.42956      -1.961       0.051986 .   

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Table A. 8. R software output table with significance values resulting from ANCOVA for CFM 

using C12 as reference for comparison with C 10 and C 17. 

Coefficients: 

                                      Estimate    Std. Error        t value          Pr(>|t|)     

(Intercept)                            -0.32754    0.86428          -0.379          0.7053     

log(dados$dap)                        1.14182    0.25152          4.540          1.23e-05 *** 

log(dados$ht)                          0.22081    0.39124          0.564          0.5734     

dados$idade_1210                     0.20762    1.13949          0.182          0.8557     

dados$idade_1217                     1.93345    1.13886          1.698          0.0919 .   

log(dados$dap):dados$idade_1210     0.04724    0.41071          0.115          0.9086     

log(dados$dap):dados$idade_1217     0.12834    0.31721          0.405          0.6864     

log(dados$ht):dados$idade_1210       0.03345    0.50601          0.066          0.9474     

log(dados$ht):dados$idade_1217      -0.80873    0.48437          -1.670         0.0973 .   

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

Table A. 99. R output of Anova among the residues generated from the estimation of CFM 

using species equation and age specific equation for C12. 

Analysis of Variance Table 

Response: res 

                       Df       Sum Sq        Mean Sq     F value           Pr(>F) 

trat                    1          253.7            253.69       1.7259           0.1921 

Residuals             94       13816.9             146.99    
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Appendix B 

 

Figure B. 1. Image of tree cut at 50 cm from the ground as required by law. 

 

Figure B. 2. 100% canopy pruning and canopy climbing ladder for removal of branches and 

leaves. 

 

Figure B. 3. Digital scale for measuring the fresh massof the mass harvested in the rosewood 

plantations. 
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Figure B. 4. Collecting the wood discs at 0, 50 and 100% of the height of the trunk for calculate 

dry mass; and collecting the sawdust to calculate the mass of the tree. 

 

Figure B. 5. Monopodial growth form with orthotropic main axis. 
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Abstract  

Rosewood (Aniba rosaeodora Ducke) is an endangered tropical tree that produces 

essential oils of high commercial value. However, technical and scientific knowledge 

for its cultivation is scarce and studies are needed to examine the viability of harvesting 

period management. The current study evaluated rosewood above-ground biomass 

management, measuring the export of nutrients resulting from harvesting, and testing 

sustainable management models. 36 rosewood trees were canopy pruned and 108 cut at 

50 cm above the soil two regions in Central Amazonia. In one investigation, post-

harvest performance of sprouting shoots was evaluated. In a second, sprouting shoots 

were pruned so that the development of two, three and all shoots was permitted, 

allometric variables were then quantified. Nutrient stock estimation was calculated as 

the product of mass and nutrient concentration, which allowed nutritional replacement 

to be estimated. The pruning facilitates regrowth by 40.11% of the initial dry mass, 

while the cut stump suckers regrow only 1.45%. Chemical attributes of regrowth 

biomass differed significantly from biomass cut prior to management and regrowth had 

a significant correlation with the reserves in root tissues and with the pre -management 

status of the individual tree. Driving sprouts resulted in significantly larger growth 

increments and may provide a form of management that can viably be adopted in 

rosewood plantations. Sequential management of biomass resulted in high nutrient 

exports and the amount of fertilizer needed for replenishment depended on the intensity 

and frequency of cropping. Compared with the cut of the tree, pruning the canopy 

reduces fertilizers are required to replenish amount by 44%, decreasing to 26.37% in the 

second rotation. The generated knowledge contributes to become this silvicultural 

practice viable ecologically and economically. 

 

Keywords: Forest plantations; endangered tree; rosewood conservation; above-ground 

biomass management; harvest methodologies; Amazonia. 
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Resumo 

O pau-rosa (Aniba rosaeodora Ducke) é uma espécie tropical arbórea ameaçada de 

extinção que produz óleo essencial de alto valor. Porém, o conhecimento técnico e 

cientifico sobre seu cultivo é escasso e necessita de estudos que abordem a viabilidade 

do manejo. Este estudo avaliou o manejo da biomassa aérea, testou modelos 

sustentáveis de colheita, mensurando a exportação de nutrientes decorrentes da retirada 

da biomassa. 36 árvores foram podadas na copa e 108 cortadas a 50 cm do solo em duas 

regiões da Amazônia Central. A primeira avaliação consistiu em verificar o desempenho 

das brotações das cepas após a colheita. Na segunda avaliação, as brotações foram 

conduzidas permitindo o desenvolvimento de dois, três e todos os brotos, que tiveram 

suas variáveis alométricas quantificadas. O estoque de nutrientes calculado serviu de 

parâmetro para estimativa de reposição nutricional. A poda possibilita recomposição por 

rebrota de 40,11% da massa seca inicial enquanto o corte recompõe apenas 1.45%. A 

rebrota apresenta atributos químicos diferenciados em relação à biomassa antes do 

manejo e sua recomposição tem correlação significativa com reservas dos tecidos de 

raiz e com o estado pré manejo das árvores. A condução de brotações resulta em 

incrementos significativamente maiores e pode ser uma forma de manejo adotada em 

plantios de pau-rosa. A colheita sequencial promoveu alta exportação de nutrientes e a 

quantidade de fertilizantes a serem repostos depende de sua intensidade e frequência. 

Comparado com o corte da árvore, a poda da copa reduz a quantidade de fertilizantes 

necessários para reposição em 44%, decrescendo para 26,37% na segunda rotação. O 

conhecimento gerado contribui para tornar essa prática silvicultural viável ecológica e 

economicamente.  

 

Palavras-chave: Plantios florestais; espécie arbórea ameaçada de extinção; conservação 

de pau-rosa; manejo da biomassa aérea; métodos de colheita; Amazônia. 
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INTRODUCTION 

 

Rosewood (Aniba rosaeodora Ducke, Lauraceae) is a commercially valuable tree, 

whose essential oil is in much demand industrially (Marques, 2001; Zanin et al., 2007). 

The species is, however, in danger of extinction (IBAMA 1992; CITES 2010; IUCN 

2015), and cultivation in plantations is beginning to be seen as a financially-viable 

commercial option (Sampaio, 2005; 2007) and are seen as a means to reducing the 

pressure of exploitation of natural rosewood populations (McEwan et al., 2016). 

Management of planted trees is the only way to meet the demand for this forest product 

and guarantee the conservation of this species in its natural habitat (Fredericksen et al., 

2003). 

In Brazil, the criteria development for rosewood management are covered by legal 

statutes (IN N
0
 02/2006 SDS; IN N

0
 04 and 05/2006, MMA; IN N

0
 09/2011, IBAMA), 

but the scientific basis required for the practical and sustainable development of the 

species is almost non-existent (May et al., 2004). Accordingly, there is a need for 

studies that explore the methods to be used for viable management of harvesting 

rotations, the means by which harvesting occurs, and the nutritional requirements of 

trees during the period of biomass regrowth. Currently, harvesting occurs via removal of 

100% of the crown (Takeda, 2008; Krainovic, 2011), or of the entire tree, after cutting 

the trunk 50cm above the soil (IN Nº 02/2006, SDS), and then extracting the essential 

oil from all parts of the tree (Maia, 2007; Chantraine et al., 2009; Fidelis et al., 2012; 

2013). Clearly, at the moment of harvest, all nutrients assimilated from the soil by the 

plant are lost to future biogeochemical cycles at the growth site (Paul et al., 2010; 

Londero et al., 2012; Schumacher et al., 2013; Cram et al., 2015), leading to an export 

of nutrients that can compromise ecosystem productivity during future crop rotations 

(Barrichelo, 2007; Lammel et al., 2015; Nyland, 2016). 

As a result, biomass accumulation under such management may be limited by negative 

impacts on soil fertility (Augusto et al., 2015; Nyland, 2016). In consequence, 

interactions between such tree crops and nutrient cycling need to be studied if 

sustainability forest management is to be guaranteed (Fox, 2000). Replacing exported 

nutrients is one method by which sustainable use of production sites can be achieved 

(Carneiro et al., 2009; Witschoreck et al., 2015), but to do this effectively for rosewood 

it is necessary to know the nutrient profile of its commercializable biomass. 
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The post-harvest regrowth capacity of a tree is influenced by such factors as pre-

disturbance condition (Pausas et al., 2004; 2016), initial capacity to acquire post-

disturbance resources, genetic predisposition (Moreira et al., 2012), as well the dormant 

seedbank (Vesk et al., 2004). In rosewood, vigorous suckering of managed trees has 

been reported (Ohashi et al., 2004; Sampaio et al., 2005, 2007). Such regrowth is of 

great importance to the essential oil trade, as productivity is directly proportional to 

production, so favoring management by coppicing. However, such developments 

require a knowldge of the limits of this technique if sustainable management of 

rosewood plantations is to occur (Matula et al., 2012, Spinelli et al., 2017, Canullo et 

al., 2017). 

Biomass management of rosewood regrowth requires boost the speed of regeneration, 

so justify additional harvesting rotations (McEwan et al., 2016). Post-harvest plants 

have no immediate photosynthetic capacity and therefore require nutrient stocks in their 

underground organs to meet the demands of respiration and the regrowth process until 

leaves appear on regrown shoots (Moreira, 2011, 2016). Additionally, several authors 

(Fleck et al., 1995; Fang et al., 2008, Moreira et al., 2001, Shibata et al., 2016; Pausas et 

al., 2016) have associated photosynthetic characteristics with the nutritional status of 

sprouting. Clearly, in the case of plants such as rosewood that are of commercial 

interest, these must have the characteristics that meet the market requirements. Thus, an 

understanding of the mechanisms underlying rosewood biomass regrowth can help both 

decision makers considering the management of the species in commercially-productive 

systems, and those planning governmental guidlines on the use and conservation of the 

species. 

For this reason we did the bigger rosewood sampling already done in commercial 

plantations aiming to describe the nutritional changes associated with management of 

rosewood above-ground biomass and the regeneration of biomass by regrowth, and to 

document the extent and nature of shoot growth under different forms of management. 

In addition, the study quantified nutrient export during sequential harvesting and 

assessed the need for replenishment by fertilization under the different types of 

management already occurring in commercial Central Amazonian rosewood 

plantations. 
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MATERIALS AND METHODS 

 

Study sites descripions 

 

The study was conducted in two rural areas (10 and 12 year old culture - C 10 and C 12 

respectively) located the municipality of Maués (350 km by river from Manaus) 

(03º32'44 ''S, 57º41' 30''W), and the other rural area in the municipality of Novo 

Aripuanã (17 year old culture - C 17) (469 km By river from Manaus), both in the state 

of Amazonas, Brazil (Figure 1), Central Amazonia (Fittkau et al. 1975). The climate in 

Maués is hot and humid, with regular and abundant rainfall, and an annual rainfall of 

2,101 mm and an annual mean temperature of 27.2
0
c, following Köppen-Geiger, the 

climate is type Amazonia Af. The soil under rosewood plantations is classified as 

distrofic Yellow Red Latosol (Krainovic 2011). The climate of Novo Aripuanã is also 

classified as type Af, hot and humid according to Küppen-Geiger, with an annual 

average rainfall of 2,444 mm and an annual mean temperature of 26.9
0
c (Kottek et al. 

2016; http://en.climate-data.org/). The soils of the region are predominantly classified as 

Yellow poor oxisols saturated by oxidized iron and aluminium with low pH (Tanaka 

2006). 
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Figure 1. Map of study areas showing a) Brazilian Legal Amazon and Amazon River 

sub-basins; and b) Maués, directly linked to main Amazon River channel and Novo 

Aripuanã just inside Madeira River basin. 

 

At Maués, in the 1950`s, the native forest vegetation of the region was slash-burned 

make way for commercial cultivation of guarana (Paullinia cupana Kunth, 

Sapindaceae), using conventional farming methods. In the 1970’s, these plantations 

were converted to pastures of Brachiaria. (Train.) Griseb (Poaceae). Rosewood 

cultivation began in the 1990’s. Seedlings were grown from seeds collected from a 

variety of different natural populations near to the planned plantations. Once the 

seedlings were established in the field, management began. This consisted of an annual 

removal by mowing of regenerated understory vegetation within the rosewood 

plantations. New areas for planting rosewood were prepared by cutting and burning the 

existing vegetation, a method practiced widely within the Amazon basin (Lindell et al. 

2010). At Novo Aripuanã the original forest was removed via slash-and-burn then lines 

were opened in subsequent natural regeneration for the planting of rosewood seedlings. 

Seedlings were grown from seeds collected from natural populations in the middle 

Madeira interfluve. After one year in the nursery seedlings were taken to the field and 

planted within the naturally regenerating vegetation. Annual removal of the non-
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rosewood vegetation from the planting line was carried out until the eighth year and 

again after the 15th year (tables A.1 and A.2 for more details about study sites). 

 

Field sampling and laboratory methods 

 

The first field measurements were performed in February and June 2015 in Maués and 

Novo Aripuanã, respectively. To avoid edge-effects, harvesting occurred in eight 

adjacent subplots within each planting. Each subplot contained six trees (48 trees per 

planting, a total of 144 trees). Trunks of 108 trees were cut at 50 cm above ground (IN 

N0 02/2006, SDS), and 100% of the leaves and branches removed from the crowns of 

12 trees per planting (Figure B.2) (a total of 36 trees). DBH, diameter at stump height 

(DSH), tree height (H), and fresh trunk and crown masses (branches + leaves) were 

measured using a 500 kg capacity digital suspension scale (Figure B.3). Diameter 

sampling obtained DAP values between 5.8 and 19 cm, and a frequency histogram of 

tree DBH followed a normal distribution (as assayed by a Shapiro-Wilk normality test, 

p = 0.58; Figure A.1). 

To measure mass, the trunk of each cut tree was sectioned with a chainsaw, and mass of 

sawdust and other material were also measured. To determine tree biomass mean water 

content, discs (3 to 6 cm thick) were taken at 0, 50 and 100% of the total trunk height 

(Figure B.4), along with 4 kg of leaves and branches collected from the four cardinal 

points in the middle third of the crown. Collected samples were weighed fresh in-field, 

then transported to the laboratory and oven dried at 65°C until constant mass was 

reached. Percentage water content was then calculated by comparing weight values for 

dry and fresh material.  

Samples of lateral roots were collected by careful excavation of the first few centimeters 

of soil adjacent to the base of sample trees (Figure B.5). Concentrations of nitrogen (N), 

phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), iron (Fe), zinc (Zn) and 

manganese (Mn) in the leaves, stems, trunk and roots tissues were measured. 

Additionally concentrations in root tissues of total soluble sugars (TSS) and starch were 

assayed. 
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N was determined by sulfuric digestion (H2SO4 + H2O2) by the Kjeldahl method. P was 

assayed using the ammonium molybdate method and measured colorimetrically with a 

spectrophotometer (Shimizu UV-VIS 1240) at a wavelength of 725 nm (Embrapa, 

2009). Macronutrients K, Ca and Mg, and the micronutrients Mn, Fe and Zn were 

extracted by nitro-perchloric digestion (Malavolta et al., 1997), and determined by 

atomic absorption spectrophotometry (Perkin Elmer 1100B) from extracts with 20-fold 

dilutions. 

Root tissue carbohydrates were extracted using a methodology adapted from Black et al. 

(1996); 200 mg samples were homogenized in 1 mL of 80% (v / v) ethyl alcohol and 

incubated at 75°C for 30 minutes, then centrifuged at 10,000 rpm for five minutes at 

10°C, repeating this procedure for three times. After extraction, supernatant and 

precipitate were oven dried at 45°C for 48 hours. Residual supernatant was resuspended 

in 1 mL distilled water for TSS analysis. Starch was extracted from 50 mg of 

precipitate, to which 1 ml of 35% (v/v) perchloric acid was added for 15 minutes at 

room temperature (24 ± 3°C), with samples then centrifuged at 10,000 rpm for five 

minutes. Soluble sugars and starch were quantified at 490 nm with a Biosystems 

Spectrum SP-2000 UV spectrophotometer, using glucose as the standard (Dubois et al., 

1956). 

 

Management of sprouted above-ground biomass 

 

Monitoring occurred six months after harvesting, when regrowth measurement 

and management was undertaken. At that time, a ground fire accurred at the Novo 

Aripuanã site, making it impossible to evaluate regrowth. At the two sites in Maués 

mortality of managed trees, number of shoots per stump and the diameter and height of 

shoots were measured. Diameter of each shoot was measured at its base using digital 

callipers (Figure B.6). Shoot height was obtained with a measuring tape run from the 

base of each shoot to its apex. 

There were three regrowth treatments, involving shoot removal that allowed the 

subsequent development of: (i) two; (ii) three and (iii) all shoots per stump, being 12 

individuals in each treatment in each area. For the management of two or three shoots, 
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removal of all small other shoots occurred. All shoot-related treatments occurred within 

a single week. 

Plants that started to grow back, even if they died later, were considered as 

possessing an initial capacity to regrow. Those that died before research ended were 

categorized as having suffered post-regrowth mortality, defined as when all shoots on 

one individual had died. Regrowth was considered successful when a plant that started 

post-treatment regrowth survived the entire study period. 

At the end of the 12-month sprout monitoring period, all individuals were 

harvested again, by removing all sprouting shoots and 100% of the crowns. Methods for 

field measurement of fresh mass, sample collection for moisture determination and 

measurement of the nutritional chemical attributes were repeated as described above. 

 

Statistical methods and data analysis 

 

Due to the multivariate nature of the chemical attributes data set, biplot principal 

component analysis (PCA) was used to characterize the nutritional status of the leaves 

and shoots before (reference) and after management (regrowth). Concentrations of 

elements N, P, K, Ca, Mg, Fe, Zn and Mn were the variables used in the PCA . 

Subsequently, paired means tests were performed using the scores of the first two PCA 

components. To confirm multivariate statistic results, paired means tests were run 

separately for elements. Due to data parameterization, tests of means with PC 1 scores 

and concentrations of N, K, Mg and Zn were done via a paired t-test, while for tests 

using PC 2 scores and concentrations of P, Ca, Fe and Mn, paired Wilcoxon tests (non-

parametric statistics) were used. 

Analyzes were complemented with hierarchical grouping analysis, using Euclidean 

distance as a measure of data dispersal and the Ward method for grouping analysis 

(Oliveira et al., 2015). To aid the identification of homogeneity associations within 

groups and heterogeneity between them, results were formatted as a dendrogram 

(Young et al., 2000). To test the robustness of the generated dendrogram, a correlation 

coefficient (Sokal and Rohlf, 1962) was calculated between resulting groups. 
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Nutrient stock was calculated as the product of dry mass and the nutrient content of 

each analysed sample. Using the proportions required under Brazilian Law (IN N0 

09/2011, IBAMA) between thick branches and thin branches + leaves, the nutrient stock 

of the crown was calculated as the product of average nutrient concentration of branches 

and leaves and of crown dry mass. For nutrient export calculations, the total volumes 

per harvest were calculated. To analyse nutrient export under sequential cutting 

management, biomass values from trees lacking shoot management was used. By 

quantifying nutrient export under sequential management, the amount of nutrients 

needed to be replaced through fertilization were simulated, based on the local 

availability of different nutrients sources. 

For the three shoot management treatments, mean periodic increments in shoot diameter 

and height were calculated. Together with the sum of regrowth dry mass, these were 

subjected to analysis of variance (ANOVA) and a Tukey test. To identify possible 

factors influencing the sprouting process, a Pearson correlation matrix containing 

regrowth variables (total number of shoots, shoot vigor, shoot height, shoot diameter 

and shoot dry mass), and biophysical variables (concentrations of N, P, K, Ca, Mg, Fe, 

Zn and Mn, starch, and soluble sugars) was tested for pre-management tree 

characteristics (height, DAP, DAT, dry mass and age). Regrowth vigor was calculated 

as the product of the total number of shoots per stump and shoot length. For canopy 

management, root tissue variables were correlated with post-management harvested dry 

mass and tree biophysical variables. Dead individuals were not included in the regrowth 

process analyzes. All analyzes and graphing were conducted using R software (R Core 

Team, 2015). 

 

RESULTS 

 

Changes in nutritional status associated with the management of rosewood 

plantations 

 

The highest nutrient concentrations were found in leaves, and then progressively less in 

the materials with greater structural functions, the branches and stem. Differences 

between nutrient content were found between the reference leaves and branches and 
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those from regrowth material. For sampling areas, the highest nutrient content was 

found in C10 and C12 (table1). 

 

Table 1. The chemical attributes of trunks, branches and leaves collected from rosewood 

plantations in Maués and Novo Aripuanã regions at first harvest (harvesrt = 1º) and at 

second harvest (harvest = 2º). 

Cultivated 

areas 
Harvest 

N P K Ca Mg Fe Zn Mn 

(%) ---- g kg
-1 

---- ----------- mg kg
-1 

---------- 

 

Leaves 

10 years old 
1º 1.68 0.43 3.44 5.60 1.92 75.16 19.11 60.63 

2º 1.51 1.26 6.54 5.28 1.31 68.75 14.63 49.13 

12 years old 
1º 1.70 0.44 3.14 5.28 2.07 74.31 14.68 69.28 

2º 1.75 1.38 6.71 3.77 1.44 64.75 11.00 53.75 

17 years old 
1º 1.50 0.33 7.49 4.40 1.76 75.65 13.48 55.53 

2º 1.67 1.13 9.57 4.36 1.32 73.13 15.13 32.63 

 
Branches 

10 years old 
1º 0.61 0.34 1.79 3.52 0.41 62.92 14.09 39.30 

2º 0.79 1.65 5.23 2.85 0.64 61.13 9.88 23.38 

12 years old 
1º 0.65 0.29 1.38 2.71 0.42 55.78 9.94 33.89 

2º 1.02 1.65 6.34 2.03 0.82 67.50 11.13 33.50 

17 years old 
1º 0.48 0.15 3.03 2.41 0.32 54.02 9.42 25.06 

2º 0.81 1.17 8.76 1.80 0.65 62.63 13.50 21.88 

 
Stem 

10 years old 1º 0.34 0.19 1.34 2.08 0.15 27.78 2.50 10.33 

12 years old 1º 0.28 0.13 0.89 1.53 0.14 18.33 0.33 9.33 

17 years old 1º 0.28 0.09 1.47 1.97 0.15 38.33 1.11 15.78 

 

The two first principal components (PC 1 and PC 2), accounted for 70.3% of the total 

variance. PC1 was negatively correlated with all variables. The gradient of nutrient 

content along this component had a higher correlation with magnesium concentration 

(loading = - 0.483), and was mainly (loading < - 0.40) influenced by the values of Ca, 

N, P and Mn. PC 2 had the highest correlation with Potassium content (K) (loading = 

0.667), and showed a nutrient concentration gradient more influenced by this nutrient 

and P (loading = 0.63). Three of the eight variables showed negative correlations, with 

this component. The chemical attributes of the plant parts varied before and after 

management. This is shown in the PCA Biplot graph (Figure 2), where the overlap 

between the data sets is only partial.  
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Figure 2. Biplot graph with two first principal components (PC 1 and PC 2) showing the 

ordering of branch and leaf chemical attribute data from "reference" and "regrowth" 

material collected by sequential management of Rosewood mass in the three study 

areas. Ellipses with dash, dash dot dot and solid line, correspond to areas C 10, C 12 and 

C 17 respectively. 

 

Observed differences in data ordering patterns in the PCA biplot plot were confirmed by 

means of comparison tests performed on the scores, where the most significant elements 

in ordering trends have the largest plotted vectors on the biplot plot. For leaves, mean 

tests indicated significant differences in the first two principle components between the 

reference and regrowth chemical attributes (Figure 3 - a and b), while for twigs 

differences were more pronounced along principle component 2 (Figure 3 - c and d). 

These trends were also observed in the multivariate analyzes performed with the data of 

each component (Figure A.2 and A.3), and with each area separately (table A.3). 
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Figure 3. Box plot and p values of paired mean  tests comparing PCA scores of leaf and 

branch chemical attributes data for "reference" and "regrowth" material collected by 

sequential management of rosewood above ground mass in the three study areas. a) PC 

1 Scores for leaf chemical attributes; b) PC 2 Scores for leaf chemical attributes; c) PC 1 

Scores for branch chemical attributes; d) PC 2 Scores for branch chemical attributes. 

 

Analyzes performed separately on chemical attributes confirmed the PCA results. The 

variables with the greatest significance in the multivariate analyzes were the same as 

those showing statistical significance in tests of individualized averages. These tests 

showed increases in N, P and K concentrations in re-sprouted leaves, while Ca, Mg, Fe, 

Zn and Mn declined. P and K were significantly higher in regrowth tissues (p <0.01), 

while Ca, Mg and Mn were significantly lower, while N, Fe and Zn exhibited no 

significant statistical difference (Figure A.5). Concentrations of chemical attributes in 

sprouted branches were significantly higher for N, P, K and Mg than in reference 

branches, while Ca and Mn concentrations were significantly lower (p <0.02). Fe and 

Zn showed no significant differences (Figure A.6). 

The dendrogram in Figure 4 shows a grouping consistent with the PCA data and the 

results of mean tests. Two groups can be distinguished, one formed from leaves, and 

another from branches. Subgroups formed in both groups as a function of the chemical 

attributes of reference and regrowth material. The distinct groupings of leaves, reference 

and regrowth branches shown in the dendrogram result from a higher cophenetic 

correlation coefficient between the reference branches and their regrowths (3.05) than 
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between the leaves and their regrowths (2.66). Such coefficients indicated clustering 

was a robust method, as was clustering analysis that treated areas/ages separately 

(Figure A.7). 

 
Figure 4. Dendrogram showing the grouping of leaves and branches according to the 

chemical attributes measured before and after the management of the above ground 

mass in Central Amazonian commercial Rosewood plantations. 

 

Nutrient export during sequential management of rosewood plantations 

 

Overall, trunks contributed 62.22% of exported biomass, with a recovery of initial dry 

mass of 1.45% (Figure 5). Such a higher biomass allocation implies greater nutrient 

storage. Sequential management of rosewood canopies produced a 40.11% dry mass 

recovery, with tree crowns accounting for 37.48% of total whole tree harvested mass. 
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Figure 5. Dry mass exported by the sequential management of Rosewood plantations 

via whole tree removal and 100% canopy pruning of trees located in Central Amazon. 

Percentage values represent the percentage of recomposition of the above ground dry 

weight by the resprouting process. 
 

Nitrogen was the analyzed macronutrients present in greatest amounts in the biomass 

resulting from sequential management (Figure 6). Wood had a lower N content, but its 

greater accumulation resulted in the greater recorded mass of N. Of the N exported in 

the first whole rosewood tree harvest, 55.57% came from N stored in canopy. Relative 

contributions to total nutrient stock of P, K, Ca and Mg in the crown were 46%, 

42.54%, 44.5%, and 68.68% respectively (Figure A.8 for more details). 
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Figure 6. Quantities of macro and micronutrients exported by sequential management of 

above ground dry mass of Central Amazonian Rosewood. Larger sized numbers 

correspond to the first harvest, and smaller sized numbers the second harvest. 

 

The same trends of in-biomass macro and micronutrient concentrations seen in whole 

tree harvested management were apparent in samples derived from sequential canopy. 

Magnitude of macronutrient export was, in descending order: N> Ca> K> Mg> P for 

the first harvest. For the second harvest magnitudes differed: N> K> Ca> P> Mg, with 

inversion between the Ca and K and Mg and P concentrations. This corroborates the 

PCA results (represented by the vectors indicating the data ordering trend). 

Micronutrients export showed the same order for the two harvests: Fe> Mn> Zn. 

Amounts of fertilizer to be replenished depends on the type and intensity of 

management adopted (Table 2). Harvesting entire trees requires that more fertilizer be 

provided, as the nutrient loss exceeds that of two canopy harvests. 
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Table 2. Sources and doses of macro and micro nutrients available in the Amazon region, suggested for nutritional replacement of rosewood 

plantations, based on the quantities exported by above ground biomass crops in commercial plantations of Central Amazonia. 

Nutrient Sources 

Whole tree * Harvest ** 

1° 2° 1° 2° 

(a) (b) (a) (b) (a) (b) (a) (b) 

N (Kg ha
-1

) 

Ureia (45% N)  575,11 - 20.91 - 326.29 - 115.07 - 

Ammonium Sulphate (a 21% N) + (b 21% S)  1,232.38 258.80 44.81 9.41 699.19 146.83 246.57 51.78 

Salitre (16% N) 1,617.50 - 58.81 - 917.69 - 323.63 - 

Sawdust (2% N) 12,940.00 - 470.50 - 7,541.50 - 2,589.00 - 

P (Kg ha
-1

) 

Super Triple Phosphate (a 42% P) + (b 11% Ca) 24.73 2.72 2.45 0.269 11.38 1.25 16.26 1.79 

Super Phosphate Simple (a 19% P) + (b 18% Ca)  54.68 9.84 5.42 0.975 25.16 4.53 35.95 6.47 

Monoamonium Phosphate  (a 46% P) + (b 10% N)  22.58 2.25 2.24 0.223 10.39 1.04 14.85 1.49 

Natural Araxá Phosphate (36% P) 28.86 - 2.86 - 13.28 - 18.97 - 

 
Pottasium Chloride (60% K) 169.26 - 7.83 - 72.02 - 41.02 - 

K (Kg ha
-1

) Potassium Sulphate (a 50% K) + (b 18% S) 203.12 36.56 9.40 1.69 86.42 15.56 49.22 8.86 

 
Potassium Nitrate (a 46% K) + (b 16% N) 220.78 35.32 10.22 1.63 93.93 15.03 53.50 8.56 

Ca (Kg ha
-1

) Dolomitic Limestone PRNT > 80% (a 20% Ca) + (b 11% Mg) 592.95 65.22 10.50 1.16 263.90 29.03 99.80 10.98 

Mg (Kg ha
-1

) Magnesium Sulphate (a 16% Mg + (b 22 % S) 133.50 29.37 4.44 0.98 91.69 20.17 32.44 7.14 

Fe (g ha
-1

) Iron Sulphate (a 19% Fe + b 11 % S) 8.75 0.96 0.21 0.02 4.47 0.49 1.96 0.22 

Zn (g ha
-1

) Zinc Sulphate (a 20% Zn + b 11% S) 1.26 0.14 0.04 0.00 0.89 0.10 0.31 0.03 

Mn (g ha
-1

) Magnesium Sulphate (a 26% Mn + b 14 % S) 3.94 0.55 0.10 0.01 2.33 0.33 0.92 0.13 

*Average measures from 108 trees in a central Amazonian plantation; ** Average measures from 36 trees in a central Amazonian plantation.  

1. Export from first harvest; 2. Export from second harvest. 

(a) Principle element provided, (b) Supplemental element provided in addition to the main element. 
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Given the average concentrations of elemental sources (mineral and organic), available 

in the region, the average volume of fertilizer required to replenish the quantities 

exported by the total biomass removal would be 5,238.51 kg ha-1, while pollarding 

reduces this amount by 44%. When the volume accumulated in sequential management 

is factored in, the reduction becomes 26.37%. 

 

Rosewood shoots following above-ground biomass management 

 

Regrowth involved, on average, 8.83 shoots per stump in C 10 and 10.30 in C12. None 

of the trees with pruned crowns died, while 25% of the trees managed with cutting to a 

stump died during the regrowth follow-up period (18 individuals out of the managed 

72). There was no initial mortality, with all individuals beginning a regrowth process. 

When a trunk is cut, rosewood trees produce epicormic buds, with laterally 

emergent shoots. These were located more frequently on the upper half of the stump 

(Figure B. 7). For total shoot growth, C 10 had a mortality rate of 12.57% (40 of 318), 

while this was 11.05% (41 of 371) for C 12. Removal of two and three shoots were 

responsible for the removal of 73.34% of total shoots in C 10 and 75.51% in C 12. 

There was a significant trend in increasing average shoot increment with decreasing 

shoot number (Figure 7 - a and b). An ANOVA of height increase data found no 

significant results (p = 0.078), although the two data sets (diameter and height) had a 

highly significant correlation (r = 0.86, p <0.001). In contrast to the results for height 

increase, significant differences were found for average regrowth vigor, corroborating 

results for diameter increase (Figure 7-c). At the end of the evaluation period, per 

individual sum of re-sprouted dry mass was measured and the result was the opposite of 

the means of diameter increase, height and shoot vigor. Yields of two and three shoots 

were not significantly different (p = 0.965), while dry mass of all shooters was 

significantly higher than three shoots (p = 0.007, Figure 7 - d). The same trends were 

observed when the analyzes was performed separately for each location (Figures A.8 

and A.9). 
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Figure 7. Average increase in diameter (a), height (b), and sum of dry mass (c) 

according to shoot management in managed Rosewood plantations in Central Amazon. 

Large-size character is the Fisher's F test p-value. The smaller-sized character shows the 

values for each assay made with the Tukey test. 
 

 

Investigation of possible influences of pre-management status (biophysical variables 

and roots chemical attributes) on tree sprouting capacity, found significant correlations 

between total sprouts and tree dry mass (r = 0.36, p = 0.01, Figure A. 10 - a and r = 

0.43, p <0.01, Figure A. 10 - b) and between sprouted dry mass and pre-cutting trunk 

dry mass. For harvesting by cutting, significant correlations were found between TSS 

concentration and dry shoot mass (r = 0.3, p = 0.03, Figure A. 10 - c), and between TSS 

and total shoot number (r = 0.29; P = 0.03, Figure A.10 - d). For pruning the highest 

correlations were between canopy dry weight resprouted and the tree DBH (r = 0.45, P 

= 0.03, Figure A.11). 
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DISCUSSION 

 

Changes in nutritional status associated with the management of rosewood 

plantations 

 

Multivariate analysis distinguished between chemical attributes of branches and leaves 

from the reference sample in relation to regrowth, and identified the most significant 

variables in data ordering trends. For reference sample leaves, there was a partial 

overlap between C 10 and C 12, while C 17 data overlapped less as a result of intrinsic 

differences between the sampling regions (soil fertility and soil classification and 

formation). Leaves from the regrowth sample had the greatest data ordination spread, 

with the greatest variation coming from C10. Group formation trends were explained by 

the higher concentrations of P and K and lower concentrations of Ca, Mg, Mn in 

regrowth material. For shoots, the pattern of distinct grouping between reference and 

regrowth samples is explained by the greater concentrations of N, P, K and Mg and 

lower concentrations of Ca and Mn in the sprouting (regrowth) samples. 

The results obtained confirm the findings of previous studies, where variations in 

nutrient concentration were linked to differences in tissue age and nutrient mobility 

(Pallardy et al., 2010, Londeiro et al., 2012). Greater or lesser concentrations of some 

nutrients in the regrowing tissues occurs as a result of increased metabolic activity 

linked with the capacity of translocate nutrients from subterreanean organs to above 

ground plant parts (Kabeya et al., 2005; Moreira et al., 2012), which was observed in 

managed rosewood plantations. 

Fleck et al. (1995) studying post-fire and post-fall regrowth of two Mediterranean plant 

species, Arbutus unedo and Coriaria myrtifolia found higher concentrations of N, P and 

K in regrowth leaves when compared to the control. This was also found rosewood 

regrowth, most evidently for P and K. more. Some studies indicate that, for species that 

do not store reserves in underground tissues (as tuber-producing species do), the highest 

concentrations of nutrients in sprouting tissues occur mostly due to an ability to acquire, 

directly from soil, those elements neccesary to meet the physiological requirements of 

sprouting (Zambrosi et al., 2016). 
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Improvement in photosynthetic rate is one of the widely-described effects of the 

increase in nutrient content of regrowth material (Fleck et al., 1995; Clemente et al., 

2005; Fang et al., 2008). Other reported differences include chlorophyll levels, rubisco 

activity, carotenoid content and an increase in the flow of soil water to leaves (Fleck et 

al., 1995; Fang et al., 2008), as well as modifications related to transpiration rate and 

stomatal conductance, which induce leaf cooling. These changes, coupled with a 

reduction in leaf area without proportional reduction of the surface of water-absorbing 

roots (DeSouza et al., 1986; Fleck et al., 1995), are a response to the absence of 

photoinhibition of photosynthesis in sprouting plants. The latter is a widespread 

phenomenon that is known to occur in rosewood seedlings (Gonçalves et al., 2005). 

That sprouting strems have a significantly higher N concentrations than sprouted leaves 

is a result of their participation in the processes of ionic absorption, photosynthesis, 

respiration, multiplication and cellular differentiation driven by the higher metabolic 

activity of juvenile tissues. In sprouted stems, the greatest changes were observed in 

relation to the reference sample branches, which were noted in the field as being tender 

and greenish-red. The notable differences between reference and regrowth shoots are 

supported by the higher coefficient of variation of their groupings in relation to leaf 

groupings. At the start of regrowth, material produced by managed stumps and crowns 

are astes, petioles and branches, which become woody as maturation progresses. It is of 

interest that, during sprouting, only those parts capable of partly meeting of the demand 

for photoassimilates accumulate, this being linked to initial differences in the 

photosynthetic capacities associated with the structures involved (Drake et al., 2009). 

P is a component of sugar phosphates, nucleic acids, nucleotides, and coenzymes, and 

plays a central role in reactions involving ATP, which occurs in higher concentrations in 

juvenile tissues (Taiz et al., 2008). An understanding of how this nutrient is used in 

rosewood shoots is key since low P levels are considered the main limiting factor for the 

development of agriculture in the Amazon (Moreira et al., 2009). Deficiency of this 

element results in undersized plants, with appearant necrosis on the leaves, fruit and 

stems, and leaves that are twisted and colored reddish-purple, a trait associated with 

anthocyanin accumulation (Dechen et al., 2007).  

Besides being a cofactor for more than 40 enzymes, K is the principle cation for 

establishing cellular turgor and maintenance of cell electroneutrality (Taiz et al., 2008). 

Present in lower concentrations in the foliar tissues of regrowth samples are those 



 

 69 

elements classified biochemically as nutrients that remain in ionic form; Ca is a 

constituent of the cell wall middle lamella, which explains its significantly higher 

concentration in reference sample shoots, and older woody tissues. Mg a constituent of 

chlorophyll and required by many enzymes involved in phosphate transfer. It occurred 

at lower concentrations in foliar tissues, but was significantly higher in regrowth shoots, 

an event which occurs for the same reasons as high N concentrations. 

On the dendrogram, branches and leaves were organized according to their similarities, 

and separated by criteria of dissimilarity in chemical attributes, which led to the 

presence of two groups, one of leaves, the other of branches. Within each group, 

subgroups were present, distinguishing by chemical attributes of the reference and 

regrowth samples. Attribute characteristics of the same group are similar to each other 

and different from that of other groupings, leading us to conclude that the management 

of above-ground rosewood biomass promotes differentiation of chemical attributes of 

leaves and branches, which may result in essential oil with a composition qualitatively 

distinct from those currently required by industry. 

 

Nutrient export during sequential management of rosewood plantations 

 

Production of essential oil in rosewood occurs in all its parts of the tree (IN N0 02/2006, 

SDS; Chantraine et al., 2009). If a biomass harvest is totally removed then no material 

remains at the planting site, and so no further contribution decomposition-mediated 

nutrient cycling is possible (Augusto et al., 2015, Lammel et al., 2015, Nyland, 

2016).For the first harvest, reduction of nutrient exports by pruning management 

compared to full-cut management was 43.27% for N, 54.18% for P, 57.45% for K, 

45.92% for Ca, 31.32% for Mg, 49.44% For Fe, 29.91% for Zn and 40.76% for Mn. 

For the subsequent rotations via pruning, nutrient exportation values for the second 

harvest were 26% N, 36.17% K, 39.71% Ca, 10.01% to Mg, 28.77% Fe, 7.06% Zn and 

19.41% of Mn from samples from sequential management of whole trees. Values were 

directly influenced by biomass regrowth which added to the greater concentration of 

nutrients in tissues with the highest metabolic activity. From a long-term management 

perspective, three or four crop rotations per pruning would be required for the levels of 

exported nutrients to equal those exported in a single harvest where a whole tree is cut 
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and removed. Similar results have been reported by Witschoreck et al. (2015), in a study 

of Eucalyptus saligna management. These authors concluded that harvest intensity may 

represent the difference between a sustainable nutritional management and one 

deleterious to nutrient reserves. 

In terms of need for nutritional replacement, it is important to recognise that the 

exported nutrients were stored by the plants throughout their cycle and the use of 

incorrect fertilization techniques can generate both economic and environmental losses 

(Londeiro et al., 2012). As trees do not have the capacity to absorb and store large 

quantities of readily available nutrients, unabsorbed elements may enter into solution in 

the soil, percolate deeply and then contaminate water resources. The objective of this 

work was to evaluate nutrient replacement techniques permitting maintenance of 

available soil nutrient levels after harvesting (Loutinho et al., 2012; Witschoreck et al., 

2015), what was done with the two harvest types applied. 

This is important since, given the international market requirements for use of synthetic 

industrial fertilizers and non-organic pesticide use, there is a need to determine whether 

the nutrient cycles in Amazonian soils in areas producing rosewood can be maintained 

through the natural biochemical processes themselves. In general, soils beneath the 

Amazonian forest have low chemical fertility, and the natural forest survives by highly 

effective nutrient cycling, combined with heat, high humidity and great biological 

diversity (Ferreira et al., 2002; Lammel et al., 2015). The introduction of organic 

fertilizers, and deployment of intercropping techniques using fast-growing, N-fixing, 

herbaceous species may provide an alternative means of attaining soil organic matter 

stability (Raij et al., 1991), improving and adjusting current pH values and low 

mineralization (Malavolta 1987) while avoiding damage to soil quality with consequent 

diminished crop productivity. 

 

Rosewood shoots following above-ground biomass management 

  

The allometric variables of dead individuals were not significantly different (p >0.01) 

from those of living ones, being not the size of the managed plant the reason that caused 

mortality, what it cold may related with an initial difficulty in acquiring post-
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disturbance resources (Vesk et al., 2004; Pausas et al., 2004, 2016). In this study, no 

results were found to explain the mortality of individuals. 

Even if some plants die, the economic and environmental regulations imposed by law 

support the use of coppice in rosewood plantations, and may play a primary role in 

generating raw material for the production of the commercialized essential oil. Such 

management provides immediate benefits as maintenance is simplified (Spinelli et al., 

2017). It also removes the need to replant seedlings for each tree removed at harvest 

time (IN N° 02/2006, SDS). Significantly higher average shoot diameters and vigor 

increments, coupled with significantly lower mean values of shoot increment for the 

management treatments, leads to the conclusion that management by coppice increased 

biomass producion during the evaluation period. 

The need to replant a seedling for each tree felled impedes the effectivness of rosewood 

harvesting by total tree cutting (IN N° 02/2006, SDS); it can be difficult to aquire 

seedlings costs of area preparation are high. In addition, young plants not only need 

time to adapt and grow, but compediting weeds must be managed until canopy closure 

occurs (McEwan et al., 2016). This is especially important for rosewood seedings 

which, in the first year of cultivation, need to be protected from directly incident 

sunlight in order to avoid photosynthetic photoinhibition (Gonçalves et al., 2005). In 

contrast, weed control is rarely required during with coppicing and canopy closure is 

achieved quickly (Zambrosi et al., 2016). 

There was no significance correlation between stump diameter and either shoot 

diameter or height. Such shoot diameter results differ from those of Ohashi et al. (2004), 

who measured six-year-old shoots from 15 22-year-old trees and found a high 

correlation between these variables. On the other hand, for shoot height, our results 

were in agreement with Ohashi et al. (2004), who also found no significant correlation. 

The current study recorded an average of 9.57 shoots per stump, while results from the 

only other work available on the subject, Ohashi et al. (2004), reported an average of 

2.6 shoots per stump, six years after cutting. It is known that competition between 

shoots will reduce the number of persistent post-management shoots over time (Kauppi 

et al., 1988), and that pollarded plant regrowth depends on the stock of dormant buds 

(Vesk et al., 2004). The eventual number of shoots also depends on the initial number 
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on the stump, and the degree of competition between stumps, primarily for light 

(Oliveira, 2014). 

Our results indicate that successful rosewood regrowth is more strongly related to a 

capacity to sustain post-harvesting nutrient acquisition than to an ability to mobilize 

reserves of nutrients stored in the roots. Similar results were reported by Zambrosi et al. 

(2016) from studies on the influence of P levels on plantation sugarcane shoots. 

Correlations between regrowth and TSS ratios confirm a need by rosewood plants for 

this reserve to meet respiratory demands and for regrowth after losing photosynthetic 

capacity. Fang et al. (2008), studying regrowth ecophysiology, describe a decrease in 

TSS concentrations during the regrowth process, wherein root tissues became the source 

in a source-sink system. This agrees with other studies that have concluded that a 

capacity to mobilize such reserves, and so support sprouting shoot growth, is 

predominant in the period following pollarding (Kays et al., 1991; Paula et al., 2009, 

Moreira, 2011, Borzak et al. Spinelli et al., 2017).  

Carbohydrates root reserves change dramatically throughout the plant life, decreasing 

rapidly with budbreak and early vegetative and reproductive development, and then 

increasing late in the growing season, usually after cessation of vegetative growth and 

fruit maturation. Accumulation of these reserves is very sensitive to late-season stresses 

and management practices, and decreased accumulation can profoundly affect a tree’s 

performance the following year (Loescher et al., 1990). In addition, it is reported that 

shade-tolerant species, such as rosewood, can regrow vigorously independent of 

underground reserves, with above-ground carbohydrate reserves responsible for shoot 

persistence in the environment after disturbance and before photosynthesis begins 

(Shibata et al., 2016). Applying these findings to the management of above ground 

biomass of rosewood, it is necessary to consider that periods of high vegetative 

development may represent a good time for harvesting (since there may be rapid 

regrowth), but during this period the plants are investing in vegetative growth and are 

not stocking such reserves, which is of importance to studies aiming to find the ideal 

period of intervention in the above ground biomass. 

For the biophysical variables in pre-disturbance rosewood plant, the heavier (dry mass) 

the managed tree, the greater the shoot mass and the greater the number of sprouting 

shoots. This was also observed for trees managed by pruning, where shoot production 

increased as a function of the increase in diameter. Investigating relationships between 
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individual size and the capacity to grow after a variety of different disturbance types 

(fire, death of trunk by fire, trunk cutting) in different vegetation types, Vesk et al. 

(2006) found that shoot production occured in 43% of the studied species. Of these, 

90% re-emerged after the cutting of young seedlings, and in 70% of the species more 

than 90% of mature individuals sprouted after the cutting. In contrast, for mature 

Quercus petraea (Fagaceae) individuals in European forests, the probability of 

suckering diminished with the increase in diameter (Matula et al., 2012), which may 

mean that the age x diameter relationship may have a maximum level related to the 

ability to regrow. 

There are no similar studies evaluating the frequency of above ground biomass 

production for rosewood. The increase in frequency of mass loss causes changes in the 

content of carbohydrate stores available in reserve tissues for the production of 

subsequent shoots (Kays et al 1991), while resource allocation patterns and the capacity 

for continuous regrowth may be influenced by the disturbance regime to which the 

species are adapted (Shibata, 2016), which is unknown in the case of rosewood. Plant 

responses to injury are ecologically and evolutionarily important, allowing sprouting 

individuals to persist in the environment without changes in population size, while non-

regenerating species face the challenges of seed-based regeneration, including 

pollination failures, the uncertainties associated with dispersion, seedling mortality, and 

competitive interactions while growing (Pausas et al., 2016). This makes the regrowth 

mechanisms important as indicators of how plants will react to ecological dynamics and 

in determinating the likely responses of a species to the threat of extinction, as well as to 

the methods used in plantation management. 

The production shoots after disturbances may be genetically-controlled (Moreira et al., 

2012), and is generally seen in environments where fire or intense herbivory are 

common (Bellingham and Sparrow, 2000; Bond and Midgley, 2001; Sparrow, 2001; 

Vesk and Westoby, 2004; Pausas et al., 2016).  Rosewood plants evolved in 

environments where natural fires are extremely rare, which rule out the possibility that 

the observed regrowth capacity of rosewood is the result of natural selection resulting in 

an intrinsic ability to regrow. Additionally, in the study plantations were not the product 

of any selected breeding program (founding seeds having been wild-collected). 

However, while extractivist exploitation date back to the 1950s until 1980s, the first 

commercial plantations of the Brazilian Amazon began in the late 1980s. Consequently, 



 

 74 

it is likely that the seeds used to establish the plantations contained genetic material of 

those plants that managed to persist in the environment after successive waves of 

exploitation. Thus, resprouting ability may be a recent adaptation by rosewood to the 

former full-cut methods of human exploiting this species. 

 

CONCLUSIONS  

 

Our study has important practical implications for the commercial management of 

rosewood above-ground biomass. Due to the differences in regrowing shoots, essential 

oil yield and chemical composition may differ rom those pre-management, regardless of 

age or region. In terms of crop sustainability, canopy management substantially reduces 

exported macro- and micronutrients volume in comparison to tree cutting. When the 

whole stem of the pollarded trees are included, at least three pruning crop rotations are 

needed to export the same amount of biomass harvested in one whole-tree cutting. For 

the use of coppiced shoots from a stump pollarded at 50 cm above the soil, post-harvest 

shoot management is required to increase shoot height and diameter, with resulting 

increases in volume appearing only after 12 months or more. With regard to the ability 

to regrow, the ideal period for the management of above ground biomass should take 

into account not only the vegetative growth related to the capacity to regrow, but also 

the reserve of soluble sugars. For commercial plantations, the use of mixed management 

is suggested, with the emphasis depending on producer demands and the support 

capacity of the productive environment. In terms of plantation sustainability, use of soil 

organic matter management practices and/or nutrient replacement through fertilization 

is recommended in view of the large quantities of nutrients exported in the sequential 

management of above-ground biomass. The generated knowledge contributes to the use 

of sequential harvests in rosewood plantations, describing important factors concerning 

the different forms of above ground biomass management, thus contributing to become 

this silvicultural practice viable ecologically and economically. 
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Appendix A 

 

Table A. 4. Description of study areas showing values for: diameter at breast height 

(DBH) height (H), above-ground fresh weight AGFW, percentage of canopy fresh 

weight and form factor (FF)* of the trees in farmlands near Maués and Novo Aripuanã, 

Amazonas, Brazil. 

Soil management system Description: cultivated areas 

Rosewood plantations 

(cultivated for ten 

years): C10. 

Rosewood seedlings planted in 2005 with 3.0 x 4.0 m 

spacing, following cutting and burning of original 

vegetation. Individual rosewood plants had a mean 

AGFW of 102.47 ± 33.69 Kg, DBH of 13.88± 2.37 cm 

and H =.8.15± 1.39 m. (n = 36). Canopy percentage were 

35.89% ± 6.91%  and FF = 0.49 ± 0.061 

Rosewood plantations 

(cultivated for twelve 

years): C12. 

Rosewood seedlings planted in 2003 with 1.5 x 2.0 m 

spacing, following cutting and burning of original 

vegetation. In 2010 following systematic thinning, 

spacing was 3.0 x 4.0 m. Individual rosewood plants had 

a mean AGFW of 89.89 ± 36.44 Kg, DBH of 12.80 ± 

2.68 cm and H = 9.49 ± 1.13 m.. (n = 36). Canopy 

percentage was 32.01% ± 8.06% and FF = 0.57 ± 0.053. 

Rosewood plantations 

(cultivated for seventy 

years): C17. 

Rosewood seedlings planted in 1998 with 5.0 x 10 m 

spacing, following cutting and burning of original 

vegetation. Planting lines were maintained in the middle 

of naturally regenerating, occasionally cut, vegetation. 

Individual rosewood plants had AGFW of 96.02 ± 39.78 

Kg, DBH of 12.7 ± 2.8 cm and H = 11.02 ± 1.97 m. (n = 

36) Canopy percentage was 54.87% ± 17.99% and FF = 

0.57 ± 0.106. Natrual regeneration was uncontrolled and 

abundant  

* Form factor for each tree was calculated using the ratio of the calculated volume to a 

volume that assumed the canopy was a perfect cylinder. 
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Figure A. 1. Histogram of tree DBH frequency at the three study sites. n = 144. 

 

 

Table A. 1. Chemical properties of soils under Maués rosewood plantations: pH in H2O 

and KCL, pH, phosphorus (P), potassium (K), calcium (Ca
2+

), magnesium (Mg
2+

), 

exchangeable aluminum (Al
3+

), H + Al, sum of bases (SB), CTC (t), CTC at pH 7.0 (T), 

base saturation (V) and aluminum saturation (m). 

Depth 
pH 

p N P K Ca
2+

 Mg
2+

 Al
3+

 H+Al SB 
CTC V m 

H2O KCL t T 
  

cm 
   

% mg kg
-1

 -----------------cmolc kg
-1

---------------- % 

  
Cultivated for 10 years - C 10 

   
      0 - 10 4,16 3,62 -0,54 0,221 11,7 0,08 0,31 0,16 3,1 11,3 0,6 3,6 12 5 87 

10 - 20 3,99 3,67 -0,31 0,186 9,43 0,06 0,19 0,08 3,0 9,94 0,3 3,3 10 3 90 

20 - 30 4,27 3,80 -0,46 0,141 5,97 0,04 0,2 0,06 2,4 8,13 0,3 2,7 8,4 4 89 

30 - 40 4,33 4,09 -0,23 0,142 4,17 0,05 0,15 0,05 2,3 7,29 0,3 2,6 7,5 3 90 

       
  

Cultivated for 12 years - C 12 
    

       0 - 10 3,99 3,70 -0,28 0,186 7,24 0,06 0,07 0,09 2,9 10,5 0,2 3,1 11 2 93 

10 - 20 4,21 3,91 -0,29 0,146 3,77 0,04 0,05 0,05 2,5 8,29 0,1 2,6 8,4 2 95 

20 - 30 4,31 4,03 -0,28 0,127 2,08 0,03 0,05 0,05 2,3 7,29 0,1 2,5 7,4 2 108 

30 - 40 4,41 4,06 -0,35 0,114 1,2 0,03 0,05 0,03 2,0 6,13 0,1 2,2 6,2 2 83 
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Figure A. 2. Biplot graph with two first principal components (PC 1 and PC 2) showing 

the ordering of leaf chemical attribute data for "reference" and "regrowth" material 

collected by sequential management of the Rosewood mass in the three study areas. 

Ellipses with dash, dash dot dot and solid line, correspond to areas C 10, C 12 and C 17 

respectively. 
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Figure A. 3. Biplot graph with two first principal components (PC 1 and PC 2) showing 

the ordering of branch chemical attribute data for "reference" and "regrowth" material 

collected by sequential management of the Rosewood mass in the three study areas. 

Ellipses with dash, dash dot dot and solid line, correspond to areas C 10, C 12 and C 17 

respectively. 

 

Table A. 2. Paired p values from mean tests for PC 1 and PC 2 scores resulting from 

principal component analysis for sequentially managed branch and leaf chemical 

attributes in each Rosewood plantation  located in the three study areas. 

Test categories P - value PC 1 P-value PC 2 

Leaves 10 - Sprouted leaves 10 0.043 0.006 

Leaves 12 - Sprouted leaves 12 0.001 0.000 

Leaves 17 - Sprouted leaves 17 0.064 0.000 

Branches 10 - Sprouted branches 10 0.080 0.000 

Branches 12 - Sprouted branches 12 0.054 0.000 

Branches 17 - Sprouted branches 17 0.025 0.000 
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Figure A. 4. Box plot and p values of paired mean  tests comparing leaf chemical 

attributes data for "reference" and "regrowth" material collected by sequential 

management of above ground rosewood mass in the three study areas. a) Nitrogen; b) 

Phosphorus; c) Potassium; d) Calcium; e) Magnesium; f) Iron; g) Zinc and; h) 

Manganese. 
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Figure A. 5. Box plot and p values of paired mean  tests comparing branch chemical 

attributes data for "reference" and "regrowth" material collected by sequential 

management of above ground rosewood mass in the three study areas. a) Nitrogen; b) 

Phosphorus; c) Potassium; d) Calcium; e) Magnesium; f) Iron; g) Zinc and; h) 

Manganese. 

 

 
Figure A. 6. Dendrogram showing grouping of leaves and branches of each area/age 

according to the chemical attributes measured before and after the management of the 

above ground mass in commercial rosewood plantations located in the three study areas. 
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Figure A. 7. Sum of nutrients exported by the sequential management of whole trees 

and pruning 100% of the canopy in two commercial plantations in Maués, AM. a) 

Nitrogen, b) Phosphorus, c) Potassium, d) Calcium, e) Magnesium, f) Fe, g) Zinc, h) 

Manganese. 
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Figure A. 8. a) Average increase in diameter; b) height; c) Regowth vigor and; d) sum 

of dry mass according to shoot management in 10 year old Rosewood plantations 

managed in the region of Maués, AM. 

 

 

 
Figure A. 9 a) Average increase in diameter; b) height; c) Regowth vigor and; d) sum of 

dry mass according to shoot management in 12 year old Rosewood plantations managed 

in the region of Maués, AM. 
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Figure A. 10. Correlation between a) Total shoots and tree dry mass; b) Shoots dry mass 

and stem dry mass; c) Shoots dry mass and total soluble sugar; d) total shoots and total 

soluble sugar in managed Central Amazonian Rosewood plantations. 

  

 
Figure A. 11. Correlation between crown dry mass resprouted and tree DBH in 

managed Central Amazonian Rosewood plantations. 
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Appendix B 

 

 

 

 

Figure B. 1. A rosewood tree cut at 50 cm from the ground as required by law in Central 

Amazonian commercial Rosewood plantations. 

 

 

 

 
Figure B. 2. 100% canopy pruning and canopy climbing ladder for removal of branches 

and leaves. 
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Figure B. 3. Digital scale for measuring fresh weight of the mass harvested in a 

Rosewood plantation. 

 

  
Figure B. 4. Left) Collection of wood discs at 0, 50 and 100% of the height of the stem  

and right) using chainsaws, harvesting sawdust and cutting of the trunk in sections. 

 

 

  
Figure B. 5. left) Excavation and right) collection of Rosewood lateral roots in Central 

Amazonian commercial plantations. 
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Figure B. 6. Measurement of shoot diameter after above ground cut at 50 cm using 

digital callipers in Central Amazonian commercial Rosewood plantations. 

 

 

 

 

 

 

 
Figure B. 7. Spacing of shoots on a trunk cut 50 cm above the ground, the standard 

management form in Central Amazonian commercial Rosewood plantations. 
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Highlights 

 

 Relationship between region, management and rosewood EO studied for the first 

time 

 

 Most extensive sampling than any previous studies on rosewood essential oil 
(EO) production 

 

 Studies of oils from multiple plant parts confirms presence or absence of 
substances in EO 

 

 Sequential harvesting shown to play a keyrole in EO differentiation 
 

 Knowledge of variability defines the crop rotation cycle 
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Abstract 

Rosewood essential oil (EO) is required worldwide by the cosmetics industry, but its 

source, Aniba rosaeodora Ducke, is an endangered species of Amazonian tree. This EO 

is composed of terpenes, that are often influenced by a variety of processes during their 

syntheses, so that their relative proportions in the final product are often modified. 

Although the species is cultivated, the influence of management practices on EO quality 

has not been reported, which has potential market issues. The objectives of this work 

were describe the differences in yield and chemical composition of essential oil from: (1) 

different regions, (2) different tree parts and (3) sequentially harvested biomass. 

Sampling was carried out in three plantations located in two regions of Central 

Amazonia - Maués and Novo Aripuanã - where 144 trees were subjected to two different 

management regimes: (i) 36 fully canopy pruned, (pollarded) and (ii) 108 cut at 50 cm 

above the ground (coppiced). Samples of various plant parts (trunk, branches and leaves) 

were collected twice: before (reference) and after (12 months regrowth) the management, 

but in the same climatic season in each area. To extract the essential oil sample material 

was divided into "trunk", "branches", "leaves" and "branches + leaves (1: 1)". Yield was 

calculated by the mass ratio of extracted EO and plant material. Chemical composition 

was determined by gas chromatography and a mass spectrometer. EO yield showed 

significant differences between regions and between harvests: EO yield was  highest 

leaves from coppiced shoots, whereas for branches it was higher in those from reference 

material. The results confirm that there are differences in the composition of the EOs 

between tree parts, as well as in those from reference and regrowth. In terms of between-

region differences in reference-derived EOs, Eucalyptol was detected exclusively in the 

branches and leaves of Maués, while p-cymene was only present in trunks and branches 

from Novo Aripuanã. Regardless of the region of collection, a-pinene was not found in 
EO samples from rosewood trunks, but only from branches and leaves, while only 

branches are a source of cyclosativene, a prominent substance in the manufacture of 

fragrances. Geraniol was not detected in regrowth-derived EOs, but only in reference-

derived samples, while Myrcenol was found only in regrowth-derived EOs. Such 
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differences may impact harvest cycle planning. The results suggest that the choice of 

how and which plant parts to use, plus the temporal spacing of crop rotations, are 

determining factors in the variation of EO yield and quality, opening the possibility for 

increased product value and an expansion in the production chain of globally exported 

rosewood oil products. 

Keywords: Plantation forestry; Rosewood conservation; endangered tree; resprouting 

management; Chemical variability of essential oil; Amazônia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 101 

1. Introduction 

 

 Rosewood (Aniba rosaeodora Ducke - Lauraceae) is an Amazonian tree 

threatened with extinction (IBAMA 1992; CITES 2010; IUCN 2015). As wild 

populations are under full protection (directive N
0 

443 12/2014, MMA), the species had 

been grown in commercial plantations (formed from genetic material of natural 

populations) to meet the demand for its essential oil (OE), which is required worldwide 

by the cosmetics industry. These plantations regulated exploitation of rosewood, 

generating jobs and development in rural areas, while reducing the pressure on wild 

populations of the species (McEwan et al. 2016). International demand for Brazilian 

rosewood OE has been constant, with untapped growth potential present in the world 

market. As a result, many producers are interested in commercially raising the species, 

but encounter a lack of technical information regarding production management (May 

and Barata, 2004) and a lack of clarity in the standardization established by the current 

legislation. 

 Although the development of technical criteria for rosewood management is 

recommended by law (IN N
0
 02/2006, SDS), there is a regrettable lack of studies on the 

effectivness of harvesting patterns, in term of optimal OE extraction of under production 

conditions, and how these might influence the yield and quality of the final product. 

Aerial biomass management has been used in harvesting, with trees being either cut 50 

cm from the soil (coppicing) or having 100% of the crown pruned (pollarding), and then 

allowing tree regrowth (Sampaio et al. 2005; Takeda, 2008). However, when this 

management form is undertaken, regrowth may have a suite of different characteristics. 

For example, in other species, regrowth is known to differ in terms of nutritional status 

(Fleck et al. 1995: Arbutus unedo and Coriaria myrtifolia) and physiological 

mechanisms (Bond and Midgley, 2001; Fang et al. 2008; Moreira et al. 2012; Shibata et 

al. 2016; Pausas, 2004, 2016). For rosewood, this could potentially result in differences 

in secondary metabolites production, notably terpenes, which could result variation of 

the final product required by the industry. However, the extent and nature of such 

changes have not previously been studied. 

 Sequential management requires that regrowth has characteristics that meet the 

needs of the market; a diverse chemical composition may diminish the quality of the OE, 

so that it falls below the standards required by the industry for its fixative and perfuming 
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activities and, in consequence, its commercial value. Managing aerial biomass does not 

require intensive preparatory operations (as is the case with seedling planting), and the 

required care system is simple and provides benefits quickly (Spinelli et al. 2017). Given 

the difficulties in obtaining rosewood seedlings, regrowth is the best management option 

in commercial plantations. 

 Given this, it becomes key to know the extent of compositional variability of OE 

from managed plantations, as well as the factors that can influence this variability. 

rosewood OE consists mostly of low molecular weight monoterpenes and sesquiterpenes. 

The major constituent is linalool (78% to 93%) (Maia et al. 2007; Takeda, 2008; 

Chantraine, 2009; Krainovic, 2011; Fidelis, 2012, 2013). However, a range of minority 

components confer the precise fragrance bouquet unique to rosewood OE. Consequently, 

it is important that the conditions under which a rosewood plant is grown can stimulate 

the redirection of metabolic pathways, so resulting in the biosynthesis of different 

compounds (de Moraes, 2009). Thus, improving the production chain of this product 

requires the full and integrated understanding of plantation management, from the correct 

way to manage a tree, to the availability of quality OE on the international market. In the 

present study, relevant information on the differentiation of rosewood OEs cultivated in 

Central Amazonia and their association with crop management, is being made available 

for the first time. The study is based on the largest-ever sample from already-planted 

individuals. 

 The study hypotheses were: (1): Cultivation region influences yield and chemical 

composition of rosewood OE; (2): Different parts of trees managed for extraction of 

essential oil will produce final products with different yields and chemical compositions 

and; (3): Use of biomass, regenerated as part of the re-harvesting management process, 

will yield essential oils with different characteristics that that extracted from first growth 

samples. Consequently, the objectives of the current study were, to: (1) understand the 

effects of the cultivation region on rosewood essential oil composition and yield; (2) 

quantify the variation in essential oils from different parts of rosewood trees, and; (3) 

investigate the feasabilty of sequential harvest rotations, based on coppiced shoots, for 

the production of essential oil, considering the yield and quality of the product in terms 

of industry quality and compositional demands. 
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2. Methods 

2.1. Sites descripions and plant material 

 The study was conducted in two rural areas (plantations 10- and 12-years old - C 

10 and C 12 respectively) located the municipality of Maués (350 km by river from 

Manaus) (03º32'44 ''S, 57º41' 30''W), and the other rural area in the municipality of Novo 

Aripuanã (a 17-year old plantation - C 17) (469 km by river from Manaus), both in the 

state of Amazonas, Brazil (Figure 1), Central Amazonia (Fittkau et al. 1975). The 

climate in Maués is hot and humid, with regular and abundant rainfall, and an annual 

rainfall of 2,101 mm and an annual mean temperature of 27.2
0
c. Following Köppen-

Geiger, the climate is type Amazonia Af. The soil under rosewood plantations is 

classified as distrophic Yellow Red Latosol (Krainovic 2011). The climate of Novo 

Aripuanã is also classified as type Af, hot and humid according to Küppen-Geiger, with 

an annual average rainfall of 2,444 mm and an annual mean temperature of 26.9
0
C 

(Kottek et al. 2016; http://en.climate-data.org/). Predominating soils in the region are 

classified as Yellow poor oxisols saturated by oxidized iron and aluminium with low pH 

(Tanaka, 2006). 

 
Figure 1. Map of study areas showing Brazilian Legal Amazon, and Amazon River sub-

basins; Site A) Novo Aripuanã just inside Madeira River basin and; Site B) Maués, 

directly linked to main Amazon River channel. 
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 In Maués, in the 1950’s, the natural forest of the region was slash-and-burned to 

make way for commercial cultivation of guarana (Paullinia cupana Kunth, Sapindaceae), 

using conventional farming methods. In the 1970’s, these plantations were converted to 

pastures of Brachiaria. (Train.) Griseb sp. (Poaceae). Rosewood (Aniba rosaeodora) 

plantations only began in the 1990’s. Seeds from various natural populations were used. 

Once the seedlings were established in the field, a management practice was begun 

whereby regenerated understory vegetation within the rosewood plantations was 

annually removed. In this region plantations with 10 and 12 years old initially planted 

with different spacings were sampled (Table A.1 - Appendix A of supplementary 

material). New areas for the establishment of rosewood plantations were prepared by 

cutting and burning the existing vegetation, a method widely used within the Amazon 

basin (Lindell et al. 2010).  

 In Novo Aripuanã the original forest was cut, burned and during natural 

regeneration lines were cut in which rosewood seedlings were planted with 5.0 x 10 m 

spacing. The seedlings had been raised from seeds collected from natural populations on 

the middle Madeira River. After one year in a nursery the seedlings were taken to the 

field and planted in lines traversing the naturally regenerating vegetation. Annual 

cleaning of each planting line was carried out until the eighth year and then again after 

the 15th year. 

 

2.2. Field sampling, harvesting and extraction of the essential oils 

 

 In each area, samples of plant material (trunk, branches and leaves) were 

collected from 48 trees by cutting the trunk of 36 trees at 50 cm above soil level 

(coppicing: Figure B.1), and pruning 100% of the crown of another 12 trees (pollarding: 

Figure B.2). Trunks were then sectioned into discs for the collection of wood samples 

(Figure B.3). Sampling of branches and leaves was carried out at the four cardinal points 

at the height of the middle third of the tree crown, so homogenizing the collection in 

relation to incident insolation, since the trees of C 10 and C 12 already had their crowns 

touching, while in C17 rosewood canopies were in light competition with naturally 

regenerating vegetation. Material was divided into "trunk", "leaves"; "branches" and 

"branches + leaves" in the ratio 1:1 by weight (Figure B.4). Material from each six 
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neighboring trees were combined to provide a composite sample for OE extraction: a 

total of 90 samples in the first harvest and 72 samples in the second harvest. Exactly 12 

months after management action, in the same season in the each area, a new sampling of 

all individuals was done, with branches and leaves of the sprouting crowns (pollarded 

trees) and stumps (coppiced trees) were retrieved using the same methods. 

 Collected samples were stored in paper bags, so avoiding exposure of the material 

to light and the consequent loss of volatile constituents (Figure B.5). After pre-drying for 

72 hours (a duration traditionally used by rosewood oil producers) at room temperature, 

the samples were ground then stored in plastic bags in a freezer at -15 
0
C. To minimize 

any possible variation, a randomized block was used to establish the extraction sequence. 

OE extraction was performed with a hydrodistillation system using a modified Clevenger 

apparatus (Figure B.6). Samples were weighed, then placed with distilled water in glass 

flask of known capacity and hydrodistilled for two hours (a time counted from the first 

drop of OE at a temperature compatible with the gentle boiling of the material within the 

flask). All extractions were performed using the same thermal blankets and in the 

shortest time possible (45 days), to reduce variations that could influence distillation 

results. After each distillation the Clevender apparatus was washed with 80% hexane 

acetate solution. Samples of EO + water resulting from hydrodistillation were stored in a 

freezer at 6 
0
C for 24 hours, then the following day were dried using anhydrous sodium 

sulfate (Na2 SO4) (Figure B.7). The then pure OE's were stored at a temperature of 4°C 

prior to chromatographic analysis (Figure B.8). For OE, the yield (Y%) was calculated 

from the relation between the weight of the sample and the weight of the extracted OE: 

                                           . 

2.3. CG-DIC analysis 

 

 Analyzes were conducted using a chromatograph with flame ionization detector 

(CG-DIC), in a THERMO TRACE 1310 chromatograph. A stationary phase capillary 

column with 100% dimethylpolysiloxane was used (25 m x 0.25 mm, film thickness 0.25 

mm) with helium as the carrier gas at a flow rate of 2 ml/min. The chromatograph was 

programmed as follows: isotherm at 80°C for 1 minute, 80-150°C at a change rate of 

12°C/min, and 150-180°C at a change rate of 6°C/min, with an Isotherm at 180°C for 1 

minute, a summed optimized run time of 12.8 minutes. Samples were injected at a 
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concentration of 5 mg of OE to 1 ml of 80% hexane acetate solvent. The injection port 

was adjusted to 220°C using a ratio of 1:4, and the detector temperature set at 240°C. 

Given the extreme olfactory and physical characteristics (coloration) of the OE's, 

chromatographic run optimization was conducted with the aim of minimizing analysis 

time without loss of chromatogram resolution. Consequently, we tested chromatographic 

analyzes with different rates of temperature variation (°C/min), and ran analyses with 

and without isotherms. The method chosen was suitable for both the essential OE's from 

lighter leaf-based material (reference and regrowth), and for essential OE's extracted 

from heavier, woody, material. Constituent percentage were calculated using electronic 

integration of areas of the peak present in the chromatograms, without the use of 

correction factors. The same integration criterion was used in all generated 

chromatograms. 

 

2.4. Identification of components 

 

 A sample of each OE was analyzed using the methodology described by Adams 

(2007), using a change from 60-200°C with a variation rate of 2°C/min, across an 

operating time of 70 minutes. In addition, the same samples underwent Mass 

Spectrometry (GC-MS) analysis, where substance is broken down into measurable by-

products (molecular fragments), permiting analysis of the structure of the original 

molecule. Rosewood OE chemical composition was determined using the sample 

retention time obtained by GC-DIC and the mass spectra obtained by GC-MS. Retention 

rates were calculated using the Van der Dool Kratz equation, which relates the retention 

time of the substances to the retention times of the n-alkane (C12-C16 homolog series) 

co-injected into the sample sequence. All detected constituents have thier retention 

indices and mass spectra defined in the literature (Adams, 2007). Results obtained were 

confirmed by analysis of data obtained from previous studies on rosewood OE chemical 

composition (Fidelis et al. 2012, 2013). 
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2.5. Statistcal methods and analisys  

 

 Three categories were created to allow analysis, comparison and discussion of the 

differences between the OE’s extracts: 1. Area specific essential oils: the yield and 

chemical composition of the EOs extracted from each plant part managed in the first 

(reference) harvest of the trees were analyzed according to the region of origin of sample 

trees; 2. Plant part specific essential oils: EOs extracted from biomass removed in the 

first harvest were analyzed according to part of the tree from which they were were 

extracted, and the results analysed for region and independently of the region; 3. 

Essential oils from sequential above-ground management: OE's from each plant part 

were compared from samples derived from biomass cut before (reference) and after 

management (regrowth), with data analysis depending on the region and independently 

of the region. In each of the three class the OE compounds were recorded that had 

distributions that were notably differential (i.e. those that could not be detected in their 

respective comparison). Consequently, between classes, it was possible to determine 

differences between OEs, and whether these occurred independant of culture site and/or 

plant part origin. 

 Statistical analyzes were performed using the Tukey tests (for parametric data) or 

Wilcox tests (for non-parametric data). A paired T or Wilcoxon test was used to compare 

EO yields extracted from the sequential crops (reference and regrowth). 

To analyse OE chemical composition, non-metric dimensional scaling (NMDS) was 

applied using a Jaccard Similarity Index, based on the presence and absence data of 

compounds in each sample. 

NMDS was complemented with hierarchical grouping analysis, using Euclidean distance 

as a measure of seperation between records and Ward's method as a grouping medium 

(Oliveira et al. 2015). This analysis was performed using values for the area under the 

peaks present on the chromatograms, this being proportional to the concentration of the 

compound in the total OE sample. Results of the analysis are shown as a dendrogram, as 

this assists in the identification of homogeneity groupings within the larger group and the 

identification of between-group heterogeneity (Young et al. 2000). To validate the 

robustness of the generated dendrogram, a co-optic correlation coefficient beterrn (Sokal 
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and Rohlf, 1962) was calculated the formed groups. A summary, with factors and their 

respective evaluated levels, is presented in Figure 2. 

 

 

Figure 2. Flowchart of the work methodology describing the factors and their respective 

levels discussed in the present study, as well as the statistical analyzes used to evaluate 

the essential oils yield and chemical composition from commercial rosewood 

plantations in Central Amazonia. 
 

 All analyses and production of graphic materials were conducted using R 

software (R Core Team, 2016). 

 

3. Results and Discussion 

 

 The biosynthetic pathways of terpenes are divided into several phases 

(Bohlmann et al. 1998), and the yield and proportions of each constituent formed in the 

secondary metabolism depend on the balance of these reactions. This balance can be 

influenced by a number of factors, such as the action of sesquiterpene synthase 

enzymes, which alone are known to produce hundreds of C15 hydrocarbon complexes 

from some simple precursors (Lodewyk et al. 1997). In addition, there are such factors 
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as heredity, growth stage, as well as the environmental aspects of seasonality, water 

stress and nutrition (Gupta et al. 2017). 

It is important to note that the main factors that can influence the rate of secondary 

metabolite production are reported in studies that have been limited to restricted groups 

of species, predominantly those occurring in temperate regions, many of which are 

commercially important and may have undergone strong selective pressures (Gobbo-

Neto and Lopes, 2007). These factors, therefore, may not be representative of what 

occurs in wild plants or other biomes, such as the Amazon and mainly for rosewood 

EO, although it is cultivated, has an absent or very low level of domestication, being the 

genetic material of plantations coming from natural populations. In addition, the genetic 

variability between the sampled populations, which could have greater or lesser 

implication in EO variations (Gupta et al. 2017), was not determined in the present 

study, although Chantraine et al. (2009) have concluded that there is no genetic 

determinism of specific chemotypes for rosewood. 

 Of the total of 77 substances detected in rosewood OEs, oxygenated 

sesquiterpenes made the greatest contribution to the chemical composition (38.96%). 

They were followed by oxygenated monoterpenes (24.67%), hydrocarbon 

sesquiterpenes (23.37%) and monoterpene hydrocarbons (7.79%) (the remainder 

(5.19%) were substances for which a reliable identification could not be obtained). 

  

3.1. Area-specific essential oils - Differences associated with cultivation area 

 

3.1.1. Essential oil yield from different sites in Central Amazonia  

 

 Tree age appears to have no significant effect on OE yields (amount of EO per 

biomass) in Central Amazonia rosewood plantations (Krainovic, 2011; Fidelis 2012, 

2013). No statistically significant differences were observed between the two sampling 

regions for EOs from leaves + branches (p = 0.91) and for trunk (p = 0.126), while the 

EO yield of leaves and branches of the Novo Aripuanã region was significantly higher 

than from Maués(p <0.01 - Table A.3 - Figure 3). 
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Figure 3. Yield of essential oils extracted from leaves, branches, stem and composition 

of branches plus leaves (B + L), and showing significance of mean test comparisons for 

each plant parts between the two cultivation sites in Central Amazonia. 

 

 The hypothesis that higher levels of soil nutrients would result in higher OE 

yields was discarded, since soil samples from Maués had higher element concentrations 

than those from Novo Aripuanã (Table A.2), but samples from Novo Aripuanã trees had 

the highest OE yields. Studies correlating nutrient availability and individual rosewood 

tree OE yields have never been undertaken, but results found in the literature for other 

species and regions of the world corroborate results from the present study: there is no 

direct link between the two factors. For example, administration of nitrogen to 

commercial Peppermint (Mentha x piperita) plantations in the United States did not lead 

to a significant increase in extracted OE yield (Zheljazkov et al. 2009). This was also 

found by Ucar et al. (2017) for a Rosa damascena hybrid in the Mediterranean Region 

of Turkey. 

 In the current study between-region differences in yield may be more strongly 

linked to the season when the sampling was undertaken: sampling at Maués was 

occurred during the local rainy season (February), while sampling at New Aripuanã 

occurred in July, when rainfall is scarce (Figure A.1). Several studies report changes in 

OE yield related to seasonal decreases in water regime (Globbo-Neto and Lopes, 2007; 

de Moraes, 2009; Prochnow et al. 2017). In the Brazilian Amazon, Taveira et al. (2002) 

found an increase in the proportions of mono- and sesquiterpene compounds in the OEs 

of Aniba canelilla (Kunth) Mez (Lauraceae) during the dry season. Plus, specifically for 

rosewood, Chantraine et al. (2009) found a decrease in trunk EO yield during the rainy 

season in some of their sampling areas. 
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3.1.2. Chemical composition of the essential oil from different sites in Central 

Amazonia  

 

 Differences in the chemical composition of OEs were observed between the two 

sampling regions, with those from the Novo Aripuanã region having higher amounts of 

substances. There were also compounds that were only present in samples from one 

region. For example, Eucalyptol was not detected in the branches and leaves from Novo 

Aripuanã, but only in those from Maués, while p-cymene was only present in the trunks 

and branches from Novo Aripuanã (Table 1). 

Table 1. Differences in composition of essential oils extracted from plantations located in 

two Central Amazonian areas for oils from leaves and branches Underlined substances 

were repeated as differentials in each plant part and so were considered to be differential 

associated with the cultivation site. ‘’Differential substances’’ are those essential oils 

detected in one but not both comparative correspondent. N pics means Means the number 

of peaks shown in the chromatogram. 

Plant part Area N pics Differential substances between two regions 

Stem 

Maués 47 
trans-nerolidol; viridiflorol; a-farnesene; aristolene epoxide; 

isoaromadendrene epoxide 

Novo 

aripuanã 
51 

p-cymene; Myrcenol; B-citronelol; a-amorphene; NI 1; B-

trans-guaiene; Cadinene; Guaiol; NI 5 

Branches 

Maués 49 Eucalyptol; Ledene oxide 

Novo 

aripuanã 
56 

p-cymene; Nerol acetate; Gurjunene; a-amorphene; NI 1; Y-

Celinene; B-trans-guaiene; Aromadendrene dihydro; 

Leaves 

Maués 53 

Camphene; Eucalyptol; Borneol; B-trans-guaiene; 

3.methoxymethoxy 3,7,16,20 tetramethyl eneicosa 

1.7.11.15.19 pentaene 

Novo 

aripuanã 
60 

Benzaldehyde; Linalol acetate; trans Dihydrocarvone; a-

cariofileno; a-humuleno; a-amorphene; Y Celinene; NI 3; 

Aromadendrene dihydro; Cadinene; Ledol; Aristolene 

epoxide 



 

 112 

 Eucalyptol is a natural constituent of a variety of aromatic plants with medicinal 

importance (Caceres et al. 2017), as well as being used in the production of fragrances, 

perfumes and various cosmetics (Surburg and Panten, 2008), where it gives a fresh 

camphor scent. A reduction in the constituent fraction this essential oil is undesirable for 

rosewood, in terms of the requirements of the cosmetic and fine perfumery industry. 

However, while this substance was absent from the Novo Aripuanã reference sample, it 

was present in samples of sprouted branches (Table A.4). This leads us to discard aspects 

of climate and soil as explanations for the presence or absence of this constituent. This 

coincides with the results of Barbosa et al. (2012) who, when evaluating abiotic factors 

influencing Copaiba oil (Copaifera multijuga Hayne, Fabaceae) composition in the 

Brazilian Amazon, concluded that seasonality did not have a significant influence on the 

chemical composition. Studies in other regions of the world also confirm this. 

Zheljazkov et al. (2009), investigated influences of collection region (two regions of 

Mississippi with soil granulometry and different nutrient availability) on the chemical 

composition of Peppermint EO (Mentha x Piperita hybrid), and concluded that 

concentrations of eucalyptol were not affected by location. Considering that the Maués 

plantations are much younger than those at Novo Aripuanã, and the fact that eucalyptol 

was found in resprouting samples from Novo Aripuanã, we suggest that relative youth of 

the source plant material may be involved the presence of this substance in the extracted 

EO. This would be in agreement with the results of Fidelis et al. (2012), who found small 

differences in the minor constituents in EO from a chronological sequence of rosewood 

trees. 

 At New Aripuanã, p-cymene was only detectable in older plant parts, and was not 

found in Maués plantation samples, where the plants are younger. This result is in 

agreement with studies elsewhere in the literature, including reports of significant 

increases in p-cymene concentrations in OE extracted from resin of older Protium 

heptaphyllumi (Aubl.) March. (Burseraceae), in contrast to resin from younger samples 

from same tree. The most likely hypothesis here is that abiotic chemical oxidation is 

responsible for the conversion of terpinolene to p-cymene (or dehydrogenation of 

limonene) during natural aging. This would also explain our results. The determination 

of which abiotic factors influence this oxidation, and how it occurs, remain unknown 

(Albino et al. 2017). 



 

 113 

 These differences were shown in the MNDS biplot of the chemical constitution 

presence and absence matrix. This shows great differences between regions, with Novo 

Aripuanã separated completely (except for some samples of the trunk), whereas the 

extract samples from the two areas in Maués show substantial overlap (Figure 4 left). 

Cluster analysis confirmed the ordination trends of the MNDS biplot, and distinguished 

two EO groups (Maués and Novo Aripuanã) based on chemical composition (Figure 4 - 

right). 

  

Figure 4. Left) NMDS data ordinations plot using a presence/absence matrix for the 

essential oils detected in extracts from commercial rosewood plantations in Central 

Amazon. The colors indicate sampling region where: Blue) Novo Aripuanã site 

cultivated for seventeen years; Red) Maúes site cultivated for ten years and; Green) 

Maués site cultivated for twelve years and; Right) Dendrogram showing the groupings 

between chemical composition of oils from different regions. 
 

 As seen from data overlap, trunk-derived EO samples showed less 

differentiation between regions. This is probably due to the lower metabolic activity of 

trunks compared to branches and leaves. This, itself, is associated with the age of the 

tissues (Pallardy et al. 2010; Londeiro et al. 2012). Our results confirm this assertion, 

since mean number of recorded substances was lowest in trunk-derived samples (49), 

then branches (52.5) and leaves (56.6). 
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3.2. Part-specific oils - Differences linked to parts managed for extraction of 

essential oils 

 

3.2.1. Essential oil yield from differentes plant parts. 

 

 OE yields differed between plant parts, being lowest in branch-derived samples 

(1.14%), then leaves (1.54%) and highest in trunks (1.77%). This occirred independent 

of the region (Figure 2: values presented are average between the two regions). Result 

trends were the same for both regions, and there were no significant differences in yield 

between leaves vs foliage, trunk vs leaves of Maués and between branches vs mix 

branches + leaves and trunk vs leaves in Novo Aripuanã (Table 2 ). 

Table 2. P values of Tukey tests on means of essential oils yields of each plant part, 

from rosewood plantations from three study areas in central Amazonia. 
 

 

 

 

 

 

 

   T 
p value from Tukey test 

   w
 p value form Wilcox test 

 

 EO yields of trunks and branches are in agreement with results reported by 

Chantraine et al. (2009) for rosewood cultivated in French Guiana, though these authors 

found leaves to have the lowest yield, which was not observed in the current study. The 

results obtained here also contradict information in the Brazilian legislation (IN N
0
 

02/2006, SDS), which states that rosewood leaves give the highest yields. However, 

although the legislation is not clear in this regard, there are indications that data on 

which the law is based originated from natural populations (since it suggests equations 

for calculating biomass of spontaneous trees), which indicate a strong need to update 

legal provisions so that they include parameters revant rosewood in plantation 

environments. Additionally, published results on rosewood EO yields show great 

variation. This, and the variation in the ages, parts and extraction methods used, has led 

to considerable disagreement regarding the most approporiate EO extraction 

methodologies (Santana et al., 1997; Chantraine et al. 2009; Fidelis et al. 2012). We 

emphasize that the time elapsed between the collection of material and the distillation, 

Test categories Maués Novo Aripuanã 

Branches - B + L < 0.01
w 

0.97
T 

Leaves - B + L 0.91
w 

0.05
T 

Leaves - Branches < 0.01
w 

0.02
T 

Stem - Branches < 0.01
w
 0.02

T 

Stem - B + L 0.12
w 

< 0.01
T 

Stem - Leaves 0.03
w 

0.94
T 
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that is, the mass of the sample used to calculate the yield, can, due to mathematical 

questions, vary considerably according to the degree of humidity. In the present study, 

the time elapsed between harvesting and distilation followed faithfully what is done in 

the commercial plantations (72 hours of shade drying). 

 

3.2.2. Chemical composition of essential oil from plant parts  

 

 Which plant parts used to provide material for rosewood EO extraction is 

important as, due to their intrinsic differences, each yields EOs with their own 

characteristics. The proportions in which these are mixed can influence the chemical 

composition of the final EO product. For example, regardless of the region of collection, 

source material age or management regime used, a-pinene was not found in detectable 

amounts in rosewood trunks, but rather in its branches and leaves, while cyclostivene 

was present only in rosewood branches (Table 3). 

 

Table 3. Differential substances founded in each tree part from which the essential oils 

extracted in the first harvest from commercial rosewood plantations in Central 

Amazonia, regardless of the region of cultivation. Underlined substances were repeated 

as differential in the different compartments and were considered as differential 

associated with the plant part.  

Reference 

compartiment 

Not contain in 

stem 
Not contain in Branches 

Not contain 

in Leaves 

Contain in 

Branches 

a-pinene; 

Linalol acetate; 

Nerol acetate; 

Cyclosativene;  

- Cyclosativene 

Contain in 

Leaves 

a-pinene; 

Ledene oxide 

a-farnesene;  a-bizabolol; 

Isoaromadendrene epoxide   
 - 

 

 a-pinene is formed during the synthesis of Limonene (Xu et al. 2017). It is the 

most widespread pinene isomer and is a compound highly desired by the flavors and 

fragrances industries (Mani et al. 2017). Oxidative metabolozation of a-pinene results in 

other compounds (a-pinene oxide, campholenicaldehyde, verbenone and verbenol) that 

are important in the chemical and cosmetic industries (Canépa et al. 2011). Due to their 

importance, mechanisms of how this terpenoid can be selectively produced by enzymes 

or by microbial transformation are being studied (Paduch et al. 2016). 
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 As a result, to ensure the presence of this substance in rosewood EO, it is 

important to mix branches, leaves and trunk parts when preparing material for 

distillation. Such suggestions are in contrast to the results of Chantraine et al. (2009), 

who concluded from their research in French Guiana that combining rosewood leaves 

and trunk material causes a decrease in the quality of final essential oil product. It is 

important to point out that the contribution of thick branches and thin branches + leaves 

in a rosewood tree is 34.4% (IN N0 02/2006, SDS; IN N0 04 and 05/2006, MMA; IN N0 

09/2011, IBAMA), and that during the preparative for EO extraction, the proportions can 

be altered, causing greater variability. 

 Cyclosativene (CSV) is a tetracyclic sesquiterpene that has complex ring systems. 

It is very volatile and widely studied due to its antioxidant, anticancer, anti-

inflammatory, expectorant and antifungal properties (Turkez et al. 2014). This 

sesquiterpene appears as an intermediary in a reaction chain shared with the production 

of other terpenes (Lodewyk et al. 2008). Cyclosativene is one of the major compounds of 

EO extracted from Luculia pinceana (Rubiaceae Hook.), and has a sweet and pleasant 

fragrance (Li et al. 2016). The result has important implications for the future creation of 

fragrances originating from rosewood EO, and underscores the need to consider the 

development of promising and varied product lines that are potentially avaialable from 

the diverse chemical composition of the raw EO material. 

 The ordering of the data on the NMDS biplot distinguished between EOs derived 

from different plant parts, confirming the variation in the composition of the different 

EO's independent of the geographical region. The compositional uniqueness of EO 

extracts from different plant parts (with EOs from herbaceous materials being the most 

distinctive) were similar from both areas of cultivation, and follow a trend along the 

gradient formed between the most woody and most herbaceous material (Figure 5a, 

Figure 5b and Figure 5c), with the ordering of the data in the twigs + leaves mix - located 

between the ordinations of the extracted leaves and branches. Cluster analysis 

distinguished two groups by their chemical composition, one formed by EO extracted 

from leaves and another formed by the other plant parts, among which trunk-derived EO 

extracted was distinguished from that extracted from the branches and from the mix + 

leaves (Figure 5d). The distinction was also observed in the analyzes performed 

separately for each area (Figures A.2, A.3 and A.4). 



 

 117 

 

  

  

Figure 5. a) NMDS data ordinations plot using a presence/absence matrix for the 

essential oils detected in extracts from each plant part harvested from (a) commercial 

plantations in Maués site cultivated for ten years; b) Maués site cultivated for twelve 

years; c) Novo Aripuanã site cultivated for seventeen years and; d) Dendrogram 

showing the groups between chemical composition of oils extracted from different plant 

parts. 
 

3.3. Essential oils from sequential above ground management - Differences 

associated with sequential harvesting 

 

a) b) 

c) d) 
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 Aerial biomass management quickly provides benefits, and requires simple care 

(Spinelli et al. 2017). In addition, it provides an alternative to the need to replant 

seedlings for each tree removed at the time of harvest (IN N
0
 02/2006, SDS). Accessing 

such seeds is complicated by difficulties in acquisition caused by the conservation status 

of the species. Vigorous shoot production by cut rosewood trees have been mentioned in 

the literature (Sampaio et al. 2005, 2007), raising interest in commercial circles, since 

essential oil production is directly related to biomass production (Sampaio et al. 2005, 

2007; Takeda, 2008; Krainovic, 2011; Fidelis et al. 2012). However, plantation 

management using regrowth biomass of rosewood trees still requires improvements and 

increases in knowledge, especially regarding the changes that can occur in the EO 

composition as a function of the duration and frequency of inter-harvest intervals. 

Variation in EO yield and chemical composition at various time phases in the sequential 

management of aerial biomass in commercial plantations have never been studied and 

the broad sampling of the present study provides information that can be generalized for 

the species, regardless of sampling region, tree age and silvicultural treatments adopted, 

this, due to the repetition of the results in the different conditions studied. Qualitative and 

quantitative differences were observed between EOs extracted from biomass before 

(vegetative reference structure) and after management (regrowth). No significant 

quantitative and qualitative differences were observed between the EOs extracted from 

the regrowth biomass harvested by the two management forms (i) cutting the trunk at 50 

cm above the soil (coppicing) and (ii) crown pruning (pollarding) (Figure A.8). This 

makes possible the use of all regrowth samples (of both types of management) in contrast 

with the reference material.  

 

3.3.1. Essential oil yield associated with sequential harvesting 

 

 Tree compartment maturation induced by sequential management (reference and 

regrowth) increased EO yield in the leaves and decreased in the sprouted branches 

(Figure 6). 
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Figure 6. Box plot and p values of paired mean tests comparing before (reference) and 

after (resprouting) harvest by sequential management of rosewood above ground mass 

in the three study areas. a) Essential oil yield from leaves from Maués sites; b) Essential 

oil yield from leaves from Novo Aripuanã site; c) Essential oil yield from branches from 

Maués sites; d) Essential oil yield from branches from Novo Aripuanã site; e) Essential 

oil yield from mix branches + leaves from Maués sites and; e) Essential oil yield from 

composition branches + leaves from Novo Aripuanã site. 
 

 Overall, while some studies point to an increase in EO yield in young plants 

(Chantraine et al. 2009), others found no such difference (Fidelis et al. 2012). However, 

generally-reported increases in essential oil yield may be due to leaf development 

(Globbo-Neto and Lopes, 2007), as reported by Zheljazkov et al. (2009) when 

extracting EO from peppermint and finding higher yield when harvested during bud 

formation than later, during the flowering period. 
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3.3.2. Chemical composition of essential oil associated with sequential 

harvesting 

 

 The comparing reference and regrowth, independent of the region or plant part is 

shown in the NMDS sorting diagrams where the “harvest” factor (reference and 

regrowth) has been used as a comparative parameter (Figure 7).  

 

  

Figure 7. NMDS data ordinations plot using a presence/absence matrix for the essential 

oils detected in extracts from each the two harvests. Colors indicate sampling harvest 

time: First harvest, defined as reference material (Gray); Second harvest, defined as 

resprouting material (Black). 
 

 The dendrogram generated from the cluster analysis confirms the results of the 

NMDS analysis, distinguishing the reference-derived EOs from those extracted from 

regrowth (Figure 8). One exception was the grouping of the leaf-derived EO from the 

reference harvest with that extracted from regrowth. This result agreed with those 

presented in item 2.2.2, where differences in chemical composition among the EOs 

followed a trend along the gradient from most woody and herbaceous material, via young 

shoots (regrowth) which, being tender and greenish, is similar to leaf tissues.  

 The results were repeated in the clustering analysis made separately for each area, 

with an exception at Novo Aripuanã where EO of the pooled branches + reference leaves 

were grouped with regrowth-derived EOs (Figures A.5, A.6 and A.7). This is consistent 

with the results of Al-Jaber et al. (2016), which, by studying the aroma emitted by 

different parts of Inula viscosa (L.) (Asteraceae), produced a dendrogram where parts of 
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the plants responsible for photosynthesis had similar chemical profiles and grouped 

seperately from those derived from woody material (stem) and floral compartments 

(receptacle, flower, petal and pistil).  

 
Figure 8. Dendrogram based on essential oil composition and showing groupings 

between reference and resprouting samples, regardless of the cultivation region. 
 

 In reference to differences between the OEs from reference and regrowth, 

independent of the cultivation region and plant part, Geraniol was not detected in EOs 

extracted from regrowth, being only found in reference-derived OEs, while Myrcenol 

was found only in regrowth-derived EO (Table 4). 

Table 4. Differences in compounds found in reference and resprouting samples for each 

plant part from managed Rosewood commercial plantations in Central Amazonia, 

regardless of the region of cultivation. Underlined substances were repeated as 

differential in the different plant parts, and the differential is considered to be associated 

with the region. Differential substances are those that have in essential oil that are not 

detected in their comparative correspondent. 

Plant part Present only in reference Present only in resprouting 

Branches a-pinene; Geraniol; Cyclosativene Borneol; Myrcenol; NI 4 

Leaves 
p-cimene; Geraniol;  

Isoaromadendrene epoxide 
Myrcenol; Gurjunene 
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 The low levels of Geraniol (or absence, substance not detected) in juvenile 

(regrowth) tissues in managed rosewood trees has also been encountered in studies of 

other species: Ganjewala and Luthra (2009), studying fluctuations in geraniol levels 

during leaf-development of lemon-grass (Cymbopogon flexuosus Stapf : Poaceae), 

reported an increase in the level of Geraniol from 33 % to 91% during the growth period, 

as a result of the increase in activity of an esterase involved in the conversion of Geranil 

to Geraniol. However, the consensus in the literature is that Geraniol is a primary product 

of terpenoid biosynthesis (Surburg and Panten, 2008) and that its synthesis requires, as 

with all monoterpenes, the synthesis of Geranyl diphosphate (GDP), the time necessary 

for this synthesis to take place, will be key to determining the presence of this substance 

in desirable concentrations, and may well be one of the defining factors in determining 

inter-harvest rotation times for samples based on rosewood regrowth.  

 Geraniol is one of the most important molecules in the flavor and fragrance 

industries and is a common ingredient in the consumer products produced (Chen and 

Viljoen, 2010; Surburg and Panten, 2008). The absence of Geraniol in EO extracted from 

rosewood regrowth may represent a serious obstacle to the commercialization of the 

essential OE derived from coppiced shoots. Geraniol has a characteristic rose-like odor 

and is described as ´sweet floral rose-like´, citrus fruity with waxy nuances (Burdock, 

2016). It is the raw fragrance material used in 76% of the deodorants in the European 

market, and is included in 41 % of household products and 33% of cosmetic 

formulations based on natural ingredients (Rastogi et al. 2001). The knowledge about 

chemical composition variability whether by use plant part, proportion of compartments, 

or the use of regrowth or reference material needs to be considered in application of the 

above ground biomass management, being the time necessary for biosynthesis of 

important substances such as geraniol, preponderant for the definition of the sequential 

harvesting cycle, what may avoid the reduction the quality of the final OE product, 

which would lead to a lowering of its market value. 

 Myrcenol, present in rosewood branches and leaves, is a tertiary compound 

(Busmann and Berger, 1994) from a B-myrcene precursor (Behr and Johnen, 2009), also 

considered a precursor of Geraniol. Structurally, the fragrances of myrcenol materials 

and their dihydro and tetrahydro derivatives, belong to the terpenes (Surburg and Panten, 

2008). The biosynthesis of these compounds mainly originates with Geraniol, explaining 

their presences and absences, respectively, in the reference and regrowth material. Al-
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Jaber et al. (2016) studied the chemical composition of essential OE extracted from 

different parts of Inula viscosa, and found Myrcenol in leaf tissue (15.40%), but found 

higher concentrations in flowers (51.06%), where the tissue is younger and it has 

outstanding importance in attracting pollinators. 

 Myrcenol, is a colorless liquid with a "fresh-flowery" odor and slightly "limelike" 

scent. This substance, and its derivatives, are required by the perfumery industry to 

obtain high grade citrus and lavender odors. It is an important component of fragrances, 

perfumes and cosmetics. It is yet another substance showing differential distribution in 

tissues collected on short harvesting cycles involving the biomass sprouting from 

coppiced rosewood. 

4. Conclusion  

 

 The results of this study suggest that, in central Amazonian commercial 

plantations, it may be possible to manage rosewood aerial biomass for EO extraction, 

and beneficially use the differences in chemical composition. EO's from different sites, 

as well as those from different parts of the plants and those from different harvesting 

(reference and resprouting), differ in yield and quality (chemical composition) of their 

constituent substances. It is important to stress that yield alone is not the most important 

factor to consider when evaluating commercial plantations of this species. Global 

industries with interests in rosewood EO are focused on the chemical composition of EO, 

with emphasis on the presence of linalool, as well the bouquet of fragrances supplied by 

the minor components. If the EO yield is high, but the content of some substances is low, 

the oil will be less valuable to the industry, resulting in a lower price. Decisions on the 

proportions of material to be used in EO extraction, should be made with the aim of 

adding value to the final product (branches have the lowest EO yield, but extracts contain 

valuable substances unique to branches alone). In consequence, and in contrast to other 

studies, we conclude that adding mixtures of branches and leaves to the trunk material 

during the preparation phase of EO extraction will confer the presence of some highly 

comercially desirable substances. Further work is required to assay the correct 

proportions of such mixtures. Regardless of the growing region, there is a quality 

gradient between the EOs extracted from woody and herbaceous biomass, and new 

product lines can be opened that exploit these differences. Compounds and 

characteristics required by the global industries are present in the material derived from 

both whole trees (reference) and regrowth. That they are different should be considered 

in the planning harvest cycles, as this can be used to strengthen the production chain for 

rosewood EO harvested in Central Amazonian and exported to the world. In addition, we 

consider it essential that academic results from studies of sampling rosewood systems are 

included in the legal instruments responsible for standardizing the use of this species. 
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Appendix A 

 

Table A. 1. Description of study areas showing values for: diameter at breast height 

(DBH) height (H), above-ground fresh mass (AGFM), percentage of canopy fresh 

weight and form factor (FF)* of the trees in farmlands near Maués and Novo Aripuanã, 

Amazonas, Brazil. 

Soil management system Description: cultivated areas 

Rosewood plantations 

(cultivated for ten 

years): C10. 

Rosewood seedlings planted in 2005 with 3.0 x 4.0 m 

spacing, following cutting and burning of original 

vegetation. Individual rosewood plants had a mean 

AGFM of 102.47 ± 33.69 Kg, DBH of 13.88± 2.37 cm 

and H =.8.15± 1.39 m. (n = 36). Canopy percentage were 

35.89% ± 6.91%  and FF = 0.49 ± 0.061 

 

Rosewood plantations 

(cultivated for twelve 

years): C12. 

Rosewood seedlings planted in 2003 with 1.5 x 2.0 m 

spacing, following cutting and burning of original 

vegetation. In 2010 following systematic thinning, 

spacing was 3.0 x 4.0 m. Individual rosewood plants had 

a mean AGFM of 89.89 ± 36.44 Kg, DBH of 12.80 ± 

2.68 cm and H = 9.49 ± 1.13 m.. (n = 36). Canopy 

percentage was 32.01% ± 8.06% and FF = 0.57 ± 0.053. 

 

Rosewood plantations 

(cultivated for seventy 

years): C17. 

Rosewood seedlings planted in 1998 with 5.0 x 10 m 

spacing, following cutting and burning of original 

vegetation. Planting lines were maintained in the middle 

of naturally regenerating, occasionally cut, vegetation. 

Individual rosewood plants had AGFM of 96.02 ± 39.78 

Kg, DBH of 12.7 ± 2.8 cm and H = 11.02 ± 1.97 m. (n = 

36) Canopy percentage was 54.87% ± 17.99% and FF = 

0.57 ± 0.106. Natural regeneration was uncontrolled and 

abundant. 

* Form factor for each tree was calculated using the ratio of the calculated volume to a 

volume that assumed the canopy was a perfect cylinder. 
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Table A. 2. The chemical attributes of trunks, branches and leaves collected from 

rosewood plantations in Maués and Novo Aripuanã regions at first harvest (harvesrt = 

1º) and at second harvest (harvest = 2º). 

Cultivated 

areas 
Harvest 

N P K Ca Mg Fe Zn Mn 

(%) ---- g kg
-1 

---- ----------- mg kg
-1 

---------- 

 

Leaves 

10 years old 
1º 1.68 0.43 3.44 5.60 1.92 75.16 19.11 60.63 

2º 1.51 1.26 6.54 5.28 1.31 68.75 14.63 49.13 

12 years old 
1º 1.70 0.44 3.14 5.28 2.07 74.31 14.68 69.28 

2º 1.75 1.38 6.71 3.77 1.44 64.75 11.00 53.75 

17 years old 
1º 1.50 0.33 7.49 4.40 1.76 75.65 13.48 55.53 

2º 1.67 1.13 9.57 4.36 1.32 73.13 15.13 32.63 

 
Branches 

10 years old 
1º 0.61 0.34 1.79 3.52 0.41 62.92 14.09 39.30 

2º 0.79 1.65 5.23 2.85 0.64 61.13 9.88 23.38 

12 years old 
1º 0.65 0.29 1.38 2.71 0.42 55.78 9.94 33.89 

2º 1.02 1.65 6.34 2.03 0.82 67.50 11.13 33.50 

17 years old 
1º 0.48 0.15 3.03 2.41 0.32 54.02 9.42 25.06 

2º 0.81 1.17 8.76 1.80 0.65 62.63 13.50 21.88 

 
Stem 

10 years old 1º 0.34 0.19 1.34 2.08 0.15 27.78 2.50 10.33 

12 years old 1º 0.28 0.13 0.89 1.53 0.14 18.33 0.33 9.33 

17 years old 1º 0.28 0.09 1.47 1.97 0.15 38.33 1.11 15.78 

  

 

Table A.3. P values of Tukey test from essential oils yield means of each compartment 

between rosewood plantations located in two Regions in central Amazon 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Test categories P value 

Leaves  < 0.01 

Branches < 0.01 

B + L 0.91 

Stem  0.12 
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Table A. 5. Differential substances founded between plantations located in two regions 

of the Central Amazon for each tree compartment (leaves and branches) from where the 

essential oils were extracted before (Reference) and after (Resprouting) harvest with 

numbering of detected substances (n pics) in each one. Differential substances are those 

that have in an essential oil that are not detected in their comparative correspondent. 

Area Compartment Harvest n pics Differential substances 

Maués 

Leaves 

Reference 49 

p-cimene; Eucaliptol; Geraniol; B-

trans-guaiene; 3 methoxymethoxy 

3.7.16.20.tetramethyl eneicosa 

1.7.11.15.19 pentaene; a-bisabolol; 

Isoaromadendrene epoxide 

Resprouting 56 

Linalol acetate; Myrcenol; 1. p. 

Menthen.9.al; Z- citral; Gurjunene; a-

cariofileno; a-amorphene; 

Aromadendrene dihydro 

Branches 

Reference 53 
a-pinene; Eucaliptol; Geraniol; 

Cyclosativene 

Resprouting 57 

Borneol; trans-dihydrocarvone; 

Myrcenol; Gurjunene; a-amorphene; 

N.I. 1; B-trans-guiene; 

Aromadendrene dihydro; 2.4. 

Diisoprophenyl.1.methylcyclohexane;  

N.I.4; Viridifloreol; a-farnesene 

Novo 

Aripuanã 

Leaves 

Reference 60 

a-pinene; Benzaldehyde; p-cimene; 

Camphor ou camphene hidrate; 

Geraniol; Y Celinene; Aristolene 

epoxide; Isoaromadendrene epoxide 

Resprouting 60 

Canphene; Borneol; Myrcenol; a-

cubene ou B-copaene; Gurjunene; 

N.I. 1; Z-a-trans-bergamotol; 2.4. 

Diisoprophenyl.1.methylcyclohexane 

Branches Reference 56 

a-pinene; p-cimene; Geraniol; E- 

citral; Nerol ou cis geraniol; Nerol 

acetate; Cyclosativene; Y Celinene 

 

 

 

 



 

 133 

  
Figure A. 12. Left) Characterization of the Maués water regime and temperatures, 

where the driest month is September, with 93 mm of rainfall. Most of the precipitation 

here falls in January, averaging 250 mm; Right) Characterization of the Novo Aripuanã 

water regime and temperatures, where the driest month is July, with 64 mm of rain. The 

greatest amount of precipitation occurs in March, with an average of 336 mm. Both 

regions are classified as Amazonia's Af climate. Informations and graphs founded in 

https://en.climate-data.org/. 

 

 
 

Figure A. 213. Dendrogram showing the grouping of leaves, branches and leaves plus 

branches composition (B + L) according to the chemical composition of EO (essential 

oils) measured in the first harvest (reference) of the management of the above ground 

mass in commercial rosewood plantations with ten year old. 
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Figure A. 14. Dendrogram showing the grouping of leaves, branches and leaves plus 
branches composition (B + L) according to the chemical composition of EO (essential 

oils) measured in the first harvest (reference) of the management of the above ground 

mass in commercial rosewood plantations with twelve year old. 

 

 

 
 

Figure A.4. Dendrogram showing the grouping of leaves, branches and leaves plus 

branches composition (B + L) according to the chemical composition of EO (essential 

oils) measured in the first harvest (reference) of the management of the above ground 

mass in commercial rosewood plantations with seventen year old. 
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Figure A. 5. Dendrogram showing the grouping of leaves, branches and stem according 

to the chemical composition of EO (essential oils) measured before (reference) and after 

(resprouting) the management of the above ground mass in commercial rosewood 

plantations with ten year old. 

 

 
Figure A. 6. Dendrogram showing the grouping of leaves, branches and stem according 

to the chemical composition of EO (essential oils) measured before (reference) and after 

(resprouting) the management of the above ground mass in commercial rosewood 

plantations with twelve year old. 
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Figure A.7 15. Dendrogram showing the grouping of leaves, branches and stem 

according to the chemical composition of EO (essential oils) measured before 

(reference) and after (resprouting) the management of the above ground mass in 

commercial rosewood plantations with seventeen year old. 
 

  

Figure A. 8. Left) Data ordinations in the NMDS plot made with the presence and 

absence matrix of the substances detected in the chemical composition of essential oils 

extraied from branches and leaves resprouted by tree cut at 50 cm above the soil and  

canopy pruned and; Right) Box plot comparing oil yield from leaves and branches from 

pruning (canopy management) and stem cut in commercial plantations in Central 

Amazon. 
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Appendix B 

 

 

Figure B. 1. A Rosewood tree cut at 50 cm from the ground as required by law in 

Central Amazonian commercial Rosewood plantations. 

 

 

 
Figure B. 2. 100% canopy pruning and canopy climbing ladder for removal of branches 

and leaves. 
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Figure B. 3. Left) Collection of wood discs at 0, 50 and 100% of the height of the stem 

and right) using chainsaws, harvesting sawdust and cutting of the trunk in sections 

 

 

  
Figure B.4. Left) Leaf and branch samples being prepared for extracting EO (essential 

oil) in a ratio of 1: 1 by weight ad; right) Samples of trunk samples from tree shafts 

were dried over 72 hours for post-extraction of EO (essential oil). 
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Figure B. 5. Sample packaged in paper bags after each daily collection. Open bags for 

excess humidity and shade drying for 72 hours. 

 

 

  
Figure B. 6. Left) Extraction of rosewood essential oil (EO) by hydrodistillation using 

modified Clevenger apparatus; Right) rosewood EO extracted from plant material, still 

in Clevenger apparatus. 
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Figure B. 7. Rosewood EO (essential oil) stored in glass bottles during the drying 

process using anhydrous sodium sulfate. 

 

 

 
Figure B. 8. Rosewood EO (essential oil) collection stored in a plastic organizer kept at 

temperature of 4 degrees Celsius prior to the analysis of gas chromatography to 

determine the chemical composition. 
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3. Conclusão geral 

 

 Uma vez ultrapassado o período de extrativismo convencional do pau-rosa 

marcado pelo não desenvolvimento do uso de práticas que considerassem o 

esgotamento e a destruição desse recurso natural, os estudos que viabilizem a 

silvicultura econômica de pau-rosa necessitam de avanço acadêmico multidisciplinar. 

Nesse sentido, este estudo trás importantes implicações práticas para o manejo da 

biomassa aérea de pau-rosa em plantios comerciais, que podem contribuir com o 

fortalecimento da cadeia produtiva de óleo essencial. As equações alométricas 

desenvolvidas se mostraram boas opções para aplicação em diferentes condições e 

formas de manejo, representanto uma alternativa à necessidade de produção de novas 

equações para cada região ou idade de plantio. Essas equações permitem estimativas 

consistentes de massa e volume em plantios comerciais manejados por corte e por poda 

da copa das árvores, e devem ser sugeridas pelos dispositivos legais de regulação da 

atividade na Amazônia Central. As árvores de pau-rosa, aparentemente, respondem aos 

tratos silviculturais, o que foi concluído pela diferenciação alométrica resultante do 

desbaste sistemático do cultivo de 12 anos de idade em Maués, o que distinguiu a 

alometria das árvores implicando no uso de equações específicas mais precisas para a 

ocasião. Por este motivo, estudos ecológicos de competição intra especifica em sítios 

produtivos, devem ser conduzidos em longo prazo, visando a compreensão do efeito do 

espaçamento e sua duração no desenvolvimento das árvores. Equações anteriormente 

desenvolvidas e sugeridas por lei para o pau-rosa em ambientes naturais subestimam a 

massa, a produção de óleo essencial e o carbono estocado por plantios comerciais, 

dando prerrogativa para atividade ilegal de exploração de pau-rosa nativo e 

representando sério percalço no subsidio desta atividade florestal na Amazônia. 

 Em termos de sustentabilidade dos plantios, o manejo das copas por poda, reduz 

substancialmente a quantidade de macro e micronutrientes exportados em comparação 

com o corte de árvores. É recomendado o manejo da matéria orgânica no solo e/ ou 

reposição de nutrientes através de fertilização ao longo dos ciclos de colheita da 

biomassa aérea. A projeção é de que ao menos três rotações de colheita por poda sejam 

necessárias para obtenção da mesma quantidade de massa colhida através do corte de 

árvore inteira, sendo resguardada a possibilidade de uso do fuste em rotações futuras. 

Quando aplicado o manejo por corte, a condução precoce dos brotos emergentes é 

necessária para um maior incremento em altura e diâmetro, resultando em uma maior 
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rapidez no ganho de massa. No entanto, para períodos de ciclo de colheita iguais ou 

inferiores a 12 meses não recomenda-se a condução de brotações. Em plantios 

comerciais, sugere-se o manejo misto, em função das demandas dos produtores e da 

capacidade de suporte do ambiente produtivo. As rebrotas de pau-rosa apresentam, 

independentemente da idade da árvore e da região de cultivo, status nutricional 

diferenciado em relação à referência (antes da colheita), o que pode estar relacionado à 

diferenciação na qualidade e no rendimento de óleo essencial.  

 Por fim, considerando o produto final, o pau-rosa pode ter sua biomassa aérea 

manejada em plantios comerciais visando a extração de óleo essencial, com destaque 

para a possibilidade de agregação de valor no aproveitamento das diferenças intrínsecas 

dos mesmos. A localização geográfica do plantio, os diferentes compartimentos de 

origem e as diferentes colheitas originam óleos essenciais distintos quanto ao 

rendimento e a composição química. O rendimento não é, isoladamente, o fator mais 

importante a ser considerado, mas, também, a concentração das substâncias 

fundamentais para a qualidade do produto requerida pela indústria. As ponderações 

devem ser feitas no sentido de agregação de valor aos produtos finais, sendo relatado 

aqui a presença de substâncias exclusivas de determinados compartimentos vegetativos 

das árvores, o que originou a conclusão de que, ao contrário de outros estudos, adicionar 

misturas de galhos e folhas ao tronco durante a fase de preparo do material para 

extração de OE é preponderante para conferir a presença de algumas substâncias, 

surgindo a necessidade de se avaliar as proporções dessa mistura. Independentemente da 

região de cultivo, o manejo com colheitas sequenciais, também influencia a presença de 

substâncias requeridas pelas indústrias mundiais e, em ambos os casos (referência e 

rebrota), as características do produto originado devem ser exploradas no benefiamento 

de óleo essencial, agregando valor ao produto e definindo linhas de qualidade do óleo 

essencial produzido na Amazônia Central e exportado para o mundo. O apanhado dos 

resultados indica que uma atualização da legislação vigente deve ser realizada, visando 

a adequação à realidade atual através da inclusão dos resultados provenientes de 

plantios comerciais, que constituem o único meio de exploração da espécie (espécie sob 

proteção integral) e são a forma mais conveniente de normatização do uso e 

conservação do material genético. 
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4. Considerações finais e perspectivas futuras 

 

A valoração de recursos florestais intactos está bem estabelecida e é, a cada dia, 

fortalecida pelos resultados acadêmicos. Porém, históricamente, os bens e serviços 

oriundos de recursos, como o pau-rosa, levaram ao excessivo desmatamento. Esse 

empobrecimento ambiental (que ocorreu e pode ocorrer com outras espécies) precisa ser 

atenuado e revertido. Uma das alternativas é a busca pela sustentabilidade florestal na 

região, que tem como chave a redução do desmatamento. Nesse sentido, a intensificação 

do uso da terra, com integração de áreas degradadas, alteradas e/ou subutilizadas, 

representa uma medida de conservação dos recursos naturais, abrindo espaço para o 

desenvolvimento técnico e para os ganhos de produção resultantes do uso eficiente dos 

diversos fatores concernentes à produção. Tendo em vista a posssibilidade de melhoria 

desse panorama, cabe ao setor público e às comunidades envolvidas desenvolverem 

técnicas alternativas de uso de recusrsos florestais que melhorem o padrão tecnológico 

já disponível, adaptado às condições ecológicas e econômicas da região. A prática de 

silvicultura ainda é incipiente na Amazônia, em contraste com a forte cultura 

extrativista utilizada tradicionalmente ao longo do tempo. Em sua concepção teórica, o 

extrativismo vegetal é uma economia bastante frágil para constituir umas das bases do 

desenvolvimento sustentável da Amazônia. Esta prática está sujeita, entre outros 

inúmeros fatores, à redução do recurso na natureza, o que aconteceu historicamente com 

o pau-rosa e impactou a biodiversidade através do esgotamento de populações naturais. 

São raros os modelos de silvicultura econômica de sucesso na região, o que realça a 

importância das pesquisas que visem o desenvolvimento de modelos técnicos e 

científicos apropriados, voltados ao crescimento do mercado e à conservação da 

biodiversidade. A falta destes conhecimentos desestimula a implementação dessa 

prática na Amazônia e faz com que haja a necessidade da condução de estudos que 

viabilizem o desenvolvimento do setor. Os resultados apresentados nesta Tese são de 

grande valia no avanço desse conhecimento, mas, isoladamente, representam uma 

pequena alíquota do conhecimento silvicultural sobre o pau-rosa. 

O banco de dados gerado no presente estudo dará base para outros 

questionamentos que podem originar trabalhos acadêmicos complemtares, bem como, 

por si só originar mais trabalhos acadêmicos de importância, desenvolvidos a partir de 

diferentes cruzamentos dos dados levantados e diferenciadas análises. Considerando a 

necessidade do desenvolvimento de mais estudos ecológicos que possam melhor definir 
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os ciclos de rotação apropriados ao manejo da espécie, bem como a definição de 

sistemas de gestão que surgirão como uma contribuição para a regulamentação 

existente, a dendrocronologia, ciência que analisa anéis de crescimento anuais das 

árvores é capaz de gerar informações sobre as taxas de crescimento radial, 

relacionando-as com fatores ambientais (Worbes, 2004). Esta, surge como uma 

ferramenta de respostas rápidas que possibilitam viabilizar os estudos sobre o 

crescimento da floresta plantada de pau-rosa, servindo de base para o manejo florestal. 

Por outro lado, surge a possibilidade de se investigar as possíveis relações existentes 

entre o status nutricional da planta e de seus compartimentos vegetativos com as 

proporções relativas das substâncias componentes dos óleos essenciais. 

Desde o primeiro plantio experimental de pau-rosa, instalado na reserva florestal 

Adolpho Ducke, em 1968, foram escassas as iniciativas de ampliação de áreas 

produtivas que viabilizassem a condução de estudos acadêmicos em longo prazo. O 

panorama atual faz com que seja necessário o desenvolvimento de programas que 

viabilizem a criação dessas áreas experimentais e multidiscplinares de pesquisa, que 

tornem possível conduzir experimentos visando aumentar o grau de domesticação da 

espécie com base em programas de melhoramento genético florestal. A partir desses 

programas, além da deteminação de procedências que atendam as caracteristicas 

desejáveis para cada condição de plantios ou exigência de mercado, também será 

possível determinar as exigências nutricionais, a suceptibilidade à fitopatógênos, a 

influência dos tratos silviculturais no desenvolvimento do pau-rosa, a determinação da 

idade média de corte, o diâmetro de corte, períodos ideais para intervenção por poda, os 

ciclos de colheita e frequência e determinação de variedades genéticas (desejável para 

esclarecimento taxonômico) associadas a variabilidade do óleo essencial, elucidando 

assim aspectos relativos à viabilidade econômica da utilização desse recursso. O 

departamento de silvicultura tropical do INPA relata o contato de empreendedores de 

todas as partes do Brasil interessados na prática da silvicultura economica do pau-rosa e 

de outras espécies da região amazônica. Esse interesse pode ser estimulado através dos 

resultados de estudos acadêmicos que estabeleçam critérios técnicos de uso e 

conservação, contribuindo também com os dispositivos legais que normatizam a 

atividade. Com o fortalecimento das cadeias produtivas desses produtos, a silvicultura 

econômica poderá ser incluída em modelos de desenvolvimento sustentável palicaveis à 

região amazônica e voltar a assumir posição de destaque na balança comercial das 

unidades federativas locais. 
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